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ESSENTIAL FATTY ACIDS

Linoleic acid (LA, C18:2n-6) and alpha-linolenic acid (ALA, C18:3n-3) are poly-
unsaturated fatty acids (PUFA) that cannot be synthesized de novo by human or
animal cells. Nevertheless, these fatty acids are indispensable for normal
development and function and therefore they must be provided by the diet. Their
importance was first discovered in the 1920s by Mildred and George Burr, who found
that rat pups fed a lipid-free diet developed growth retardation, infertility, steatosis,
skin lesions and hair loss. Gradual reintroduction of lipid to the rats' diets failed to
alleviate these symptoms, and only when linoleic acid and alpha-linolenic acid were
supplied, symptoms disappeared. The importance of essential fatty acids for human
nutrition became apparent in the 1970s, with the introduction of total parenteral
nutrition (TPN) and infant formulas, that initially did not contain LA or ALA®®. In the
first part of this chapter, the structure of EFA will be described, their conversion into
LCPUFA and their functions and dietary requirements for the body. The second part
will focus on the processes involved in dietary lipid absorption and metabolism, and
the role of the liver herein, under physiological and cholestatic conditions.

EFA nomenclature and biosynthetic pathways
The structural formulas of LA and ALA are depicted below.

Essential fatty acids (EFA)
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linoleic acid (LA) alpha-linolenic acid (ALA)
C18:2n-6 C18:3n-3
Figure 1

From the two "parent" essential fatty acids LA and ALA, two series of long-chain
polyunsaturated fatty acid (LCPUFA) metabolites are formed; the omega-6 or n-6
series, which is synthesized from LA, and the omega-3 or n-3 series which has ALA
as its precursor.

Formation of LCPUFA from EFA involves a series of alternating desaturation (inser-

tion of a double bond) and elongation (addition of two carbon atoms) reactions,
which occur predominantly in the endoplasmic reticulum of the liver®™.
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Unsaturated fatty acids
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Figure 2

The omega- or n-number refers to the position of the terminal double bond, i.e., the
number of carbon atoms between the methyl-end of the fatty acid and the last dou-
ble bond. The number preceding the omega refers to the number of double bonds,
and the C-number indicates the number of carbon atoms in the fatty acid chain.

The different PUFA series compete for the same desaturation and elongation
enzymes, which have a preferential substrate affinity for n-3 fatty acids over n-6 fatty
acids over n-9 fatty acids. During scarcity of n-3 and n-6 fatty acids, long-chain n-9
fatty acids are synthesized. The concentration of n-9 LCPUFA in body compartments
is used to demarcate EFA deficiency®. Desaturase enzymes are not only competed
for by the different fatty acid series, also feedback regulation occurs, mediated by the
concentrations of desaturase and elongase substrates and end-products.
In addition, hormonal and dietary factors regulate LCPUFA biosynthesis: desaturase
activities are enhanced by insulin, thyroid hormones and high dietary protein intake
and inhibited by glucagon, catecholamines, corticosteroids, and deficiencies of zinc,
iron, calcium, selenium and vitamins Bg, C and E®™.
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C16:0 hexadecanoic acid palmitic acid

C16:1n-7 9-hexadecenoic acid palmitoleic acid

C18:0 octadecanoic acid stearic acid

C18:1n7 11-octadecenoic acid vaccenic acid

C18:1n9 9-octadecenoic acid oleic acid (OA)

C18:2n6 9,12-octadecadienoic acid linoleic acid (LA)

C18:3n-6 6,9,12-octadecatrienoic acid gamma-linolenic acid (GLA)
C18:3n-3 9,12,15-octadecatrienoic acid alphadinolenic acid (ALA)
C20:0 eicosanoic acid arachidic acid

C20:3n9 5,8,11-eicosatrienoic acid Mead acid

C20:3n6 8,11,14-eicosatrienoic acid dihomo-gamma-linolenic acid (DGLA)
C20:4n-6 5,8,11,14-eicosatetraenoic acid arachidonic acid (AA)
C20:5n-3 5,8,11,14,17-eicosapentaenoic acid timnodonic acid (EPA)
C22:0 docosanoic acid behenic acid

C22:4n6 7,10,13,16 -docosatetraenoic acid adrenic acid

C22:5n6 4,7,10,13,16-docosapentaenoic acid (DPA)

C22:5n-3 7,10,13,16,19-docosapentaenoic acid clupanodonic acid (DPA)
C22:6n-3 4,7,10,13,16,19-docosahexaenoic acid cervonic acid (DHA)

C24:0 tetracosanoic acid lignoceric acid

C26:0 hexosanoic acid cerotic acid

Figure 3: Nomenclature of polyunsaturated fatty acids

EFA functions

EFA and their long-chain metabolites fulfill a wide array of physiological functions in
the body; they are structural membrane components, precursors of eisosanoids and
ligands for nuclear receptors involved in lipid homeostasis. Similar to other fatty
acids, EFA are also an important source of energy for the body; approximately 75%
of EFA is not converted into LCPUFA but is oxidized'®. Oxidation occurs in a
preferential rank order of ALA > LA > oleic acid > palmitic acid > stearic acid.
LCPUFA are oxidized at a very low rate.

Membrane PL

EFA and LCPUFA are structurally incorporated into cell membrane phospholipids
(PL). The degree of PL acyl chain unsaturation modulates fluidity of the membrane
lipid matrix, thus altering membrane permeability and function of membrane
enzymes, receptors and transporters. Cellular membranes are typically constituted of
bilayers of PL molecules (Figure 4), in which cholesterol and membrane proteins are
inserted. Membrane PL are oriented with their hydrophobic acyl chains towards each
other, and their hydrophilic headgroups towards the aqueous intra- or extracellular
environment. Due to their amphiphilic nature, PL in membrane bilayers enable inter-
actions between water-soluble and lipid-soluble substances, while simultaneously
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allowing (sub)cellular compartmentalization. The PL bilayer provides an adaptable
matrix for insertion of membrane proteins, that function as receptors, membrane-
bound enzymes or transmembrane transporters. The nature of PL acyl chains can
significantly affect membrane properties. Saturated fatty acids (SAFA) form a more
rigid configuration, whereas double bonds make the membrane more flexible and
reactive.

CNS membrane PL

Flexibility and reactivity is particularly important in the highly excitable membranes of
the central nervous system (CNS), which are exceptionally rich in DHA (docosa-
hexaenoic acid, C22:6n-3) and AA (arachidonic acid, C20:4n-6). In fact, lipids con-
stitute 60% of brain dry weight, and 50% of PL acyl chains is DHA and AA". The sig-
nificant contribution of these fatty acids to CNS phospholipids has induced great
scientific interest in EFA and LCPUFA contents of infant formulas as compared to
breast milk. Human milk is a rich source of both n-3 and n-6 LCPUFA,; it provides up
to 0.5% of fatty acids as DHA and AA, which are incorporated preferentially into brain
PL as compared to DHA and AA that originate from conversion of ingested precursor
EFA"™ Until recently, infant formulas only contained EFA and no LCPUFA. Both
preterm and term infants can convert EFA into DHA and AA"®'"®, but it is questionable
whether this is sufficient to provide the high amounts of LCPUFA required by the
rapidly developing brain during its growth spurt, from 3 months before to 18 months
after birth. In utero, the placenta (which also has desaturase capacity) provides a
selective LCPUFA transfer to the fetus by an as yet unidentified transport mechanism,
resulting in up to 400-fold higher concentrations of DHA and AA in fetal compared to
maternal blood®. A considerable deposition of LCPUFA in the brain occurs during
late gestation. Breast milk supplies DHA and AA in amounts believed to equal intra-
uterine accretion rates, whereas feeding infant formulas devoid of preformed LC-
PUFA has been associated with decreased brain DHA and AA contents and with
transiently impaired neurological maturation®”. Whether LCPUFA supplementation of
infant formulas, and in which amounts, has long-term beneficial effects on visual or
cognitive development in term infants is still a matter of debate.

Enterocyte and biliary PL

Whereas CNS membranes contain high amounts of DHA and AA, enterocyte mem-
branes and bile PL are particularly rich in LA and AA®®. The intestinal mucosa is a
dynamic structure that continuously undergoes biochemical and morphological
modifications during enterocyte differentiation and maturation. Their short life span
(~5 days in humans, ~2 days in rodents®*) makes enterocytes highly sensitive to
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changes in dietary lipids. A constant intestinal supply of EFA may be required for cell
renewal and maintenance of membrane integrity and function®?". Since bile phos-
pholipids contain up to 40% of acyl chains as EFA or LCPUFA, bile is a quanti-
tatively substantial supply of EFA for structural and functional needs of the
intestine®. Enterocyte membranes are markedly EFA-depleted during EFA
deficiency. This might play a role in the well-recognized phenomenon that EFA
deficiency is not only a consequence of dietary lipid malabsorption, but can in itself
also cause intestinal lipid malabsorption®®?. Intraluminal events involved in fat
absorption (lipolysis by lipases, solubilization of lipolytic products by bile and uptake
by enterocytes) seem undisturbed during EFA deficiency®®, yet qualitative changes
in enterocyte membranes due to LA and AA depletion could impair intracellular
processing of dietary lipid.

Eicosanoids

EFA derivatives are direct precursors for eicosanoids®, which are involved in a wide
variety of inflammatory and vascular processes. Eicosanoids are synthesized from
C20 LCPUFA by cyclo-oxygenase and lipoxygenase enzymes, yielding
prostaglandins, thromboxanes, leukotrienes and lipoxins. Arachidonic acid (AA) is
the principal eicosanoid precursor in humans, next to dihomo-gamma-linolenic acid
(DGLA, C20:3n-6) and eicosapentaenoic acid (EPA, C20:5n-3). As autocrine and
paracrine hormones, eicosanoids mediate processes such as constriction or relax-
ation of endothelial cells, platelet aggregation, leucocyte activation and chemotaxis.
Eicosanoids derived from n-6 fatty acids generally have pro-inflammatory effects
whereas those with n-3 precursors are anti-inflammatory®®. The latter has led to
increased interest in EFA status, and particularly in n-3 to n-6 fatty acid balance, in
patients with cystic fibrosis® and autoimmune diseases.

