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Preface

Intravenous (parenteral) nutrition can be lifesaving and is an essential intervention
for those without a functional gastrointestinal tract. Lipids have been in clinical use
as components of intravenous nutrition for over 50 years. They were introduced as a
source of energy and essential fatty acids, undoubtedly two important roles. Initially,
a number of plant seed oils were explored as sources of lipids for use in intravenous
nutrition. Soybean oil was favoured over other candidate oils and, since the 1960s,
emulsions of soybean oil with egg lecithin have been the most widely used. A better
understanding of the metabolic and functional roles of the fatty acid components of
intravenous lipid emulsions has led to a re-consideration of what lipid emulsions
should bring to intravenous nutrition beyond the basic nutritional attributes of en-
ergy and essential fatty acids. There is a view that pure soybean oil may not present
an optimal fatty acid composition, being very rich in one fatty acid, i.e. the essential
omega-6 fatty acid linoleic acid. Hence, progressively more complex lipid formula-
tions have been introduced that typically combine soybean oil with one or more oth-
er oils. These formulations include mixtures of soybean oil with the so-called ‘medi-
um-chain triglycerides’ or MCTs, which are usually derived from coconut oil or palm
kernel oil, mixtures of soybean oil with olive oil, mixtures of soybean oil, MCTs and
fish oil, and mixtures of soybean oil, MCTs, olive oil and fish oil. A pure fish oil emul-
sion is also available, as are the so-called ‘structured lipids’, in which the fatty acids
from soybean oil and MCTs have been randomly inter-esterified. These emulsions are
all considered safe and well tolerated, although they may be cleared from the circula-
tion at different rates. The most exciting characteristics of this range of lipid emul-
sions for intravenous use is that they offer the opportunity to deliver high amounts of
specific fatty acids and that they are likely to possess different functional properties;
in particular, they can influence inflammatory processes, immune responses and he-
patic metabolism. The uptake of the different new lipid emulsions into routine clini-
cal care has been varied according to patient type and geography, but these emulsions
have been subject to considerable research. Relevant applications include children
and adults who require intravenous nutrition because of short bowel syndrome, pre-
mature infants, those destined to undergo elective surgery, post-surgical patients, and
the critically ill. These varied patient groups may benefit in different ways from the



new lipid emulsions, for example, some could benefit from a better balanced supply
of fatty acids for maintenance of organ function and others could benefit from the
ability of some fatty acids, such as the long-chain omega-3 fatty acids found in fish
oil, to modulate inflammation and immune responses. The new lipid emulsions may
also offer the opportunity to deliver high amounts of specific functional fatty acids
in acute settings such as after severe head injury or myocardial infarction. This book
brings together expert authors to provide state-of-the-art reviews of different nutri-
tional, technological, and clinical aspects of the lipid emulsions designed for intrave-
nous nutrition. It is our belief that the articles herein will provide the reader with a
broad range of relevant and up-to-date information on the covered topics. In our view,
these articles will appeal equally to basic scientists, clinical researchers and clinical
practitioners and will serve to provide significant advances in the knowledge and un-
derstanding of this field. Of course, this is a moving field, with new studies being
published regularly; nevertheless, these articles will remain a valuable resource to
understand the background on newly emergent research in this exciting field.

Philip C. Calder, University of Southampton

Dan L. Waitzberg, Sao Paulo University Medical School
Berthold Koletzko, Ludwig-Maximilians-University of Munich Medical Centre

X Calder - Waitzberg - Koletzko
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Introduction to Fatty Acids and Lipids

Graham C. Burdge - Philip C. Calder

Academic Unit of Human Development and Health, Faculty of Medicine, University of Southampton,
Southampton General Hospital, Southampton, UK

Abstract
The purpose of this article is to describe the structure, function and metabolism of fatty acids and
lipids that are of particular importance in the context of parenteral nutrition. Lipids are a heteroge-
neous group of molecules that share the common property of hydrophobicity. Lipids range in struc-
ture from simple short hydrocarbon chains to more complex molecules, including triacylglycerols,
phospholipids and sterols and their esters. Lipids within each class may differ structurally. Fatty acids
are common components of complex lipids, and these differ according to chain length and the pres-
ence, number and position of double bonds in the hydrocarbon chain. Structural variation among
complex lipids and among fatty acids gives rise to functional differences that result in different im-
pacts upon metabolism and upon cell and tissue responses. Fatty acids and complex lipids exhibit
a variety of structural variations that influence their metabolism and their functional effects.

© 2015 S. Karger AG, Basel

Introduction

Lipids are a heterogeneous group of molecules that share the common properties of
being predominately hydrophobic and soluble in organic solvents. Lipids range in
structure from simple short hydrocarbon chains to more complex molecules, includ-
ing triacylglycerols (TAGs), phospholipids (PLs) and sterols and their esters. Lipids
within each class may differ in the number of carbon atoms and double bonds; the
branching of the hydrocarbon chain; the position and orientation of double bonds;
the addition of polar groups such as choline, inositol, and ethanolamine; and glyco-
sylation. The purpose of this article is to describe the structure, function and metabo-
lism of fatty acids and lipids that are of particular importance in the context of paren-
teral nutrition.
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Fig. 1. The structure and naming of selected 18-carbon fatty acids. Carbons are numbered from the
carboxylic acid end of the fatty acid.

Fatty Acids: Structure and Nomenclature

Fatty acids are hydrocarbon chains of varying lengths and degrees of unsaturation
(the presence of double bonds), with a carboxyl group at one end and a methyl
group at the other. The carbons are usually numbered from the carboxyl group
to the methyl (w or n) group. The most abundant fatty acids have even numbers
of carbons, with a straight chain, although exceptions, such as an odd number
fatty acids (for example, in ruminant tissues), branched-chain fatty acids (for ex-
ample, in bacteria) and substituted fatty acids, do exist [1]. The hydrocarbon
chain may vary between 2 and 30 carbons in length. Short-chain fatty acids have
less than 6 carbons, medium-chain fatty acids have 6-12 carbons, and long-chain
fatty acids have more than 12 carbons. The extent of unsaturation may vary from
1 double bond (monounsaturated fatty acids, or MUFAs) to two or more (poly-
unsaturated fatty acids, or PUFAs). Additional complexity in the structure of fat-
ty acids may arise from the position of the double bonds (for example, the double
bond in MUFAs may be located at the 7th or 9th carbon (fig. 1)) and from the cis
or trans orientation of the double bonds. The sequence of the double bonds in
PUFAs is usually interrupted by alternating methylene groups. The number, posi-
tion and orientation of double bonds can curve the fatty acid chain, thus altering
its packing in lipid membranes and modifying its biophysical properties, such as
its melting temperature. There are three main nomenclatures for fatty acids: the
trivial name (for example, linoleic acid), the systematic name (for example, cis 9,
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cis 12-octadecenoic acid) and a commonly used shorthand notation in which the
number of carbons and the number of double bonds are written as 18:2 and the
position of the first double bond is indicated relative to the methyl carbon as 18:
2n-6.

The range of fatty acids that are commonly encountered in the human diet and are
therefore predominant in human tissues is summarised in table 1. Many of these fat-
ty acids are relevant to parenteral nutrition. All of the unsaturated fatty acids shown
in table 1 have double bonds in the cis configuration. Trans fatty acids also exist;
changing the orientation of the double bonds from cis to trans changes the biophysi-
cal properties of a fatty acid and influences its biological properties.

Fatty Acid Biosynthesis

Biosynthesis of Saturated Fatty Acids

Saturated fatty acids are synthesised by the sequential addition of C, to an acyl
chain. The full details of this pathway may be found elsewhere [1]. The process is
catalysed by the cytosolic multienzyme complex known as fatty acid synthase. The
initial condensation reaction results in the addition of C, from an acetyl group
bound to a condensing enzyme to the malonyl-acyl carrier protein (ACP) complex
to form acetoacetyl-ACP and CO, derived from the malonyl group. Acetoacetyl-
ACP is reduced to butyryl-ACP, and the 4-carbon butyryl group is translocated
from ACP to a condensing enzyme, thus forming a fatty acid chain-condensing en-
zyme complex for the next cycle of addition of 2 carbons. Palmitic acid (16:0) is
generally considered to be the main product of fatty acid synthesis (i.e., the fatty acid
that is finally released from the growing acyl chain) (fig. 2). However, enzymes that
act to release fatty acids of shorter chain length than palmitic acid exist in some tis-
sues. For example, in the mammary gland of some species, there are enzymes that
are responsible for the release of the medium-chain saturated fatty acids that are
characteristic of the milks of those species. In eukaryotes, longer-chain fatty acids
are formed from palmitic acid by elongation reactions catalysed by elongases [2]. In
fatty acid elongation reactions, elongases act as the condensing enzyme that trans-
fers 2 carbons from malonyl-CoA to a fatty acyl-CoA. This step is followed by re-
duction and dehydration reactions to form a saturated hydrocarbon chain. Seven
elongases, which differ in their selectivity for fatty acids with different chain lengths
and levels of unsaturation, have been identified [2]. Elongases 1, 3, 6, and 7 prefer-
entially catalyse the extension of saturated fatty acids and MUFAs, and the others
(elongases 2,4 and 5) act on PUFAs (fig. 2). For example, elongation of palmitic acid
to stearic acid (18:0) is catalysed by elongase 6. Elongases 1, 3, and 7 catalyse the
elongation of 18:0 to 24:0, while only elongases 1 and 3 act on 24:0. Further chain
elongation of 26:0 involves elongase 4 (which primarily catalyses reactions involv-
ing PUFAs) (fig. 2) [2].
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Table 1. Fatty acid naming, shorthand notation and common sources

Systematic name Trivial name Short- Sources
hand
notation

Ethanoic Acetic 2:0 Fermentation of fibre in colon

Propanoic Propionic 3:0 Fermentation of fibre in colon

Butanoic Butyric 4:0 Fermentation of fibre in colon; milk

Hexanoic Caproic 6:0 Milk

Octanoic Caprylic 8:0 Milk

Decanoic Capric 10:0 Milk; coconut oil; palm kernel oil

Dodecanoic Lauric 12:0 Milk; coconut oil; palm kernel oil

Tetradecanoic Myristic 14:0 Milk; coconut oil; palm kernel oil

Hexadecanoic Palmitic 16:0 Milk; eggs; animal fats; meat; cocoa butter; palm oil
(other vegetable oils contain lesser amounts); fish oils

Octadecanoic Stearic 18:0 Milk; eggs; animal fats; meat; cocoa butter

cis 9-Hexadecenoic Palmitoleic 16:1n-7  Desaturation of palmitic acid; fatty fish; fish oils

cis 9-Octadecenoic Oleic 18:1n-9  Desaturation of stearic acid; milk; eggs; animal fats;
meat; cocoa butter; most vegetable oils, and especially
olive oil

cis 9, cis 12- Linoleic 18:2n-6  Cannot be synthesised in mammals; some milks; eggs;

Octadecadienoic animal fats; meat; most vegetable oils, and especially
corn, sunflower, safflower and soybean oils; green
leaves

All cis 9,12, 15- a-Linolenic 18:3n-3  Cannot be synthesised in mammals; green leaves;

Octadecatrienoic some vegetable oils, and especially rapeseed (canola),
soybean and linseed oils

All cis 6,9, 12- y-Linolenic 18:3n-6  Synthesised from linoleic acid; borage and evening

Octadecatrienoic primrose oils

Allcis11,14,17- Mead 20:3n-9  Synthesised from oleic acid; indicator of essential fatty

Eicosatrienoic acid deficiency

All cis 8,11, 14- Dihomo-y- 20:3n-6  Synthesised from y-linolenic acid

Eicosatrienoic linolenic

Allcis5,8,11, 14- Arachidonic 20:4n-6  Synthesised from linoleic acid via y-linolenic and

Eicosatetraenoic dihomo-y-linolenic acids; meat

All cis5,8,11,14,17-  Eicosapentaenoic 20:5n-3  Synthesised from a-linolenic acid; fatty fish; fish oils

Eicosapentaenoic

All cis 7,10,13, 16, Docosapentaenoic 22:5n-3  Synthesised from a-linolenic acid via eicosapentaenoic

19-Docosapentaenoic acid; fatty fish; fish oils

Allcis4,7,10,13,16, Docosahexaenoic 22:6n-3  Synthesised from a-linolenic acid via eicosapentaenoic

19-Docosahexaenoic

acid; fatty fish; fish oils

Burdge - Calder

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 1-16 (DOI: 10.1159/000365423)



o —>» g FAS 5 —_» Palmitic acid L, Stearicacid ___El.3.47 _ --» 303
0 (16:0) (18:0) ’
» A9D
Palmitoleic Oleic acid A12D Linolenic A15D a-Linolenic
acid (16:1n-7) (18:1n-9) Plants only acid (18:2n-6) Plants only acid (18:3n-3)
E5/6 46D  E3 46D l 46D AﬁDi
. . Stearidonic
-Linolenic .
Vaccenic 16:2n-7 20:1n-9  18:2n-9 aZid (18:3n-6) acid (18:4n-3)
acid (18:1n-7 ?
id ( ) l E3l ls l £5 E5l
18:2n-7 . . . 20:4n-3
22:1n-9 Py Di-homo-y-linolenic -4n
l; 20:2n-9 acid (20:3n-6) —» Eicosanoids A5D
Esl lA5D l 5D
18:3”;7 24:1n-9 Mead acid Arachidonic Eicosanoids €¢— Elgcc)isjl:();&?:_g?'c
l ’ (20:2n-9) acid (20:4n-6) — Eicosanoids E5
20:3n-7

Docosapentaenoic
acid (22:5n-3)

h ~ 4 b ~ 4 — E2/5 l
n-7 series n-9 series n-6 series
24:5n-3
A6D
24:6n-3

]
! B-oxidation

Docosahexaenoic
acid (22:6n-3)

n-3 series

Fig. 2. The biosynthesis of saturated, monounsaturated and polyunsaturated fatty acids. C2 = Acetyl
CoA; E 1-7 = elongases 1-7; FAS = fatty acid synthase; A5D, A6D, A9D, A12D, A15D, A5, A6, A9, A12
and A15 = desaturases.

Biosynthesis of Monounsaturated Fatty Acids

In mammals, fatty acid desaturation occurs primarily in the endoplasmic reticulum.
The pathway used is highly conserved and has been identified in bacteria, yeasts, al-
gae, higher plants, protozoa and animals. The enzymes that catalyse fatty acid desatu-
ration are known as desaturases. The primary saturated fatty acid substrates for de-
saturation are palmitoyl-CoA (16:0) and stearoyl-CoA (18:0). The predominant reac-
tion is insertion of a double bond between carbons 9 and 10 to form palmitoleoyl-CoA
(16:1n-7) and oleoyl acid (18:1#-9). This reaction is catalysed by A9-desaturase (also
known as stearoyl-CoA desaturase) (fig. 2).
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Biosynthesis of Polyunsaturated Fatty Acids

All eukaryotes and some bacteria can produce PUFAs. However, there are important
differences in the specificity of the desaturases expressed in plant and animal tissues,
which have implications for dietary fatty acid requirements. Plant desaturases nor-
mally introduce a new double bond between an existing double bond and the terminal
methyl group (see fig. 1). The insertion of a double bond between carbons 12 and 13
of oleic acid (18:1n-9) by the action of A12-desaturase produces linoleic acid (18:2n-
6) (fig. 2). Linoleic acid can be further desaturated by insertion of a double bond be-
tween carbons 15 and 16 by Al15-desaturase to yield a-linolenic acid (18:3n-3) (fig. 2).
Linoleic and a-linolenic acids are the simplest members of the #n-6 and #-3 families of
fatty acids, respectively.

Mammals lack A12- and A15-desaturases, which introduce double bonds at carbon
atoms beyond carbon 9 in the acyl chain. Thus, mammals cannot synthesise linoleic
and a-linolenic acids. Since these fatty acids, or their metabolites, are required by
mammalian cells, they are termed essential fatty acids and have to be consumed in the
diet. However, to some extent, mammalian cells are able to convert linoleic and
a-linolenic acids to longer-chain, more unsaturated PUFAs by further desaturation
and elongation. Desaturation occurs at carbon atoms between carbon number 9 and
the carboxylic acid group. Linoleic and a-linolenic acids are converted to longer-
chain metabolites by the same pathway (fig. 2) [3]. The initial reaction is the insertion
of a double bond at carbon 6, which is catalysed by A6-desaturase. The carbon chain
is then lengthened by elongase 5 to form 20-carbon fatty acids, and a further double
bond is then inserted at carbon 5 by A5-desaturase. The primary products of these
reactions are arachidonic acid (20:4n-6) and eicosapentaenoic acid (20:51-3) (fig. 2).
Two carbons are then added by either elongase 5 or elongase 2, depending upon the
tissue, and 2 carbons are further added by elongase 2. A further double bond is in-
serted at carbon 6 by A6-desaturase to yield 24:51-6 and 24:6n-3. These fatty acids are
translocated from the endoplasmic reticulum to peroxisomes, where removal of 2
carbons by one cycle of fatty acid -oxidation yields docosapentaenoic acid (22:5n-6)
and docosahexaenoic acid (22:6n-3) (fig. 2) [3]. In mammals, the pathway of desatu-
ration and elongation occurs mainly in the liver.

Since linoleic, a-linolenic and oleic acids are substrates for the rate-limiting en-
zyme A6-desaturase, there is competition among the n-6, n-3 and »-9 families of fat-
ty acids for the desaturation-elongation pathway. a-Linolenic acid is the preferred
substrate for A6-desaturase, followed by linoleic acid and then oleic acid [4]. How-
ever, because linoleic acid is much more prevalent than a-linolenic acid in most hu-
man diets, or approximately 6- to 11-fold more [5], the metabolism of n-6 fatty acids
is quantitatively more important.

In the absence of dietary linoleic and a-linolenic acids, the metabolism of oleic acid
is enhanced, resulting in the accumulation of mead acid (20:3n-9) (fig. 2), which is
normally only found in tissues in trace amounts. The appearance and accumulation
of mead acid are taken to indicate dietary essential fatty acid deficiency.
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The activities of A6- and A5-desaturases are regulated by nutritional status, by
hormones and by feedback inhibition by end products. For example, high-fat di-
ets and insulin down-regulate the activities of these enzymes [6, 7]. The conver-
sion of a-linolenic acid to longer-chain PUFAs is very low in men [8]. However,
there is evidence that women and female rats of reproductive age have higher
docosahexaenoic acid levels than males do, irrespective of diet [9]. This difference
is due to a greater capacity for conversion of a-linolenic acid in females and has
been associated with higher levels of the mRNAs that encode A6- and A5-
desaturases. Although sex hormones are involved, the precise mechanism of reg-
ulation is not known. Furthermore, polymorphisms in the FADS1 and FADS2
genes, which encode A5- and A6-desaturases, respectively, have been associated
with differences in n-6 and n-3 PUFA status and with atopic and cardiovascular
disease risk [10].

Structure and Synthesis of Complex Lipids

Structure of Triacylglycerols and Phospholipids

The three main classes of complex lipids in the diet and in mammalian blood and tis-
sues are TAGs, PLs and cholesterol. TAGs and PLs share some structural features, in
that the core of these molecules is glycerol, to which fatty acids and other groups are
attached, mainly through ester bonds (fig. 3). Each of the carbons in the glycerol back-
bone of TAGs is bound to a fatty acid via an ester bond. The fatty acids at the sn-1 and
sn-3 carbons are usually saturated, while the fatty acid esterified at the sn-2 carbon is
more variable and is often unsaturated (fig. 3).

Introduction to Fatty Acids and Lipids 7

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 1-16 (DOI: 10.1159/000365423)



The fatty acid esterified at the sn-1 carbon of PLs is typically saturated and is pre-
dominately palmitic acid or stearic acid, while the fatty acid esterified at the sn-2 car-
bon is more variable. The sn-3 carbon is linked to phosphate via a phosphoester bond,
to which a polar ‘head’ group is attached (fig. 3). The common head groups are cho-
line, ethanolamine, serine, glycerol and inositol, which give rise to different classes of
PLs: phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine,
phosphatidylglycerol and phosphatidylinositol, respectively. Other lipids with similar
structures to PLs are sphingolipids and ceramides. Each PL class contains a number
of molecular species that are defined by the combination of fatty acids at the sn-1 and
sn-2 carbons. An example is sn-1 palmitoyl (16:0), sn-2 linoleoyl (18:21n-6)PC, which
can be abbreviated to PC16:0/18:2. Further diversity of molecular species is produced
by differences in the nature of the bond that links the fatty acid at the sn-1 carbon to
the glycerol backbone. This fatty acid may be an ester, alkyl or alkenyl (plasmalogen)
bond. The precise composition of PL classes and molecular species differs between
cells and tissues. PC is the predominant PL in most cell membranes, which contain
smaller and more variable amounts of other PL classes.

Biosynthesis of Triacylglycerols and Phospholipids

There are two distinct pathways for the synthesis of TAGs, one of which occurs only
in enterocytes, while the other is found in a wide range of tissues, including the liver,
skeletal muscle and adipose tissue. TAG biosynthesis in enterocytes involves the step-
wise esterification of fatty acids to carbons 1 and 3 of monoacylglycerol (in which the
fatty acyl chain is esterified at carbon 2), derived from digested lipids. In other tissues,
TAG biosynthesis involves the synthesis of phosphatidate from glycerol-3-phosphate
by sequential esterification of fatty acids at carbons 1 and 2, followed by dephosphor-
ylation and esterification of a third fatty acid at carbon 3.

The Kennedy pathway is the principal mechanism of PC and PE biosynthesis in
mammals [11]. For example, PC is activated in the rate-limiting reaction by the addi-
tion of cytidine diphosphate to form cytidine diphosphate-choline. Choline is then
transferred to phosphatidate to form PC [11]. The fatty acid composition of newly
synthesised PC and PE may then undergo further modification by acyl-remodelling
reactions that exchange fatty acids at either the sn-1 or the sn-2 position, known as the
Lands pathway [12]. PC can also be synthesised by N-methylation of PE [13], par-
ticularly in the liver, where approximately 50% of PC molecular species that contain
PUFAs are derived from PE N-methylation [14].

Structure and Biosynthesis of Cholesterol

Cholesterol, a member of the sterol family of lipids, is characterised by a planar struc-
ture comprising four fused rings and a hydrocarbon side chain on ring D (fig. 3) [1].
The hydroxyl group on ring A orientates cholesterol in cell membranes and can be
esterified to fatty acids to form cholesteryl esters (CEs). Cholesterol is a substrate for
the formation of sex hormones, including testosterone and oestrogen, and for the syn-
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thesis of vitamin D in skin. The initial reaction in cholesterol biosynthesis involves the
formation of acetoacetyl-CoA, which is converted to hydroxymethylglutaryl-CoA
(HMG-CoA) by HMG-CoA reductase in a rate-limiting reaction. HMG-CoA reduc-
tase is the target of statins, a class of cholesterol-lowering drugs used in the treatment
of hypercholesterolaemia and cardiovascular disease. HMG-CoA is converted to cho-
lesterol via a series of condensation and isomerisation reactions [1]. The formation of
CEs occurs in the blood and involves the transfer of a fatty acid from the sn-2 position
of PC to cholesterol. This reaction is catalysed by lecithin:cholesterol acyl transferase.
The pattern of fatty acids that are esterified to cholesterol is determined by the speci-
ficity of lecithin:cholesterol acyl transferase, which differs between animal species
[15].

Lipid Digestion, Absorption, and Transport in the Bloodstream and Delivery to
Tissues

Digestion and Absorption of Dietary Lipids

TAGs are the main form of dietary lipid and must be hydrolysed to their constituent
fatty acids before they can be absorbed across enterocyte membranes. Pancreatic li-
pase is quantitatively the most important enzyme involved in TAG hydrolysis in
adults [16]. Lipid droplets are emulsified by the action of bile salts to form large mo-
lecular aggregates described as ‘mixed micelles’. Pancreatic lipase catalyses the hydro-
lysis of fatty acids from the sn-1 and sn-3 positions of TAGs to yield 2-monoacylglyc-
erols and free fatty acids [16]. These products of TAG digestion are assimilated by
enterocytes. Dietary PLs and CEs are hydrolysed by phospholipases and cholesterol
esterases, respectively.

In humans, lipid absorption occurs primarily in the jejunum. Short- and medi-
um-chain fatty acids are absorbed by enterocytes and released directly into the por-
tal bloodstream [16]. Long-chain fatty acids are re-esterified into TAGs and PLs in
enterocytes. These TAGs and PLs are then packaged within the enterocyte into lipo-
proteins, termed chylomicrons, that are secreted into the lymphatic circulation and
that then enter the bloodstream via a thoracic lymphatic duct, thus bypassing the
liver.

Transport of Fatty Acids in the Bloodstream and Delivery to Tissues

Lipids are characteristically hydrophobic, which represents a challenge for transport-
ing them around the body in the blood, which is aqueous. Two physiological strate-
gies have evolved to solve this problem: the transport of fatty acids non-covalently
bound to albumin, known as non-esterified fatty acids (NEFAs), and the transport
of complex lipids in lipoproteins [16] (fig. 4). The bulk of circulating NEFAs is de-
rived from the hydrolysis of TAG stores within adipose tissue by hormone-sensitive
lipase (HSL). The remaining NEFAs are derived from fatty acids that are released by
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Fig. 4. An overview of lipoprotein metabolism. CETP = Cholesteryl ester transfer protein; HDL = high-
density lipoprotein; HP = hepatic lipase; IDL = intermediate-density lipoprotein; LDL = low-density
lipoprotein; LDLR = LDL receptor; LPL = lipoprotein lipase; NEFA = non-esterified fatty acid; VLDL =
very-low-density lipoprotein.

lipoprotein lipase (LPL)-mediated hydrolysis of the TAGs carried in lipoproteins but
that are not entrapped by tissues and thus spill over into the circulation [17]. Plasma
NEFAs are destined to be used mainly as energy sources or are esterified into TAGs
and PLs by the liver and secreted in very-low-density lipoprotein (VLDL) (see be-
low).

Lipoproteins are large complexes of lipid and protein. There are four major classes
of lipoprotein, which differ in their ratio of lipid to protein; in their proportions of
TAGs, CEs, cholesterol and PLs; and in their function and metabolism. The protein
moieties of lipoproteins are termed apolipoproteins. These proteins, along with the
hydrophilic head groups of PLs, facilitate the interaction of lipoprotein particles with
the aqueous phase of the blood, maintain these particles’ structural integrity, and me-
diate the interaction between lipoproteins and enzymes and cell surface receptors,
thus directing lipoprotein metabolism.