Nuclear receptors, lipid homeostasis

In recent years, EFA and LCPUFA have gained interest as regulators of genes
involved in lipid homeostasis, by direct or indirect interactions with peroxisome pro-
liferator-activated receptor alpha (PPARa), sterol regulatory element binding protein
(SREBP), farnesoid X rexeptor (FXR) and liver X receptor (LXR). These nuclear recep-
tors regulate expression of genes involved in lipogenesis (fatty acid synthase (FAS),
acyl CoA carboxylase (ACC), stearyl CoA dehydrogenase (SCD)), lipid oxidation
(carnitine palmitoyl transferase (CPT), acyl CoA oxidase) and lipoprotein metabolism
(apoC2, C3, A1, E, scavenger receptor B1 (SR-B1), lipoprotein lipase (LPL), hepatic
lipase (HL), phospholipid transfer protein (PLTP), cholesterol ester transfer protein
(CETP), lecithin cholesterol acyl transferase (LCAT))“*®. Fatty acids differ in their
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effects on plasma lipid and lipoprotein levels; generally, saturated fatty acids (SAFA)
increase plasma TG and cholesterol concentrations, whereas PUFA lower plasma
TG, yet species differences between animal models are considerable“.
Enhancement of hepatic lipogenesis in EFA deficiency presumably results from
removal of inhibitory PUFA, but how EFA and LCPUFA, as core (TG) and surface (PL)
components of lipoproteins, affect physiological lipoprotein metabolism is not fully
clarified. An overview of EFA and LCPUFA functions is depicted in Figure 4.

1 - energy

2 - membrane phospholipids

3 - eicosanoid precursors -prostaglandins
-thromboxanes
-leukotrienes

4 - lipoprotein metabolism

5 - ligands for transcription factors

Figure 4: EFA functions

EFA sources and requirements

LA can be derived from the diet or, in adults, to a limited extent from mobilization from
fat tissue. Healthy adults have approximately 1 kg of LA stored in adipose tissue, yet
adipocytes contain hardly any ALA or LCPUFA. Infants, and particularly preterm
neonates, have a limited adipose reserve, and are therefore especially dependent on
continuous EFA intake from dietary sources. LA is found in plant seed oils such as
corn oil and sunflower oil. ALA is present in green leafy vegetables, in nuts and in
soybean-, linseed- canola- and blackcurrant seed-oils. The n-3 LCPUFA DHA and
EPA are found in high concentrations in fatty fish such as mackerel, herring, salmon,
tuna and trout. Both DHA and AA are present in egg yolk®, and AA is also found in
substantial concentrations in meat. As mentioned above, human milk is a rich source
of both n-6 and n-3 EFA and LCPUFA.

Recommendations regarding adequate dietary intake of EFA and LCPUFA are
highly variable between countries, and obviously vary with age, i.e., with adipose
tissue stores and with growth rate. For adults, the minimal daily requirement for LA
and ALA has been estimated at approximately 2 and 0.3 en%, respectively®*?. For
healthy children, a daily intake of 1-5 en% of LA and 0.5 en% for ALA is
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recommended®®®. For preterm babies, recommendations for infant formulas are
currently 8-10% for LA, 1.5-1.75% for ALA, 0.5% for AA and 0.35% for DHA®%%,

A deficiency of EFA can develop either when dietary intake is insufficient, when intes-
tinal absorption is impaired or when body requirements or metabolism of absorbed
EFA are (temporarily) increased. Thus, patients particularly prone for development of
EFA deficiency include (preterm) babies, patients with impaired dietary fat absorp-
tion, such as cholestatic patients or patients with chronic intestinal disease, and
patients with cystic fibrosis, in whom both absorption of EFA may be impaired and
metabolism may be increased. An overview of the clinical symptoms associated with
a deficiency of EFA is shown in Figure 5.

Skin scalinesss, hair loss

Increased skin permeability to water
Impaired visual development
Impaired cognitive development
Impaired psychomotor development
Growth retardation

Dietary lipid malabsorption
Steatosis

Infertility

Increased perinatal mortality

Increased bleeding tendency

Figure 5: Symptoms of EFA deficiency

LIPID ABSORPTION AND METABOLISM IN CHOLESTASIS

In the various aspects of lipid absorption and metabolism, the liver has a central role.
Primarily, the liver produces bile, constituents of which are required for efficient
intestinal fat absorption. Additionally, biliary secretion of cholesterol (as such, or after
metabolism into bile salts) and phospholipids from the liver into the intestine is of
major importance in body lipid homeostasis. The liver is the major source of plasma
lipoproteins: it synthesizes apoproteins (i.e., apoA-l, apoB, apoE) that regulate meta-
bolic interconversions between lipoprotein classes and lipoprotein lipid constituents
as cholesterol, TG and PL. The liver is also the major site of clearance of circulating
lipoproteins, which are subsequently catabolized in the hepatocytes. Additionally, the
liver synthesizes enzymes such as LCAT, CETP, PLTP and LPL, which are involved in
lipoprotein metabolism in the plasma compartment. Finally, the liver is the site of
active synthesis, metabolism and/or oxidation of various lipid classes, including EFA
and LCPUFA.
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In view of this multitude of essential functions that are often strongly interrelated, it is
evident that disturbances in bile formation in cholestatic liver disease will have a
strong impact on various aspects of lipid metabolism in the body. Consequences of
cholestasis, which is functionally defined as decreased or absent bile flow from the
liver into the intestine, may be related to:

- absence of bile components at their sites of action, particularly in the intestine

- disruption of the continuous flux of lipids from the liver into bile and intestine,
resulting in accumulation of toxic and non-toxic bile components in the body, most
notably in hepatocytes, concomitantly altering hepatocyte or enterocyte function.

- characteristic alterations in plasma lipoproteins associated with cholestatic liver
diseases, such as decreased HDL levels and the appearance of lipoprotein X.

Intestinal lipid absorption

Dietary lipid classification

Dietary fat comprises a wide array of lipid classes, which have been categorized
according to the nature of their interactions with water into polar and non-polar
lipids®***". Polar lipids (cholesteryl esters, hydrocarbons and carotene), are insolu-
ble in water and are divided into three subclasses. Firstly the insoluble non-swelling
amphiphiles which form a thin stable monolayer in water; secondly the insoluble
swelling amphiphiles, which form both stable monolayers in water and laminated
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lipid-water structures called liquid crystals; and finally the soluble amphiphiles, which
possess strong polar groups that render these molecules soluble in water at low
concentrations, forming both unstable monolayers and micelles®*. Examples of
class 1 polar lipids are triglycerides (TG), diacylglycerols (DG), non-ionized long-
chain fatty acids (LCFA), unesterified cholesterol and the fat soluble vitamins A, D,
E and K. Class 2 insoluble swelling amphiphiles are monoacylglycerols (MG), ionized
fatty acids (FA) and phospholipids (PL). Class 3 soluble amphiphiles are sodium salts
of long-chain fatty acids and bile salts. The absence of bile during cholestasis will
differentially affect solubilization and absorption of lipid classes due to their different
interactions with water.

TG is the major fat in human diet, contributing ~90% of energy provided by dietary
lipid. The majority of luminal phospholipid is phosphatidylcholine (PC), which is
mostly of biliary origin (10-20 g daily in humans), with a dietary contribution of 1-2 g
per day®*. EFA are present in the diet mostly as acyl chains of TG (90%) and also
as PL (10%). Biliary PL is an important source of intestinal EFA, since it is highly
EFA- enriched.

Dietary EFA

> 90% triglycerides (TG) < 10% phospholipids (PL)

choline

0
OPO

TNV

Figure 7

The predominant dietary sterol is cholesterol (0.5 g/day)®*, which is mostly of
animal origin although small amounts are also present in vegetables. Beta-sitosterol
is the most important plant sterol (which account for 25% of dietary sterols), but it is
virtually not absorbed by humans under physiological conditions due to the
intes-tinal half-transporters ABCG5/G8, which have been postulated to play a major
role in efflux of absorbed sterols from enterocytes into the intestinal lumen, and from
the liver into bile®**,

The fat-soluble vitamins A, D, E and K, required in small quantities for maintenance

of normal cell and organ function®*®, are class 1 polar lipids and depend on micel-
lar solubilization for intestinal uptake. Absorption rates differ between vitamin
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species, averaging from 50 to 80% for vitamins A, D and K but only ~25% for vitamin
E®. Additionally, there may be competition between vitamin species for intestinal
absorption- or transport-sites®, although minimal information is available regarding
the nature and function of these sites.

The processes involved in intestinal lipid absorption can be divided into intraluminal
and intracellular events, which differ for TG and PL.

Intraluminal phase of lipid absorption

Before translocation from the intestinal lumen into enterocytes can occur, dietary
lipids must undergo a number of physicochemical alterations. This is achieved in a
sequence of events called the intraluminal phase of lipid digestion and absorption,
including:

-emulsification of dietary lipid

-lipolysis

-solubilization (micelles, vesicles)

-translocation of lipolytic products across the enterocyte membrane

Emuilsification and lipolysis

In humans, the first step in dietary fat digestion starts in the stomach with mechani-
cal emulsification and partial TG hydrolysis by gastric lipase, resulting in the lipolytic
products DG and free fatty acids (FFA). Gastric lipase does not hydrolyze PL or
cholesterol ester, but its activity in the stomach accounts for 10-30% of TG
lipolysis®@eseseen The remaining part of TG digestion is brought about in the duodenal
lumen by pancreatic lipase, which acts mainly on the sn-1 and sn-3 position of TG
molecules, releasing 2-MG and FFA®*®. Pancreatic (co-lipase-dependent) lipase is
present in pancreatic secretions in large excess, in accordance with the clinical
observation that only severe pancreatic insufficiency (as in CF) results in lipid mal-
absorption. In the presence of bile salts, pancreatic lipase requires the cofactor
pancreatic co-lipase for adequate TG hydrolysis, since TG droplets covered with bile
salts are not accessible to pancreatic lipase®® . Binding of pancreatic co-lipase to
the TG/water interface facilitates binding of pancreatic lipase.

Digestion of PL occurs entirely in the duodenal lumen, predominantly by pancreatic
phospholipase A,. Phospholipase A, requires calcium and bile salts for activation,
and hydrolyzes PL at the sn-2 position resulting in FFA and lyso-PL.

Dietary cholesterol is present for ~90% as free cholesterol, the remainder as choles-
terol esters. Cholesterol esters are hydrolyzed in the small intestine by pancreatic
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cholesterol esterase. Human cholesterol esterase (also known as carboxyl ester
lipase, bile salt-stimulated lipase, monoglyceride lipase, pancreatic non-specific
lipase or human milk lipase) can also hydrolyze TG (sn-1, -2, -3), PL (sn-1, -2) and
lipidic vitamin esters® and its activity is enhanced by the presence of bile salts.

Solubilization of lipolytic products

For diffusion through the unstirred water layer, which separates the brush border
membrane of enterocytes from the liquid luminal contents of the intestine, solubiliza-
tion of lipolytic products is required. The most important function of biliary bile salts
and PL in the intestinal lumen appears to be their ability to increase solubility of lipo-
lytic products in the aqueous lumen by formation of mixed micelles. Mixed micelles
were first described by Hoffman and Borgstrom™ as disc-like aggregates of
amphiphilic biliary and dietary components, oriented with their hydrophobic parts to
the inside of the micelles and their hydrophilic polar headgroups towards the aque-
ous outside. This conformation increases solubility of FFA and MG 100-1000 fold®.
Mixed micelles contain bile salts (class 3 polar lipids), hydrogenated fatty acids
(class 1 polar lipids), fatty acid ions (class 2 polar lipids), MG (class 2 polar lipid), PL
(class 2 polar lipids) and cholesterol (class 1 polar lipid), and are ~4 nm in diame-
ter®033%650 - Carey® described the co-existence of mixed micelles in the intestinal
lumen with unilamellar liquid crystalline vesicles or liposomes. He demonstrated that
only when intraluminal bile salt concentrations exceed the so-called critical micellar
concentration, mixed bile salt / lipid micelles are formed. However, when bile salt
concentrations are low or decreased by dilution, large (20-60 nm) unilamellar liquid
crystalline vesicles or liposomes predominate”2. All classes of lipolytic products
can be incorporated into disc-shaped micelles as well as liquid crystalline vesicles.
Since both phases co-exist, quantifying the relative contribution of the two phases
remains difficult, especially due to continuous exchange of 2-MG and FA between
both structures. Dissociation rates of lipolytic products from vesicles and their
subsequent translocation across the enterocyte membrane are slower than
dissociation rates from mixed micelles™.

The existence of liquid crystalline vesicles is thought to have specific pathophysio-
logical consequences for lipid absorption in conditions where intraluminal bile salt
concentrations are diminished, as in cholestasis. It has been demonstrated that fat
uptake can still occur rather efficiently, based on balance studies, but that fat absorp-
tion rates are profoundly slower in bile salt-deficient states. Porter et al. reported on
a bile fistula patient who continued to absorb up to 80% of dietary lipid, despite the
obvious bile salt deficiency and the 100-fold decreased FFA concentration in the
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aqueous phase of the small intestinal lumen™. Mansbach et al. found similar results
in patients with bile salt malabsorption, where the strong decrease in solubilized fatty
acid concentration led only to a mild degree of lipid malabsorption™. Solubilization
of lipolytic products into liquid crystalline vesicles during intestinal bile-salt
deficiency, in combination with the reserve capacity of the length of the small
intestine to absorb fat, could explain the slower but preserved rate of lipid absorption
in cholestasis.

Nishioka et al.”® studied the importance of PL-cholesterol vesicles for lipid absorption
during bile deficiency. Intraduodenal administration of **C-labeled linoleic acid (LA) or
palmitic acid (PA) to bile-diverted rats was associated with strongly decreased
plasma concentrations of *C-LA and "*C-PA. Subsequent intraduodenal supplemen-
tation with PL-cholesterol vesicles reconstituted plasma concentrations of labeled PA.
Yet, there appeared to be a delay in plasma appearance of both lipids, since at 5h
after lipid administration plasma concentrations were still increasing. These obser-
vations are in concordance with the slower dissociation and translocation rates of
lipolytic products from vesicles compared to mixed micelles, as proposed by
Narayan and Storch®.
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Figure 8

It is important to note the lipid-class difference in the dependence on bile for solubi-
lization and consecutive uptake of fats. PUFA are less dependent on bile solubili-
zation due to their lower hydrophobicity, compared to SAFA. Even in complete
absence of intestinal bile salts, absorption of PUFA has been demonstrated to be rel-
atively well preserved (up to 80%) compared to that of saturated long-chain fatty
acids (<30%), although absorption remained significantly lower than in the presence
of bile (~97%, Figure 9)%.
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In contrast to long-chain lipids, short- and medium-chain lipids do not depend on
luminal presence of bile salts for adequate uptake, and can directly be transferred
from the intestinal lumen through the enterocytes. Medium-chain triglyceride (MCT)-
based formulas are therefore widely used as energy providers in conditions where
intestinal solubilization is impaired. For absorption of cholesterol and fat-soluble
vitamins, however, micellar solubilization by bile salts is crucial ™.

Translocation

For many years, translocation of lipolytic products across the unstirred water layer
and the enterocyte membrane has been assumed to occur through passive diffusion.
Yet reports from Stremmel and Schulthess et al.”®*™ suggested that an active carrier-
mediated process by fatty acid binding proteins (Fabp) is involved in transport of FA
across the intestinal brush border membrane. Members of the Fabp family appeared
to have both fatty acid transport and esterification capacities®®", yet studies in mice
in which intestinal Fabp was genetically inactivated (Fabpi ” mice) revealed that this
protein is not essential for dietary fat absorption®. Stahl et al. addressed FATP4,
abundantly present in apical membranes of enterocytes, as the principal intestinal
transporter of long-chain fatty acids®. A fatty acid transporter not specific for the
enterocyte was identified by Harmon et al.®, who isolated a 88-kDa membrane
protein termed FAT (fatty acid transporter) which appeared to be the rat homologue
of human CD36. CD36 is expressed in platelets, macrophages and endothelial cells
as well as in intestine, adipose tissue, heart and muscle, where it mediates long-
chain fatty acid uptake. Impaired CD36 function is associated with a large (~70%)
deficit in FA uptake in these tissues®. Some authors have suggested interactions
between different fatty acid transporters to regulate intestinal fatty acid uptake®®,
yet the exact molecular mechanism by which translocation of lipolytic products
occurs is still a matter of debate.
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The net uptake of cholesterol is highly specific, since the plant sterol B-sitosterol is
poorly absorbed under physiological conditions despite its structural similarity to
cholesterol. In healthy individuals, ~60% of dietary cholesterol is taken up, whereas
absorption of plant sterols is less than 1%®*®". The half-transporters ABCG5/G8,
implied in the autosomal recessive disorder sitosterolemia, are held responsible for
efficient efflux of absorbed dietary sterols from enterocytes into the intestinal lumen,
and from liver into bile®®*, possibly with different affinities for sterol species.
Sitosterolemia patients, in whom ABCG5/G8 function is genetically impaired, have
30-fold increased plasma plant sterol levels, increased cholesterol absorption and
decreased biliary sterol secretion, resulting in sterol accumulation and athero-
sclerosis®®®.

Intracellular phase of lipid absorption

After translocation across the apical enterocyte membrane, dietary lipids migrate to
the endoplasmic reticulum. At the cytosolic membrane of the smooth endoplasmic
reticulum (SER), re-esterification of absorbed fatty acids into TG takes place. Two
different biochemical pathways are involved in TG resynthesis, of which the mono-
acyl glycerol (MG) pathway is the most important under physiological conditions. In
the MG pathway, 2-MG is re-acylated to DG and subsequently to TG by monoacyl-
glycerol acyltransferase (MGAT) and diacylglycerol acyltransferase enzymes (DGAT1
and 2)®*  respectively. The alternative route of re-esterification is the alpha-
glycerophosphate pathway, which involves conversion of glycerol-3-phosphate via
phosphatidic acid to DG and then to TG, also mediated by DGAT. Under physiologi-
cal conditions there is an abundant supply of 2-MG and FFA during lipid absorption,
and the 2-MG route will predominate over the alpha-glycerophosphate route.

Newly synthesized TG from both pathways are thought to be metabolically distinct:
TG from the 2-MG route is secreted more rapidly across the basolateral membrane
than TG originated from the alpha-glycerophosphate route. It has been suggested
that the DG from each pathway enter into separate intracellular pools. DG from the
alpha-glycerophosphate route is preferentially used for de novo PL synthesis.