Chylomicrons transport lipids of dietary origin (fig. 4), the principal compo-
nents being a large core of TAGs encapsulated by a PL monolayer and specific
apolipoproteins, including apoB48 [16]. Chylomicrons in the bloodstream bind to
LPL on the endothelial surfaces of blood capillaries, primarily in adipose tissue but
also in muscle and other organs [16]. LPL catalyses the hydrolysis of chylomicron
TAGs, releasing fatty acids that are assimilated by tissues by the action of fatty
acid-binding proteins and transporters [16]. The remaining particles, which con-
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tain fewer TAGs and are enriched in CEs, are termed chylomicron remnants. These
are removed from the plasma by a receptor-mediated process in the liver. LPL is
regulated by diet and hormones such as insulin so that following a meal, LPL ac-
tivity increases specifically in adipose tissue to facilitate the storage of fatty acids
[16].

VLDL particles, like chylomicrons, contain predominantly TAGs and apoB100.
VLDL particles transport TAGs of endogenous origin [16], which are synthesised in
the liver, primarily from the circulating NEFA pool and from de novo synthesis from
glucose [16]. The catabolism of VLDL is very similar to that of chylomicrons and re-
sults in VLDL remnants or intermediate-density lipoproteins, which in humans, are
further processed by the liver to yield LDL (fig. 4).

LDL particles are the major carriers of plasma cholesterol in humans, although this
is not so in all mammals, including the rat. ApoB100 acts as a ligand for the cell sur-
face receptors that are responsible for LDL uptake and metabolism by the cell.

HDL particles transport cholesterol from peripheral cells and tissues to the liver
(fig. 4), a process generally referred to as reverse cholesterol transport. This process
enables the removal of unesterified cholesterol from cell membranes and plasma li-
poproteins and its transport to the liver, where it is degraded or used for bile acid syn-
thesis [16]. There is also a reciprocal exchange of CEs and TAGs between VLDL and
HDL, which is facilitated by cholesteryl ester transfer protein.

The Roles of Fatty Acids

Fatty acids have many diverse functions in cells; their principal roles are as energy
sources and as membrane constituents. Through these different actions, fatty acids are
able to influence cellular functions (fig. 5) and to thus affect physiological responses.

Fatty Acids as Fuels
Fatty acids are stored as TAGs in adipose tissue and, to some extent, in skeletal and
cardiac muscle. The release of fatty acids from TAGs in adipose tissue is catalysed by
HSL, which is positively regulated by adrenaline, noradrenaline, and glucagon and is
inhibited by insulin [16]. Thus, following a meal, the action of insulin drives the de-
position of dietary fatty acids in adipose tissue by up-regulating LPL and suppressing
HSL. Inulin also increases glucose uptake into adipose tissue, which provides, via gly-
colysis, the glycerol-3-phosphate that is required for TAG synthesis. In contrast, an
increase in the adrenaline or noradrenaline concentration during exercise or a stress
response or in glucagon during fasting enhances HSL activity and increases the release
of NEFAs from adipose tissue.

The fatty acids released by TAG hydrolysis are used primarily for the production
of energy in the fatty acid f-oxidation pathway in mitochondria and peroxisomes.
The rate of fatty acid f-oxidation is controlled by the intracellular fatty acid concen-
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tration, which in turn is determined by the plasma NEFA concentration [16]. Short-
and medium-chain fatty acids can readily penetrate mitochondria, while long-chain
acyl-CoA requires the coordinated action of isoforms of carnitine palmitoyl transfer-
ase on the mitochondrial outer and inner membranes, which represents the rate-lim-
iting step of fatty acid B-oxidation [1]. Fatty acid B-oxidation involves the progressive
removal of two-carbon units as acetyl-CoA, which is normally oxidised in the Kreb’s
cycle. Compared with mitochondrial B-oxidation, peroxisomal pB-oxidation has a
much broader substrate specificity and is especially active towards very long-chain
fatty acids [1]. The rate-limiting reaction of peroxisomal fatty acid -oxidation is ca-
talysed by acyl-CoA oxidase rather than carnitine palmitoyltransferase-1, which is
rate limiting for mitochondrial fatty acid oxidation.

Fatty Acids as Membrane Components
Fatty acids have important roles in membrane structure and function that influence
cell activity (fig. 5). The fatty acid composition of the lipid bilayer influences the
fluidity of the membrane, which in turn can modify the activities and interactions
between integral proteins. In addition, membrane lipids, and particularly PLs, can
be substrates for the production of lipid second messengers in signal transduction
pathways.

The overall fatty acid composition of membrane lipids is characteristic of the indi-
vidual cell and membrane types [18]. Under normal conditions, the membrane bi-
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layer is in a ‘fluid’ state, meaning that membrane proteins and lipids can migrate
within the plane of the membrane. The fluidity of a membrane is strongly influenced
by the fatty acid composition of its constituent lipids [18, 19], so changes in the fatty
acid composition of cell membranes can modify protein activities and, consequently,
cell function [18, 20-23].

Fatty Acids and Signal Transduction

Eicosanoids are a group of bioactive mediators that are oxygenated derivatives of the
20-carbon PUFAs dihomo-y-linolenic, arachidonic and eicosapentaenoic acids.
Eicosanoids include prostaglandins (PGs) and thromboxanes (TXs) (collectively
termed prostanoids) and leukotrienes (LT's), lipoxins, hydroperoxyeicosatetraenoic
acids and hydroxyeicosatetraenoic acids. Usually, the main precursor for eicosanoid
synthesis is arachidonic acid. Eicosanoids produced from arachidonic acid tend to
have greater biological activities than those derived from dihomo-y-linolenic or
eicosapentaenoic acid. Release of the precursor PUFA from membrane PC is cata-
lysed by phospholipase A2, while release from membrane phosphatidylinositol-4,5-
bisphosphate is catalysed by phospholipase C and a diacylglycerol (DAG) lipase. The
pathways of eicosanoid synthesis begin with cyclooxygenase (COX), which ultimate-
ly yields the PGs and TXs, or with 5-, 12- or 15-lipoxygenase (LOX), which yields the
LTs, hydroperoxyeicosatetraenoic acids, hydroxyeicosatetraenoic acids and lipoxins.
The amount and nature of the eicosanoids that are synthesised are determined by the
availability of arachidonic acid and other substrates; by the relative activities of phos-
pholipase A2, phospholipase C, COX and LOX; by the cell stimulus; and by the cell
type. The arachidonic acid-derived eicosanoids have important roles in inflammation
and in the regulation of immune responses, platelet aggregation and smooth muscle
contraction.

Dihomo-y-linolenic and eicosapentaenoic acids compete with arachidonic acid for
metabolism and therefore decrease the production of COX and LOX products from
arachidonic acid. Dihomo-y-linolenic and eicosapentaenoic acid-derived eicosanoids
tend to be less potent than those generated from arachidonic acid. Eicosapentaenoic
acid and docosahexaenoic acid give rise to mediators, termed resolvins and protec-
tins, that appear to be important in the resolution of inflammation and the control of
immune responses [24].

The hydrolysis of membrane PLs by phospholipases C and D generates second
messengers, including DAG and phosphatidic acid, which in turn activate enzymes
such as protein kinase C. The combination of fatty acids at the sn-1 and sn-2 positions
of DAG and phosphatidic acid modifies the activation of protein kinase C [25].

Fatty Acids and Gene Expression

In addition to their effects on cell signalling processes, fatty acids can modify tran-
scription directly via the family of transcription factors known as peroxisome pro-
liferator-activated receptors (PPARs). Fatty acids bind to PPAR/retinoic-X-recep-
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tor heterodimers that in turn bind to PPAR response elements in gene promoters,
including those of enzymes involved in fatty acid B-oxidation [26, 27]. Members of
the PPAR transcription factor family have distinct tissue distributions and func-
tions. For example, PPARa is highly expressed in the liver and promotes fatty acid
B-oxidation, while PPARY2 is involved in regulating adipocyte differentiation and
the metabolic responses of adipocytes [28].

Concluding Remarks

Lipids are ubiquitous in the human diet and in human blood, cells and tissues and
are a heterogeneous group of molecules that share the common property of hy-
drophobicity. Lipids range in structure from simple short hydrocarbon chains to
more complex molecules, including TAGs, PLs and sterol esters, and are trans-
ported in the bloodstream as complexes with proteins, termed lipoproteins. The
proteins serve to stabilise the lipoprotein structure and to direct its metabolism.
The bulk of excess dietary lipid is stored as TAGs in adipose tissue. Complex lip-
ids have roles in lipid transport, in cell membrane structure and in cell signalling.
The fatty acid components of complex lipids have diverse biological functions that
are determined by their structural characteristics, such as chain length and the
presence, number and position of double bonds within the hydrocarbon chain.
Fatty acids are important substrates for energy generation and present an impor-
tant alternative to glucose in this regard. As constituents of PLs and other complex
lipids, fatty acids are important cell membrane components that act to influence
membrane fluidity and the function of membrane proteins through effects on the
membrane environment. Several fatty acids seem to play direct roles in cell signal-
ling, thus influencing gene expression, and a number of PUFAs serve as substrates
for the biosynthesis of biologically active lipid mediators, including PGs, TXs, LTs
and resolvins. Through these many actions, the mix of complex lipids and their
constituent fatty acids in the environment of cells and tissues modifies the respon-
siveness and functionality of those cells and tissues. This phenomenon is well de-
scribed for metabolic responses and for inflammatory, immune, platelet, cardiac
and neurological function. Therefore, modifying the lipid environment may lead
to alterations of metabolic responses and of cell and tissue function, opening the
way for such modifications of the lipid environment to be used for therapeutic
purposes. Lipid emulsions that are commercially available for use in intravenous
nutrition include a range of oils from soybean oil alone; mixtures of soybean oil
and so-called medium-chain triglycerides (derived from coconut oil or palm ker-
nel oil) or of soybean oil and olive oil; and more complex mixtures of soybean,
medium-chain triglyceride, olive and fish oils [29]. These different oil mixtures
present quite a variety of fatty acid compositions, varying greatly in the propor-
tions of medium-chain saturated, long-chain saturated, monounsaturated, n-6
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polyunsaturated, and n-3 polyunsaturated fatty acids [29]. Given that these differ-
ent fatty acid classes have different biological roles and functions, it is likely that
the different lipid emulsions available will have variable effects on cell and tissue
function when they are used [30]. This variability could in turn influence clinical

outcome.
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Abstract
Fatty acids modulate the responses of cells of the immune system. Inflammatory and immune re-
sponses in patients receiving parenteral nutrition may be modulated by the type of lipid used, which
may influence clinical outcomes. Lipid emulsions based solely upon soybean oil may not be optimal
because of the role of n-6 fatty acids in promoting inflammation and suppressing immune respons-
es. Lipid emulsions with soybean oil in various combinations with medium-chain triglycerides
(MCTs), olive oil and fish oil are available. Some early studies have suggested better immune func-
tion with MCT-soybean oil than with soybean oil alone, but the differences were small, and more
recent studies suggested little difference between soybean oil, MCT-soybean oil and soybean oil-
olive oil regarding markers of inflammation and immunity. The inclusion of fish oil in combination
with one or more other oils (i.e. soybean, MCT, olive) in the parenteral regimen administered to pa-
tients following major gastrointestinal surgery reduces the post-surgery rise in inflammatory mark-
ers and the fall in cell-mediated immune markers. These changes are associated with improvements
in clinical outcomes. Whether similar effects of intravenous fish oil occur in critically ill patients is
not clear at present because of the small number, small size and variable findings of existing studies.
The lipid component of parenteral nutrition may modify inflammatory and immune processes in
ways that influence patient outcome. The inclusion of fish oil in parenteral nutrition for post-surgical
patients is associated with benefits. The situation regarding critically ill patients is not clear.

©2015 S. Karger AG, Basel

Introduction

Patients indicated to receive parenteral nutrition may show alterations in immunity,
including the inflammatory component, beyond the expected range of change. This
excessive response may relate to the nature and severity of any physical insult that the



patient has received (e.g. surgery, injury, burns, irradiation); to co-morbidities, in-
cluding undernutrition and frailty; and to genotype, amongst other factors. An exces-
sive inflammatory response and/or a suppressed acquired immune response can in-
crease risk of adverse outcomes like organ failure and sepsis, which in turn increase
the risk of mortality. It is possible that the artificial nutrition regimen can create an
environment that favours excessive inflammation and immunosuppression, thus
contributing to a poor outcome. It is also possible that the artificial nutrition regimen
can create an environment that enables better control of inflammatory processes and
makes immunosuppression less likely to occur. There is a large literature describing
the effects of many different types of fatty acids, including various saturated, mono-
unsaturated, n-6 polyunsaturated and n-3 polyunsaturated fatty acids, on a range of
inflammatory and immune cell functions and responses [1-7]. Therefore, it is now
believed that the lipid component of artificial nutrition may exert functional effects
upon inflammatory and immune responses and, in this way, may be a factor involved
in determining patient outcome. The aim of this chapter is to provide an overview of
the effects of the different lipid emulsions currently used in parenteral nutrition on
inflammatory and immune markers in patients receiving those emulsions in clinical
trial settings. Parts of this chapter are based upon and updated from previous reviews
on this topic [8-12].

Immunity and Inflammation: An Overview

The role of the immune system is to identify antigens derived from threatening organ-
isms and to seek out and eliminate the sources of those antigens. Thus, the immune
system is usually thought of in the context of protection against bacteria, viruses,
fungi and parasites. However, it also plays roles in the identification and elimination
of tumour cells and in the host’s response to physical insults such as injury, surgery,
burns and irradiation. The immune system is highly complex, involving many differ-
ent specialised cell types dispersed throughout the body and moving between body
compartments as part of routine immune surveillance or in response to specific stim-
uli. The cells of the immune system interact with one another and with other cell types
(e.g. epithelial cells, endothelial cells, platelets, hepatocytes and adipocytes) in order
to elicit and regulate local and systemic responses to infection, injury or insult. Many
chemical mediators are produced during the course of an immune response; some of
these are directly damaging to infectious organisms, and others play a regulatory role
in promoting the activity of particular cell types, while others serve to terminate the
response when the source of the initial immune stimulation has been eliminated. The
immune response is often classified into two general arms, termed innate (or natural)
and acquired (or specific). The innate immune response can be activated via recogni-
tion of certain general structural features of pathogens; these features may be shared
by numerous pathogens. For example, lipopolysaccharide, a component of the cell
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wall of Gram-negative bacteria that is also known as endotoxin, is recognised by Toll-
like receptor 4 on the surface of innate immune cells. In contrast, the acquired im-
mune response is specific for a single antigen, which must be presented by an antigen-
presenting cell to an antigen-specific T cell. Due to these features, the innate response
is induced quickly and is not improved by prior exposure to the triggering pathogen,
while the acquired response is induced slowly but is enhanced by prior exposure to
the antigen. However, the two arms of the immune system do not operate in isolation
from one another: during an immune response, they interact because innate immune
cells can present antigen, thus inducing the acquired response, while the acquired im-
mune response produces chemicals that activate innate immune cells or make their
processes more efficient.

Inflammation is part of a normal innate immune response. Obviously, immune
responses, including the inflammatory component, are protective and hence are ben-
eficial to health. However, inappropriate, overzealous or unregulated responses can
be harmful to the host; this is particularly so for the inflammatory component since
it involves the generation of chemicals that cause tissue damage. Systemic inflamma-
tory response syndrome is the name given to an uncontrolled inflammatory response
to insult (e.g. surgery, injury, trauma, burns) involving excessive production of in-
flammatory cytokines, and particularly tumour necrosis factor, interleukin (IL)-1p,
IL-6 and IL-8 [13]. Sepsis is the presence of systematic inflammatory response syn-
drome in response to or in combination with an infection [13]. In addition to hyper-
inflammation, patients with sepsis may also display immunosuppression, sometimes
called compensatory anti-inflammatory response syndrome [14]. This state is char-
acterised by decreased monocyte expression of human leukocyte antigens, the pro-
teins involved in antigen presentation to T cells; an impaired ability of monocytes to
stimulate T cells; impaired T lymphocyte proliferation; and an altered pattern of pro-
duction of cytokines by T lymphocytes, with low levels of key cytokines involved in
host defence against bacteria and viruses but high levels of the regulatory cytokines
associated with inhibition of host defence against bacteria and viruses being produced
(see [1, 14] for references).

Fatty Acids, Inmunity and Inflammation: An Overview

The lipids within parenteral nutrition regimens are oils of plant or fish origin that
present fatty acids that are mainly esterified into triglycerides emulsified by a phos-
pholipid monolayer. The different plant and fish oils used have different fatty acid
compositions, and it is these compositions that cause different lipid emulsions to have
different physiological properties. There is evidence from cell culture studies that dif-
ferent lipid emulsions [15], different triglycerides [16] and different free fatty acids
[17] have different effects on the function of immune cells. Thus, it is possible that
intravenous provision of different lipids could influence host immunity and inflam-
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Fig. 1. General overview of the mechanisms by which fatty acids can influence the function of cells
involved in inflammation and immune responses. Modified from [3] with permission from Elsevier.

matory responses, in turn influencing outcomes like infection risk and organ failure.
The literature on the effects of different fatty acids on immunity and inflammation
and on the underlying mechanisms is vast and is beyond the scope of this chapter.
Extensive reviews of the topic may be found elsewhere [1-7]. Figure 1 depicts the gen-
eral mechanisms by which different fatty acids can modify the functions of cells in-
volved in inflammation and immunity.

Parenteral Soybean Oil, Inmunity and Inflammation

Eicosanoids produced from the n-6 fatty acid arachidonic acid are involved in the in-
flammatory response and are regulators of inflammation and innate and acquired
immunity [18, 19]. Although a simplification, these mediators are generally consid-
ered to promote inflammation and to suppress cell-mediated immunity. Arachidonic
acid is synthesised from the essential n-6 fatty acid linoleic acid. Soybean oil is rich in
linoleic acid, which accounts for about 50% of the fatty acids present. Therefore, there
is a view that intravenous provision of lipid based solely on soybean oil may not be
optimal for patient outcome. Indeed, a meta-analysis of total parenteral nutrition has
suggested that compared with no lipid, the inclusion of lipids might be detrimental as
far as complications are concerned [20], at least in very ill patients; most of the studies
included in the meta-analysis used soybean oil-based lipid emulsions. Furthermore,
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a study in patients following major gastrointestinal surgery identified that the amount
of n-6 fatty acid (i.e. linoleic acid) infused was one of two predictors of the length of
hospital stay (increased by 1.6 days/100 g n-6 fatty acid infused) [21]. A number of in
vitro experiments have shown that soybean oil-based lipid emulsions can exert im-
munosuppressive effects (see [8] for references), which would clearly be detrimental
in patients at risk of infection and sepsis. However, clinical trials with soybean oil-
based lipid emulsions have provided conflicting evidence [22-28], with some showing
selective immunosuppressive effects (table 1), perhaps linked to poorer patient out-
comes (table 1). However, other studies have not shown such effects on the immune
system (table 1) or on clinical outcomes (table 1). Despite the inconsistencies in the
outcomes of such studies, the view that the use of lipid emulsions based entirely on
soybean oil may not be optimal (or may even be harmful) has led to the development
of alternative lipid emulsions for parenteral applications.

Parenteral Medium-Chain Triglycerides, Inmunity and Inflammation

MCTs were introduced into parenteral nutrition regimens in the 1980s as 50:50 (by
volume) mixtures with soybean oil; these MCTs are usually derived from coconut oil
or palm kernel oil. The main fatty acids found in the MCTs used are medium-chain
saturated fatty acids like caprylic and capric acids. Studies have directly compared the
effects of soybean oil and a 50:50 mixture of MCTs and soybean oil on immune func-
tion [24, 25]. In critically ill patients, there was no difference in the numbers of various
immune cells in the bloodstream, but the ratio of CD4* to CD8* cells was maintained
in the MCT-soybean oil group, whereas it declined in the soybean oil group [24]; this
finding may be indicative of better maintenance of cell-mediated immune function in
the former group. Lymphocyte proliferation and IL-2 production did not differ be-
tween post-gastrointestinal surgery patients given either soybean oil or MCT-soybean
oil [25]. However, natural killer cell activity was higher in the MCT-soybean oil group,
again suggestive of better immune function with MCT-soybean oil than with pure
soybean oil [25].

Parenteral Olive Oil, Immunity and Inflammation

Oleic acid, a major constituent of olive oil, has relatively little impact on immune
function. ClinOleic® (Baxter Healthcare) is a lipid emulsion formed as an 80:20 (by
volume) mix of olive oil and soybean oil. ClinOleic® does not affect lymphocyte pro-
liferation in vitro, while soybean oil-based emulsions are suppressive [29]. Trials of
ClinOleic® in home parenteral nutrition and in burn, trauma and critically ill patients
have been conducted; where immune and inflammatory outcomes were reported,
these were not different from in the comparator group, which received either soybean
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Table 1. Some reported immuno-inflammatory and clinical outcomes of studies using lipid emulsions based entirely on
soybean oil. Modified from [8, 10]

Patient Parenteral  Duration Immuno-inflammatory and clinical ~ Effects observed Reference
characteristics nutrition outcomes measured
used
Undernourished No lipid vs.  Daily for Numbers of blood granulocytes, Number of granulocytes increased at 22
patientsundergoing soybean oil 2 weeks before lymphocytes, T cells and B cells week 3 in soybean oil group; total
surgeryforgastricor and then for lymphocytes decreased (approx. 50%)
oesophageal cancer 1 week after at week 3 in the no-lipid group
surgery
Serum IgG and IgM concentrations ~ None
Leukocyte chemotaxis None
Granulocyte adherence to nylon Decreased (approx. 30%) at week 3 in
the no-lipid group
Granulocyte phagocytosis None
Malnourished Soybean oil For 7 days Natural killer cell activity of Decreased (approx. 50%) at day 7 23
patients undergoing before PBMNCs
surgery for surgery
gastrointestinal T-cell proliferation in response None
cancer to mitogen
T-cell IL-2 production in response None
to mitogen
Cytotoxicity of IL-2-activated Decreased (approx. 50%)
PBMNCs
Malnourished, No lipid vs. 10 days Numbers of T cells, helper T cells Helper:suppressor cells decreased 24
seriously ill patients  soybean oil and suppressor T cells in the blood (approx. 20%) in the soybean oil group
Number of natural killer cells in Absolute number and percentage of
the blood natural killer cells decreased (approx.
5-10%) in the no-lipid group
Malnourished No lipid vs.  For 7 days Natural killer cell activity of None 25
patients undergoing soybean oil before surgery PBMNCs
surgery for - .
gastrointestinal T-cell proliferation in None
cancer response to mitogen
T-cell IL-2 production in response Decreased (approx. 10%) in the no-lipid
to mitogen group; increased (approx. 35%) in the
soybean oil group
Cytotoxicity of IL-2-activated Decreased (approx. 35%) in the soybean
PBMNCs oil group
Patients with No lipid vs. 10 days Natural killer cell activity of Lower (approx. 65%) in the soybean 26
trauma soybean oil PBMNCs oil group
Period on mechanical ventilation Greater in the soybean oil group
(27 vs. 15 days)
Number of infections Greater in the soybean oil group
(72 vs. 39)
Length of intensive care unit stay Greater in the soybean oil group
(29 vs. 18 days)
Length of hospital stay Greater in the soybean oil group
(39 vs. 27 days)
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Table 1. Continued

Patient Parenteral  Duration Immuno-inflammatory and clinical Effects observed Reference
characteristics nutrition outcomes measured
used
Patients undergoing Low-dose  From 3 days Time to first blood infection None 27
bone marrow soybean before -
transplantation oil vs. transplantation 1YPes of bacteria cultured from None
standard  until oral the blood
soybean oil - energy intake Types of fungi cultured from the None
exceeded blood
42 kJ/kg for
two successive Urinary tract infections None
days
Lung infections None
Patients undergoing No lipid vs. From 7 days Serum C-reactive protein None 28
gastrointestinalor  soybean oil before until concentration
oesophageal 14 days after - - -
surgery surgery Serum IL-6 concentration None in unstressed patients, but IL-6
higher at 2 h and 1 day post-surgery in
stressed patients in the soybean oil group
T-cell proliferation in response to None in unstressed patients, but T-cell
mitogens proliferation lower at day 7 post-surgery in

stressed patients in the soybean oil group

Ig = Immunoglobulin; IL = interleukin; PBMNCs = peripheral blood mononuclear cells.

oil ora MCT-soybean oil mix [30-34], as summarised in table 2. Thus, compared with
these more traditional lipid emulsions, ClinOleic® does not appear to modify im-
mune or inflammatory responses.

Parenteral Fish Oil, Inmunity and Inflammation

Fish oil contains about 30% of its fatty acids as the long-chain n-3 fatty acids eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA). These fatty acids possess
many anti-inflammatory properties and may promote cell-mediated immunity, al-
though the literature is not consistent about this [1-7]. Many of the mechanisms of
action of EPA and DHA involve antagonism of the action of the n-6 fatty acid arachi-
donic acid. In addition, both EPA and DHA give rise to mediators that act to resolve
inflammation [35]. Thus, fish oil is an attractive option for inclusion in parenteral
regimens. Currently, three fish oil-containing lipid emulsions are commercially avail-
able for use in parenteral nutrition. Lipoplus® (known in some countries as Lipid-
em®; B Braun) is a 50:40:10 (by volume) mixture of MCTs, soybean oil and fish oil.
SMOFLipid® (Fresenius Kabi) is a 30:30:25:15 (by volume) mixture of MCTs, soy-
bean oil, olive oil and fish oil. Omegaven® (Fresenius Kabi) is 100% fish oil and is
available as a supplement to be diluted with another lipid emulsion of choice.
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Table 2. Some reported immuno-inflammatory and clinical outcomes of studies using ClinOleic®

Patient Comparator Duration Immuno-inflammatory and clinical outcomes Reference
characteristic ~ for ClinOleic® measured*

Home None 3 months Inflammatory and immune markers (C-reactive 30
parenteral protein, several cytokines, neopterin)

nutrition Oxidative stress marker (malondialdehyde)

Adverse effects

Intradialytic Soybean oil 5 weeks Inflammatory markers (C-reactive protein, several 31
cytokines)
Antioxidant enzymes and oxidative stress marker
(malondialdehyde)
Adverse effects

Critically ill Soybean oil >5 days Inflammatory markers (leukocyte count, C-reactive 32
(mainly post- protein, fibrinogen, albumin)
surgery ICU) Number and types of infections

Length of ICU stay
Length of hospital stay
Mortality

Adverse effects

Severely MCT-Soybean  5-7 days Inflammatory markers (C-reactive protein, several 33
burned oil cytokines)

Organ dysfunction

Ventilation requirement

Number of infections

Length of ICU stay

Length of hospital stay

Mortality

Adverse effects

Medical- Soybean oil Mean Inflammatory markers (C-reactive protein, several 34
surgical ICU 13 days cytokines)

Immune markers (monocyte and granulocyte

phagocytosis and oxidative burst)

Number of infections

Length of ICU stay

Length of hospital stay

Mortality

ICU = Intensive care unit; MCT = medium-chain triglyceride.
* No study reported any difference between ClinOleic and the comparator for any of the outcomes listed.
Modified from [10].