Absorbed cholesterol, either from biliary or dietary origin, enters the free cholesterol
pool inside the enterocyte, which also contains cholesterol originating from absorp-
tion of shed intestinal mucosal membranes and from de novo synthesis. Cholesterol
is transported into the lymphatic system mainly as cholesterol ester (CE) in the
neutral lipid core of chylomicrons. It is unclear whether a fraction of cholesterol
escapes the lymphatic route and crosses the basolateral membrane of the entero-
cyte via Abcal. The enzymes involved in cholesterol esterification are the acyl-CoA
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cholesterol acyltransferases ACAT-1 and -2. Inhibition of ACAT activity decreases
absorption of dietary cholesterol, associated with lymphatic release of aberrant apoB
containing lipoproteins devoid of CE, containing mostly TG in their cores®**,

Newly synthesized TG and CE form lipid droplets in the SER, where packaging
occurs, mainly into lipoprotein particles called chylomicrons (CM). In the SER,
nascent chylomicrons associate with PL, cholesterol and apoA-l, apoA-IV and
apoB48. Under physiological conditions, surface coat PL of lymph chylomicrons are
of biliary origin rather than of dietary sources whereas chylomicron TG fatty acids
closely correspond with those of dietary TG*. As fat absorption and TG resynthesis
proceeds, lipoprotein particles increase in size and number and eventually end up in
vesicles filled with pre-chylomicrons, which are transported to the Golgi apparatus.
Here, modification of pre-CM into mature CM occurs, followed by translocation to the
lateral surface of the enterocyte where CM are exocytosed into the interstitium,
ending up in mesenteric lymph. Nascent CM have diameters between 100-1000 nm.
Mesenteric lymph ducts drain into the thoracic duct, which enters the systemic
circulation at the level of the jugular vein.

In recent years, it has become appreciated that biliary PL secretion is necessary for
proper intestinal CM assembly and thus for secretion of dietary lipid into lymph.
Studies in rats with interrupted enterohepatic circulations, by cholestyramine feeding
or manipulation of bile composition by dietary means® *”, revealed a dietary lipid
accumulation in enterocytes. This phenomenon was also seen by Tso in bile-
diverted rats, where subsequent administration of bile acids only partially reinstated
lipid transport into lymph. Only after administrating biliary PL, lymphatic lipid trans-
port was fully restored®®.

Voshol et al. demonstrated a delayed plasma TG appearance after an oral lipid bolus
in Mdr2 * mice lacking biliary PL secretion. This aberrant postprandial plasma TG
response was accompanied by normal fecal fat excretion and accumulation of lipid
droplets in the intestinal wall, suggesting a relatively well-preserved intestinal lipid
uptake into enterocytes in the absence of biliary PL, but a delay in subsequent CM
secretion®. Intestinal PL requirements for CM production might be comparable to
that of the liver for VLDL secretion. In choline deficiency, decreased hepatic PC syn-
thesis results in impaired VLDL production®. Enterocytes might similarly require
biliary PL for appropriate intestinal CM production. A schematic overview of the
various steps involved in absorption of TG and PL is depicted in Figure 10.
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Absorption of enteral PL exceeds 90%, 20% of which is absorbed as intact PL, 40%
as lyso-PL, and 40%"""*® is degraded to glycerophosphocholine and phosphoryl
choline, which is taken up via the portal vein. After absorption, PL acyl chains are
biologically highly available for the organism®°%,
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Alterations in lipid homeoastasis during cholestasis

Lipid malabsorption

Fat malabsorption as a consequence of disturbed bile secretion is associated with
weight loss due to energy deficiency (in children complicated by impaired growth
and development), with fat-soluble vitamin deficiencies and with EFA deficiency.
Several compensatory mechanisms for fat malabsorption during bile deficiency have
been described in animal models for cholestasis. Minich et al. reported on lipid mal-
absorption in rats with chronic bile diversion. In this model, bile is absent from the
intestinal lumen, but in contrast to the cholestatic condition, (toxic) biliary compo-
nents do not accumulate in the body. Bile-diverted rats appeared to compensate for
their markedly decreased dietary lipid absorption by strongly increasing their food
ingestion®. Subsequent morphological examination of the small intestine revealed
that both villus and crypt height were significantly increased in bile-diverted rats
compared to controls.

Porter and Knoebel et al. described another compensatory mechanism designated
as ‘the absorptive reserve of the small intestine’™'*. Under physiological conditions,
only the proximal part of the intestine is involved in fat absorption. In situations where
proximal fat absorption appears impaired, more distal parts can also contribute.
Minich et al. also demonstrated that the amount of dietary lipid strongly affects the
efficacy of lipid absorption in bile deficient states. In rats with chronic bile diversion,
absorption of dietary lipid remained highly efficient (84% of ingested lipid) when
regular low-fat chow was fed. However, when rats were fed a high-fat diet, lipid
absorption coefficients decreased to around 50%, indicating that compensatory
mechanisms for lipid absorption in bile deficiency have limited capacity®. Detailed
knowledge of different compensation mechanisms and alternative routes of lipid
absorption during bile deficiency are important for developing dietary treatment
strategies for nutritional deficiencies in cholestatic patients.

Fat-soluble vitamin deficiency

Although great variability exists between studies in defining biochemical vitamin
deficiency, many reports have indicated the existence of significantly decreased fat-
soluble vitamin levels under cholestatic conditions!®'®. Fat-soluble vitamins (class |
polar lipids) are highly dependent on intraluminal solubilization by bile acids, and
lack of bile flow usually results in malabsorption and depletion of fat-soluble vitamin
stores. The extent of deficiency appears to be highly vitamin-species specific; Phillips
et al."® reported biochemical deficiencies of vitamin A, D, E and K in 34%, 13%, 2%
and 8% of PBC patients, respectively. Similar values were found by Kaplan and
Kowdley et al.®'°"'®_ Vitamin A deficiency in chronic cholestasis can not only result
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from malabsorption, but hepatic secretion of retinol binding protein (RBP) may also
be diminished, leading to low plasma levels of retinol and impaired delivery to target
tissues such as retina and epithelial cells®. Deficiency of vitamin K can lead to life-
threatening haemorrhages due to the vitamin K dependence of clotting factors I, VII,
IX, X and proteins S and C for haemostatic activity. Biliary atresia can present itself
with intracranial haemorrhage as first consequence of cholestasis-induced lipid
malabsorption“®. Although vitamin D deficiency during lipid malabsorption can par-
tially be circumvented by endogenous photosynthesis of vitamin D5 in the skin, many
chronically ill patients are not adequately exposed to sunlight, resulting in low
vitamin D and calcium levels and impaired bone mineralization®*". Prolonged
vitamin E deficiency in cholestatic children leads to degenerative neuromyopathy
eventually resulting in peripheral neuropathy, muscular weakness, ophthalmoplegia
and retinal dysfunction which appears partly irreversible. The irreversibility and
severity of many of the symptoms associated with fat-soluble vitamin deficiencies
mandate strict monitoring and correction of vitamin status in cholestatic patients.

EFA deficiency

EFA deficiency as a consequence of overall lipid malabsorption in cholestasis is well
recognized. Additionally, it has become apparent that EFA deficiency in itself can
impair lipid absorption. Levy et al. observed decreased bile salt secretion rates in
EFA-deficient rats"'®, implying impaired bile formation as a possible cause for EFA
deficiency-induced fat malabsorption. EFA deficiency may also affect intracellular
events of dietary fat absorption occurring in the enterocyte. In both situations, EFA
deficiency during cholestasis may further compromise dietary fat absorption.

Lipid metabolism during cholestasis

During lipid absorption, both intestine and liver release large amounts of TG-rich
lipoproteins into the circulation. During fasting, the liver is the major source of TG-rich
lipoproteins by secreting VLDL. Both liver and intestine are capable of synthesizing
HDL, which are secreted as nascent particles containing predominantly PL and un-
esterified cholesterol. Another major lipoprotein, LDL, is predominantly formed in the
plasma compartment as a product of VLDL catabolism. Additionally, the liver synthe-
sizes apoproteins that are essential structural and enzymatic components of lipo-
proteins. Apoproteins act as cofactors for enzymes crucial for cholesterol esterifica-
tion or TG lipolysis. ApoA-I activates the cholesterol esterifying enzyme LCAT, which
is also synthesized in the liver. ApoC-Il is required for lipoprotein lipase (LPL) activa-
tion, which hydrolyzes lipoprotein TG, thus converting CM into CM-remnants and
VLDL into IDL and ultimately LDL. ApoE and apoB are crucial for receptor-mediated
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uptake of lipoproteins by peripheral cells, and for hepatic uptake of end products of
lipoprotein catabolism'"""®. Lipoprotein remnant uptake by the liver, mediated by
SR-B1 and hepatic lipase (HL), and dependent on lipoprotein type also by LDL-
receptor and LDL-receptor-related protein (LRP), provides a feedback inhibition
mechanism for cholesterol homeostasis by regulating activity of HMG-CoA
reductase, the key enzyme in hepatic cholesterol synthesis. Hepatocyte damage due
to toxic accumulation of bile acids in cholestasis may disrupt synthesis of apopro-
teins and other enzymes involved in lipoprotein formation and metabolism such as
LCAT, CETP and PLTP, with concomitant derangements in plasma and hepatic lipid
homeostasis which will be discussed below.

Lipoprotein X in cholestasis

Biliary excretion is the principal route for cholesterol disposal from the body (either
direct or after conversion into bile acids), and cholestasis thoroughly deranges body
sterol balance. The well-recognized increase in plasma free cholesterol observed in
some forms of cholestasis can be accompanied by an equimolar elevation of
plasma PL"*"", Hypercholesterolemia in (extrahepatic) cholestasis is accompanied
by plasma appearance of the aberrant lipoprotein X (LpX)"**"®. LpX is a 40-100 nm
bilamellar vesicle with an aqueous lumen, predominantly composed of PL and free
cholesterol in equimolar amounts and containing only 3% of TG and 2% of choles-
teryl ester®”""®, Gradient ultracentrifugation revealed that LpX is isolated in the LDL-
fraction”® and contains apoC and albumin. Manzato et al. hypothesized that LpX
particles represent biliary vesicles regurgitated from liver into plasma of cholestatic
subjects"?, since both LpX and bile vesicles are composed of PL and free choles-
terol. The presence of apoC and albumin, and the observation that the cholesterol-
PL ratio in LpX differs from that in bile, can be explained by plasma interactions of
LpX with other lipoproteins. LpX is not readily taken up by the liver, thus LpX-
cholesterol does not participate in feedback inhibition of hepatic cholesterol
synthesis. This could contribute to the paradox of increased hepatic cholesterol
neosynthesis in hypercholesterolemia during cholestasis. Felker observed LpX-like
vesicles in bile canaliculi of bile duct-ligated rats, indicating a biliary origin of the
particle'*'*". Oude Elferink et al. demonstrated the biliary origin of LpX in mice, since
in Mdr2 " mice, which secrete PL-free bile, bile duct ligation was not associated with
appearance of LpX"®.