Intravenous infusion of a lipid emulsion containing fish oil into patients for 5 days
following gastrointestinal surgery resulted in altered fatty acid composition of leuko-
cytes; the EPA content was increased 2.5-fold [36]. This change would be expected to
impact the profile of eicosanoids and other lipid mediators produced from arachi-
donic acid and EPA. Table 3 describes studies using intravenous fish oil in different
patient groups that reported on aspects of immune function or inflammation [36-46];
where those studies also reported on clinical outcomes, this information is also in-
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Table 3. Some reported immuno-inflammatory and clinical outcomes of studies using fish oil containing lipid emulsions

Patient Fish oil- Comparator Duration Immuno-inflammatory and clinical Effects of fish oil Reference
characteristic containing for fish oil- outcomes measured
emulsion containing
emulsion
Gastro- 50:30:20 50:50 Days 1-6 Ratio of LTB, to LTBs produced by Lower at days 6 and 10 37
intestinal Soybean/  Soybean/ post- leukocytes
surger MCT/fish MCT surger
urgery I urgery Serum TNF concentration Lower at day 6
Serum IL-1B, IL-6 and IL-10 None
concentrations
Infections None
ICU stay Shorter (0.9 vs. 2 days; NS)
Hospital stay None
Gastro- 40:50:10 Soybean Days 1-6 Ratio of LTB, to LTBs produced by Lower at day 6 38
intestinal Soybean/ post- leukocytes
surgery MCT/fish surgery
(Lipoplus®)
Gastro- 30:30:25:15 Soybean Days 1-6 Ratio of LTB4 to LTBs produced by Lower at day 6 39
intestinal Soybean/ post- leukocytes
surgery MCT/olive/ surgery Hosbital sh 13.4vs.20.4 d
fish (SMOF ospital stay orter (13.4 vs. 20.4 days)
Lipid®)
Gastro- Omegaven® Soybean Day 1 before Blood leukocyte count None 40
intestinal surgery;
gery Serum C-reactive protein and TNF None
surgery then .
days 1-5 concentrations
postsurgery Serum IL-6 concentration Lower at days 0, 1 and 3
TNF production in whole blood Lower at day 5
stimulated with Endotoxin
Granulocyte phagocytosis and None
respiratory burst
Monocyte human leukocyte antigen  Higher at days 3 and 5
DR expression
Infections None
ICU stay Shorter (4.1 vs. 9.1 days; NS)
Hospital stay Shorter (17.8 vs. 23.5 days; NS)
Mortality None
Gastro- 83:17 Lipid free; Days 1-6 Numbers of lymphocytes and T, CD4, None 41
intestinal Soybean/  Soybean post- CD8, B, and natural killer cells
surger Omegaven® surger
gery K gery Lymphocyte proliferation in response None
to mitogen
T-cell IL-2 production in response to  Increased

mitogen

T-cell interferon-y production in
response to mitogen

Post-surgery decline
prevented
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Table 3. Continued

Patient Fish oil- Comparator Duration Immuno-inflammatory and clinical Effects of fish oil Reference
characteristic containing  for fish oil- outcomes measured
emulsion containing
emulsion
Septic Omegaven® Soybean 10 days Neutrophil production of LTB4 and LTBs production increased 42
ICU LTBs
Neutrophil function (respiratory Improved
burst)
Requirement for mechanical Shorter but NS
ventilation
Mortality at 10 days None
Septic Omegaven® Soybean 5 days Production of inflammatory cytokines All lower 43
ICU (TNF, IL-1B, IL-6, IL-8) by mononuclear
cells stimulated with endotoxin
Requirement for mechanical None
ventilation
Mortality at 14 days None
Severe 80:20 Soybean 5 days Blood leukocyte count None 44
acute Soybean/ . .
-, ® Serum C-reactive protein Lower
pancreatitis Omegaven ‘
concentration
Serum IL-6 concentration None
Gas exchange Improved at day 5
Infections Fewer but NS
Days of renal replacement therapy Fewer (18 vs. 26 days)
Length of ICU stay Shorter (21 vs. 27 days; NS)
Length of hospital stay Shorter (65 vs. 71 days; NS)
Mortality None
Septic 40:50:10 50:50 5 days Blood leukocyte numbers None 45
ICU Soybean/ Soybean/ C i tei trati N
MCT/fish MCT -reactive protein concentration one
(Lipoplus®) TNF, IL-1B, IL-6 and IL-10 Greater decrease in IL-6;
concentrations smaller decrease in IL-10
Production of TNF, IL-1f3, IL-6, IL-10 None
and prostaglandin
E, by mononuclear cells stimulated
with endotoxin
Gas exchange Improved at day 6
Duration of mechanical ventilation None
Length of ICU stay None
Length of hospital stay Shorter (28 vs. 82 days)
Mortality at 5 and 28 days None
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Table 3. Continued

Patient Fish oil- Comparator Duration Immuno-inflammatory and clinical Effects of fish oil Reference
characteristic containing for fish oil- outcomes measured
emulsion containing
emulsion
Medical 83:17 50:50 7 days Serum IL-6 concentration None 46
ICU (Soybean/  Soybean/ K
MCT)/ MCT Monocyte human leukocyte antigen  None

DR expression
Omegaven® P

Infections None

Duration of mechanical ventilation None

Length of ICU stay None

Mortality at 28 days None

ICU = Intensive care unit; IL = interleukin; LT = leukotriene; MCT = medium-chain triglyceride; NS = not significant; TNF = tumour necrosis
factor.

cluded. Studies in patients who had undergone gastrointestinal surgery have convinc-
ingly demonstrated that inclusion of fish oil in the parenteral nutrition regimen de-
creases the generation of inflammatory eicosanoids [36-39] and cytokines [37, 40]
and may help to counter the surgery-induced decline in antigen-presenting cell activ-
ity [40] and in the production of cytokines by T lymphocytes [41]. Furthermore, stud-
ies that have examined the hard end point of the length of hospital stay in post-surgery
patients have suggested a real clinical benefit from fish oil infusion in these patients
(see [12] for references). Whether the improvement in patient outcome is causally
related to the fish oil-induced reduction in inflammation and enhancement in cell-
mediated immunity is not clear.

Studies of parenteral fish oil in critically ill patients [42-46] have been less consis-
tent in their findings (table 3). Mayer et al. [42, 43] reported a range of anti-inflam-

matory effects of intravenous Omegaven®

in septic patients intolerant of enteral nu-
trition. Patients with severe acute pancreatitis showed some clinical improvements
with parenteral fish oil [44]. Although there was no effect on inflammatory markers,
the number of infections or the lengths of ICU and hospital stays, there was better gas
exchange and a reduced requirement for continuous renal replacement therapy in
those patients receiving fish oil [44]. Barbosa et al. [45] compared MCT-soybean oil
with Lipoplus® given over 5 days in septic patients. The decrease in the plasma IL-6
concentration over time was greater in the Lipoplus® group, but there were no differ-
ences between groups for other inflammatory markers, and there was better gas ex-
change at day 6 in that group. The length of ICU stay did not differ between groups,
but the length of hospital stay was shorter with Lipoplus® (table 3). In contrast to the
generally positive findings from these studies [42-45], no differences were found be-
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tween MCT-soybean oil and MCT-soybean oil-Omegaven® given over 7 days in med-
ical patients in the ICU for several outcomes, including immune markers, inflamma-
tory markers, ventilation requirement, the number of infections, the length of ICU
stay and mortality [46]. Thus, overall, it is difficult to make a firm conclusion about
the influence of fish oil on inflammatory processes and on immune function in criti-
cally ill patients; data on inflammation are not consistent, and immune function has
not been explored much. Similarly, the impact of fish oil on clinical end points such
as infections, the length of ICU and hospital stays and mortality is not clear in criti-
cally ill patients since there are too few studies, and those that are available have re-
ported contradictory findings. Further studies of intravenous fish oil are required in
critical illness; such studies need to be properly designed and adequately powered and
should explore effects on inflammation and immunity as well as clinical outcomes.

Summary and Conclusions

Because of the effects of triglycerides and fatty acids on the responses of cells of the
immune system, it is anticipated that inflammatory and immune responses in patients
receiving parenteral nutrition may be modulated by the type of lipid used and that this
may influence clinical outcomes. For some time, there has been concern that lipid
emulsions based solely upon soybean oil, which is rich in the n-6 fatty acid linoleic
acid, may not be optimal because of the role of n-6 fatty acids in promoting inflam-
mation and suppressing immune responses. There is some clinical evidence to sup-
port this concern, but this evidence is not overwhelming. Nevertheless, lipid emul-
sions with soybean oil in various combinations with MCTs, olive oil and fish oil are
available. Some early studies have suggested better immune function with MCT-soy-
bean oil than with soybean oil alone, but the differences were small, and more recent
studies have suggested little difference between soybean oil, MCT-soybean oil and
ClinOleic® as far as markers of inflammation and immunity are concerned. The in-
clusion of fish oil in combination with one or more other oils (i.e. soybean, MCT, ol-
ive) in the parenteral regimen received by patients following major gastrointestinal
surgery reduces the post-surgery rise in inflammatory markers and fall in cell-medi-
ated immune markers. These changes are associated with improvements in clinical
outcomes in that patient group. Whether similar effects of intravenous fish oil occur
in more ill patients (e.g. critically ill) is not clear at present because few studies have
been performed, and those that have are typically small in size and report different
findings. However, the potential for benefit from intravenous fish oil in critically ill
patients is good [47], and the lack of reported adverse effects, coupled with the posi-
tive findings seen in some small randomised controlled trials [44, 45] and in a large
uncontrolled open-label study [48], strongly support performing more studies in
these patients.
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Importance of Fatty Acids in the Perinatal
Period
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University of Munich, Munich, Germany

Abstract
Long-chain polyunsaturated fatty acids (LC-PUFAs) influence a variety of cellular and physiological
processes during the perinatal period by serving as membrane components, precursors of eico-
sanoids and docosanoids, and nuclear receptor activators. These processes include the growth of
neural cells and signal transduction, the growth and differentiation of adipocytes, and the function
of regulatory T cells. LC-PUFA levels depend on these fatty acids’ dietary availability and their endog-
enous synthesis from essential fatty acids, which is known to differ among subjects according to
fatty acid desaturase genotype. Intrauterine placental mechanisms support the preferential transfer
of LC-PUFAs from the mother to the foetus. After birth, breast milk provides arachidonic acid and
docosahexaenoic acid, although notin amounts that can preventlower percentages in infant plasma
than in umbilical cord blood plasma. The available epidemiological data suggest associations of
perinatal LC-PUFAs with later body weight, the risk of allergic diseases and cognitive performance.
Randomised clinical trials that compare different maternal or infant intakes of n-3 LC-PUFAs or com-
binations of n-3 and n-6 fatty acids so far have not led to firm conclusions about the optimal LC-
PUFA status of pregnant women or infants, but there are good indications of beneficial effects of a
higher pre- or postnatal docosahexaenoic acid status on visual function and asthma risk.

© 2015 S. Karger AG, Basel

Indications of the relevance of fatty acids during the perinatal period

Dietary fat is a major contributor to total energy intake. It has long been recognised
that the nature of the fatty acid classes and the individual fatty acids present in the diet
are both important for human health [1]. It is now known that there are long-term
consequences of early life events, termed ‘the developmental origins of long-term
health and disease’, that are based on the programming effects of early life exposures,
including diet [2]. Early nutrition programming is the concept that differences in nu-
tritional experiences at critical periods in early life, both pre- and postnatal, can pro-



gramme an individual’s development, metabolism and health for the future [3]. This
concept has been well established in animal studies, and there is also a large amount
of data from retrospective observational studies suggesting that similar effects occur
in humans. In this context, maternal, foetal and infant fatty acid status has received
considerable attention during the last few decades.

Fatty acids are major components of lipids and are generally grouped into satu-
rated fatty acids without double bonds (e.g. palmitic acid; 16:0), monounsaturated
fatty acids with a single double bond (e.g. oleic acid; 18:1n-9), and polyunsaturated
fatty acids with two or more double bonds. The polyunsaturated fatty acids are of
special importance, as they cannot be synthesised de novo by the human organism.
The essential fatty acid linoleic acid (LA; 18:2n-6), with 18 carbon atoms and two
double bonds at positions 6 and 9 from the methyl end of the carbon chain, is the
parent substance of the n-6 polyunsaturated fatty acid family. The n-6 family in-
cludes the LA derivatives dihomo-y-linolenic acid (20 carbon atoms, 3 double bonds,
20:3n-6) and arachidonic acid (AA; 20:4n-6). The fatty acids of the n-3 series are de-
rived from the essential fatty acid a-linolenic acid (ALA; 18:3n-3), with the 3 double
bonds at positions 3, 6 and 9 from the methyl end. Among the derivatives of ALA are
eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3),
whose functional properties and beneficial effects on health are widely studied. It is
important to note that humans can synthesise the derivatives of the n-3 and n-6 series
from their essential fatty acid precursors via desaturases and elongases, but intercon-
version between families is not possible [4]. Although endogenous conversion of es-
sential fatty acids to their long-chain polyunsaturated fatty acid (LC-PUFA) deriva-
tives is low for n-6 and n-3 fatty acids, conversion within the n-6 series seems to be
due to the quantitatively higher availability of LA compared with ALA. Therefore,
dietary intake is assumed to be the major determinant of n-3 LC-PUFA status [5].
This assumption is supported by findings that polymorphisms in the desaturase gene
cluster clearly influence levels of n-6 LC-PUFAs, while the relevance for n-3 LC-
PUFA levels is weaker [6]. In most food stuffs, n-3 LC-PUFAs are of relatively low
abundance, and only fatty sea fish (e.g. herring, mackerel, salmon) are rich dietary
sources of n-3 LC-PUFAs, although some enriched foods and dietary supplements
are available [7]. n-3 LC-PUFAs in enriched food products and supplements can be
derived from fish oil or algal oil [7]. Specific interest in n-3 LC-PUFAs is supported
by the observed shift towards a higher dietary intake of n-6 fatty acids at the expense
of n-3 fatty acids during the 20th century, which has been proposed to be related to
the increases in obesity and the incidence of allergic manifestations within the same
time period [8].

Genetic and dietary influences on fatty acid status occur in humans of all ages and
thus also determine fatty acid status during the perinatal period. From a physiological
perspective, indications of the importance of individual fatty acids for infant develop-
ment come from the observation that certain fatty acids are enriched in the foetus by
trans-placental transfer during pregnancy and from comparisons between breastfed
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infants and infants who were fed formulas not providing certain fatty acids. These
pre- and postnatal observations point towards the importance of LC-PUFAs.

Pregnant women show high concentrations of lipids in their bloodstream, while
lipid concentrations in cord blood are comparatively low, thus establishing a mater-
nal-to-foetal gradient that promotes the transfer of fatty acids across the placenta and
to the foetus. Studies of the phospholipid fatty acid profile of circulating lipids in ma-
ternal blood and cord blood have revealed pronounced differences. While the per-
centages of saturated fatty acids are similar, parent essential fatty acids contribute
significantly less to total fatty acids among cord phospholipids than among maternal
phospholipids [9]. This phenomenon is compensated for by higher percentages of
LC-PUFAs in cord blood compared with maternal blood [9]. Although there is pla-
cental uptake of lipoproteins, non-esterified fatty acids occur as intermediates either
before uptake or during placental metabolisation, before fatty acid transfer across the
placenta and into the foetal circulation is completed [10]. This process provides a
mechanistic basis for the preferential placental transfer of AA and DHA relative to
other fatty acids.

Further evidence for the importance of DHA during pregnancy comes from the
observation that although the concentrations of all fatty acids in the maternal circula-
tion are increased in pregnant women, the percentages of DHA decrease, which indi-
cates a high requirement for DHA by the growing foetus [11]. While measured con-
centrations indicate a high foetal requirement for LC-PUFAs, they do not demon-
strate higher transfer of LC-PUFAs than of other fatty acids from the mother to the
foetus, although this is the most plausible explanation. Such investigations require
dynamic measurements that follow the flux of fatty acids. One technique for doing
this that can be used in pregnant women and in infants involves the use of stable iso-
tope tracers.

In pregnant women, using stable isotopes, it has been demonstrated that there is
preferential placental uptake of DHA from the maternal circulation relative to the
uptake of palmitic, oleic and linoleic acids [12, 13]. This phenomenon was established
by comparing maternal plasma tracer concentrations with placental and foetal tracer
concentrations 4 and 12 h after tracer intake. Application of the 12 h schedule enabled
the demonstration of preferential transfer of DHA into the foetal circulation by com-
paring the maternal/foetal ratio found for DHA with the significantly lower ratios
found for the other studied fatty acids. The distribution of the tracer fatty acids 4 h
after intake only indicated preferential uptake of DHA by the placenta. Thus, placen-
tal transfer mechanisms seem to be complex processes that cannot completely be ex-
plained by diffusion processes. The selective LC-PUFA transfer not only highlights
the relevance of the placenta for achieving an optimal foetal fatty acid supply but also
strongly indicates the importance of DHA, and probably other LC-PUFAs, for foetal
development.

While the importance of an adequate fatty acid supply for foetal development has
been widely recognised, the mechanisms relevant for the differences in placental up-
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take and transfer intensity between fatty acids have not been fully elucidated so far. In
the placenta, two lipases have been identified as important for the release of fatty acids
from circulating maternal lipoproteins: lipoprotein lipase and endothelial lipase. Li-
poprotein lipase hydrolyses triacylglycerols, whereas endothelial lipase is a phospho-
lipase with little triacylglycerol lipase activity [14]. At the end of pregnancy, endothe-
lial lipase is the dominantly expressed lipase. It has been speculated that the different
substrate preferences of the lipases contribute to the different fatty acid transfer in-
tensities.

Several membrane-bound proteins involved in fatty acid transfer are expressed in
the trophoblast: fatty acid translocase (FAT/CD36), fatty acid transport proteins
(FATP-1 to FATP-6), plasma-membrane fatty acid-binding protein (FABPpm) and
placental FABPpm (p-FABPpm) [10]. Only p-FABPpm is specific for placental tissue,
and it has been speculated that p-FABPpm is relevant for the preferential uptake of
DHA and other LC-PUFAs. This phenomenon has been suggested by in vitro studies,
in which blocking p-FABPpm abolished the uptake preference for DHA in immor-
talised trophoblast cells [15]. This protein has not been sequenced so far, and further
evidence about the function of p-FABPpm in primary trophoblasts is needed [16]. In
the cytosol, fatty acids are bound to cytosolic fatty acid-binding proteins (FABPs), and
further metabolisation or alteration, e.g. esterification into triacylglycerols and incor-
poration into lipid droplets, may depend on the specific FABP [17]. Cytosolic FABPs
are also likely to deliver fatty acids as activators of nuclear transcription factors, such
as the peroxisome proliferator-activated receptors (PPARs) [10].

Although placental fatty acid transfer is not fully understood, evidence collected to
describe the complexity of transfer supports the assumption that perinatal fatty acid
status is of relevance for short-term and long-term infant development.

After birth, the placental transfer of fatty acids is replaced by intake of dietary fatty
acids from breast milk or formula. This change is associated with a decrease in the
percentages of AA and DHA among circulating phospholipids in the infant, while LA
and ALA levels increase [18]. Although breast milk provides some DHA and AA, this
decrease in neonatal LC-PUFA status is still observed in breastfed infants. Neverthe-
less, the mean values of 0.3% (range: 0.06-1.4%) DHA and 0.5% (range: 0.24-1.0%)
AA seen in breast milk in 65 studies from different countries [19] indicates the estab-
lishment of higher plasma concentrations in breastfed infants than in infants receiv-
ing formula without LC-PUFAs [20]. Aiming to achieve similar plasma LC-PUFA
concentrations to those seen in breastfed infants (and the related biological benefits),
most infant formulas on the market today are enriched with AA and DHA from var-
ious sources [7], while the majority of the fat in the formulas is plant oil, providing the
essential fatty acids. As in adults, some LC-PUFAs can be produced by endogenous
synthesis from essential fatty acids in term and preterm infants, but this does not com-
pensate for the absence of a dietary supply [21].

Since relationships between maternal or infant dietary LC-PUFA intake and fatty
acid status are reasonably well established, the focus of research has shifted towards
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Fig. 1. Schematic presentation of the identified perinatal factors that influence long-chain polyun-
saturated fatty acid (LC-PUFA) status during the perinatal period and of how these may contribute,
beyond the whole variety of lifetime experiences, to the long-term outcome.

establishing the relationship between perinatal fatty acid status and both infant devel-
opment and short-term and long-term health and disease risk. Three major fields of
interest in this context are cognitive function, atopic diseases, and the risk of develop-
ing obesity and related diseases (fig. 1).

Body Composition and the Risk of Obesity

Maternal prepregnancy obesity and high weight gain during pregnancy have implica-
tions for the risk of later obesity in the offspring, which is in turn associated with an
increased incidence of metabolic diseases, and most prominently type 2 diabetes [22].
The importance of the composition of dietary and body fat in the perinatal period,
and thus maternal, foetal, and infant fatty acid status, for longer-term body fat accu-
mulation in the offspring (i.e. the obesity risk) is less clear, although potential mediat-
ing mechanisms have been described. In vitro and animal studies of LC-PUFAs have
shown the effects of different fatty acids on adipocytes. Incubation of preadipocytes
with AA increased the growth and differentiation of adipocytes [23]. The adipogenic
effect of AA can partially be blocked by cyclooxygenase inhibitors, and the effect is
induced by analogues of prostacyclin (PGI,). This finding suggests that the underly-
ing mechanism involves cyclooxygenase-mediated conversion of AA to the eico-
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sanoid PGI,, which then interacts with the cell surface PGI, receptor, IP. Only AA,
and not saturated, monounsaturated or other polyunsaturated fatty acids, triggers
cAMP production and, through the IP/PGI, system, activates the protein kinase A
pathway to induce adipocyte differentiation and growth. In contrast, EPA and DHA,
which are not converted to PGI,, are less potent than AA in inducing adipocyte dif-
ferentiation [24] and may even suppress lipid storage in adipocytes [25]. Furthermore,
it has been shown that long-chain fatty acids generally and directly, without further
metabolism, act as transcriptional regulators of PPARs [26]. Interestingly, AA and
some of its metabolites generated through cyclooxygenase and lipoxygenase activities
are also activators/ligands of PPARs. This concept suggests a higher importance of AA
than of saturated and monounsaturated fatty acids and n-3 LC-PUFAs in the early
and later phases of adipogenesis [26].

Feeding female mice with a high-fat diet rich in LA (LA diet, with an LA-to-ALA
ratio of 59/1) or an isocaloric diet with an LA-to-ALA ratio of 2/1 before mating and
during the gestation/suckling period led to higher body weight, fat mass, epididymal
fat pad weight and adipocyte size in the offspring of the 59/1 group than in those of
the 2/1 group [27]. The pups of the mothers fed with the 59/1 diet were 50% heavier
at weaning than those of the mothers fed with the 2/1 diet. During this period of life,
adipose tissue was being extensively formed, and the difference in body weight was
maintained until adulthood. Thus, the replacement of LA by ALA prevents enhanced
adipogenesis, which is in agreement with the adipogenic effect of n-6 PUFAs observed
in vitro. The importance of LA-derived AA and AA-derived PGI, was confirmed by
comparing this observation in wild-type mice with the results of a corresponding ex-
periment in PGI, receptor-knock-out mice [27]. In contrast to the wild-type mice, the
PGI, receptor-null mice did not have pups with a higher body weight or fat mass
whether the mothers were fed with the high-LA diet or the lower-LA or standard diet.
This finding shows that the PGI, signalling is the mandatory effector responsible for
the enhanced fat mass observed in pups after their mothers are administered an LA-
enriched diet [27].

The conclusion from the mouse study agrees with the observation that addition
of AA can increase PGI, in adipocyte cell cultures and correspondingly enhance the
differentiation of preadipocytes into adipocytes [23], although the effect may be
conditional upon further factors [28]. The increase in PGI, in response to high AA
levels was confirmed in the adipose tissue of guinea pigs, which were supplemented
with AA during postnatal days 5-21 [29]. Nevertheless, this increase was not associ-
ated with a higher fat mass in the supplemented group, although the higher levels
of PGI, were maintained until day 105. This finding might be due to a species dif-
ference, as the intensive growth of fat depots occurs earlier in guinea pigs than in
mice, suggesting the existence of critical early time windows for the adipogenic ef-
fect of AA.

Feeding a herring- or beef-based diet to C57BL/6 mice during gestation and lacta-
tion was clearly reflected in the fatty acid composition of breast milk and in the fatty
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acid profile of different offspring tissues, with increased levels of n-3 LC-PUFAs in
the herring-fed animals [30]. After weaning, half of the pups in each group were
changed to a different diet. At age 9 weeks, the offspring of the herring-fed dams had
less body fat than the offspring of beef-fed dams did, independent of the postnatal
diet. Thus, only the n-3 LC-PUFAs provided by the maternal diet reduced body fat in
the offspring. Nevertheless, the postnatal diet had a significant influence on insulin
sensitivity, plasma lipids and the amount of brown adipose tissue. The n-3 LC-PUFA-
rich diet was more beneficial than the n-6-rich diet. In another experiment, the male
offspring of C57BL/6 mice were fed with a diet containing vegetable oils only or 80%
vegetable oils plus 20% fish oil (as a source of n-3 LC-PUFAs) from days 2 to 42 of life
and with an n-6 fatty acid-rich diet without LC-PUFAs until day 98 [31]. Although
body weights were not different between groups, the results showed that n-3 LC-
PUFAs in the diet reduced fat accumulation by ~30% and decreased the number of
hypertrophic adipocytes at day 98 and also led to a healthier blood lipid profile. These
findings show that moderate alterations of fat quality during early postnatal life can
affect later metabolic health.