HDL in cholestasis

Apart from increased lipid contents in the LDL fraction in the form of LpX, appearance
of TG-rich LDL and decreased plasma VLDL concentrations, chronic cholestasis is
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associated with strongly decreased plasma HDL concentrations (<10%)"%.
The underlying mechanism may involve either increased HDL clearance during
cholestasis, or decreased HDL synthesis. Recent work indicates that bile salts, accu-
mulating in hepatocytes during cholestasis, can suppress apoA-I gene transcription
via a negative farnesoid X receptor (FXR) response element mapped to the C-site of
the apoA-I promoter™®. As HDL is partly derived from CM surface remnants, low
plasma HDL levels could also result from decreased CM formation during intestinal
bile deficiency, or from defective HDL formation from CM surface remnants by
PLTP“*. Upon ultracentrifugation, HDL isolated in cholestasis is in the density range
of bilamellar discoidal particles, enriched in free cholesterol and PL with decreased
apoA-l and apoA-ll contents and increased apoE, resembling so-called ‘nascent’
HDL particles. Such particles are normally not found in plasma in considerable
amounts because of rapid transformation by concerted actions of LCAT, CETP and
PLTP.

Lipoprotein-metabolizing enzymes in cholestasis

LCAT: Lecithin cholesterol acyl transferase (LCAT) and hepatic lipase (HL) are key
enzymes in lipoprotein metabolism. Both proteins are produced in the liver, but LCAT
is active in the circulation at the HDL surface whereas HL resides at the hepatic
endothelial cell lining. LCAT is a 60 kDa glycoprotein that converts cholesterol and
PL into cholesteryl esters and lyso-PL, and is activated by apoA-I. Its cholesterol
esterifying activity not only moves cholesterol from the HDL surface into the core,
thereby promoting the flux of cholesterol from cell membranes into HDL, but it also
leads to morphological changes of HDL particles. Nascent disc-shaped HDL
becomes spherical as cholesteryl esters accumulate in the HDL core. HL and LCAT
hydrolytic activities together account for over 80% of PL disappearance from
plasma“®. Impaired hepatic synthesis of these enzymes in cholestasis could thus
contribute to increased plasma PL concentrations. Both plasma cholesteryl ester and
LCAT concentrations are decreased in cholestatic subjects, and plasma appearance
of ‘nascent’ discoidal HDL particles is considered a direct result of defective LCAT
functioning. Furthermore, discoidal HDL has been associated with primary familial
LCAT deficiency.

CETP: Cholesteryl ester transfer protein (CETP) transfers excess cholesteryl esters
from HDL to VLDL and LDL in exchange for TG, thus participating in the so-
called reverse cholesterol transport. CETP activity results in homogenous fatty acid
species distribution between lipoprotein fractions. Activity of CETP is decreased 25%
in cholestasis, associated with a decreased LA content of VLDL-TG and CE
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compared to HDL"*". Faust et al. demonstrated that fatty acid absorption regulates
CETP secretion in CaCo-2 cells" ™, and several animal and human studies!*"*
revealed that high-fat diets can increase CETP activity. Freeman et al. suggested that
serum TG levels >1.4 mmol/l are required for significant CETP-mediated lipid
exchange between LDL and VLDL"*. The mechanism for decreased CETP activity in
cholestatic subjects is not obvious because of the multiple origins of CETP
synthesis (liver, intestine, adipose tissue, macrophages)"**'*". However, since hepa-
tocytes are the predominant source of CETP, impaired hepatic CETP synthesis
remains a likely contributor to the decreased CETP activity in cholestasis"”.

PLTP: Plasma phospholipid transfer protein (PLTP) circulates bound to HDL and
mediates transfer of PL from apoB-containing lipoproteins into HDL, thus modulating
HDL size and lipid composition. PLTP activity generates pre-8-HDL, the major accep-
tor of cholesterol in the reverse-cholesterol transport route. PLTP knockout mice have
markedly reduced HDL levels due to defective transfer of PL from TG-rich
lipoproteins into HDL"®. Liver, adipocytes and lung are presumably the major
sources of circulating PLTP. Impaired hepatic synthesis of PLTP in cholestatic
conditions can markedly reduce circulating HDL levels, and due to the stimulatory
effect of PLTP on CETP activity™, it can further deteriorate the already impaired
CETP function. Recently, PLTP was identified as an FXR target gene™, providing a
molecular basis for reduced PLTP gene expression under cholestatic conditions.

EFA metabolism in cholestasis

Socha et al. reported on decreased plasma arachidonic acid (AA) levels in pediatric
cholestatic patients, which was attributed to impaired hepatic microsomal desaturase
and/or elongase activity"**». However, Minich et al. demonstrated that conversion of
[*C]-LA to [*C]-AA was not significantly different in short-term bile duct-ligated rats
compared to controls. Accordingly, delta-6-desaturase activity determined in hepatic
microsomes was not altered™?. These results are in agreement with observations of
de Vriese et al., who found equal delta-9-, delta-6- and delta-3-desaturase activities
in liver microsomes of cholestatic and non-cholestatic rats"*”. Decreased LA uptake
by cholestatic subjects appears the predominant cause of low plasma AA levels,
rather than impaired post-absorptive EFA metabolism. Cholestasis may also impair
hepatic B-oxidative capacity, which on one hand may preserve EFA from oxidation
but on the other hand may inhibit the final step in forming C22:6n-3 and C22:5n-6. In
rats with long-term bile duct ligation impaired hepatic B-oxidative capacity has been
reported”*.
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Nutritional therapy in cholestasis

Chronic cholestasis is often accompanied by nutritional deficiencies due to
inadequate dietary intake, maldigestion, malabsorption and/or defective metabolism
of nutrients. Additionally, requirements of energy or specific nutrients may increase
during cholestasis. The recommended caloric intake for chronic cholestatic patients
is ~130% of RDI, usually accomplished by dietary supplementation with glucose
polymers and/or MCT oil. For prevention or treatment of EFA deficiency, EFA-rich oils
are frequently recommended, but the effects hereof have remained un-
satisfactory™®'". The enteral route is preferred for dietary supplementations but in
pediatric patients with severe chronic malabsorption, nasogastric and nocturnal
feedings are often required™. For fat-soluble vitamin deficiency in cholestatic
children, adequate and rapid correction is required. To treat vitamin D deficiency, a
regimen of oral 25-OHD is recommended, at a dose of 2-4 ug/kg/d in children and
50-100 ug in adults, with regular measurements of cholecalciferol levels in plasma to
prevent toxicity. Vitamin K supplements of 2.5-5 mg 2-7 times a week are currently
recommended as prophylaxis for children with chronic cholestasis®*".
Most cholestatic children absorb the phylloquinone form of vitamin K to reach
functionally adequate levels, if supplied in high dosages. In adults, vitamin K supple-
ments are only recommended when blood tests suggest deficiency. For correction of
vitamin E deficiency, oral forms of vitamin E (alpha-tocopherol, alpha-tocopheryl
acetate, alpha-tocopheryl succinate) are recommended at doses from 10-25 1U/kg/d
up to 100-200 IU/kg/d. When normalization of plasma vitamin E levels is not reached,
a water-soluble form of vitamin E called d-alpha-tocopheryl polyethylene glycol-1000
succinate (TPGS) can improve vitamin E status in cholestatic patients®*®. Argao et al.
demonstrated that absorption of other fat-soluble vitamins is greatly enhanced by
simultaneous administration with TPGS"*. Recommended dosage of vitamin A in
chronic cholestasis is 10000 IU if given with TPGS"*®. Irrespective of the form of
vitamin supplementation that is chosen, plasma vitamin levels should be carefully
monitored to avoid excessive serum levels and toxicity.

Conclusion

Cholestatic liver disease can disturb many aspects of lipid absorption and metabo-
lism. Accumulation of potentially toxic bile components in hepatocytes due to dis-
ruption of the flux of bile from the liver to the intestine can damage hepatocytes,
resulting in impaired synthetic function and decreased production of enzymes
involved in lipoprotein metabolism. Also, lipoprotein secretion is disturbed during
cholestasis, reflected by decreased HDL levels and appearance of the aberrant
lipoprotein X in plasma. The absence of biliary components from the intestinal lumen
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during cholestasis can strongly impair uptake of dietary fat and fat-soluble vitamins,
resulting in nutritional deficiencies such as EFA deficiency and vitamin A, D, E and K
deficiency. Current prolonged survival of patients with chronic cholestasis will require
critical evaluation of nutrient deficiencies and adequate treatment strategies in order
to prevent sequelae and to improve quality of life.

SCOPE OF THIS THESIS

Essential fatty acids and their long-chain polyunsaturated metabolites are crucial for
normal function and development of human and animal cells. Low levels of essential
fatty acids in the body are associated with dietary fat malabsorption, steatosis and
impaired neurological development in infants. Pediatric conditions with lipid malab-
sorption (cholestasis, cystic fibrosis, prematurity) can be complicated by EFA
deficiency. A deficiency of essential fatty acids is common in children with
cholestatic liver disease, despite high intakes of dietary EFA. Dietary EFA are
predominantly present in the form of triglycerides (TG), which are malabsorbed
during cholestasis, whereas phospholipids (PL) are relatively well absorbed during
bile deficiency, and have been postulated to have a high post-absorptive
bioavailability.

This thesis focuses on the role of oral phospholipids (PL) as compared to
triglycerides (TG) as vehicles for EFA supplementation under cholestatic conditions
in experimental animals (mice) and pediatric patients with end-stage liver disease.
We aim to clarify the role of EFA-rich phospholipids in intestinal and hepatic
lipoprotein formation, and in the development of fat malabsorption and steatosis
during EFA deficiency. Also, we aim to evaluate the role of fat malabsorption and EFA
metabolism on the frequently observed alterations of EFA status in cystic fibrosis, a
condition also often associated with EFA deficiency, by analyzing EFA concentrations
and metabolism in different body compartments of mouse models for CF.

32



REFERENCES

1. Burr GO, Burr MM. A new deficiency disease produced by the rigid exclusion of fat from the diet. JBC 1929; (2):345-367.

2. Hansen AE, et al. Role of LA in infant nutrition. Pediatrics 1963; 31(1):171-92.

3. Richardson TJ, Sgoutas D. EFA deficiency in 4 adult patients during total parenteral nutrition. AJCN 1975; 28:258-263.

4. Paulsrud JR, Pensler L, Whitten CF, Stewart S, Holman RT. EFA deficiency in infants induced by fat-free intravenous feeding.
Am J Clin Nutr 1972; 25:904.

5. Caldwell MD, Johnsson H, Otherson H. EFA deficiency in infants receiving i.v. fat-free alimentation. J Pediatr 1972; 81:894-8.
6. Sprecher H. Biochemistry of essential fatty acids. Prog Lipid Res 1981; 20:13-24.

7. Brenner RR. The desaturation steps in animal biosynthesis of PUFA. Lipids 1971; 6:567-575.

8. Holman RT. The ratio of trienoic:tetraenoic acids in tissue lipids as a measure of EFA requirement. J Nutr 1960; 70:405-410.
9. Brenner RR. Nutritional and hormonal factors influencing desaturation of EFA in animals. Prog Lipid Res 1981; 20(41):47.
10. Brenner RR. Hormonal modulation of d6 and d5 desaturases. Prostaglandins Leukot Essent Fatty Acids 2003; 68:151-162.
11. Infante JP. Vitamin E and selenium participation in fatty acid desaturation. Mol Cell Biochem 1986; 69:93-108.

12. Cunnane S. Problems with EFA: time for a new paradigm? Prog Lipid Res 2003; 42(6):544-568.

13. Leyton J, et al. Differential oxidation of saturated and unsaturated fatty acids in vivo in the rat. Br J Nutr 1987; 57:383-393.
14. Innis SM. Perinatal biochemistry and physiology of LCPUFA. J Pediat 2003;143:51-8.

15. Makrides M, Neumann MA, Byard RW. Fatty acid composition of brain, retina and RBC in breast- and formula-fed infants.
Am J Clin Nutr 1994; 60:189-194.

16. Uauy R, Mena P, Wegher B. Long-chain polyunsaturated fatty acid formation in neonates. Pediatr Res 2000; 47:127-135.
17. Crawford MA. Placental delivery of AA and DHA. AJCN 2000; 71:S275-84.

18. Carnielli VP, Wattimena DJ, Luijendijk IH, Boerlage A, Degenhart HJ, Sauer PJ. The VLBW premature infant is capable of
synthesizing AA and DHA from linoleic and linolenic acids. Pediatr Res 1996; 40(1):169-174.

19. Uauy R, Peirano P, Hoffman D, Mena P, Birch D, Birch E. Role of EFA in the function of the developing nervous system. Lipids
1996; 31 Suppl:S167-76.:5167-S176.

20. Elias SL, Innis SM. Infant plasma trans, n-6, and n-3 fatty acids and conjugated linoleic acids are related to maternal plas-
ma fatty acids, length of gestation, and birth weight and length. Am J Clin Nutr 2001; 73(4):807-814.

21. Lauritzen L, Hansen HS, Jorgensen MH, Michaelsen KF. The essentiality of long-chain n-3 fatty acids in relation to devel-
opment and function of the brain and retina. Prog Lipid Res 2001; 40(1-2):1-94.

22. Boehm G, et al. DHA and AA content of serum and RBC membrane PL of preterm infants fed breast milk, standard formu-
la or formula supplemented with n-3 and n-6 LCPUFA. Eur J Pediatr 1996; 155:410-416.

23. Horrobin DF, Huang YS, Cunnane SC, Manku MS. EFA in plasma, RBC and liver PL in common laboratory animals as com-
pared to humans. Lipids 1984; 19(10):806-811.

24. van Dorp D. Prostaglandin synthesis. Acta Biol Med Ger 1976; 35:1041-1049.

25. Minich DM, Kalivianakis M, Havinga R, Van Goor H, Stellaard F, Vonk RJ et al. Bile diversion in rats leads to a decreased
plasma concentration of LA which is not due to decreased net intestinal absorption of dietary LA. BBA 1999; 1438(1):111-119.
26. Enser M, et al. The effect of EFA deficiency on the fatty acid composition of the total lipid of the intestine. Biochem J 1962;
85:607-614.

27. Snipes RL. The effects of EFA deficiency on the ultrastructure and functional capacity of the jejunal epithelium. Lab Invest
1968; 18(2):179-189.

28. Melin T, Qi C, Nilsson A. Bile but not chyle lipoprotein is an important source of AA for the rat small intestine. Prostagl Leukot
Essent Fatty Acids 1996; 55(5):337-343.

29. Tso P, Intestinal lipid absorption. In: Physiology of the gastrointestinal tract. New York: Raven Press, 1994: 1867-1907.

30. Carey MC, Hernell O. Digestion and absorption of fat. Seminars in gastrointestinal disease 1992; 3(4):189-208.

31. Friedman HI, Nylund B. Intestinal fat digestion, absorption and transport. AJCN 1980;(33):1108-1139.

32. Levy E, Garofalo C, Thibault L, Dionne S, Daoust L, Lepage G. Intraluminal and intracellular phases of fat absorption are
impaired in EFA deficiency. Am J Physiol 1992; 262(2 Pt 1):G319-G326.

33. Verkade HJ, Tso P. Biophysics of intestinal luminal lipids. In: Tso B Mansbach CM, Kuksis A, editors. Intestinal lipid metab-
olism. New York: Kluwer, 2000: 1-18.

34. Minich DM, Kuipers F, Vonk RJ, Verkade HJ. The role of bile in EFA absorption and metabolism. In: Riemersma RA,
Armstrong R, Kelly RW, Wilson R, editors. EFA and eicosanoids-4th international congress. Champaign, lllinois, 1998: 43-47.
35. Bennett Clark S, Ekkers TE, Singh A, Balint JA, Holt PR, Rodgers JB. Fat absorption in EFA deficiency: a model experi-
mental approach to studies of the mechanism of fat malabsorption of unknown etiology. JLR 1973; 14:581-588.

36. Lipkin M. Proliferation and differentiation of normal and diseased gastrointestinal cells. Johnson LR, Physiology of the gas-
trointestinal tract. Raven Press,1987:255-84.

37. Smith W.Prostanoid biosynthesis and mechanisms of action. AJP 1992; 263:F181-91.

38. Strandvik B, Svensson E, Seyberth HW. Prostanoid biosynthesis in patients with cystic fibrosis. Prostaglandins Leukot
Essent Fatty Acids 1996; 55:419-425.

39. Van Biervliet S, Van Biervliet JP, Robberecht E, Christophe A. DHA trials in CF: A review of the rationale behind the clinical
trials. J Cyst Fibros 2005; 4(1):27-34.

33



40. Zhao A, Yu J, Lew JL, Huang L, Wright SD, Cui J. PUFA are FXR ligands and differentially regulate expression of FXR tar-
gets. DNA Cell Biol 2004; 23(8):519-526.

41. Xu J, et al. SREBP-1 expression is suppressed by dietary PUFA. J Biol Chem 1999; 274(33):23577-23583.

42. Dobrosotskaya |Y, Seegmiller AC, Brown MS, Goldstein JL, Rawson RB. Regulation of SREBP processing and membrane
lipid production by PL in Drosophila. Science 2002; 296(5569):879-883.

43. Staels B, Fruchart JC, Auwerx J. Fatty acids as transcriptional regulators of the LPL and apoC-lIl genes: consequences for
plasma TG metabolism. In: Davignon J, Fruchart JC, Ordovas JM, editors. Omega-3, lipoproteins and atherosclerosis. Paris:
John Libbey Eurotext, 1996: 41-48.

44. Edwards PA, et al. BAREing it all: adoption of LXR and FXR and their roles in lipid homeostasis. JLR 2002; 43(1):2-12.

45. Lambert G, Amar MJ, Guo G, Brewer HB, Jr., Gonzalez FJ, Sinal CJ. FXR is an essential regulator of cholesterol home-
ostasis. JBC 2003; 278(4):2563-2570.

46. Xu J, Teran-Garcia M, Park JH, Nakamura MT, Clarke SD. PUFA suppress hepatic SREBP-1 expression by accelerating tran-
script decay. JBC 2001; 276(13):9800-7.

47. Pawar A, et al.. The role of LXR-alpha in the fatty acid regulation of hepatic gene expression. J Biol Chem 2003; .

48. Ou J, Tu H, Shan B, Luk A, DeBose-Boyd RA, Bashmakov Y et al. Unsaturated fatty acids inhibit transcription of the SREBP-
1c gene by antagonizing ligand-dependent activation of the LXR. Proc Natl Acad Sci U S A 2001; 98(11):6027-6032.

49. Smit MJ, Temmerman AM, Wolters H, Beynen AC, Vonk RJ, Kuipers F. Effects of dietary fish oil on hepatic cholesterol metab-
olism. In: Windler E, Greten H, editors. Hepatic Endocytosis of Lipids and Proteins. Zuckschwerdt Verlag, 1992: 380-388.