Wielinga et al. [32] compared feeding either an AA/DHA or an EPA/DHA mix-
ture to ApoE*3Leiden-transgenic mice from postnatal weeks 4 to 12, followed by a
high-fat and high-carbohydrate diet without these LC-PUFAs until age 20 weeks.
The AA/DHA-fed mice gained less body weight compared with controls, which re-
ceived a chow diet throughout the study, until weeks 12 and 20, while EPA/DHA
had no significant effect on weight in comparison with the control diet. A similar
trend was seen for fat mass at 20 weeks, and at this age, both supplementations
tended to reduce adipocyte cell size and plasma cholesterol and triglyceride levels.
These findings confirm the potential of LC-PUFAs to influence body weight and
lipid metabolism beyond the period of supplementation, thus indicating metabolic
programming by the early diet. Furthermore, the findings show the complexity of
the influence of LC-PUFAs on the development of body composition, as certain
combinations of AA and DHA may be more effective than an increase in n-3 LC-
PUFAs alone.

Although the animal studies have mainly confirmed the beneficial effects of n-3
LC-PUFAs, there are indications that n-6 LC-PUFAs might also have an inhibitory
effect on adipocyte and adipose tissue development. Thus, findings in humans are not
tully predictable from in vitro and animal studies. Information about the importance
of perinatal LC-PUFAs in humans comes from observational studies, and some ran-
domised trials have been performed using n-3 LC-PUFA supplementation. Several
clinical studies have tested the effect of various doses of n-3 LC-PUFA supplementa-
tion during pregnancy (0.2-2.9 g/day) on offspring anthropometry and/or on mea-
sures of adiposity [33]. With the exception of one relatively small study [34], which
found lower infant weight with DHA supplementation at age 21 months, no relevant
effects were observed. A German intervention study combined 1,200 mg/day n-3 LC-
PUFA supplementation from week 15 of gestation to 16 weeks post-delivery with a
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dietary recommendation to reduce AA intake [35]. Maternal red-blood-cell fatty ac-
ids confirmed that supplementation and a 20% lower AA intake in the intervention
group were effective, as shown by higher DHA and EPA and lower AA percentages
[36]. Nevertheless, the major reason for the n-6-to-n-3 LC-PUFA ratio of 1.5 in red
blood cells in the intervention group (compared with 2.8 in the control group), deter-
mined at gestation week 32, was the increased n-3 LC-PUFA level. The offspring fol-
lowed up until the age of 1 year showed no effect of the supplementation on weight
or body composition. Thus, this study suggests that pre- and postnatal increases in
n-3 LC-PUFAs do not affect the weight gain of infants. This agrees with the conclu-
sion of recent reviews and meta-analyses that there is not enough evidence available
from randomised clinical trials showing that n-3 LC-PUFA supplementation during
pregnancy can decrease the obesity risk of offspring [37].

The effect of the early postnatal LC-PUFA status on infant growth can be studied
in clinical trials by randomly allocating infants to feeding with formula with or with-
out LC-PUFAs. In a meta-analysis based on individual patient data, Rosenfeld et al.
found no indication of a relationship of LC-PUFA intake with weight until the age of
18 months [38], and a long-term follow-up of intervention studies for up to 9 years
did not reveal differences in growth or markers of cardiovascular risk between infants
receiving formulas with and without LC-PUFAs [39].

The data provided by observational studies, which have related markers of n-3 and
n-6 LC-PUFA status to later adiposity, are more diverse. In a US population, n-3 LC-
PUFAs, as estimated from dietary intake and plasma phosphatidylcholine, were in-
versely associated with measures of adiposity at age 3 years, while n-6 LC-PUFAs
showed no clear effect [40]. Conversely, in a UK-based cohort, n-6 LC-PUFA status,
as estimated from plasma samples at 34 weeks of gestation, was positively associated
with body fat at ages 4 and 6 years, while an influence of n-3 LC-PUFAs was not con-
firmed [41]. Thus, observational studies agree with respect to an effect of LC-PUFAs
on later adiposity, but the details remain to be clarified. It may well be that the situa-
tion is affected by the generally higher n-6-to-n-3 ratio in the US, which determines
the importance of one series of fatty acids for growth. Additionally, the finding that
there are effects in observational studies, but not in interventions, and especially not
in interventions after birth, points to the possible importance of early periods of ges-
tation, which are difficult to study by intervention. Intervention studies usually only
start during pregnancy and do not include the long-term habitual diet, which also
strongly influences LC-PUFA status.

Taken together, the relevance of perinatal fatty acid status for long-term anthropo-
metric development and obesity risk is biologically plausible, but it is too early to con-
sider this relevance as confirmed in humans or to derive dietary recommendations
from the available findings. As the mechanisms and observed relationships are com-
plex, it remains an open question whether decreasing n-6 LC-PUFAs or increasing
n-3 LC-PUFAs is of more relevance, and the long-term effects may even differ at dif-
ferent offspring ages [42].
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Neurological and Cognitive Development

There is good evidence from basic research and from animal experiments for the im-
portance of LC-PUFAs for neurological development. The focus of research is very
much on DHA, but AA also has important roles [43]. The LC-PUFA percentages
among membrane phospholipids are a major determinant of membrane fluidity,
which is a critical factor for all membrane functions, including those of receptors, ion
channels, and membrane-bound enzymes, and which can influence neuronal func-
tions [44]. However, the importance of n-3 and n-6 LC-PUFAs goes beyond their in-
fluence on membrane properties. n-3 LC-PUFA status influences the levels of neu-
rotransmitters such as dopamine and serotonin [45]. Furthermore, the interaction of
n-3 LC-PUFAs with ligand-activated transcription factors (e.g. retinoid X receptors,
PPARs, cAMP response-element binding protein) and the associated effects on gene
expression seem important for synaptic plasticity and transmission [44]. DHA supple-
mentation supported neurite growth and synaptic protein expression in cultured neu-
rons from embryonic mice [46]. This finding agrees with the enhancement of neurite
growth in hippocampal neurons by DHA, which is assumed to promote learning [47].

The important role that DHA plays in brain structure and in numerous functions,
and thus its potential to influence neurocognitive development and performance, is
supported by animal studies, mainly in rodents, that showed a dependence of behav-
iour and learning ability on LC-PUFA status [48]. Besides the available information
on the functional effects of LC-PUFAs, the high relative contribution of AA and es-
pecially DHA to the totality of fatty acids in the brain and retina strongly suggests their
importance [43]. The importance of the perinatal period has been suggested, as it co-
incides with the most intensive period of brain growth (a brain growth spurt), includ-
ing in the last trimester of pregnancy and in the first 18 months of postnatal life, dur-
ing which the amount of DHA in the brain has been estimated to increase about 30-
fold [43]. Thus, during this period, neuronal development is particularly vulnerable
to the suboptimal availability of nutrients, including LC-PUFAs, which may have
long-term consequences [49].

While there is convincing biological evidence that DHA and AA are relevant for
neurological and cognitive functions, the results of randomised trials in humans,
which looked at prenatal and/or postnatal supplementation with LC-PUFAs, have
been mixed [50]. Although reviews and meta-analyses indicate that there are not
enough data available or that the performed studies have weaknesses that limit the
conclusions to be drawn from the results for the general population, it might never-
theless be the case that improvement of DHA status is beneficial for subgroups [51].
A distinction can be made between studies of maternal supplementation with LC-
PUFAs either during pregnancy or lactation and studies of direct supplementation of
infants.

There is much evidence to support the concept that DHA and AA supplementation
of infant formulas introduces beneficial effects on neurological and cognitive function
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in infants. This finding led to the introduction of infant formulas with AA and DHA,
replicating concentrations typically found in breast milk in Western European coun-
tries [52]. A huge number of studies that compared neurological or cognitive out-
comes between infants receiving formula with and without LC-PUFAs, often includ-
ing a breastfed reference group, have been performed. Qawasmi et al. examined pub-
lished results of randomised controlled trials that compared visual function at the ages
of 2,4 and 12 months [53]. Studies in which feeding with LC-PUFA-supplemented or
control formulas was initiated within the first month of postnatal life were considered
in the meta-analysis. The authors evaluated results obtained by determining visually
evoked potentials and by behavioural methods, such as observation of preferential
looking, in term and preterm infants. At all of the studied ages, there seemed to be a
beneficial effect of LC-PUFAs when evoked potential measurements were applied,
while behaviour-based methods showed a significant benefit only at age 2 months.
Further exploratory analyses could not identify a dose-response relationship or a
greater likelihood of demonstrable positive effects in preterm infants. Although sev-
eral questions remain open, this is strong evidence that infants benefit from LC-PUFA
supplementation, at least during the first year of life. In contrast to other meta-anal-
yses, which did not find overall beneficial effects for LC-PUFAs [54, 55], here, term
and preterm studies were jointly evaluated, which increased the statistical power.

More questions emerge once cognitive functions are considered. Following the
same inclusion criteria as above, Qawasmi also combined the results of 12 studies on
a total of 1,802 infants that applied the Bayley scales of infant development and did
not identify a significant benefit of LC-PUFA supplementation [56]. Although the
Bayley developmental scales were widely used in these investigations, it might be that
this test procedure is not sensitive enough. This possibility is suggested by the obser-
vations that the likelihood of observing positive effects of LC-PUFAs varies with the
version of the Bayley scales used [57] and that the application of other tests has shown
positive effects [58]. It may well be that the test procedures that include problem solv-
ing, and thus more advanced cognitive functions, are more relevant [59]. As it is not
known which cognitive domains are most affected or most sensitive to perinatal LC-
PUFA status, it is not possible to identify the most informative test procedure or even
the most suitable time schedule for studies. This schedule may relate to the timing of
LC-PUFA supplementation and, even more, to the timing of outcome measurements.
While any effect of the early postnatal LC-PUFA status may be attenuated by events
later in life, it may also be that effects only become relevant and measurable at a later
age.

Randomised studies that supplement mothers during pregnancy may have differ-
ent effects, as fatty acid status is affected at an early stage of offspring development.
n-3 LC-PUFA supplementation during pregnancy affects foetal LC-PUFA status, as
shown by increased DHA in the maternal circulation and cord blood after fish oil
supplementation during pregnancy [60]. Supplementation during lactation influenc-
es the fatty acid composition of breast milk and infant plasma [61]. However, as with
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postnatal interventions, clearly significant positive effects of earlier supplementation
on neurodevelopment could not be found in meta-analyses, although some trials
found significant improvements [50]. It might be that the mechanisms that support
the enrichment of LC-PUFAs by trans-placental transfer suffice in establishing ade-
quate availability of LC-PUFAs during pregnancy in well-nourished populations. In
fact, the greatest number of studies has been performed in high-income countries;
corresponding studies in less-well-off populations may yield a different picture.

Although potentially subject to confounding, observational studies are important
in this context, as they take into account the long-term status of the mother, while in-
terventions are limited to certain time windows. In the ALSPAC cohort, Hibbeln et
al. showed a positive effect of higher maternal seafood intake (more than 340 g/week)
on the outcome of intelligence tests at the age of 8 years [62]. High fish intake signif-
icantly reduced the risk of suboptimal test results, even after considering 28 potential
confounding factors. This study was enabled by collecting data from more than 5,000
children. The authors considered dietary n-3 LC-PUFAs as the most probable medi-
ating factors, but as fish provides further valuable nutrients, the study was not fully
conclusive [63]. Analysis of the maternal red-blood-cell DHA in this cohort revealed
that there is in fact a positive relationship between DHA status and test scores, but
only 0.3% of the variance in the test scores could additionally be explained by mater-
nal DHA [64]. Thus, a further reason for the ambiguous results might be that the ef-
fects are small and, as such, only detectable in studies including very high numbers of
subjects. It is worth noting that this study also indicated the relevance of AA and some
other fatty acids, which might further complicate the situation. Furthermore, the in-
fluence of the fatty acid desaturase genotype of the mother and infant may complicate
the interpretation of the randomised trials, as a significant interaction of the fatty acid
desaturase genotype with the relationship between infant feeding and later measures
of intelligence has been shown [65], which has not been considered so far in interven-
tion studies.

Allergic Disease Risk

There are convincing indications that the immune status at birth may predispose an
individual to the development of allergic disease [66]. Predictive factors for later al-
lergy development relate to cord blood cytokines, regulatory T cell and TLR function
[66]. It has been well described that LC-PUFA status, and specifically the ratio of AA
to EPA, can influence these factors [67]. The major link between LC-PUFAs and the
regulation of immune function is established via eicosanoids, or biologically active
lipid mediators produced from LC-PUFAs [68]. Typically precursor fatty acids are
released from phospholipids by A, phospholipases and are subjected to conversion by
cyclooxygenase (prostaglandins and thromboxanes), lipoxygenase (leukotrienes) and
cytochrome P450 (hydroxylated fatty acids). The potent series 2 prostaglandins and
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series 4 leukotrienes are derived from AA, while series 3 prostaglandins and series 5
leukotrienes are produced from EPA. Eicosanoid production is dependent on precur-
sor availability; thus, increased n-3 LC-PUFA incorporation into cell membrane
phospholipids at the expense of AA changes the eicosanoid pattern. This phenome-
non is important because the EPA-derived eicosanoids are usually much less biologi-
cally active. This event influences the behaviour of the cells of the immune system and
changes the patterns of activation and of the cytokines and other immune factors
produced. Additionally, inflammation-resolving resolvins and protectins are derived
from EPA and DHA [69], which may explain much of the anti-inflammatory effects
of n-3 LC-PUFAs.

Furthermore, n-3 fatty acids negatively influence the potential of NF-«kB to upreg-
ulate inflammatory cytokines. The activation of NF-kB involves the phosphorylation
of an inhibitory subunit, which can be limited by EPA [68]. DHA has been shown to
induce PPAR-y, which interferes with the activation of NF-kB and thus decreases the
production of pro-inflammatory cytokines. Further anti-inflammatory effects of n-3
LC-PUFAs could be mediated by limiting the aggregation of signalling molecules and
TLR-4 in lipid rafts and by the activity of the membrane receptor GPR120, which acts
in an anti-inflammatory manner [70]. Lipid rafts, or membrane areas with a higher
content of cholesterol, sphingolipids and phospholipids with saturated fatty acid moi-
eties, are important for the interaction of cells with external signals [68]. It has been
shown that EPA can interfere with lipid raft formation, and it is assumed that other
n-3 LC-PUFAs do so as well. This might be a mechanism to limit the pro-inflamma-
tory response of immune cells to stimuli. Thus, there are a number of interaction
points of n-3 LC-PUFAs with immune responses, and as a consequence, a significant
influence of fatty acid status on inflammation and the expression of Th1- and Th2-
type cytokines can be expected. Combined with the importance of the early-life im-
mune status for the later-in-life risk of allergic diseases, including hay fever and asth-
ma, this concept suggests the importance of perinatal fatty acid status for the pro-
gramming of the long-term risk of immune-related disease.

The clinical relevance of the outlined mechanisms for disease risk has been inves-
tigated in observational and some intervention studies. Kremmyda et al. categorised
the observational studies of fish intake available in 2011 into studies that focussed on
maternal diet and studies looking at infant diet [71]. While the included studies that
looked at maternal intake all found at least some beneficial effect of fish intake on al-
lergic disease in offspring, the picture was more mixed for studies of infant diet. Only
9 of the included 14 studies observed a positive effect of higher fish intake by infants
and children on atopic outcomes. This finding agrees with the assumption that there
is a very early programming effect. Although fish is the major source of n-3 LC-
PUFAs, the observation of fish intake implied that the other nutrients provided by fish
are not of relevance for the outcome, and there is a risk that confounding factors were
not considered adequately. These limitations can be overcome by randomised inter-
vention studies of n-3 LC-PUFAs. While randomised interventions in infants and
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children have not convincingly demonstrated a beneficial effect of fish oil supplemen-
tation on allergic disease, there are good indications that maternal supplementation
during pregnancy programmes the immune system in a way that decreases the risk of
atopic diseases. Klemens et al. performed a systematic review of randomised interven-
tion studies looking at the role of n-3 LC-PUFA supplementation during pregnancy
or lactation with respect to infant and childhood allergies, asthma, atopic diseases and
inflammatory markers [72]. The review considered 4 major studies with n-3 LC-
PUFA supplementation during pregnancy, comparing a total of about 800 mothers
receiving n-3 doses of 0.6-3.7 g/day with controls receiving a placebo oil. One study
looked only at inflammatory markers in cord blood [73], but the other trials looked
at clinical outcomes at age 1 year or performed a follow-up investigation at age 16
years [74]. Additionally, the review included a randomised intervention during the
first 4 months of lactation, comparing 1.5 g n-3 LC-PUFAs with olive oil in 147 wom-
en and following up the children at age 30 months [75]. The 3 studies that looked at
food allergy could not identify a significant benefit of n-3 supplementation. Together,
the two pregnancy intervention trials [76, 77], which included skin prick tests at age
12 months, identified a reduction of the risk of positive tests (odds ratio 0.33, 95% CI
0.19-0.70). An influence of the intervention on the frequency of eczema or atopic der-
matitis could not be identified in the 3 studies that reported these results. This finding
does not seem to depend on the timing of the intervention, as exclusion of the lacta-
tion supplementation study did not change the result. In contrast, asthma risk could
only be identified as significantly decreased by combining the pregnancy studies as-
sessing this outcome (odds ratio 0.35, 95% CI0.15-0.79), and inclusion of supplemen-
tation during lactation led to a statistically significant decrease in risk [74-76]. As
different measurement procedures were applied, results for IL-13 measurements
could not be combined for evaluation, but both studies looking at IL-13 found a de-
creasing effect of n-3 LC-PUFAs. Thus, there are good indications that the established
effects of fatty acid status on the immune system at the biochemical and cellular levels
have clinical correlates. This finding suggests a programming effect of fatty acids on
the immune system. However, although one of the studies [74] followed its subjects
until the age of 16 years, the relevance of perinatal fatty acid status compared with
other, later-occurring events still has to be proven.

Conclusion

Perinatal LC-PUFA status is accessible to modification by diet and the intake of sup-
plements. An impact of LC-PUFAs on the biochemical and physiological mechanisms
behind the risk of major diseases makes perinatal LC-PUFA status (and its modifica-
tion) a promising field of research, with clinical and public health consequences. Al-
though the effects of LC-PUFAs may be comparatively small, on the population level,
there is the potential for long-term improvement of quality of life. The relevance of
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fatty acid status is not limited to obesity, allergies and cognitive performance, as dis-
cussed here. Among the further discussed associations are that the risk of extreme
preterm deliveries is decreased by improved DHA status [78] and that the incidence
of behavioural difficulties in children may depend on cord-blood LC-PUFAs [79].

Although it seems difficult to quantify the clinical effects of perinatal LC-PUFA
status, it is one of the modifiable factors influencing long-term health, disease and
quality of life.
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Abstract

In the 20th century, the potential clinical application of lipid emulsions (LEs) for intravenous applica-
tion was extensively studied, and this goal was eventually accomplished. The first safe LE for clinical
use that was based on soybean oil was introduced in 1961. In the 1980s, LEs based on mixtures of
soybean oil and medium-chain triglycerides (MCTs) were introduced. More recently, LEs combining
various oils (soybean, MCT, fish and olive oils) have become available for safe clinical use in both
acute care and long-term settings. This article focuses on the following essential aspects of the cur-
rent formulations: (1) the basic physicochemical properties; (2) the relevant pharmacopoeial stan-
dards; and (3) important clinical issues to ensure their safe use in patients. LEs with a variety of chem-
ical compositions are commercially available. They adhere to standards laid down in relevant
pharmacopoeias, and they are safe to use. Different compositions may result in different functional
properties. ©2015 S. Karger AG, Basel

Introduction

Lipid emulsions (LEs) serve three primary purposes in the clinical setting. First, they
provide essential fatty acids, which is likely to be especially important in patients re-
quiring long-term total parenteral nutrition; indeed, LEs were introduced as weekly
or biweekly nutritional supplements for use in such patients. Second, because fatty
acids are good substrates for energy generation, LEs form part of a balanced paren-
teral nutrition regimen, reducing the need for calories from glucose. Third, LEs are
used as a delivery vehicle for poorly soluble drugs, such as diazepam, propofol and
clevidipine. Although the latter application is not the focus of this review, it should,



nonetheless, be recognised that LEs have additional and important uses in medicine.
As to the current status of commercial LEs for nutrition support, the reader is direct-
ed to a recent, comprehensive review [1].

Basic Physicochemical Properties of Lipid Emulsions

LEs are principally two-phase systems consisting of an aqueous, or water, phase, and
an oleaginous, or oil, phase, that are brought together (made miscible or mixable) with
the aid of a surfactant, or emulsifier. The two phases of an emulsion do not normally
mix, or are ‘immiscible’, because the polar and non-polar forces between them are so
great that a high degree of interfacial tension is created. Consequently, a surfactant,
or emulsifier, is required to lower the surface tension between the phases in order to
form a single, seemingly soluble (or miscible) homogenous dispersion of the two, oth-
erwise immiscible, liquids. Hence, the surfactant is the ‘backbone’ that stabilises the
emulsion and keeps the oil phase from physically separating from the water phase.
Even in emulsions that are ‘reasonably’ stable, the effect is only temporary because the
truly ‘stable’ or ‘state of equilibrium’ between all polar and non-polar liquids is sepa-
rate phases of oil and water. However, for practical purposes and depending upon the
application, a reasonable shelf life can be obtained for commercial emulsions. For ex-
ample, homogenised whole milk (approximately 3.4% milk fat in water) can be stabi-
lised for up to 2 weeks at 4°C, whereas in other cases, such as LEs, stability can be
enhanced for up to 2 years at 25°C.

Today, biodegradable emulsions are most commonly applied and are water-based;
in these cases, the oil phase, or ‘internal’ phase, is dispersed as droplets throughout the
water, or external, phase, forming the so-called oil-in-water (o/w) emulsion. This type
of emulsion is a critically important requirement for all LEs, whereby the ‘external’
phase must be aqueous in order to be miscible with blood. On the other hand, if the
external phase is oleaginous, as a water-in-oil emulsion, the emulsion is no longer
miscible with blood and can produce a potentially fatal capillary fat embolism. This
clinical risk is always present, even in the case of injectable o/w emulsions, because if
the emulsion formulation is not stable or becomes unstable prior to use, the internal
oil phase will begin to separate relatively quickly from the external aqueous phase,
thereby forming large-diameter fat globules via a process known as coalescence.

To be effective, the emulsifier must therefore reduce the interfacial tension be-
tween phases, and it does so in two ways: (1) by coating each homogenised submicron
oil droplet, thus creating a molecular film between the oil droplets and the water phase
and (2) by establishing electrostatic repulsion between the droplets. Egg lecithin, or
egg phospholipids, is universally used as the main emulsifier for LEs, and it is ampho-
teric (i.e., possesses hydrophilic head groups that extend into the aqueous phase, ex-
erting a net negative charge, with hydrophobic tails that embed into the droplets of
the oil phase). At a pH range between 6 and 9, the hydrophilic head is optimally ion-
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Fig. 1. Colloid or emulsion stability.

ised and produces a negative electrical charge, which is described by the zeta potential.
If all oil droplets in the emulsion are evenly coated and therefore possess the same
electrical charge, they will repel one another (i.e., ‘opposite charges attract, and like
charges repel’) and remain dispersed in the water phase. Therefore, the emulsion is
stable. If the droplets become less negatively charged (e.g., by addition of oppositely
charged cations), the emulsion becomes less stable. If the charge sufficiently drops,
the attractive forces between the oil droplets will supersede the repulsive forces, caus-
ing the submicron oil droplets to fuse, forming large-diameter fat globules. These un-
stable emulsions are no longer safe and may produce significant clinical harm.

Figure 1 depicts the essential principle behind the DLVO Theory of Colloid Stabil-
ity that governs the stability of ionically stabilised dispersions such as LEs. In essence,
the repulsive forces caused by the emulsifier must be greater than the Van der Waals
attractive forces between the non-polar oil droplets, thus creating an effective inter-
particle (inter-droplet) potential energy barrier between neighbouring oil droplets.
The height of the energy barrier is a function of the difference between these opposing
forces, and the stability of LEs is optimised when the electrostatically charged droplets
have a zeta potential of —40 to -50 mV.

50 Driscoll

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 48-56 (DOI: 10.1159/000365430)



Relevant Pharmacopoeial Standards for Lipid Emulsions

Pharmacopoeias around the world function variably to serve as liaisons between gov-
ernment regulatory authorities and the pharmaceutical industry. Generally, pharma-
copoeias write official specifications for drugs, raw materials, dosage forms, and
methods of analyses that can be used to achieve a particular pharmaceutical stan-
dard. In this way, the industry is compelled to meet certain pharmacopoeial stan-
dards for the approval of a drug and/or dosage form for use in humans. In America,
for example, the US Pharmacopoeia, or USP, writes the specifications (as mono-
graphs) and the associated methods of analysis (as chapters) for all drugs, which are
then enforced at the discretion of the Food and Drug Administration. Similarly, for
example, the European Pharmacopoeia (Pharm Eur) also creates official pharmaco-
poeial articles, e.g., monographs for drugs, raw materials, etc., that also influence
regulatory oversight. In addition, individual countries have national pharmacopoe-
ias (e.g., British Pharmacopoeia, German Pharmacopoeia, etc.) that are often, but not
always, in harmony with the Pharm Eur. In addition, the USP and Pharm Eur seek
harmonisation whenever possible, but achieving this goal can take years to accom-
plish for various reasons.