50. Simopoulos AP, Salem N, Jr. Egg yolk as a source of LCPUFA in infant feeding. Am J Clin Nutr 1992; 55(2):411-414.

51. Innis SM. EFA in growth and development. Prog Lipid Res 1991; 30(1):39-103.

52. Bjerve KS, Lovold-Mostad |, Thoresen L. ALA deficiency in patients on long-term gastric tube feeding: an estimation of LA
and long-chain unsaturated n-3 fatty acid requirement in man. Am J Clin Nutr 1987; 45:66-77.

53. Holman et al. A case of human LA deficiency involving neurological abnormalities. Am J Clin Nutr 1982; 35(3):617-623.
54. Simopoulos AP, Leaf A, Salem N. Workshop statement on the essentiality of and recommended dietary intakes for omega-
6 and omega-3 fatty acids. Prostaglandins Leukot Essent Fatty Acids 2000; 63:119-121.

55. Cunnane S, Francescutti V, Brenna JT. DHA requirement and infant development. Nutrition 1999; 15:801-802.

56. Carey MC, Small DM, Bliss CM. Lipid digestion and absorption. Ann Rev Phys 1983;45:651-77.

57. Carey MC, Small DM. The characteristics of mixed micellar solutions with particular reference to bile. Am J Med 1970;
49:590-608.:590-608.

58. Lee MH, Lu K, Hazard S, Yu H, Shulenin S, Hidaka H et al. Identification of a gene, ABCG5, important in regulation of dietary
cholesterol absorption. Nat Genet 2001; 27(1):79-83.

59. Berge KE, Tian H, Graf GA, Yu L, Grishin NV, Schultz J et al. Accumulation of dietary cholesterol in sitosterolemia caused
by mutations in adjacent ABC transporters. Science 2000; 290(5497):1771-5.

60. Sokol RJ. Fat-soluble vitamins and their importance in patients with cholestatic liver diseases. Gastroenterol Clin North Am
1994; 23(4):673-705.

61. Sokol RJ. Vitamin deficiency and replacement in childhood cholestasis. In: Lentze M, Reichen J, editors. pediatric cholesta-
sis. Kluwer Academic Publishers 1991: 289-303.

62. Argao EA, Heubi JE. Fat-soluble vitamin deficiency in infants and children. Curr Opin Pediatr 1993; 5(5):562-566.

63. Jeppesen PB, Hoy CE, Mortensen PB. Deficiencies of EFA, vitamin A and E and changes in plasma lipoproteins in patients
with reduced fat absorption or intestinal failure. European Journal of Clinical Nutrition 2000; 54:632-642.

64. Meydani M, Martin KR. Intestinal absorption of fat-soluble vitamins. Mansbach, Tso, Kuksis: Intestinal lipid metabolism.
Kluwer academic publishers, 2000: 367-78.

65. Hollander D. Intestinal absorption of vitamins A, E, D, K. J Lab Clin Med 1981; 97(4):449-62.

66. Borgstrom B. Digestion and absorption of lipids. Int Rev Physiol 1977; 12:305-23.:305-323.

67. Liao TH, Hamosh P, Hamosh M. Fat digestion by lingual lipase. Pediatr Res 1984; 18(5):402-409.

68. Mattson FH, Volpenhein RA. Carboxylic ester hydrolases of rat pancreatic juice. J Lipid Res 1966; 7(4):536-543.

69. Lombardo D, et al. Studies on the substrate specificity of a carboxyl ester hydrolase from human pancreatic juice. BBA 1980;
611(1):147-155.

70. Hofmann AF, Borgstrom B. The intraluminal phase of fat digestion in man. J Clin Invest 1964; 43:247-257.

71. Staggers JE, Hernell O, Stafford RJ, Carey MC. Physical-chemical behavior of dietary and biliary lipids during intestinal
digestion and absorption 1. Biochem 1990; 29(8):2028-40.

72. Hernell O, Staggers JE, Carey MC. Physical-chemical behavior of dietary and biliary lipids during intestinal digestion and
absorption 2. Biochem 1990; 29(8):2041-2056.

73. Narayanan VS, Storch J. Fatty acid transfer in taurodeoxycholate mixed micelles. Biochemistry 1996; 35(23):7466-7473.
74. Porter HP, et al. Fat absorption in bile fistula man. Gastroenterology 1971; 60(6):1008-1019.

75. Mansbach CM, Newton D, Stevens RD. Fat digestion in patients with bile acid malabsorption but minimal steatorrhea. Dig
Dis Sci 1980; 25(5):353-362.

76. Nishioka T, Havinga R, Tazuma S, Stellaard F, Kuipers F, Verkade HJ. Administration of PC-cholesterol liposomes partially
reconstitutes fat absorption in chronically bile-diverted rats. Biochim Biophys Acta 2004; 1636(2-3):90-98.

34



77. Voshol PJ, Havinga R, Wolters H, Ottenhoff R, Princen HM, Oude Elferink RP Reduced plasma cholesterol and increased
fecal sterol loss in mdr2 P-glycoprotein-deficient mice. Gastroenterology 1998; 114(5):1024-1034.

78. Stremmel W, Lotz G, Strohmeyer G, Berk PD. Identification, isolation, and partial characterization of a fatty acid binding pro-
tein from rat jejunal microvillous membranes. J Clin Invest 1985; 75(3):1068-1076.

79. Schulthess G, Lipka G, Compassi S, Boffelli D, Weber FE, Paltauf F. Absorption of monoacylglycerols by small intestinal
brush border membrane. Biochemistry 1994; 33(15):4500-4508.

80. Coe NR, Smith AJ, Frohnert Bl, Watkins PA, Bernlohr DA. FATP1 is a very long-chain acyl-CoA synthetase. J Biol Chem
1999; 274(51):36300-36304.

81. Watkins PA, Pevsner J, Steinberg SJ. Human very long-chain acyl-CoA synthetase and two human homologs: initial char-
acterization and relationship to fatty acid transport protein. Prostaglandins Leukot Essent Fatty Acids 1999; 60(5-6):323-328.
82. Vassileva G, Huwyler L, Poirier K, Agellon LB, Toth MJ. FABP-i is not essential for dietary fat absorption in mice. FASEB J
2000; 14(13):2040-2046.

83. Stahl A, et al. Identification of the major intestinal fatty acid transport protein. Mol Cell 1999; 4(3):299-308.

84. Harmon CM, Abumrad NA. Binding of sulfosuccinimidyl fatty acids to adipocyte membrane proteins: isolation and amino-
terminal sequence of an 88-kD protein implicated in transport of long-chain fatty acids. J Membr Biol 1993; 133(1):43-49.

85. Ibrahimi A, et al Role of CD36 in membrane transport of LCFA. Curr Opin Clin Nutr Metab Care 2002; 5(2):139-145.

86. Abumrad NA, Sfeir Z, Connelly MA, Coburn C. Lipid transporters: membrane transport systems for cholesterol and fatty
acids. Curr Opin Clin Nutr Metab Care 2000; 3(4):255-262.

87. Salen G, Ahrens EH, Jr., Grundy SM. Metabolism of beta-sitosterol in man. J Clin Invest 1970; 49(5):952-967.

88. Gregg RE, Connor WE, Lin DS, Brewer HB, Jr. Abnormal metabolism of shellfish sterols in a patient with sitosterolemia and
xanthomatosis. JCI 1986;77(6):1864-1872.

89. Bhattacharyya AK, Connor WE. Beta-sitosterolemia and xanthomatosis. A newly described lipid storage disease in two sis-
ters. J Clin Invest 1974; 53(4):1033-1043.

90. Buhman KF, Accad M, Farese RV. Mammalian acyl-CoA:cholesterol acyltransferases. BBA 2000; 1529(1-3):142-154.

91. Chang CC, Sakashita N, Ornvold K, Lee O, Chang ET, Dong R. Immunological quantitation and localization of ACAT-1 and
ACAT-2 in human liver and small intestine. J Biol Chem 2000; 275(36):28083-28092.

92. Martins 1J, Mortimer BC, Redgrave TG. Effect of the ACAT inhibitor CL 277,082 on apolipoprotein B48 transport in mesen-
teric lymph and on plasma clearance of chylomicrons and remnants. Arterioscler Thromb Vasc Biol 1997; 17(1):211-216.

93. Martins IJ, Mortimer BC, Miller J, Redgrave TG. Effects of particle size and number on plasma clearance of chylomicrons
and remnants. JLR 1996; 37(12):2696-2705.

94. Mortimer BC, Holthouse DJ, Martins IJ, Stick RV, Redgrave TG. Effects of triacylglycerol-saturated acyl chains on the clear-
ance of chylomicron-like emulsions from the plasma of the rat. Biochim Biophys Acta 1994; 1211(2):171-180.

95. Patton GM, Bennett Clark S, Fasulo JM, Robins SJ. Utilization of individual lecithins in intestinal lipoprotein formation in the
rat. J Clin Invest 1984; 73(1):231-240.

96. Cassidy MM, Lightfoot FG, Grau L, Satchitanandum S, Vahouny GV. Lipid accumulation in jejunal and colonic mucosa fol-
lowing chronic cholestyramine (Questran) feeding. Dig Dis Sci 1985; 30(5):468-476.

97. Arjimandi BH, Ahn J, Nathani S, Reeves RD. Dietary soluble fiber and cholesterol affect serum cholesterol concentration,
hepatic portal venous short-chain fatty acid concentrations and fecal sterol excretion in rats. J Nutr 1992; 122(2):246-253.

98. Tso P, Kendrick H, Balint JA, Simmonds WJ. Role of biliary PC in the absorption and transport of dietary triolein in the rat.
Gastroenterology 1981; 80(1):60-65.

99. Voshol PJ, Minich DM, Havinga R, OudeElferink RPJ, Verkade HJ, Groen AK. Postprandial chylomicron formation and fat
absorption in mdr2 p-glycoprotein-deficient mice. Gastroenterology 2000; 118:173-182.