In the USP, there are two key pharmacopoeial articles that uniquely apply to the
quality and safety of LEs. The first is USP Chapter <729>, entitled ‘Globule Size Dis-
tribution in Lipid Injectable Emulsions’, which was adopted in 2007. This article
identified two physical methods and the associated globule-size limits that must be
met by all lipid-injectable emulsion products in the US to ensure pharmaceutical
equivalence between manufacturers. LEs have been commercially available and in
clinical use in Europe since 1961. Pharm Eur briefly adopted a globule size limit in
1978, as did the British Pharmacopoeia in 1980, but both were subsequently aban-
doned [2]. LEs have been routinely used in the US since 1976, but before USP <729>
came into effect, no standing official pharmacopoeial standard existed. USP <729>
applies to 10-30% of the o/w LEs intended for nutritional and drug purposes. Meth-
od I of USP <729> is a qualitative standard that specifies that the intensity-weighted
mean droplet diameter, determined by light-scattering techniques, e.g., photon cor-
relation spectroscopy or PCS, must be less than 500 nm. Method II of USP <729> is
a stability-indicating method that is based on a single-particle optical sensing tech-
nique, which uses the method of light extinction, and that specifies that the volume-
weighted percentage of fat residing in globules larger than 5 micrometres (or PFATS5)
must not exceed 0.05%. The PFAT5 parameter tracks the growth of potentially em-
bolic fat globules and therefore has significant patient safety implications (fig. 2). The
second USP article is the corresponding monograph entitled ‘Lipid Injectable Emul-
sion’, which includes suitable raw materials, chemical limits and a specific reference
to USP Chapter <729>.

Two key pharmacopeial articles by Pharm Eur can be uniquely applied to the
quality of certain raw materials used in LEs. This is especially significant with respect
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Fig. 2. Globule size distribution, stability and patient safety.

to the use of omega-3 fatty acid-containing triglycerides (TGs), given their potential
importance as active pharmaceutical ingredients in the therapeutic management of
several inflammatory diseases. Ironically, however, Pharm Eur created two mono-
graphs for omega-3 fatty acids-containing TGs. In 1999, Pharm Eur Monograph No.
1352, entitled ‘Omega-3 Acid Triglycerides’, was adopted. The specified omega-3
fatty acid requirements included that the minimum sum of eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), expressed as TGs, be 45.0% and that the
minimum total omega-3 fatty acids, expressed as TGs, be 60.0%. Then, in 2005,
Pharm Eur adopted Monograph No. 1912, entitled ‘Fish Oil, Rich in Omega-3 Ac-
ids’. The omega-3 fatty acid requirements were then approximately one-half the
amounts specified in Pharm Eur 1352. That is, EPA, expressed as TGs, must have a
minimum concentration of 13.0%, and DHA must have a minimum concentration
of 9.0% (therefore, the minimum sum of EPA + DHA = 22%). The total omega-3
acids, expressed as TGs, must have a minimum concentration of 28.0%. Consequent-
ly, both oils are used in commercial LEs by different companies. Therefore, if the
omega-3 fatty acids are included for therapeutic purposes, the clinician cannot rely
simply on the ‘fish oil’ concentration in the oil phase of a given emulsion but rather
must know the pharmacopoeial quality of the fish oil omega-3 fatty acid-containing
TGs to ensure that the desired dose of EPA and DHA is administered [3].

Important Clinical Issues

The administration of LE to acutely ill patients must be undertaken with great care
to ensure they are safely applied. To achieve this, it is important to consider 3 key
factors: (1) the composition of the emulsion formulation; (2) the quality and stabil-
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ity of the LE; and, (3) the desired dose and infusion rate for the selected patient
population. The 3 factors will be addressed separately, as each may affect clinical
outcome.

Composition of the Lipid Emulsion
The composition of the LE is a critical factor. For example, the types of oil(s) that are
used and the concentrations that make up the internal oil phase are important clinical
considerations. The current TG oils that are available for use in commercially avail-
able LEs include plant oils (soybean, coconut or palm kernel (both as sources of
MCTs), and olive) and fish oils. Of the single-o0il emulsion compositions, only soy-
bean and fish oil are commercially available as such; all others, such as soybean-MCT,
soybean-olive, soybean-MCT-fish or soybean-MCT-olive-fish, are physical mix-
tures. There are also experimental formulations under study that include fish-MCT
oil mixtures, but these are not yet commercially available. With clinical experience,
the use of soybean oil-only emulsions has lost favour (outside of North America), and
such emulsions have been replaced by oil-mixtures designed to reduce the pro-in-
flammatory omega-6 fatty acid load, particularly during the high metabolic stress
states that are typically found in acutely ill patients. Approximately 50% of the fatty
acid profile of soybean oil is contributed by the omega-6 fatty acid linoleic acid (18:
2n-6), and about 10% consists of the saturated long-chain fatty acid palmitic acid
(16:0). Alternative compositions containing oil mixtures have reduced the soybean
oil content from the conventional 100% soybean o/w emulsions to between 20 and
50% of the oil phase, depending upon the formulation. Reducing the amount of soy-
bean oil and its components, which may be converted into pro-inflammatory media-
tors, by substitution with oils/fatty acids with no or fewer pro-inflammatory effects is
desirable. This can be achieved with MCT's that contain mainly two medium-chain
saturated fatty acids (8:0 and 10:0) or olive oil, which contains a high amount of the
monounsaturated fatty acid oleic acid (18:1n-9). Alternatively, the clinician may opt
to use fish oil to provide two omega-3 polyunsaturated fatty acids (20:5n-3 and 22:
6n-3), which can be converted into metabolites with anti-inflammatory properties.
This may be especially important for certain acute-care conditions, such as in criti-
cally ill adults with profound metabolic stress and a heightened systemic inflamma-
tory response syndrome [4, 5] or in critically ill infants with intestinal failure-associ-
ated cholestatic liver disease that is associated with the use of soybean oil LE [6-8].
A second example of the clinical importance of the emulsion composition is the
concentration of the surfactant, or emulsifier, in the formulation. Historically, soy-
bean oil emulsions have contained the same amount of egg phospholipids (PLs; 12 g/1),
irrespective of the final oil concentration (i.e., 10%,y, or 20%,,, o/w emulsions). So
clearly, the amount of PLs was higher than necessary in the 10%,,, o/w formulations,
creating a PL:TG ratio of 0.12 versus 0.06 as is found in the 20% emulsion. In a study,
20 pre-term infants were given 20%,,,, Intralipid emulsions at doses up to 4 g/kg/day
for 2 weeks, and they then received 10%.,,, Intralipid emulsions at 2 g/kg/day. The in-
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fants then demonstrated various alterations in their plasma lipid profiles [9]. Plasma
TGs, total cholesterol and PLs significantly increased during the 10 versus 20% Intra-
lipid infusions; and excess PL liposomes acquired free cholesterol, albumin and apo-
protein E, producing abnormal Lipoprotein X-like particles that delayed the actions of
lipoprotein lipase. Therefore, PL: TG ratios of 0.06 were recommended for use in this
patient population. Of note, a current fish oil emulsion that has been used in infants
and children with intestinal failure associated cholestaticliver disease [10] hasa PL: TG
ratio of 0.12, but no adverse effects in tolerance have been reported at the recommend-
ed dose of 1 g/kg/day.

Quality and Stability of Lipid Emulsions

LEs are thermodynamically unstable formulations, and as such, their shelf-lives are
much shorter (18-24 months) when compared to other pharmaceutical dosage
forms, such as solutions, tablets, and capsules (36-60 months). Consequently, the
quality of the final emulsion is critical for its safe use in the clinical setting, whether
the emulsion is administered from its original container, via a syringe in its undi-
luted form or as part of a parenteral nutrition admixture containing amino acids,
glucose, electrolytes, vitamins and trace minerals (i.e., all-in-one mixtures). How-
ever, of course, the quality of the emulsion begins with the manufacturer, whose
goal is to produce a high-quality, or ‘fine’, emulsion that minimises the presence of
the large-diameter fat globules that would be seen in a ‘coarse’ emulsion. It is this
feature that determines emulsion stability and the subsequent safety under the clin-
ical conditions of use, and it is the core requirement in USP <729> under Method
II, known as the PFATS5 criterion. For example, when comparing the physical stabil-
ity between ‘fine’ (PFAT5 <0.05%) versus ‘coarse’ (PFAT5 >0.05%) LEs in a simu-
lated neonatal syringe-based infusion, the stability of the coarse emulsions signifi-
cantly deteriorated during the 24-hour infusion period, reaching a PFATS5 level as
high as 0.44%, or nearly ten times the upper limit defined in USP <729> [11]. In
critically ill premature infants receiving a fine (n = 50) versus coarse (n = 72) inject-
able LE, the incidence of hypertriglyceridemia was significantly higher (p = 0.004)
for the coarse (19/72) versus the fine LE (3/50). Moreover, in an adjusted logistic
regression model for the odds of hypertriglyceridemia, which assessed 8 patient fac-
tors, the coarse emulsion was the only significant variable (p = 0.01) [12]. This was
an important clinical finding recognising that lipid intolerance (serum TG >1.69
mmol/l) has been shown to be associated with liver dysfunction and foetal growth
retardation [13]. In addition, such coarse emulsions have produced less stable all-
in-one mixtures [14, 15].

Desired Dose and Infusion Rate in the Selected Patient Population

The ‘dose’ of LE depends on the composition of the oil phase, which influences its
metabolic fate, the rate of infusion and, subsequently, the intended clinical response.
The oil phase of all LEs is comprised of TGs containing fatty acids of varying hydro-
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carbon chain lengths and degrees of saturation. Commercial MCT oil primarily con-
sists of two saturated medium-chain fatty acids, caprylic acid (8:0) and capric acid (10:
0), in an approximate 3:1 ratio. Saturated long-chain fatty acids, such as palmitic acid
(16:0), can be found in plant oils, including soybean and olive oils, and in fish oil.
Long-chain monounsaturated fatty acids primarily come from olive oil (oleic acid, 18:
1n-9), but they also make up approximately 25% of the fatty acid profile of soybean
oil. Long-chain polyunsaturated fatty acids from plants (soybean oil) include linoleic
acid (18:2n-6) and a-linolenic acid (18:2n-3), while very-long chain, highly polyun-
saturated fatty acids are found in fish oil (arachidonic acid, 20:4n-6; EPA, 20:5n-3; and
DHA, 22:6n-3). Longer hydrocarbon chain lengths (C8 — C22), result in slower clear-
ance from plasma upon infusion. For long-chain TG infusions (mostly based on soy-
bean o/w emulsions), the maximum utilisation rate for safe infusion is approximate-
ly 0.11 g/kg/h [16]. For MCT-based infusions (i.e., 6-12 carbons), the plasma clear-
ance is faster, while it is slowest for very long-chain TG infusions (>18 carbons).
Mixing oils of varying chain lengths, especially with MCTs, can favourably influence
the plasma clearance of LCT infusions. Hence, great care must be undertaken to en-
sure the effective plasma clearance of an injectable LE and that it does not induce fat
overload and its attendant complications.

Summary

The introduction of a reasonably safe LE was a major milestone accomplished in the
20th century. Today, we know much more about the stability of these complex dosage
forms, and there are pharmacopoeial standards that now exist to ensure pharmaceu-
tical equivalence amongst manufacturers and various oil compositions. This has led
to the development of safer products for clinical use. We are also learning much more
about the biological impact of fatty acids in human disease, the linkage between lipid
source, eicosanoid metabolism and the systemic inflammatory response as well as
how these factors may influence clinical outcomes [17].
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Abstract

While a number of pathways for the catabolism and tissue delivery of intravenous lipid emulsions
are shared by chylomicrons, there are also important differences. The introduction of medium-chain
triglycerides (MCTs) and n-3 fatty acid-containing fish oils into lipid emulsions has marked effects on
their clearance from the bloodstream and the delivery of fatty acids to organs, and it involves path-
ways different from those required for n-6 fatty acid-rich soybean oil-based particles. 1) Multiple
pathways are responsible for the blood clearance and tissue uptake of MCT- and fish oil-containing
emulsions. 2) Both human and animal model-based studies were needed to define these ‘classical’
and ‘novel’ pathways, which are respectively similar to and different from those involved in chylo-
micron clearance. 3) n-3 fatty acid-rich triglycerides and MCTs provide new opportunities for lipid
emulsions to act as metabolic and immune modulators. ©2015 S. Karger AG, Basel

Intravenous Lipid Emulsions: An Overview

Lipid emulsion particles for intravenous (iv) use have been developed based on the
model of the intestinally derived chylomicron. Both types of particles are large (al-
though chylomicrons are larger than iv lipid emulsion particles), with a core rich in
triglycerides (TGs) (and with tocopherols in some emulsions) and with a surface rich
in phospholipids (PLs) (with some free cholesterol and plant sterols); in iv lipid
emulsions, the surface PL is usually egg lecithin. In contrast to chylomicrons, emul-
sion particles contain no apolipoproteins. In addition, emulsions are manufactured
with an amount of PL that exceeds what is strictly needed for particle emulsification,
with the excess forming separate PL-rich liposome-like particles. A large amount of
such liposome-like particles, as were present in 10% lipid emulsions in the past, was
shown to impede the hydrolysis and clearance of exogenous TGs, particularly in



subjects with low lipoprotein lipase (LPL) activity, such as preterm neonates [1, 2].
This finding led to a reduction in the PL/TG ratios used in more recently developed
emulsions.

Metabolism of Intravenous Lipid Emulsions

After their administration into the blood circulation, TG-rich and PL-rich particles
rapidly acquire apolipoproteins (namely apoC-II and apoE) by transfer from high-
density lipoprotein particles as well as from endogenous TG-rich lipoproteins [3].
Another (less rapid) process is the transfer of exogenous TGs from emulsion particles
to circulating low-density lipoprotein and high-density lipoprotein in exchange for
cholesteryl esters, a process mediated by the cholesteryl ester transfer protein [4, 5].

Acquisition of apoC-II enables TG-rich particles to activate emulsion-bound LPL,
an enzyme found attached to the endothelium of capillary vessels or free in the circu-
lation. LPL hydrolyses part of the TG-rich particle and releases non-esterified fatty
acids (NEFAs) and monoglycerides; these are largely taken up by the adjacent tissue,
and a proportion of NEFAs remains in the circulation, largely bound to albumin [6].
Of note, a proportion of surface-bound tocopherols is also released and is taken up by
adjacent tissues [7, 8]. TG hydrolysis by LPL substantially reduces particle size and
leads to the formation of remnants that contain some cholesteryl esters. Direct uptake
of the remnant particles takes place not only in the liver but also in extra-hepatic tis-
sues and plays an important role in the delivery of some fatty acids (namely n-3 poly-
unsaturated fatty acids (PUFAs)) as well as tocopherols and other lipid-soluble vita-
mins. This process, which is facilitated by the presence of ligands such as apoE and
LPL, involves receptor-mediated and non-receptor-mediated pathways [9].

Introduction of Non-Soybean Oil Triglycerides into Lipid Emulsions

In humans, apart from (substantial) interindividual variability and the influence of
metabolic and inflammatory conditions, the fatty acid composition of exogenous TGs
affects the above-mentioned clearance pathways. Emulsions made of soybean oil TGs
have been used for many decades, and while their plasma clearance is efficient, their
high content of n-6 PUFAs may increase inflammatory reactions and peroxidative
damage. This situation has led to the development of emulsions with reduced n-6
PUFA content [10, 11]. Medium-chain TGs (MCTs) are particularly good substrates
for LPL-mediated hydrolysis [12]; studies using a TG clamp technique showed that
inclusion of MCTs in TG mixtures accelerates lipolysis and leads to the rapid forma-
tion of small remnants that are efficiently taken up by tissues.

In contrast, fish oil (FO)-based TGs, rich in long-chain n-3 PUFAs, are a poor sub-
strate for LPL; when present in proportions exceeding 20% TGs, they may delay plas-
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ma clearance [13]. A pure FO emulsion has been on the European market for >15
years, with interesting results, including reduced inflammatory reactions in surgical
patients [14] and restored liver function in neonates and children on long-term par-
enteral nutrition [15]. However, TG clearance is slow with such an emulsion, and the
infusion rate must be adapted to avoid an excessive increase in the plasma TG con-
centration, which may cause side effects [16]. Of note, the inclusion of MCT's appears
to compensate for the slow hydrolysis of FO-based TGs, and the concomitant pres-
ence of both n-3 PUFA-rich TGs and MCTs may facilitate tissue uptake of remnant
particles [17].

Other preparations have been developed with structured TGs containing both
long-chain and medium-chain fatty acids on the same glycerol backbone. While spe-
cific molecules (‘MLM’) with medium-chain fatty acids in the sn-1 and sn-3 positions
and along-chain fatty acid in the sn-2 position of the glycerol show rapid and efficient
hydrolysis, molecules with long-chain fatty acids in the sn-1 and sn-3 positions and a
medium-chain fatty acid in position 2 are poor substrates for LPL [18]. Emulsions
proposed for clinical use contain structured TG molecules obtained by random inter-
esterification and contain a mixture of MLM, LML, LLM, MML, etc., i.e., molecules
with different metabolic properties. These preparations do not appear to have advan-
tages in comparison with long-chain TG (LCT)/MCT mixtures [19].

Clinical Aspects of Intravenous Lipid Emulsions in Humans

The presence of n-3 PUFAs in iv lipid emulsions appears to shorten the length of the
hospital stay of surgical and intensive care unit patients, with a tendency towards re-
duced mortality [20-22]. This phenomenon is probably due to a reduction in inflam-
matory reactions [23], as shown in surgical patients receiving n-3 PUFAs periopera-
tively [24] and, to some extent, in intensive care unit patients [23]. An important re-
duction in the inflammatory reaction was also reported in healthy subjects injected
with endotoxin as a model of a septic episode [25].

As indicated above, the intravascular metabolism of lipid emulsions may vary be-
tween individuals. Lipids should not be infused into subjects with plasma TGs >3-4
mmol/I (or 250-350 mg/dl) [26]. Caution is required in those subjects with high bas-
al TG concentrations (e.g., >2-3 mmol/l or 170-250 mg/dl); lipids should be infused
ata slow rate (<0.1 g TGs/kg body weight/h), and TG levels should be monitored (2-4
times/day) during lipid infusion over the first 24 h. Patients with acute renal or he-
patic failure should also be carefully evaluated prior to and monitored during slow
lipid infusion. Even greater caution should be applied for those patients with severe
sepsis, particularly when at risk of developing shock. In contrast, patients having un-
dergone uncomplicated surgery or trauma generally show good plasma TG clearance
and efficient oxidative fat metabolism after stabilisation of hemodynamic parameters.
In these subjects, lipids may be infused at a rate of 0.1 g TGs/kg body weight/h for
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soybean oil, at 0.2 g TGs/kg body weight/h for MCT-containing preparations, or at
<0.05 g TGs/kg body weight/h for pure FO emulsions.

Recently, an emulsion that contains a mixture of FO (20%) and MCTs (80%) as
well as added alpha-tocopherol was developed [27]. This preparation, largely devoid
of plant n-6 PUFAs, aims to rapidly enrich the membranes of cells in key tissues with
n-3 PUFAs. The emulsion is very efficiently cleared from the plasma, which allows for
bolus injections (e.g., 50 ml within 5 min). The administration of such injections in
healthy volunteers confirmed the safety and tolerance observed in animal studies and
led to an enrichment of eicosapentaenoate in white blood cell and platelet PLs that
was maximal at 1 h post-injection [27]. Of interest, the plasma NEFA concentration
remained within an acceptable range.

Animal Models for Studying Metabolism of Intravenous Lipid Emulsions

Animal models have been used to better understand the metabolism of iv lipid emul-
sions. Different models have allowed studies that would be more difficult to carry out
in either healthy or sick humans to be performed. As an example, pigs have been
widely used to understand lipid emulsion metabolism in neonates. Our own group
has utilised dogs to understand how iv lipid emulsions of different compositions af-
fect the fatty acyl content of organs [18]. Our group also used rat models to demon-
strate that structured LCT/MCT emulsions offered no advantages in terms of emul-
sion clearance [19]. Rat models have been used to improve understanding of the ef-
fects of the metabolism and effects of lipid emulsions in diabetic rats [28]. Bach et al.
reviewed the utility of animal models for understanding the metabolism of different
lipid emulsions with varied TG concentrations [29]. Using in vitro model systems,
after NMR studies, we proposed that one reason that MCT-containing emulsions
were cleared faster from the plasma than were traditional soybean oil-based emul-
sions was the four-times greater solubility of MCTs compared with LCTs at the PL/
water interface [12].

The classical pathways that deliver LCT-based lipid emulsions to tissues include
(a) receptor-mediated endocytosis; (b) non-receptor-mediated endocytosis; and (c)
extracellular lipolysis of emulsion TGs by lipase, followed by cellular uptake of the
released fatty acids. These pathways are similar to what occurs with chylomicrons.
However, particles that are enriched with n-3 fatty acids appear to be cleared by whole
particle uptake compared with n-6 PUFA-rich emulsions. Additionally, clearance of
n-6 PUFA-rich emulsions (e.g., Intralipid) depends upon intravascular hydrolysis by
LPL and apoE-mediated uptake pathways for efficient clearance from the plasma. In
contrast, LPL- and apoE-mediated pathways appear to contribute little to the uptake
of chylomicron-sized n-3 PUFA-based lipid emulsions (e.g., Omegaven) [9]. Using
mouse models as well as tissue culture techniques, it was shown that n-3 PUFA-based
emulsion particles utilise heparan sulphate proteoglycans for anchoring to and foster-
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ing uptake by cells. In terms of blood clearance, it appears that lipid-lipid interactions
between emulsions and cells, as well as CD36, contribute to n-3, but not n-6, emulsion
uptake and clearance [30]. Understanding the mechanisms of emulsion clearance, as
affected by different TG contents and particle sizes, could not have been carried out
without using different animal models.

Conclusions

In summary, iv lipid emulsions are more than ‘artificial’ chylomicrons. While sharing
a number of structural and metabolic properties, the abilities of these emulsions to
deliver a variety of TGs with markedly different fatty acid compositions provide op-
portunities that extend beyond classical nutritional support, in which emulsions are
considered to be a rich source of calories and essential fatty acids. Decreasing the con-
tent of n-6 fatty acids by the inclusion of other TGs and adding n-3 fatty acids to the
types of emulsions now available will allow for the use of emulsions as important
metabolic and immune modulators under a wide spectrum of adverse conditions
throughout the life course.
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Abstract

Lipid emulsions (LEs) used in modern parenteral nutrition formulations are indispensable sources of
calories and (essential) fatty acids ((E)FAs). Several generations of LEs based on various FA sources
have been developed, and issues related to their safe use deserve attention. The relevantissues con-
cern LE composition, stability and sterility, while other problems are related to the lipid infusion rate,
including hypertriglyceridemia and lipid overload syndrome. The FA structure of LEs translates into
effects on inflammatory processes and immune cell function and affects the functions of organs,
such as the liver and lungs. In addition, disturbed balances of (anti)oxidants and the presence of
other bioactive agents in LEs, such as phytosterols, are mechanisms that may underlie the potential
adverse effects. Lipid emulsions (LEs) are key components of parenteral nutrition (PN) that bypass
the need for (essential) fatty acids ((E)FAs) and provide sufficient energy to decrease the need for the
infusion of large amounts of dextrose, thus preventing its associated complications. The oldest avail-
able LEs are based on soybean oil (SO-LE) and meet these requirements. (Pre)clinical evidence sug-
gests that various, next-generation LEs based on alternative oil sources are safe and effective; par-
ticularly, those based on fish oil (FO-LEs) have less pro-inflammatory characteristics that may convey
beneficial effects on the immune system and organ functions. With the exception of decreased liver
damage with the use of FO-LEs instead of SO-LEs, the clinical relevance of many of these data needs
further validation. ©2015 S. Karger AG, Basel

Introduction

Attempts to administer lipids to humans for therapeutic purposes remained unsuc-
cessful until 1961, when Wretlind introduced a non-toxic LE for clinical use (Intra-
lipid); this LE is based on SO-LE. This development fuelled the adoption of the con-
cept of lipid-based total parenteral nutrition (TPN) in Europe, which prevented the
complications from high-dose dextrose infusions that were seen with the use of lipid-
free hyperalimentation in the US [1]. Later, concerns regarding the high content of
w-6 FAs in SO-LEs, which may be converted into pro-inflammatory mediators,



sparked the development of next-generation LEs. This chapter covers relevant issues
for the safe use of LEs because it has become clear over the years that infusion of mod-
ern LEs can still cause some problems.

Physicochemical Stability

LEs consist of a lipid source (soybean or other oils) and an emulsifier (egg yolk-de-
rived phospholipids) that envelopes the fat globules and keeps them soluble within
the water phase of a TPN admixture. Consequently, hypersensitivity to LE has been
described in patients with allergies to egg-yolk and soybean oil [2, 3]. The size of LE
droplets (200-600 nm) should remain well below the diameter of capillaries to avoid
vascular occlusion. Because LE stability is key for their safe use, pharmaceutical stan-
dards demand that the proportion of droplets >5 pum should not exceed 0.05% [4]. The
stability of LEs in TPN admixtures is threatened by adding components that lower the
pH or impose ionic stress, for example, divalent (calcium, magnesium) or trivalent
(iron) cations [5]. Of note, medium-chain triglycerides (MCTSs) improve the stability
of LEs by displacing long-chain triglycerides at the droplet surface and reducing stress
on the emulsifier due to the shorter hydrocarbon chain [4].

Hypertriglyceridemia and Fat Overload Syndrome

Plasma clearance of LEs is mediated by lipoprotein lipase (LPL), and adverse events
are likely if lipid administration exceeds the LPL clearance capacity. Infusion of LEs
at 0.8-1.5 g/kg/day is considered safe, but the infusion rate should not exceed 2.6
g/kg/day (0.11 g/kg/h) to avoid hypertriglyceridemia and its associated complica-
tions, such as pancreatitis or development of fat overload syndrome [6]. The latter is
characterised by headaches, fever, jaundice, abdominal pain due to hepatospleno-
megaly, respiratory distress and pancytopenia. FO-LEs reduce the risk of lipid over-
load by accelerating lipolysis and triglyceride clearance, and a paper on paediatric
cases where pure FO-LE was given rapidly (>0.17 g/kg/h) by accident reported an
absence of fat overload symptoms in these patients [7]. Although experts agree that
the safest way to administer parenteral LEs to metabolically stressed (trauma, ICU)
patients and avoid fat overload is by continuous infusion at the lowest possible rate,
considerable differences remain between (inter)national guidelines regarding the use
and infusion rate of LEs in critically ill patients [8, 9]. Free phospholipids are more
abundantly present in 10% LEs when compared with 20% LEs, and because these in-
terfere with LPL activity, 10% LEs are cleared more slowly than 20% LEs [5]. A part
of these phospholipids is present as liposome-resembling particles that accumulate
as an abnormal lipoprotein X and may cause hypercholesterolemia; this can be pre-
vented by administering LEs at higher concentrations and at low speed [10].
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Liver Function

The use of LEs has been implicated in the development of liver disease, both in the
context of intestinal failure (intestinal failure-associated liver disease (IFALD)) and
its treatment by PN. This entity will be coined here as IFALD, which is characterised
by decreased bile flow independent of an obstruction in patients on PN with con-
secutive cholestatic liver disease [11]. Additional risk factors include liver immatu-
rity associated with early premature birth, inflammation, oxidative stress, early
(catheter) infection, and contaminants in PN. The incidence of IFALD is higher in
infants and young children, and it is more likely associated with jaundice and ele-
vated transaminases, whereas PN-associated liver disorders in adults mostly present
as cholestasis, hepatosteatosis, or cholelithiasis. IFALD may progress to cirrhosis
and end-stage liver disease, whereas sludge formation can cause biliary obstruction
or gallstones [11]. There is currently no consensus definition for IFALD. A French
landmark study in adult home parenteral nutrition (HPN) patients has shown that
chronic cholestasis predicts serious liver problems and can be defined as a value of
at least 1.5-fold above the upper limit of the normal on two of three liver function
measures for cholestasis that persists for 26 months [12]. This study also associated
the development of cholestasis to lipid infusions at a rate greater than 1 g/kg/day.
Minor abnormalities of liver function tests occur in >50% of adult HPN patients,
but these abnormalities are usually confined to raised markers of cholestasis without
jaundice. IFALD has become less common due to guidelines that advise limiting
lipid administration to <1 g/kg/day [13]. Accordingly, a Danish study on 202 HPN
patients showed that only 2 of the 51 patients who died did so because of IFALD
[14].

The mechanism behind IFALD is unknown but most likely includes macrophage
activation by excess w-6 polyunsaturated fatty acids (PUFAs) in SO-LEs, leading to
the production of pro-inflammatory cytokines and the accumulation of hepatotoxic
phytosterols (PYs) [11, 14-17]. A common therapeutic strategy for suspected IFALD
is to temporarily disrupt lipid administration and then reintroduce lipids at a lower
dose or by using another LE after normalisation of liver function tests. Irreversible
cholestasis is a strong indication of combined liver and small bowel transplantation.
Much of the recent progress in treating IFALD is based on therapeutic strategies that
reduce the dose of SO-LE and/or use pure FO-LE or blended LE containing w-3, w-6,
and w-9 FA [11].

Beneficial effects of LEs on liver dysfunction have been consistently shown after
reducing the dose of SO-LEs or after switching from SO-LEs to pure FO-LEs in infants
with IFALD, and these effects have been attributed, in part, to the anti-inflammatory
effects of metabolites of w-3 PUFA. Starting with a report on the use of pure FO-LEs
(Omegaven) in an adolescent with (essential) fatty acid deficiency ((E)FAD) due to a
soy allergy precluding the use of SO-LE and in whom, in addition to the reversal of
(E)FAD, decreases in disturbed liver markers were observed, several studies have
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compared the effects of FO-LE monotherapy after discontinuation of SO-LE therapy
atadose of 1 g/kg/day [3, 18, 19]. This amount was substantially higher than the man-
ufacturer’s recommended dose (0.2 g/kg/day), but most patients showed clinical im-
provement within 1 month with resolution of cholestasis after 1 to 2 months. Even so,
early treatment might be more effective because some failures were seen in critically
ill patients and in those with severe cholestasis or cirrhosis. A second strategy, where
patients received equal doses of SO-LE and FO-LE to treat pre-existing IFALD and
prevent (E)FAD, was also effective [20].

The third approach used a blended LE containing SO, MCT, OO, and FO
(SMOFlipid), with alower amount of FO than the pure FO-LE regimens. One double-
blind, randomized controlled trial in children on HPN, whereby the patients were
randomized to SMOFlipid or SO-LE that was administered 4 to 5 times per week at a
goal dose of 2 g/kg/day, showed changes in total bilirubin between the start of study
and the final values, which were lower in the SMOFlipid group [21]. In spite of these
seemingly clear and positive data, recent reviews of studies conducted in children with
IFALD concluded that high-quality data that support the use of FO-LEs in this group
are lacking [17, 22].

The potential adverse effects of FO-LE therapy and/or the reduction of SO-LEs in-
clude the development of (E)FAD. An evaluation of patients receiving FO-LE as a sole
fat source at 1 g/kg/day identified normal triene/tetraene ratios, but 50% of patients
had linoleic acid concentrations below normal [23].

The reduction of SO-LE intake in neonates with IFALD to 1 g/kg/day at 2 times
per week resulted in a decline in bilirubin levels when compared to controls receiving
3 g/kg/day, and mild (E)FAD that was reversed with additional lipid infusions devel-
oped in 26% of the infants. Therefore, monitoring of (E)FAs with this regimen seems
to have occurred [24].

PYs, which are present in SO-LEs but not FO-LEs, are the plant equivalents of the
animal sterol cholesterol. PYs have long been considered a cause of IFALD [15, 16].
PYs are absorbed in small amounts by the gut and are metabolised slowly by the liver.
Neonates with IFALD have higher plasma concentrations of PYs compared with
those without IFALD, and the duration of PN is associated with the PY concentration
and elevated transaminases. PYs may lead to IFALD by antagonising nuclear recep-
tors involved in hepatoprotection from cholestasis. Parenteral administration of PYs
in a piglet model markedly reduced bile acid excretion [25].

Pulmonary Dysfunction

Animal and human studies suggest that parenteral SO-LEs induce intravascular
inflammation of the lungs with phagocyte activation, granuloma formation and
the development of pulmonary hypertension [26]. Compromised pulmonary gas
exchange may result from the accumulation of lipids in the microcirculation by
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lipid peroxides, lipid-derived eicosanoids and diminished bioavailability of the
vascular relaxant nitric oxide. Accordingly, the administration of long-chain tri-
glycerides and/or MCTs to patients with adult respiratory distress syndrome re-
sulted in the deterioration of oxygenation, pulmonary compliance and vascular
resistance, with increased levels of inflammatory mediators in bronchoalveolar
fluid [27]. Continuous lipid infusion might decrease the risk of pulmonary com-
plications due to the increased oxidation of fat compared with intermittent infu-
sion [28].

Oxidative Stress and Bioactive Emulsion Components Other Than Lipids

Oxidative stress, which is a disturbed (anti)oxidant balance, can cause damage to tis-
sues, cells or biomolecules. LEs may cause oxidative stress because PUFAs, which de-
pend on protection by anti-oxidants such as tocopherol and are influenced by storage
conditions (light exposure, temperature), can be peroxidised to harmful hydroperox-
ides when an oxygen molecule is incorporated and breaks down any double bonds.
Peroxides are harmful because they trigger chain reactions that inactivate enzymes
and other key components of cell function. Patients with intestinal failure mainly rely
on the composition of their PN formulation to maintain their (anti)oxidant balance.
Oleic acid in olive oil is a MUFA and therefore is very resistant to peroxidation. A
study on 41 HPN patients, 31 of whom used an olive oil-based LE, found no evidence
of oxidative damage when compared with healthy controls, despite their lower anti-
oxidant (plasma glutathione) defences and higher oxidant (leukocyte oxygen radical
production) concentrations [29].

Blood Clotting/Bleeding

While LEs, which depend on the vitamin K content of the vegetable oil source, may
counteract the effect of warfarin on prothrombin time, these effects do not seem to
have clinical relevance [30]. Conversely, the supposed anti-platelet effects of FO ther-
apy do not seem to increase bleeding risk [31].

Infections

LEs in TPN have long been considered a risk factor for the development of infectious
complications. Lipids directly support microbial growth, and depending on their FA
structure (carbon chain length, number and position of double bonds), lipids can
modulate immune-system functions following the incorporation of FAs into cell
membranes by exerting distinct effects on receptor functions, on the production of
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bioactive lipid mediators, on the regulation of gene expression and on the modulation
of apoptotic pathways [32, 33]. In particular, SO-LEs, which have a high ratio of w-6
to w-3 PUFAs (7:1), are considered dangerous in situations of overproduction of pro-
inflammatory mediators, such as sepsis and trauma [34]. These concerns are sup-
ported by early studies that suggested an increased risk for infectious complications
in mildly malnourished surgical patients [35]. Studies in critically ill patients have also
reported increased complication rates in patients receiving SO-based TPN, whereas
fewer infections, a decreased length of stay in the hospital and the ICU, and a shorter
duration of mechanical ventilation were observed in trauma patients in the ICU re-
ceiving PN without SO-LE compared to those receiving PN with SO-LE [36, 37]. Dur-
ing the past decades, several generations of novel LEs that are based on (physical mix-
tures of) different oil sources such as palm kernel oil (rich in MCTs), olive oil (rich in
the monounsaturated FA oleic acid) and fish oil (rich in the PUFAs eicosapentaenoic
acid and docosahexaenoic acid) have been introduced into the clinical arena and
promise to modulate inflammatory responses in a favourable manner and to improve
the outcomes of patients with immune-mediated conditions [32]. However, the over-
all data regarding the effects of SO-LEs and structurally different LEs on immune re-
sponses have been very disparate, and a meta-analysis reported the absence of evi-
dence for any lipid effect on a wide range of immune cell functions [38]. The use of
hypercaloric feeding in early clinical studies and different experimental approaches
(in vitro, ex vivo, in vivo) in animal and human studies that were sometimes per-
formed with the use of supra-physiological lipid concentrations most likely contrib-
ute to this inconsistency. A recent retrospective analysis on the use of SO-LEs in ICU
patients receiving premixed PN with (n = 2,646) or without SO-based lipids (n =
2,023) found no differences in the risk of bacterial infections or bloodstream infec-
tions [39].

Some authors have tried to overcome the limitations of earlier meta-analyses by
focusing on head-to-head comparisons of LEs (mainly between SO-LEs and FO-LEs)
and by including more delineated populations, such as surgical patients [40, 41]. Chen
et al. found a good tolerance to and safety of FO-LEs in several studies; overall, this
group described 611 patients who underwent major abdominal surgery with a dose
ranging from 0.07 to 0.225 g/kg/day, with clear effects on FA profiles and on the syn-
thesis of bioactive lipid mediators [40]. Improvements in clinical outcomes were ob-
served with the use of FO-LEs in these patients in terms of decreased postoperative
infection rates and shorter hospital and ICU lengths of stay; however, no effects on
postoperative mortality were found. Essentially similar findings were reported in an-
other recent meta-analysis of 892 surgical patients [41].

A recent position paper from an expert group in the US [8] tried to describe the
clinical roles of various LEs and came to the overall conclusion that at this point, the
available literature suggests that alternative, oil-based LEs may have fewer pro-in-
flammatory effects, be less likely to be associated with immune suppression, and have
stronger antioxidant effects than SO-LEs and may therefore be potentially superior to
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SO-LEs. However, the authors also concluded that the evidence for the clinical use of
these alternative LEs is still unclear, particularly with regards to the specific indica-
tions, due to the heterogeneity and lack of adequate clinical data [8].

Conclusion

LEs are key components of PN that bypass the need for (E)FAs and provide sufficient
calories. The oldest available LEs are based on soybean oil (SO-LEs) and meet these
requirements. Next-generation LEs based on alternative oil sources seem safe and ef-
fective, and in particular, those based on fish oil (FO-LE) have fewer pro-inflamma-
tory characteristics that may convey beneficial effects on the immune system and or-
gan functions. With the exception of decreased liver damage with the use of FO-LEs
instead of SO-LEs, the clinical relevance of these data needs further validation.
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Abstract
Postnatal growth failure is still one of the most commonly observed morbidities in preterm infants.
Intolerance of enteral nutrition is a common problem in these infants and in neonates with surgical
conditions. Therefore, adequate parenteral nutrition is crucial to support organ development, includ-
ing that of the brain. Short-term studies on the early introduction of parenteral lipids have demon-
strated that early lipid administration seems safe and well tolerated and prevents essential fatty acid
deficiency. Further well-designed and adequately powered studies are necessary to determine the
optimal dose of lipid infusion and the long-term effects on morbidity, growth, and neurodevelop-
ment. Administration of a pure soybean oil emulsion might result in excess formation of proinflam-
matory eicosanoids and peroxidation, and their use reduces the availability of the long-chain poly-
unsaturated fatty acids necessary for central nervous system development and immune function.
Alternatives to the use of pure soybean oils include emulsions with partial replacement of soybean
oil with medium-chain triglycerides, olive oil, and/or fish oil. These newer lipid emulsions offer many
theoretical advantages. Future large-scale randomized controlled trials in premature infants should
demonstrate whether these newer lipid emulsions are truly safe and result in improved short- and
long-term outcomes. It seems safe to start lipid emulsions from birth onward at a rate of 2 g lipids/
kg/day (based on short-term results only). Mixed lipid emulsions, including those containing fish oil,
seem to reduce nosocomial infections in preterm infants and might reduce bile acid accumulation.
Liver damage may be reduced by decreasing or removing lipids from parenteral nutrition or may be
reduced by using fish oil-containing lipid emulsions containing high levels of vitamin E.

© 2015 S. Karger AG, Basel



Introduction

Nutrition is an essential part of the acute care of preterm infants, especially in very-
low-birth-weight (VLBW) infants. Because of the clinical problems that VLBW in-
fants experience, especially during the first several days of life, nutritional needs are
frequently not given the highest priority. As a result, postnatal growth failure is one
of the most commonly observed morbidities in VLBW infants. Intolerance to enteral
nutrition is a common problem in VLBW infants and in neonates with surgical con-
ditions, such as intestinal atresias, gastroschisis, necrotizing enterocolitis, and short-
bowel syndrome. Therefore, adequate parenteral nutrition is crucial to support organ
development, including that of the brain.

During the first few postnatal days, fluid intake in preterm infants is limited, mak-
ing parenteral lipid emulsions an attractive energy source because of their high en-
ergy density (8-9 kcal/g, or more than twice than that of protein and glucose). Lipids
are crucial not only for providing energy but also for both supplying the essential n-6
and n-3 fatty acids necessary for central nervous system development and providing
fat-soluble vitamins.

This review will emphasize the importance of lipid administration to preterm in-
fants for the prevention of essential fatty acid (EFA) deficiency and normal (neuro)
development. Tolerance of early lipid introduction will be reviewed as well. Further-
more, different lipid emulsions with (partial) replacement of soybean oil by medium-
chain triacylglycerols (MCTs), olive oil, and/or fish oil will be compared.

Essential and Long-Chain Polyunsaturated Fatty Acids

In the absence of an exogenous lipid supply, combined with the very limited endog-
enous EFA pool in preterm infants, EFA deficiency can develop as early as on the sec-
ond day of life and may lead to scaly dermatitis, increased susceptibility to infection,
and poor growth. Furthermore, an inadequate exogenous supply of EFAs and/or their
derivative long-chain polyunsaturated fatty acids (LCPUFAs) during the critical pe-
riods of rapid brain and retinal growth may lead to long-term impairment in neuro-
development and visual function [1]. EFA deficiency can be prevented with adminis-
tration of as little as 0.5-1 g parenteral lipids/kg/day.

The LCPUFAs docosahexaenoic acid (DHA) and arachidonic acid (AA) are con-
sidered the most important derivatives of the EFAs a-linolenic acid and linoleic acid
(LA), respectively. To a certain degree, premature infants are capable of de novo syn-
thesis of the LCPUFAs DHA and AA from the precursors a-linolenic acid and LA,
respectively [2]. However, the synthesis rates are insufficient to maintain adequate
plasma and erythrocyte concentrations of these LCPUFAs, indicating that DHA and
AA can be considered conditionally as EFAs for preterm and term infants and should
also be administered [2]. Data from multiple studies in term infants have established
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that an exogenous supply of DHA of at least 0.2-0.3% of total fatty acid intake en-
hances visual acuity and mental and psychomotor development [2]. For preterm in-
fants, an even larger supply might be necessary because they lack a physiologic supply
of preformed DHA after early termination of the materno-fetal transfer of these fatty
acids and because of insufficient endogenous synthesis rates of DHA [2].

Early Lipid Administration

During the first days of life, VLBW infants are dependent on parenteral nutrition.
Since the 1960s, safe commercial parenteral lipid emulsions have been widely used.
These emulsions were developed for use in adults but are also used in children and
infants. Parenteral lipid emulsions are composed of triacylglycerols and phospholip-
ids; the latter serve as emulsifiers. In vivo, the triacylglycerols are partly hydrolyzed,
and free fatty acids are released. The rate of hydrolysis varies according to the type of
triacylglycerol (e.g., the length of the fatty acid, the degree of unsaturation). For ex-
ample, MCTs are hydrolyzed more quickly than long-chain triacylglycerols.

In thelast few decades, research in this field has focused on determining the amount
and composition of parenteral amino acid and lipid solutions that can be adminis-
tered safely to improve outcomes in these VLBW infants. While protein synthesis is
the main determinant of growth, the energy generated by glucose and lipid oxidation
finances the cost of this energy-demanding process. The optimal glucose and lipid
intakes to maximize protein accretion and growth have not yet been determined. The
ESPGHAN Committee on Nutrition recommends the use of parenteral lipid emul-
sions within the first few days of life in preterm infants [3]. Despite these recommen-
dations, initiation of parenteral lipid emulsions is postponed beyond the first few days
in many NICUs due to concerns regarding impaired lipid tolerance, impairment of
oxygenation, and increased oxidative stress, which are associated with major neonatal
morbidities like bronchopulmonary dysplasia [4] and periventricular leukomalacia
[5]. However, meta-analyses [6, 7] and a recent randomized clinical trial [8] have not
shown any association between early lipid initiation and an increased risk of broncho-
pulmonary dysplasia or other pulmonary morbidities, including long-duration respi-
ratory support, long-duration supplemental oxygen, pneumothorax, pulmonary
hemorrhage, and pulmonary interstitial emphysema. Early lipid administration was
also not associated with an increased risk of necrotizing enterocolitis, retinopathy of
prematurity, patent ductus arteriosus, sepsis, intraventricular hemorrhage, or signifi-
cant jaundice. In a recent study, VLBW infants were randomized to receive lipids
from birth onward or no lipids during the first 2 days. In the early lipid group, lipids
were started at 2 g/kg/day and were increased to 3 g/kg/day the following day. Early
lipid administration improved nitrogen balance, thus creating conditions for anabo-
lism and growth [8, 9]. However, the in-hospital growth velocity was not different
between groups. In addition, meta-analyses comparing lipid administration within
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the first days of life with later introduction did not show beneficial effects on growth
during hospital admission [6, 7]. A few-days difference in lipid introduction is prob-
ably too small an interval to result in persistent differences in growth.

Parenteral lipid emulsions provide the EFAs necessary for central nervous devel-
opment. During intrauterine development, more than 80% of brain DHA accumu-
lates between 26 and 40 weeks gestation. As a consequence, all infants born preterm
have low concentrations of brain DHA and are very vulnerable to suboptimal nutri-
tion. Neurodevelopmental outcomes are often hampered in preterm infants. Provid-
ing these vulnerable infants with adequate amounts of EFAs and LCPUFAs from birth
onward might therefore improve neurodevelopment. So far, randomized controlled
trials (RCT's) with long-term follow-up of early lipid administration are lacking. Co-
hort studies have suggested advantages for neurodevelopment and growth and a re-
duction of early morbidity with the early introduction of lipids and/or a higher en-
ergy intake [10-12].

Considering the good tolerance and many theoretical advantages of early lipid ad-
ministration for protein synthesis and anabolism, amino acid tolerance [8, 9], and the
prevention of EFA deficiency, we recommend initiation of lipids within hours after
birth. Long-term follow-up studies should demonstrate whether the use of lipid emul-
sions from birth onward will have long-lasting (positive) effects on growth and neu-
rodevelopment.

Monitoring during Lipid Administration

Clinically, tolerance of lipid administration is generally monitored by biochemical
parameters. However, a specific indicator of lipid intolerance is lacking. Plasma clear-
ance of infused lipid emulsions can be monitored by the assessment of plasma triac-
ylglycerol concentrations, although it is unclear at what concentrations adverse effects
may occur. Preterm infants might be at a higher risk of hypertriacylglycerolemia than
term infants due to their relatively limited muscle and fat mass and, therefore, the de-
creased hydrolytic capacity of the enzyme lipoprotein lipase [3]. The ESPGHAN com-
mittee suggests checking plasma triacylglycerol concentrations with each increase of
1.0 g parenteral lipids/(kg-day) and weekly after the maximal dose is achieved. They
recommend reducing the dosage of parenteral lipid emulsions if the serum triacylg-
lycerol concentration exceeds 250 mg/dl (2.85 mmol/l) [3], while ASPEN recom-
mends discontinuing parenteral lipid administration if the plasma triacylglycerol
concentration exceeds 200 mg/dl (2.26 mmol/l) [13]. Both these recommendations
and the common practice of frequent monitoring of the triacylglycerol concentration
are based on very limited scientific evidence, and there are no scientifically based
guidelines on critical values and subsequent alterations in the infusion rate [14]. In a
recent study on early lipid administration to VLBW infants [8], early lipid adminis-
tration did not result in a higher incidence of hypertriacylglycerolemia (triacylglyc-
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erol concentration >3 mmol/l). Moreover, the occurrence of hypertriacylglycerolemia
was not associated with a higher prevalence of neonatal morbidities such as necrotiz-
ing enterocolitis, sepsis, bronchopulmonary dysplasia, retinopathy of prematurity,
and intraventricular hemorrhage. Future studies, and preferably studies that do not
adjustlipid dosage based on triacylglycerol concentrations, should demonstrate which
triacylglycerol concentration in VLBW infants can be regarded as safe, both in the
short term and in the long term. Until that time, we recommend measurement of the
triacylglycerol concentration within approximately 1-2 days after initiation or adjust-
ment of lipid infusion and lowering, but not stopping, the dosage if plasma concen-
trations are above 3.0 mmol/l (265 mg/dl). We recommend stopping intravenous
lipid administration temporarily at triacylglycerol concentrations higher than 5.0
mmol/l (>440 mg/dl).

Otherssuggestanalyzing the freefattyacid:albuminratio. The free fattyacid:albumin
ratio is an important marker for identifying infants at risk, and especially infants <28
weeks gestational age, for displacement of bilirubin from albumin by free fatty acids.
Free bilirubin can cause kernicterus. However, significant displacement of bilirubin
does not occur until the free fatty acid:albumin molar concentration ratios are great-
er than five, while infusion rates of up to 3.25 g/(kg-day) do not result in ratios over
four [15]. Therefore, it is unlikely that lipid infusion at rates of 3-3.5 g/(kg-day) results
in an increased incidence of hyperbilirubinemia or kernicterus.

Search for the Optimal Composition of Lipid Emulsions

Pure soybean oil-based emulsions, available since the 1960s, are the most often used
lipid emulsions worldwide. However, these emulsions have been linked to increased
pulmonary vascular resistance, impaired pulmonary gas exchange, hyperbilirubine-
mia, parenteral nutrition-associated liver disease (PNALD), enhanced oxidative stress,
and adverse immunologic effects such as increased rates of infection and sepsis [16-
18]. Additionally, the high LA content of pure soybean oil emulsions can induce low
blood concentrations of their bioactive LCPUFA metabolites, and especially eicosa-
pentaenoic acid (EPA) and DHA [16, 17]. EPA is important for immune function,
while DHA plays a crucial role in neurodevelopment. In newer lipid emulsions, soy-
bean oil is partly or completely replaced with MCTs, olive oil, and/or fish oil (table 1).
A meta-analysis comparing purely soybean oil emulsions with multicomponent emul-
sions in preterm infants did not demonstrate a difference in laboratory values, growth
or outcome until discharge home [19]. However, a weak favorable association of non-
purely soybean-based emulsions with the incidence of sepsis (RR: 0.75; 95% CI: 0.56,
1.00) was found. In a recent RCT in VLBW infants [20], administration of a multicom-
ponent emulsion containing soybean oil, MCTs, olive oil, and fish oil compared with
administration of a pure soybean oil emulsion from birth onward prevented a decrease
in the concentrations of DHA and EPA, and these effects remained on day 14, when
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Table 1. Composition of commercially available parenteral lipid emulsions

Lipid emulsion (Manufacturer)

Intralipid Lipoven* Liposyn Lipofundin Structolipid Lipoven-MCT ClinOleic Omegaven Lipoplus* SMOFlipid

(Fresenius (Fresenius Il MCT/LCT (Fresenius  (Fresenius (Baxter) (Fresenius  (B.Braun) (Fresenius
Kabi) Kabi) (Hospira) (B.Braun)  Kabi) Kabi) Kabi) Kabi)
Oil source, %
Soybean 100 100 100 50 64 50 20 40 30
Coconut (MCTs) 50 36 50 50 30
Olive 80 25
Fish 100 10 15
Composition of major fatty acids, wt %
Linoleic acid (18:2n-6) 53 53 53 29 35 27 19 4 24 19
Arachidonic acid
(20:4n-6) - - - 0.2 - - 0.5 2 - 0.5
a-Linolenic acid (18:3n-3) 8 8 8 4 5 4 2 2 3 2
Eicosapentaenoic acid
(20:5n-3) - - - - - - - 19 3 3
Docosahexaenoic acid
(22:6n-3) - - - - - - 0.5 12 2 2

Data provided by manufacturers.
* Lipoven is also known as Lipovenoes.
# Lipoplus is also known as Lipidem.

the majority of infants were already on full enteral feeding (containing less preformed
DHA and EPA). Weight gain during the first weeks of life, bronchopulmonary dyspla-
sia, hypertriacylglycerolemia, hyperglycemia, and death before discharge were not sig-
nificantly different between lipid emulsions. Adding these results to the previously
mentioned meta-analyses improved the power, suggesting that nosocomial infections
are more frequent in infants receiving pure soybean emulsions than in those who re-
ceive other lipid emulsions. Future large-scale RCTs in preterm infants are warranted
to show whether these multicomponent lipid emulsions result in improved long-term
outcomes.