100. Verkade HJ, Fast DG, Rusinol AE, Scraba DG, Vance DE. Impaired biosynthesis of PC causes a decrease in number of
VLDL particles in the Golgi but not in the endoplasmic reticulum of rat liver. J Biol Chem 1993; 268(33):24990-24996.

101. Zierenberg O, Grundy SM. Intestinal absorption of polyenephosphatidylcholine in man. J Lipid Res 1982; 23(8):1136-1142.
102. Bloom B, et al. Absorption of plasma PL. Manner of transport from intestinal lumen to lacteals. AJP 54 A.D.; 177:84-86.
103. Lieber CS, Robins SJ, Li J, DeCarli LM, Mak KM, Fasulo JM. PC protects against fibrosis and cirrhosis in the baboon.
Gastroenterology 1994; 106(1):152-159.

104. Fox JM. Polyene phosphatidylcholine: pharmacokinetics after oral administration In: Avogaro P, Macini M, Ricci G, Paoletti
R, ed. PL and atherosclerosis. Raven, 1983.

105. Knoebel LK. Intestinal absorption in vivo of micellar and nonmicellar lipid. Am J Physiol 1972; 223(2):255-261.

106. Philips JR et al. Fat-soluble vitamin levels in patients with PBC. Am J Gastroenterology 2001; 96:(9):2745-2750.

107. Kowdley KV, Emond MJ, Sadowski JA, Kaplan MM. Plasma vitamin K1 level is decreased in primary biliary cirrhosis. Am
J Gastroenterol 1997; 92(11):2059-2061.

108. Kaplan MM, Elta GH, Furie B, Sadowski JA, Russell RM. Fat-soluble vitamin nutriture in primary biliary cirrhosis.
Gastroenterology 1988; 95(3):787-792.

109. van den Anker JN, Sinaasappel M. Bleeding as presenting symptom of cholestasis. J Perinatol 1993; 13(4):322-324.
110. Levy E, Garofalo C, Rouleau T, Gavino V, Bendayan M. Impact of essential fatty acid deficiency on hepatic sterol metabo-
lism in rats. Hepatology 1996; 23(4):848-857.

111. Sabesin SM, Bertram PD, Freeman MR. Lipoprotein metabolism in liver disease. Adv Intern Med 1980; 25:117-46.:117-146.

35



112. Brown MS, Goldstein JL. Lipoprotein receptors in the liver. J Clin Invest 1983; 72(3):743-747.

113. Miller JP. Dyslipoproteinaemia of liver disease. Baillieres Clin Endocrinol Metab 1990; 4(4):807-832.

114. Manzato E, et al Formation of IpX. Its relationship to bile compounds. J Clin Invest 1976; 57(5):1248-1260.

115. Soros P, et al. LpX in patients with cirrhosis. Hepatology 1998; 28(5):1199-1205.

116. Seidel D, Alaupovic P, Furman RH. A lipoprotein characterizing obstructive jaundice. J Clin Invest 1969; 48(7):1211-1223.
117. Kostner GM, Laggner P, Prexl HJ, Holasek A. Investigation of the abnormal LDL occurring in patients with obstructive jaun-
dice. Biochem J 1976; 157(2):401-407.

118. Laggner P, et al. The lipid bilayer structure of the abnormal human plasma LpX. Eur J Biochem 1977; 77(1):165-171.
119. Felker TE, et al. Secretion of LpX by perfused livers of rats with cholestasis. PNAS USA 1978; 75(7):3459-3463.

120. Crawford AR, Smith AJ, Hatch VC, Oude Elferink RP, Borst P, Crawford JM. Hepatic secretion of PL vesicles in the mouse
critically depends on mdr2 or MDR3 P-glycoprotein expression. J Clin Invest 1997; 100(10):2562-2567.

121. Smith AJ, de Vree JM, Ottenhoff R, Oude Elferink RP, Schinkel AH, Borst P. Hepatocyte-specific expression of the human
MDRB3 P-glycoprotein gene restores the biliary PC excretion absent in Mdr2 (-/-) mice. Hepatology 1998; 28(2):530-536.

122. Oude Elferink RP, Ottenhoff R, van Marle J, Frijters CM, Smith AJ, Groen AK. Class Il P-glycoproteins mediate formation
of LpX in the mouse. JCI 1998;102(9):1749-57.

123. Tallet F, et al. Characterization of lipoproteins during human cholestasis. Clin Chim Acta 1996; 244(1):1-15.

124. Claudel T, Sturm E, Duez H, Torra IR, Sirvent A, Kosykh V et al. Bile acid-activated nuclear receptor FXR suppresses apoA-
| transcription via a negative FXR response element. J Clin Invest 2002; 109(7):961-971.

125. Huuskonen J, et al. The impact of PLTP on HDL metabolism. Atherosclerosis 2001; 155(2):269-281.

126. Shamburek RD, Zech LA, Cooper PS, Vandenbroek JM, Schwartz CC. Disappearance of two major phosphatidylcholines
from plasma is predominantly via LCAT and hepatic lipase. Am J Physiol 1996; 271(6 Pt 1):E1073-E1082.

127. Korsten MA, Lieber CS. Nutrition in pancreatic and liver disorders. In: Shils ME, Olson JA, Shike M, Ross CA, editors.
Modern nutrition in health and disease. Lippincott Williams & Wilkins, 1999: 1066-1079.

128. Swenson TL, et al.. Plasma CETP has binding sites for neutral lipids and phospholipids. JBC 1988; 263(11):5150-5157.
129. Faust RA, Albers JJ. Synthesis and secretion of plasma CETP by human HepG2 cells. Arteriosclerosis 1987; 7(3):267-275.
130. Faust RA, Albers JJ. Regulated vectorial secretion of CETP (LTP-l) by the CaCo-2 model of human enterocyte epithelium.
J Biol Chem 1988; 263(18):8786-8789.

131. Quinet EM, Agellon LB, Kroon PA, Marcel YL, Lee YC, Whitlock ME. Atherogenic diet increases CETP mRNA levels in rab-
bit liver. J Clin Invest 1990; 85(2):357-363.

132. Quig DW, Zilversmit DB. Plasma lipid transfer activity in rabbits. Atherosclerosis 1988; 70(3):263-271.

133. Groener J, van Ramshorst E, Katan M, Mensink R, van Tol A. Diet modulates plasma neutral lipid transfer protein activity
in normolipidemic human subjects. Klin Wochenschr 1990; 68 Suppl 22:106-7.:106-107.

134. Son YS, Zilversmit DB. Increased lipid transfer activities in hyperlipidemic rabbits. Arteriosclerosis 1986; 6(3):345-351.
135. Freeman DJ, Caslake MJ, Griffin BA, Hinnie J, Tan CE, Watson TD. The effect of smoking on post-heparin LPL and HL,
CETP and LCAT activities in human plasma. Eur J Clin Invest 1998; 28(7):584-591.

136. Nagashima M, McLean JW, Lawn RM. Cloning and mRNA tissue distribution of rabbit CETP. JLR 1988; 29(12):1643-1649.
137. Jiang XC, Masucci-Magoulas L, Mar J, Lin M, Walsh A, Breslow JL et al. Down-regulation of mMRNA for the LDL receptor in
transgenic mice containing the gene for human CETP J Biol Chem 1993; 268(36):27406-27412.

138. Kawano K, et al. Role of HL and SRBI in clearing PL/cholesterol-rich lipoproteins in PLTP" mice. BBA 2002;1583(2):133
139. Lagrost L et al., Opposite effects of CETP and PLTP on size distribution of plasma HDL. JBC 1996; 271(32):19058-65.
140. Urizar NL, et al. FXR mediates bile acid activation of PLTP gene expression. JBC 2000; 275(50):39313-39317.

141. Socha P, Koletzko B, Pawlowska J, Socha J. EFA status in children with cholestasis, in relation to serum bilirubin concen-
tration. J Pediatr 1997; 131(5):700-706.

142. Socha P, Koletzko B, Swiatkowska E, Pawlowska J, Stolarczyk A, Socha J. EFA metabolism in infants with cholestasis. Acta
Paediatr 1998; 87(3):278-283.

143. Minich DM, Havinga R, Stellaard F, Vonk RJ, Kuipers F, Verkade HJ. Intestinal absorption and postabsorptive metabolism
of LA in rats with short-term bile duct ligation. AJP 2000 ;279 (6 ):G1242 -8 2000; 279(6):G1242-48.

144. Vriese De SR, Savelli JL, Poisson JP, Narce M, Kerremans |, Lefebvre R. Fat absorption and metbolism in bile duct ligated
rats. Nutrition and Metabolism 1 A.D.; 45:209-216.

145. Krahenbuhl S, Talos C, Reichen J. Mechanisms of impaired hepatic fatty acid metabolism in rats with long-term bile duct
ligation. Hepatology 1994; 19(5):1272-81.

146. Moreno LA, Gottrand F, Hoden S, Turck D, Loeuille GA, Farriaux JP. Improvement of nutritional status in cholestatic chil-
dren with supplemental nocturnal enteral nutrition. J Pediatr Gastroenterol Nutr 1991; 12(2):213-216.

147. Bavdekar A, Bhave S, Pandit A. Nutrition management in chronic liver disease. Indian J Pediatr 2002; 69(5):427-431.
148. Sokol RJ, et al Multicenter trial of d-alpha-tocopheryl polyethylene glycol 1000 succinate for treatment of vitamin E defi-
ciency in children with cholestasis. Gastroenterology 1993; 104(6):1727-1735.

149. Argao EA, Heubi JE, Hollis BW, Tsang RC. d-Alpha-tocopheryl polyethylene glycol-1000 succinate enhances absorption
of vitamin D in cholestatic liver disease of infancy and childhood. Pediatr Res 1992; 31(2):146-150.

36