Lipids and Parenteral Nutrition-Associated Liver Disease

As stated before, during their first days of life, preterm infants are dependent on par-
enteral nutrition. However, parenteral nutrition is associated with the development
of PNALD, which ultimately can lead to fatal liver failure.

While the etiology of PNALD is still unknown, the risk factors associated with
PNALD are multifactorial and include immature hepatic function; a lack of enteral
feeding, resulting in fewer cholekinetic triggers; infection; sepsis; toxin exposure; and
nutrient deficiencies [21].

76 Vlaardingerbroek - van Goudoever

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 71-80 (DOI: 10.1159/000365459)



Accumulating evidence suggests that lipid emulsions may be an important con-
tributor to the pathogenesis of PNALD. Studies in infants have shown that increased
lipid loads trigger increased serum bilirubin concentrations [22]. Other studies have
suggested that the phytosterols present in soybean oil are associated with the onset
of cholestasis [23] and that these compounds directly reduce the expression of bile
acid transporters in cultured hepatocytes [23, 24]. Several small non-randomized tri-
als have suggested that switching from soybean oil-based to fish oil-based emulsions
may be effective in the treatment of PNALD. The beneficial effects of the substitution
of soybean oil with fish oil emulsions are likely related to improved bile flow (possi-
bly due to lower phytosterol content), decreased steatosis, and a shift in the eico-
sanoid profile toward a less inflammatory state [25, 26]. Animal and in vitro studies
[27] have suggested that soybean oil emulsions suppress both bile acid production
and hepatocyte export via nuclear receptor-dependent regulation of hepatobiliary
bile acid transporters and enzymes, leading to intrahepatic bile acid accumulation
(fig. 1). Reports of the beneficial effects of fish oil-based emulsions in infants and
children with PNALD are limited to cohort studies, case reports and case series (n =
216) [28]. The use of fish oil decreased concentrations of bilirubin and liver enzymes
and resulted in a reversal of cholestasis in most of these infants and children with
PNALD. However, the effects might have been confounded by the fact that along
with the replacement of soybean oil with fish oil-based lipids, the total daily amount
of lipids was also reduced (to 1 g/(kg-day)). Reduction of the lipid load itself has been
shown to reverse cholestasis [22, 29]. Furthermore, pure soybean oil emulsions con-
tain a much lower a-tocopherol concentration than fish oil emulsions do: the
a-tocopherol content of a pure soybean oil emulsion is 87 umol/l, while a pure fish
oil emulsion and a multicomponent emulsion contain 505 and 500 pmol/l
a-tocopherol, respectively. a-Tocopherol is added to fish oil emulsions to counteract
the possible peroxidation of the higher number of double bonds in the LCPUFAs,
while no a-tocopherol is added to pure soybean oil emulsions by the manufacturers.
Increased serum a-tocopherol concentrations might be associated with the preserva-
tion of liver function, beneficial effects on immune function and clinical outcomes
[30, 31]. Therefore, the low amount of a-tocopherol provided by these lipid emul-
sions might also explain some of the harmful effects of soybean oil emulsions related
to the development of PNALD. Studies with equal a-tocopherol doses in different
solutions or with different doses in similar solutions are thus needed to elucidate this
concept further.

Summary

Studies so far have provided evidence for the beneficial effects of parenteral lipid ad-
ministration from birth onward on anabolism, tolerance, and prevention of EFA de-
ficiency in preterm infants. Withholding adequate amounts of nutrition, even for a
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Fig. 1. Suggested mechanisms of nuclear receptor-dependent regulation of hepatobiliary bile
acid (BA) transporters and enzymes [32]. The central regulator of bile metabolism is bile acid-acti-
vated farnesoid X receptor (FXR). FXR is a direct positive regulator of canalicular bile acid export
via the bile salt export pump (BSEP) and of alternative bile acid export into the systemic circulation
via the organic solute transporter (OSTa/f). In addition, FXR is a direct positive regulator of bile
acid hydroxylation via cytochrome P450 3A29 (CYP3A29). Via the common transcriptional inhibi-
tor small heterodimer partner (SHP), FXR indirectly inhibits basolateral Na+/taurocholate cotrans-
porter (NTCP) bile acid uptake as well as bile acid synthesis via cholesterol 7-hydroxylase (CYP7AT;
classic pathway) and sterol 27-hydroxylase (CYP27A1; alternative pathway). Cholesterol is either
converted into bile acids or transported by ABCG5/G8 into the bile. FXR expression can be down-
regulated by total parenteral nutrition (TPN), and especially by phytosterols (Phyto) in soybean oil
emulsions (IL).

short period of time, might deprive infants of their full developmental potential. Fu-
ture studies should demonstrate if early introduction of high amounts of parenteral
lipids offers beneficial effects on growth and neurodevelopment. Newer lipid emul-
sions that are not purely soybean oil based offer many (theoretical) benefits for main-
tenance of liver integrity, a potentially lower sepsis incidence, and neurodevelop-
ment. Future studies should demonstrate if the use of these newer lipid emulsions
from birth onward will have long-lasting (positive) effects on growth and neurode-
velopment.

78 Vlaardingerbroek - van Goudoever

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 71-80 (DOI: 10.1159/000365459)



References

—

[ S}

w

wu

o)

o

10

Driscoll DF, Bistrian BR, Demmelmair H, Koletzko
B: Pharmaceutical and clinical aspects of parenteral
lipid emulsions in neonatology. Clin Nutr 2008;27:
497-503.

Koletzko B, Lien E, Agostoni C, Bohles H, Campoy
C, Cetin I, Decsi T, Dudenhausen JW, Dupont C,
Forsyth S, Hoesli I, Holzgreve W, Lapillonne A, Pu-
tet G, Secher NJ, Symonds M, Szajewska H, Willatts
P, Uauy R; World Association of Perinatal Medicine
Dietary Guidelines Working Group: The roles of
long-chain polyunsaturated fatty acids in pregnancy,
lactation and infancy: review of current knowledge
and consensus recommendations. ] Perinat Med
2008;36:5-14.

Koletzko B, Goulet O, Hunt J, Krohn K, Shamir R: 1.
Guidelines on Paediatric Parenteral Nutrition of the
European Society of Paediatric Gastroenterology,
Hepatology and Nutrition (ESPGHAN) and the
European Society for Clinical Nutrition and Metab-
olism (ESPEN), Supported by the European Society
of Paediatric Research (ESPR). J Pediatr Gastroen-
terol Nutr 2005;41(suppl 2):S1-S87.

Cooke RW: Factors associated with chronic lung dis-
ease in preterm infants. Arch Dis Child 1991;66(7
Spec No):776-779.

Saugstad OD: The oxygen radical disease in neona-
tology. Indian J Pediatr 1989;56:585-593.
Vlaardingerbroek H, Veldhorst MA, Spronk S, van
den Akker CH, van Goudoever JB: Parenteral lipid
administration to very-low-birth-weight infants—
early introduction of lipids and use of new lipid
emulsions: a systematic review and meta-analysis.
Am J Clin Nutr 2012;96:255-268.

Simmer K, Rao SC: Early introduction of lipids to
parenterally-fed preterm infants. Cochrane Data-
base Syst Rev 2005;(2):CD005256.
Vlaardingerbroek H, Vermeulen M], Rook D, van
den Akker CH, Dorst K, Wattimena JL, Vermes A,
Schierbeek H, van Goudoever JB: Safety and efficacy
of early parenteral lipid and high-dose amino acid
administration to very low birth weight infants. J Pe-
diatr 2013;163:638-644.e1-e5.

Vlaardingerbroek H, Roelants JA, Rook D, et al:
Adaptive regulation of amino acid metabolism on
early parenteral lipid and high-dose amino acid ad-
ministration in VLBW infants - a randomized, con-
trolled trial. Clin Nutr 2014; in press.

Ehrenkranz RA, Das A, Wrage LA, Poindexter BB,
Higgins RD, Stoll BJ, Oh W; Eunice Kennedy Shriver
National Institute of Child Health and Human De-
velopment Neonatal Research Network: Early nutri-
tion mediates the influence of severity of illness on
extremely LBW infants. Pediatr Res 2011;69:522—-
529.

Intravenous Lipids in Preterm Infants

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.

11

12

13

14

15

16

17

18

19

20

21

22

dit Trolli SE, Kermorvant-Duchemin E, Huon C,
Bremond-Gignac D, Lapillonne A: Early lipid supply
and neurological development at one year in very
low birth weight (VLBW) preterm infants. Early
Hum Dev 2012;88(suppl 1):S25-529.

Stephens BE, Walden RV, Gargus RA, Tucker R,
McKinley L, Mance M, Nye ], Vohr BR: First-week
protein and energy intakes are associated with
18-month developmental outcomes in extremely
low birth weight infants. Pediatrics 2009;123:1337—
1343.

ASPEN Board of Directors and the Clinical Guide-
lines Task Force: Guidelines for the use of parenteral
and enteral nutrition in adult and pediatric patients.
JPEN J Parenter Enteral Nutr 2002;26(1 suppl):1SA—
138SA.

Neu J: Is it time to stop starving premature infants? ]
Perinatol 2009;29:399-400.

Hammerman C, Aramburo MJ: Decreased lipid in-
take reduces morbidity in sick premature neonates. J
Pediatr 1988;113:1083-1088.

Calder PC, Jensen GL, Koletzko BV, Singer P, Want-
en GJ: Lipid emulsions in parenteral nutrition of in-
tensive care patients: current thinking and future di-
rections. Intensive Care Med 2010;36:735-749.
Krohn K, Koletzko B: Parenteral lipid emulsions in
paediatrics. Curr Opin Clin Nutr Metab Care 2006;
9:319-323.

Koletzko B, Goulet O: Fish oil containing intrave-
nous lipid emulsions in parenteral nutrition-associ-
ated cholestatic liver disease. Curr Opin Clin Nutr
Metab Care 2010;13:321-326.

Vlaardingerbroek H, Veldhorst MA, Spronk S, van
den Akker CH, van Goudoever JB: Parenteral lipid
administration to very-low-birth-weight infants—
early introduction of lipids and use of new lipid
emulsions: a systematic review and meta-analysis.
Am ] Clin Nutr 2012;96:255-268.

Vlaardingerbroek H, Vermeulen MJ, Carnielli V,
Vaz FM, Van den Akker CH, Van Goudoever JB:
Growth and fatty acid profiles of VLBW infants re-
ceiving a multicomponent lipid emulsion from birth
onwards. ] Pediatr Gastroenterol Nutr 2014;58:417-
427.

Carter BA, Shulman RJ: Mechanisms of disease: up-
date on the molecular etiology and fundamentals of
parenteral nutrition associated cholestasis. Nat Clin
Pract Gastroenterol Hepatol 2007;4:277-287.
Colomb V, Jobert-Giraud A, Lacaille F, Goulet O,
Fournet JC, Ricour C: Role of lipid emulsions in cho-
lestasis associated with long-term parenteral nutri-
tion in children. JPEN ] Parenter Enteral Nutr 2000;
24:345-350.

79

World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 71-80 (DOI: 10.1159/000365459)



23 Clayton PT, Bowron A, Mills KA, Massoud A,
Casteels M, Milla PJ: Phytosterolemia in children
with parenteral nutrition-associated cholestatic liver
disease. Gastroenterology 1993;105:1806-1813.

24 Carter BA, Taylor OA, Prendergast DR, Zimmer-
man TL, Von Furstenberg R, Moore DD, Karpen SJ:
Stigmasterol, a soy lipid-derived phytosterol, is an
antagonist of the bile acid nuclear receptor FXR. Pe-
diatr Res 2007;62:301-306.

25 Diamond IR, Sterescu A, Pencharz PB, Wales PW:
The rationale for the use of parenteral omega-3 lipids
in children with short bowel syndrome and liver dis-
ease. Pediatr Surg Int 2008;24:773-778.

26 de Meijer VE, Gura KM, Le HD, Meisel JA, Puder M:
Fish oil-based lipid emulsions prevent and reverse
parenteral nutrition-associated liver disease: the
Boston experience. JPEN J Parenter Enteral Nutr
2009;33:541-547.

27 Vlaardingerbroek H, Ng K, Stoll B, et al: New gen-
eration lipid emulsions prevent PNALD in chronic
parenterally-fed preterm pigs. ] Lipid Res 2014;55:
466-477.

Johannes B. van Goudoever

Emma Children’s Hospital - AMC

c/o Room H7-282, PO Box 22660

NL-1100 DD Amsterdam (The Netherlands)
E-Mail h.vangoudoever@amc.uva.nl

80

28

29

30

31

32

Park KT, Nespor C, Kerner J Jr: The use of Omega-
ven in treating parenteral nutrition-associated liver
disease. ] Perinatol 2011;31(suppl 1):S57-S60.
Cober MP, Teitelbaum DH: Prevention of parenter-
al nutrition-associated liver disease: lipid minimiza-
tion. Curr Opin Organ Transplant 2010;15:330-333.
Antebi H, Mansoor O, Ferrier C, Tetegan M, Mor-
van C, Rangaraj ], Alcindor LG: Liver function and
plasma antioxidant status in intensive care unit pa-
tients requiring total parenteral nutrition: compari-
son of 2 fat emulsions. JPEN | Parenter Enteral Nutr
2004;28:142-148.

Grimm H, Mertes N, Goeters C, Schlotzer E, Mayer
K, Grimminger F, Furst P: Improved fatty acid and
leukotriene pattern with a novel lipid emulsion in
surgical patients. Eur ] Nutr 2006;45:55-60.
Vlaardingerbroek H: Content Matters — Quantity
and Quality of Parenteral Nutrition for Preterm In-
fants; thesis. Erasmus Universiteit Rotterdam, Rot-
terdam, 2013.

Vlaardingerbroek - van Goudoever

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 71-80 (DOI: 10.1159/000365459)



Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 81-89 (DOI: 10.1159/000365493)

Intravenous Lipid Emulsions in Term
Infants: Impact on Laboratory and Clinical
Outcomes and Long-Term Consequences

Corina Hartman®® « Raanan Shamir®

2The Institute of Gastroenterology, Nutrition and Liver Disease, Schneider Children’s Medical Center of Israel,
Clalit Health Services, Petah Tikva, and ®Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

Abstract

Parenteral nutrition (PN) in term newborns and older infants is often required for nutritional support
for temporary or permanent intestinal failure from any reason. Lipid emulsions (LEs) are an essential
source of high-density energy, essential fatty acids, and fat-soluble vitamins. Depending on the fat-
ty acid type, LEs may also have significantimmunomodulatory effects. All LEs, starting with soybean
oil-based LE and subsequently with medium-chain triglycerides-, olive oil- and fish oil-based LEs,
have been investigated in newborns and infants. Laboratory data (mainly liver enzymes, plasma
lipid profiles and some metabolic markers) have been investigated for some LEs. The outcome of
intestinal failure-associated liver disease after switching to new fish oil-based LEs has been sporadi-
cally reported. Long-term outcome data have only looked at the relationship between PN and mor-
tality/morbidity, especially liver disease, and a few studies have looked at growth. There are no con-
trolled studies in this age group that investigated the relationship between different types of LEs
and long-term outcomes. In spite of their contribution to understanding the use and indications of
various LEs as well as their advantages and adverse effects, most studies in newborns and infants
have been observational or retrospective, and the investigated population has been heterogeneous,
either in terms of the degree of maturation, age or diagnoses. High-quality studies, preferably ran-
domized and controlled, in this particular population are needed, especially with the widespread use
of PN and the emergence of new LEs. ©2015 S. Karger AG, Basel

Introduction

The main indication for parenteral nutrition (PN) in the pediatric population is
the inability to tolerate adequate oral or enteral feedings to sustain nutritional
requirements.



Lipid emulsions (LEs) are an essential component of PN solutions and are a source
of high-density energy, essential fatty acids (EFAs), and fat-soluble vitamins. In addi-
tion to their nutritional role, the fatty acid (FA) profile of lipids provided by the par-
enteral route influences the FA composition of plasma lipoproteins and cell mem-
branes, making them important bioactive compounds.

The first LEs for neonates and older infants were soybean oil-based emulsions.
Subsequent LEs were developed as combinations of soybean oil (rich in the w-6 FA
linoleic acid) with other oil sources, including coconut oil (rich in medium-chain tri-
glycerides, MCTs), olive oil (rich in the w-9 monounsaturated FA oleic acid) and fish
oil (rich in w-3 FAs). This article reviews the available data from studies on LEs in
newborns and infants but not premature infants, who are discussed elsewhere. This
task was sometimes difficult, as many studies included a mixed population of preterm
and full-term infants and older children. The review focuses on studies that have con-
tributed to improve the knowledge on the use of PN and LEs in several areas of infant
nutrition and care.

The Effect of Lipid Emulsions on Substrate Utilization and Protein Sparing

The major goal of PN in neonates and older infants is to provide adequate energy and
nutrients and to preserve normal growth and body composition, ideally similar to that
of a healthy, breastfed infant. Many authors have investigated the role of the source
of infused calories (glucose, fat, or amino acids) and the ideal proportion of carbohy-
drate, fat, and protein in the PN that provides the optimal nitrogen-sparing effect. The
administration of LEs has the potential to eliminate many of the problems associated
with high-glucose infusion, such as high osmolarity, hyperglycemia, and hypercapnia.
Studies in both adults and infants have indicated that combined infusion of glucose
and lipids might confer a metabolic advantage over a glucose infusion alone, as it low-
ers the metabolic rate and increases the efficiency of energy utilization.

Bresson et al. [1] showed a significant difference in the pattern of energy-substrate
utilization according to PN regime. Seven newborn infants were studied during iso-
caloric and isonitrogenous PN infusions with different sources of calories (glucose
only or a mixture of 50% energy as glucose and 50% as fat). Protein turnover (11.3 +
0.7 vs. 9.8 + 0.4 g/kg/day; p < 0.05), protein breakdown (8.4 £ 0.6 vs. 7.1 + 0.4 g/kg/
day; p < 0.05), and amino acid oxidation rates (2.7 £ 0.4 vs. 1.4 + 0.5 g/kg/day; p <
0.05) were higher for the glucose than the glucose-lipid treatment, whereas protein
synthesis rates did not differ significantly, suggesting that the nature of the energy
substrates delivered to parenterally fed infants might affect protein metabolism [1].

Provision of non-protein energy as a mixture of glucose and fat, with 18% (group
A), 29% (group B), and 40% fat (group C), showed that glucose oxidation increased
with increasing total glucose intake (p < 0.05). Maximal glucose oxidation occurred
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in group A (11.2 g/kg/day), while maximal fat oxidation was observed in group C
(2 g/kg/day), suggesting better fat utilization with higher fat delivery [2].

Earlier studies mainly investigated the effects of pure soybean oil-based LEs on
nitrogen economy. The long-chain triglycerides (LCTs) from soybean oil have,
however, been reported to be metabolized slowly, particularly by infants suffering
from sepsis and by patients in intensive care units. MCTs have been suggested as an
alternative energy source, as they offer the advantage of being more rapidly utilized
and are not stored in adipose tissue to any appreciable extent. The effects of MCT's
on intravenous fat utilization during PN in stable surgical newborn infants showed
that, compared to LCT-based LEs, the net fat oxidation and metabolic rate were not
increased. There were no significant differences between the MCT/LCT admixture
and LCT groups with regard to various indices of liver function or serum triglycer-
ides [3].

Protein retention significantly correlates with protein intake, total energy intake,
and energy storage. Therefore, greater protein retention can be obtained by increasing
either protein or energy intake. The majority of data indicate that both nutrients (glu-
cose or lipids at a wide variety of ratios) induce similar nitrogen retention in intrave-
nously fed full-term infants when the delivered energy is maintained in the range of
70-90 kcal/kg/day and when protein intake is at 2.5-3 g/kg/day. Newer LEs may per-
form better in terms of energy utilization and protein sparing, as illustrated by the
studies with MCT-based LEs, but other types of newer LEs have not been studied in
this respect in infants.

The Effect of Lipid Emulsions on Laboratory and Clinical Outcomes

The biochemical parameters, safety, and short-term clinical outcomes were the earli-
est and most frequently reported outcomes. Several hazardous effects of LE infusion
in newborn infants have been reported. However, serious adverse reactions are com-
paratively rare. A decrease in pulmonary diffusing capacity has been reported in
adults and pulmonary fat embolism in infants. Hyperlipidemia following LE infusion
may displace bilirubin from albumin-binding sites and may increase the risk of ker-
nicterus in jaundiced newborns. Further potential hazards are related to the unknown
fate of phytosterols, which may accumulate with long-term infusions, altered prosta-
glandin synthesis rate and turnover, deposition of lipid material in macrophages and
alteration in immune function [4]. These complications are not always related to the
serum levels of triglycerides, as none of these complications have been correlated with
the newborn’s capacity to utilize exogenous fat.

Plasma Lipids
The effects of LEs on plasma triglycerides have been among the most studied bio-
chemical outcomes. Compared to 10% LEs, 20% LCT-based LEs induced a lesser de-
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gree of hyperlipidemia in infants but resulted in comparable biochemistry values and
weight gain [5].

During the 1980s, studies in adults suggested that the addition of MCTs to intra-
venous LEs might have additional benefits over the administration of LCT's alone in
terms of increased clearance capacity and fat oxidation. Studies that compared MCT/
LCT LEs with LCTs in a mixed population of newborns (preterm and full-term)
showed that plasma triglycerides were not different between the two groups. Even
though both emulsions showed similar tolerance, infants who received MCT/LCT
had significantly lower mean total plasma cholesterol levels than those who received
LCTs [6].

Plasma-free FAs and serum triglyceride levels after 5 days of PN in 78 neonates
(gestational age of 26-41 weeks) supplemented with either 100% LCT- or olive oil-
based LEs were not elevated compared to baseline and were within the normal range,
suggesting adequate plasma clearance of lipid for infants receiving either of the two
emulsions [7]. Other studies in children have reported a significant treatment effect
for total cholesterol, which was lower in the olive-oil group than in the soybean-oil or
MCT/LCT groups [8].

Enteral supplementation with fish-oil decreased plasma triglycerides and VLDL
and increased the plasma HDL concentration in adults [9]. Ten PN-dependent chil-
dren who received exclusively fish oil-based LE for a median duration of 14 weeks
showed 24% increase in their HDL concentration. Compared to baseline, the levels of
serum LDL, VLDL, total cholesterol, and triglyceride were significantly decreased by
22%, 41%, 17%, and 46%, respectively, suggesting that parenteral fish oil may be the
preferred lipid source of children who have dyslipidemia while on PN [10].

In summary, the use of PN with conventional soybean oil-based LEs has been as-
sociated with an unfavorable atherogenic change in lipid profiles that includes hyper-
triglyceridemia, but also hypercholesterolemia, lower levels of HDL, and elevated
LDL. Alternative LEs may generate more favorable lipid profiles but require further
investigation.

Hepatic Complications

Abnormalities in liver function have been reported in patients receiving PN both with
and without fat [11, 12]. Oshita et al. investigated the effects of a fat-free PN in rat
pups [13]. After 4 days of isocaloric PN, aspartate transaminase, alanine transami-
nase, total and direct bilirubin, and gamma-glutamyl transpeptidase were significant-
ly higher in the 0% fat group compared with the group receiving total PN containing
20 or 40% fat from a soybean oil emulsion. The relationship between cholestasis and
LEs has been described in both adults and children [14, 15]. The mechanism is specu-
lative, but suggestions include excess w-6 polyunsaturated FA and the associated ac-
cumulation of hepatic phospholipids and/or phytosterols, excessive peroxidation and
production of pro-inflammatory cytokines. Most studies in children have evaluated a
mixed population of preterm and full-term infants with different conditions. These
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studies suggest that lipid dosage and type are both implicated in the pathogenesis of
intestinal failure-associated liver disease (IFALD). It is not surprising, therefore, that
manipulation of lipid dosages or switching between different lipids types have been
among the most frequent strategies used when faced with developing liver dysfunc-
tion in children on PN.

Lipid restriction has been evaluated in several studies in different age groups with
conflicting results. In the only prospective randomized controlled trial (RCT), 28
post-surgical full-term and premature infants received PN for an average of 5.4 weeks.
The elevations of direct bilirubin (p = 0.04) and total bile acids (p = 0.02) were small-
er, and the markers of cholestasis rose at a slower rate when LCT LE was restricted
(1.0 g/kg/day) compared with the standard infusion rate (3 g/kg/day) [16]. Addition-
al outcomes, including liver enzymes, alkaline phosphatase, and EFA levels, were not
different between the restricted and standard groups. The weight z-score increased
more in the standard group, and no patient experienced EFA deficiency.

Lipid restriction is not without risk and is not acceptable as a preventive strategy,
especially in the newborn or in low-birth-weight infants. Growth delay, effects on
neurodevelopment and the risk of EFA deficiency are serious concerns and have been
reported in the setting of lipid minimization strategy. Further evidence is needed re-
garding the use of any LE at a lipid dose of less than 1 g/kg daily during a prolonged
period in infants.

Reduction of the content of LCT-based LEs by switching to different LEs or using
a fish oil-based LE as the exclusive lipid supply or in combination have been used as
alternative strategies in children with IFALD.

Sochaetal. [17] studied the effects of parenteral LEs with LCT or a mixture of LCT/
MCT on serum bilirubin and lipid metabolism in 9 cholestatic infants aged 2-8
months of age (mean age 4.2 months). There was a significant decrease in direct bili-
rubin from 7.9 + 1.7 to 6.6 + 1.6 mg/dl (p < 0.05) with the LCT infusion, but no sig-
nificant changes in the direct bilirubin concentration was observed during MCT/LCT
infusion (8.0 £ 1.9 vs. 8.0 = 2.1 mg/dl (baseline vs. 6 h thereafter). The authors specu-
lated that these effects were the result of polyunsaturated FA deficiency (particularly
low docosahexaenoic acid) and lower lipid-soluble vitamins A and E, which were
present in the group of children with severe liver disease [17].

Observational or retrospective studies with historical controls have shown the res-
olution of cholestasis in children, mainly preterm infants, who were switched from
conventional LCT LEs (2-3 g/kg/day) to exclusive fish oil-based LE (Omegaven, Fre-
senius Kabi) (1 g/kg/day) [18]. Other reports on the use of Omegaven to treat pediat-
ric IFALD are limited to small case series or single-patient reports with outcomes
similar to those initially reported.

SMOFlipid (Fresenius Kabi) is a mixed LE that contains soybean oil (30%), MCTs
(30%), olive oil (25%), and fish oil (15%). The experience with this new LE is cur-
rently limited to 5 RCTs [19-23] and 3 prospective cohort studies [24-26] in prema-
ture and low-birth-weight infants (n = 6), children with heart disease (n = 1) and in-
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testinal failure on home PN (n = 1). In young children, fish oil-based LEs resulted in
improvement in some biochemical indicators of liver disease [27].

When evaluating the existing literature regarding both w-3 LEs and lipid minimi-
zation, it is critical to recognize that, except for the study of Rollins et al. [16], all avail-
able studies in children with cholestasis were not controlled trials and therefore were
subject to confounding and bias. Most notably, it is unclear as to whether the benefi-
cial impact of w-3 lipids relates solely to a change in lipid source or is also related to
decreased lipid dosing, as Omegaven is typically given at a maximum of 1 g/kg/day.
Furthermore, it has been pointed out that more than 80% of infants have good chanc-
es of being weaned off PN without apparent hepatic sequelae, raising the questions of
which strategy should be selected and when and to whom it should be given [28].

Furthermore, the use of fish oil-based LEs as an exclusive lipid supply carries the
risk of down regulation of the arachidonic acid pathway, which may result in growth
suppression, immunosuppression, anemia and abnormalities in hemostasis. In spite
of the low content of linoleic acid that is present in Omegaven (0.1-0.7% linoleic acid),
its short-term use was not associated with EFA deficiency [29]. Another theoretical
concern regarding fish oil-based LEs is increased hepatic fibrosis, as demonstrated in
arabbit model of IFALD [30]. Soden et al. [31] demonstrated progressive fibrosis with
Omegaven use despite biochemical normalization. The impact of alternative LEs to
neuro-cognitive development, neuronal maturation, or cellular membrane composi-
tion in seriously ill neonates and infants is not known, and future studies will need to
address these concerns.

The preliminary results from an RCT designed to assess the safety and efficacy of
a fish oil-based LE vs. soybean oil-based LE (both supplied at 1 g/kg/day) in reducing
the incidence of cholestasis in neonates (mean gestational age of 36 weeks and mean
birth weight 2,410 g) showed a lower than expected incidence of cholestasis, which
resulted in early termination of the study due to the inability to assess differences in
the incidence of cholestasis [32].

Long-Term Outcomes

Colomb et al. [33] published the follow-up of the largest cohort of children on home
PN. The probabilities of survival at 2, 5, and 10 years were 97%, 89%, and 81%, respec-
tively. The probability of survival was significantly influenced by age when PN was
started, the underlying disease and the presence of IFALD. The impact of the type or
dose of LE was not investigated.

Nutritional status and growth in children on PN have been reported by several
studies [34-36]. Poor growth, metabolic bone disease and increased fracture rate were
reported by these studies. No associations with PN content or LEs were investigated.

Calkins et al. [37] reported the long-term outcome of two children who received
exclusive fish oil-based LEs and achieved biochemical resolution of IFALD/cholesta-
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sis. The cases revealed two points: (1) after resolution of cholestasis, liver disease did
not re-occur after resuming PN with soybean oil-based LE, and (2) in spite of pro-
longed use of a fish oil-based LE only, for 10 months, without much enteral support,
the described children did not develop EFA deficiency. Normalization of liver en-
zymes or bilirubin, however, does not necessarily mean resolution of liver fibrosis, and
progression to cirrhosis has been described after the ‘resolution’ of cholestasis [31].

Early reports from studies on fish oil-based LEs used outcomes based on clinical
presentation and biochemical markers of cholestasis (AST, ALT, total bilirubin, and
direct bilirubin) and were not based on liver biopsy results. Investigators from Boston
have now reported 83 biopsy results of 66 children [38]. Of the 83 biopsies, 74 dem-
onstrated fibrosis, and 8 of these also demonstrated cirrhosis. Forty-one of the 74 fi-
brotic biopsies (55%) were obtained in patients without biochemical evidence of cho-
lestasis. Seventy percent of these patients were treated with fish oil-based LEs during
their clinical course.

The most extensive study on home PN outcome to date, which was published in
2012, was a European prospective survey that included 25 studies in children [39]. No
relationship between the type of lipids and long-term outcomes such as morbidity,
mortality, PN dependence or other outcomes (bone disease, growth and develop-
ment) in children were found.

Summary

In summary, the innovations and technologies concerning new LEs have much ad-
vanced the scientific knowledge, either experimentally (in vitro and animal studies)
or clinically. We have new and improved LEs. However, the currently available clini-
cal data on the use of new LEs are either contradictory (in adults) or of poor quality
(in children), especially in newborns and older infants. The combined efforts of sci-
entists and industry should target the appropriate populations, and the relevant ques-
tions should be asked in well controlled preferably randomized studies designed to
achieve the proposed objectives.
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Abstract
Intestinal failure (IF) is caused by the critical reduction of functional gut mass below the minimal
amount necessary for adequate digestion and absorption to satisfy body nutrient and fluid require-
ments for maintenance in adults and growth in children. The advent of parenteral nutrition (PN) re-
sulted in a dramatic improvement in life expectancy of patients suffering IF, but it has its own com-
plications, such as catheter related sepsis. In pediatric patients suffering IF, intraluminal intestinal
bacterial overgrowth may cause bacterial translocation and subsequent cholestasis and liver fibrosis.
With our current understanding of the genesis of intestinal failure associated liver disease (IFALD), it
should be prevented or at least early recognized and treated especially in patients experiencing pre-
maturity and/or sepsis. Targeting harmful cytokine responses can be expected to reduce the severity
and frequency of IFALD. In that view, prevention of sepsis, appropriate management of enteral feed-
ing, prevention and treatment of intestinal bacterial overgrowth and the effects of fish oil, as provid-
ing omega-3 fatty with anti-inflammatory effects, are promising in avoiding or reversing cholestasis.
This chapter aims to review both IF and PN related factors of liver disease with special emphasize on
inflammation as cause of liver injury and on the use of fish oil based lipid emulsions as a provision of
both alpha-tocopherol (200 g/l of 20% emulsion), as anti-oxidant agent and long-chain PUFAs.

© 2015 S. Karger AG, Basel

Introduction

‘Intestinal failure’ (IF) is caused by the critical reduction of functional gut mass below
the minimal amount necessary for adequate digestion and absorption to satisfy body
nutrient and fluid requirements for maintenance in adults and growth in children [1].
The advent of parenteral nutrition (PN) resulted in a dramatic improvement in the
life expectancy of patients suffering from IF, especially for situations of IF occurring
in the neonatal period [1]. IF is related to a variety of primary digestive diseases and



may be total or partial and permanent or provisional, depending on the cause. PN has
improved the outcome after neonatal surgery for congenital abnormalities of the GI
tract, including subsequent short bowel syndrome (SBS) or severe motility disorders
such as extensive aganglionosis or chronic intestinal pseudo-obstruction [2, 3]. More-
over, PN has made the emergence and diagnosis of rare congenital digestive diseases
possible, especially those involving the development of the intestinal mucosa [4].

Due to technical refinements and steady advances in the development of highly so-
phisticated nutrient solutions consisting of optimal combinations of macronutrients
and micronutrients, PN has become a safe feeding technique and continues to play an
important role in patient management. However, some complications, such as cathe-
ter-related sepsis (CRS) and liver disease (LD), continue at high incidence, particu-
larly in neonates and infants during even a short course of PN [5-7]. Moreover, IF that
requires long-term PN may be associated with various complications, including ve-
nous thrombosis, growth failure, metabolic disorders, and bone disease. Cholestatic
liver disease (CLD) with the risk of fatal outcome from end-stage liver cirrhosis was
rapidlyidentified as one of the limiting factors of long-term IF management and might
lead to the so called ‘nutritional failure’, which is considered a major indication for
intestinal transplantation (ITx) or combined liver-intestine transplantation [3].

When assessing CLD, factors related to IF itself, those related to septic complica-
tions and PN-related factors should always be considered separately. This makes
wording very controversial when considering CLD that occurs during PN in children
suffering IF that is complicated by sepsis. There is no doubt that CLD is multifacto-
rial. The term ‘TF-associated liver disease’ (IFALD) seems more adapted than the term
‘parenteral nutrition-associated liver disease’ [8, 9]. In the past, PN itself was thought
to be the main cause of LD in relation to inappropriate intake of amino acid solutions,
deficiency in macro- and micronutrients or overload with potentially toxic compo-
nents such as aluminium, iron or manganese [10-13]. Extensive literature, including
reviews and textbook chapters, has extensively listed the hypothetical factors of the
so-called ‘parenteral nutrition-associated liver disease’ [14, 15]. Today, PN mixtures
may be considered as very safe if they are delivered appropriately according to guide-
lines [16]. Interestingly, clinical data on infants with SBS focused on intravenous lip-
id emulsions (ILEs) as an important factor of CLD [17], and this will be discussed in
this chapter. It is important to note that children demonstrate predominant cholesta-
sis and more rapid progression to fibrosis and end-stage LD, while steatosis is the
principal lesion in adults. In patients with SBS, liver dysfunction impairs the intestinal
adaptation process, which results in an even more prolonged need for PN. A series of
paediatric patients with SBS who required isolated liver grafts for SBS with the poten-
tial for adaptation, were reported [18, 19].

Thus, both treatment and prevention of IFALD have the possibility to significant-
ly reduce the need for liver transplantation that is either isolated or combined with
the intestine and may enhance the outcome of children with SBS. It is crucial to rec-
ognise patients who are at risk for developing LD early on [20-23]. In the scope of this
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chapter, I will deal with the setting of long-lasting partial or total IF requiring long-
term PN. However, some situations, such as prematurity, are not primarily related to
IF and/or digestive disease, making analysis and recommendations sometimes diffi-
cult for this age group. Indeed, what might be true for infants and children should be
nuanced and adapted for premature babies. Most of the data that will be reviewed in
this chapter involve infants and children.

Definition and Pathological Expression of Liver Disease

IFALD may appear at any stage of IF management and is defined clinically or biologi-
cally. However the diagnostic criteria for IFALD remain debated. The onset of clinical
jaundice in a child within a few weeks after starting PN or during the course of long-
term PN has been proposed, and this is a late-onset criterion compared to biological
changes. Clinical jaundice represents a major disturbance of liver function and occurs
after protracted and serious effects on hepatic structure and function have occurred.
One of the earliest indications of IFALD is an elevation in alkaline phosphatase or gam-
ma glutamyl transferase within 7-14 days of starting PN. Increased plasma levels of
transaminases are commonly observed at the onset of PN, especially in neonates and
intensive care unit (ICU) patients, and elevation of these levels to greater than 1.5 times
the upper limit of the reference range for at least 2 weeks in the absence of another cause
(e.g. drug-induced disease, viral hepatitis, biliary obstruction, metabolic disorder) may
be relevant [14, 15]. The hepatic transaminases become elevated to a lesser degree after
2-4 weeks, and thereafter, the liver function tests may stabilise to within the normal
range unless an event such as surgery or a catheter infection occurs. The next significant
alteration in liver biochemistry is a rise in the conjugated bilirubin concentration. Ele-
vated plasma bilirubin over 50, 70, 100 and 200 pmol/I (equivalent to 3, 4, 6, and 12 mg/
dl) is recognised as the criterion for defining IFALD with good sensitivity and specific-
ity. Finally, the most relevant assessment is based on liver biopsy (LB), which is not per-
formed routinely. There is no current recommendation for performing systematic LB,
except when small bowel transplantation is discussed. Histopathological expression of
LD includes steatosis, cholestasis and fibrosis with various degrees of portal inflamma-
tion. In some cases of severe, worsening cholestasis and progressive biliary cirrhosis
together with portal hypertension and its complications, LB is no longer necessary.

Hepatic Steatosis

It is the fatty infiltration of hepatocytes as the consequence of excess calories (>8-12
mg/kg per day of glucose) that causes hepatic accumulation of lipids. Excess paren-
teral carbohydrate calories may be converted to triglycerides by stimulating insulin
release or by lipogenesis and the synthesis of acylglycerol from glucose. Hepatic ste-
atosis may appear early after starting total parenteral nutrition (TPN), but it is revers-
ible after calories are reduced [15]. Steatosis may also be related to excess lipid infu-
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Table 1. Liver disease-related factors

Patient and intestinal failure-related factors

Prematurity and low birth weight

Lack of enteral feeding
Total parenteral nutrition

Disruption of entero-hepatic biliary acid cycle
Proximal stoma, ileal resection

Intestinal stasis and bacterial overgrowth
Obstruction, dysmotility, lack of ileo-caecal valve

Parenteral nutrition-related factors
Duration of parenteral nutrition
Recurrent catheter-related sepsis
Unadapted protein energy delivery
Excessive or unadapted amino acid intake
Continuous versus cyclic infusion
Excessive glucose intake
Inappropriate use of lipid emulsion
Phytosterols
Lipoperoxidation
Excess omega-6 fatty acids
Essential fatty acid deficiency
Potential toxic components of parenteral nutrition
Iron
Aluminium
Chromium
Manganese
Deficiencies
Taurine
Chlorine

sion as well as deficiencies of essential fatty acids (FAs), choline, taurine, or glutathi-
one [24, 25]. Photo-oxidation of parenteral vitamins may cause hepatic steatosis, as
shown in pigs [26]. Hepatic steatosis is more common in adults and may develop
without evidence of inflammation, cholestasis, or hepatocyte necrosis [15].

Cholestasis and Fibrosis

The development of cholestasis is related to a number of factors (table 1) that will be
reviewed below. The histopathological changes of IFALD present a spectrum from
hepatic steatosis to biliary cirrhosis. Infants are more likely to present with centrilob-
ular cholestasis, portal inflammation, and necrosis with or without steatosis. Infants
and children referred for combined liver and ITx provided insights in the expression
of IFALD, including portal fibrosis, pericellular fibrosis, and bile ductular prolifera-
tion (in most children). Pigmented Kupffer cells and portal bridging are also very
common features. Interestingly, cholestasis is not always present. Biliary cirrhosis is
a late development that may be associated with death within 6 months [27, 28]. The
Metavir classification is generally used for assessing fibrosis [29].
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As reversal of cholestasis is increasingly reported, the question regarding the cor-
relation between biological cholestasis and histopathological changes is debatable
[30-34]. A retrospective study aimed to determine the frequency of biochemical cho-
lestasis (direct bilirubin >2 mg/dl) in SBS infants with biopsy-proven LD and to define
predictive factors for the occurrence and degree of hepatic fibrosis [34]. Sixty-six in-
fants with exposure to PN (>30 days) [necrotising enterocolitis (NEC) (36.4%), gas-
troschisis (22.7%), and intestinal atresia (15.1%)] were included as having undergone
a LB. The biopsy specimens were graded from 0 to 3 based upon the degree of fibrosis
in the pathology report from 83 LB procedures, and the most recent direct bilirubin
results, within 10 days before biopsy, were recorded. The median age at biopsy was
6.1 months, with a median duration of PN of 4.7 months. Of the patients, 70.3% had
a history of exposure to parenteral omega-3 lipid emulsion. Of the LB specimens, 89%
(74/83) demonstrated some degree of fibrosis (fibrosis scale 1-3), including 9.6%
(8/83) with evidence of cirrhosis. Importantly, 83% of biopsies without fibrosis and
55% of biopsies with fibrosis were obtained from patients without evidence of bio-
chemical cholestasis (p = 0.02). Three (37%) of the 8 patients with cirrhosis, as shown
by LB, had no evidence of biochemical cholestasis. These data support that biochem-
ical cholestasis does not reflect the presence or degree of histologically confirmed
liver fibrosis.

Incidence and Prevalence of Liver Disease

The real incidence and prevalence of LD are unknown because, as mentioned before,
the clinical and biological definitions of ‘LD’ are unclear. Only few studies report
large, single-centre cohorts involving infants and children on long-term PN [35-38].
In addition, patients as well as management differ between studies, and LD is as-
sessed using different criteria. The unique consensus does regard the definition of
end-stage LD as with cirrhosis and requiring liver transplantation. Using a bilirubin
level of 50 pmol/I as a definition, up to 30-67% of infants aged less than 12 months
develop IFALD [35, 36]. It has been consistently reported that around 50% of chil-
dren on PN for 4-12 weeks have cholestasis [35, 36], but there is a much wider vari-
ation in the frequency of IFALD in adults, with around 30-50% having a mild dis-
turbance in liver function tests and between 2% [37] and 30% [38] becoming chole-
static after a median of 6 months of PN. These variations in the incidence and
subsequent natural history of IFALD reflect differences in case mix, health care sys-
tems and the management of PN solutions, but it is reasonable to assume that one-
half of children will develop mild LD with the potential to progress if not managed
actively.

There are wide variations in the numbers of patients on long-term home paren-
teral nutrition (HPN) according to country. In Europe, cohort studies reported by
Pironi et al. do not count all of the cases but provide important data regarding the
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incidence of end-stage LD [39-41]. Moreover, these data do not take into account in-
fants being hospitalised for months or years and developing severe IFALD that is of-
ten fatal when liver ITx cannot be performed. A 5-year paediatric study in Italy in 2003
identified 108 children with IF (22 new cases per year) in a population of 8 million
children, giving an incidence of 2.5 per million children [42]. In France, the preva-
lence of paediatric patients (1 month-18 years) enrolled in a certified program of
HPN in 2010 was about 160 for 65 million inhabitants, with an annual incidence of
50 new cases per year. A study by Colomb et al. involved 302 children enrolled in a
HPN programme; 230 (76%) had a primary digestive disease (PDD) and 72 (24%) had
anon-PDD [43]. The median age at HPN onset was 1.5 years, and the median dura-
tion of HPN was 1.3 years. At the end of the inclusion period, 54% were weaned from
HPN, 26% were still receiving HPN, 16% had died, and 4% had undergone ITx. The
survival probabilities at 2, 5, 10, and 15 years were 97, 89, 81, and 72%, respectively.
The likelihood and cause of death depended on the underlying diagnosis. Nine per-
cent of children with PDD died: 24% from their primary disease and 48% from LD or
sepsis. Children with intractable diarrhoea during infancy had the highest mortality
rate (25%) and the highest incidence of LD (48%). Among children with non-PDD,
38% died: 94% from their primary disease and 6% from LD or sepsis. These data in-
volving infants and children on long-term PN suggest that CLD is not as frequent as
in the neonatal units.

Pathophysiology of Liver Disease
Patient and Intestinal Failure-Related Factors (fig. 1)

Prematurity

The high incidence of IFALD in premature babies may be related to immaturity of
the neonatal liver with a reduced total bile salt pool. Premature infants have both
diminished hepatic uptake and synthesis of bile salts and reduced enterohepatic
circulation compared with full-term infants or adults [44]. It is likely that other es-
sential components of bile secretion, such as glutathione, may be reduced in the
newborn because hepatic glutathione depletion has been shown in young animals
on TPN [45]. Sulphation, which is an important step in the solubilisation of toxic
bile salts such as lithocholic acid, is deficient in the foetus and neonate [46]. In rats,
lithocholic acid has been shown to produce bile duct hyperplasia, gallstone forma-
tion, and intrahepatic cholestasis [47]. It is therefore possible that the liver and
biliary system of the premature infant is more susceptible to toxic damage from
lithocholic acid or other toxic bile salts. Because many infants requiring TPN are
likely to be premature with low birth weight, it is difficult to be certain whether
these are independent risk factors or associated factors. A study involving 66 SBS
infants with exposure to PN (>30 days) aimed to define the predictive factors for
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Intestinal failure-associated liver disease

| Fasting | | Prematurity | | Sepsis | | Lipid peroxidation |

| Lack of stimulation | Immaturity | | TNF, endotoxins Free radicals

Reduced bile row

A

AA deficiency | | Phytosterols | | Toxic components

Fig. 1. Factors involved in the genesis of intestinal failure-associated liver disease.

the occurrence and degree of hepatic fibrosis [48]. Univariate analysis identified
only gestational age at birth as significantly associated with the degree of liver fi-
brosis (p = 0.03). A multivariate logistic regression model accounting for multiple
biopsy procedures in patients revealed that gestational age was a predictor of fibro-
sis only in patients with a diagnosis other than NEC (p < 0.01). However, premature
babies were also characterised by additional factors such as lack of enteral feeding,
CRS or NEC, which helps to make premature babies at high risk of developing rap-
idly severe IFALD.

Lack of Enteral Feeding and Impaired Bile Absorption and Recirculation

Loss (ileal resection or jejunostomy) and disease to the distal ileum are mechanisms
leading to LD due to their impairing bile acid recirculation. Fasting is an important
factor of CLD that appears to develop more frequently in children and adults who are
unable to tolerate any enteral feeding. By decreasing the biliary salt pool, this setting
may change the lithogenicity of bile. On the other hand, any factor that reduces bile
flow is exacerbated by the lack of enteral or oral feeding, which is considered a key
factor for the development of CLD [49]. Experimental models have shown that fasting
is associated with low levels of gastrointestinal hormones, such as gastrin, motilin,
glucose-dependent insulinotropic polypeptide, cholecystokinin, secretin, pancreatic
polypeptide, glucagon, and VIP [50]. This may lead to intestinal stasis, reduced gall-
bladder contractility and the development of biliary sludge and formation of gall-
stones [51-53]. Intestinal stasis is associated with bacterial overgrowth, bacterial
translocation, and sepsis, which may exacerbate cholestasis in infants, as well as the
production of lithocholic acid, which is toxic to the liver [54].
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Sepsis and Inflammation

Patients with non-hepatic infections may develop cholestasis [55, 56]. As early as
1901, Osler reported that pneumonia can lead to jaundice (‘toxaemic jaundice’) [57]
and noted that in this form there is no obstruction in the bile passages, but the jaundice
is associated with toxic states of the blood, dependent upon various poisons which either
act directly on the blood itself, or in some cases on the liver-cells as well’.

It is very common to find elevated conjugated bilirubin levels in patients with var-
ious infections, with the common infection being by Gram-negative bacteria but also
by any microorganisms that cause CRS. In infants, especially in newborns, sepsis can
present first with increasing jaundice. Repeated CRS in infants has been shown by
several authors as a factor for developing CLD and liver fibrosis [6, 58-60]. Analysis
of the pattern of IFALD in 70 neonates after surgery revealed an insidious rise in bil-
irubin until the onset of sepsis, which heralded a rise to levels of 6-9 mg/dl (100-150
mmol/l). After one or two such episodes, the bilirubin level fell to just above baseline,
but jaundice generally persisted after further episodes, regardless of the resolution of
infection, if PN feeding continued [51].

In aretrospective study, Hermans et al. clearly showed a link between the incidence
of CRS and LD [6]. Medical reports of 30 children on long-term PN were reviewed.
Starting at birth, the mean PN duration was 65 months (range, 8-150 months). Ac-
cording to the results of LBs, the patients were split into 2 groups: group A (n = 16)
with severe liver fibrosis (i.e. septal fibrosis involving >50% of portal fields or cirrho-
sis) and group B (n = 14) with normal hepatic architecture or mild fibrosis (<50% of
portal fields). The results showed that the duration of PN at the time of LB was short-
er in group A (30.5 months; range, 8-96 months) than in group B (105 months; range,
37-150 months; p < 0.001). The incidence of sepsis in group A was significantly high-
er than in group B (3.2 + 0.3 vs. 1.5 + 0.2/year), and the first infection occurred ear-
lier (group A, 1 month [range, 1-2 months]; group B, 4 months [range, 1-19 months]).
This study shows that the incidence of sepsis as well as its early onset may contribute
to the development of liver fibrosis in children on long-term PN [6].

Short Bowel Syndrome: Liver disorders may occur and have been shown to be more
frequent in SBS patients than in any other IF condition [52]. Of 175 neonates with
abdominal pathology requiring laparotomy (SBS = 40, without SBS = 135), the pa-
tients with SBS suffered significantly more morbidity than the group without SBS in
all categories of investigation (surgical complications, septic events, CRS, PN weaning
delay, LD, and duration of hospitalisation). The case fatality rate was 37.5% in patients
with SBS vs. 13.3% in patients without SBS (p = 0.001). Most of the deaths were caused
by liver failure or sepsis and occurred within 1 year from the date of surgery. There-
fore, LD must be treated or better prevented by carefully avoiding CRS [6, 51, 58-60]
and small intestinal bacterial overgrowth (SIBO) [53, 61-63].

It is generally accepted that continuous tube feeding (CTF) offers the advantages
of optimal digestion and absorption rate [64]. However, continuous infusion by miss-
ing a fasting period changes the intestinal motility pattern. Phase III of the migrating
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motor complex, the hallmark of the fasting motility period, thus reflects enteric neu-
romuscular function [65]. Significant dysmotility impairing intestinal bacterial clear-
ance with subsequent SIBO with Gram-negative bacilli is the consequence of small
bowel dysmotility [66]. In some patients with dysmotile intestinal loops and LD, ag-
gressive CTF is attempted to mimic ‘hyperphagia’ and rapidly end PN that is consid-
ered to be the cause of liver disorders. This practice leads to loss of the self-regulation
of intakes and may be deleterious to the small intestine. In addition to abdominal dis-
comfort and intestinal distension, CTF leads to bacterial overgrowth with subsequent
mucosal injury, increased intestinal permeability and worsened LD. As experienced
at our institution, many reported cholestatic SBS patients are referred following such
management with CTF. On this basis, children should preferably be tube-fed by bolus
in order to mimic normal feeding with discontinuous gastric feeling/emptying and a
fasting period [67]. For children with SBS, careful follow-up combined with further
refinement of diagnostic and hepato-protective strategies may be warranted (see be-
low in the section ‘Prevention of IFALD’).

Factors Involved in Liver Injury: Factors that link infection to cholestasis are either
cytokines (mainly TNF-a, IL-1p, IL-6) or microbial TLR2 or TLR4 agonists [68, 69].
Liver targets primarily include hepatocytes but also extend to Kupffer cells, cholan-
giocytes, endothelial cells, and stellate cells. There are no direct studies on bile flow in
humans given endotoxin, but there is sufficient indirect evidence to link endotoxin
and endotoxin-induced cytokines to cholestasis [70, 71]. During severe sepsis, includ-
ing septic shock, hyperbilirubinaemia is usually a central clinical finding and is often
out of proportion with the typically mild elevations of serum transaminase [72]. In-
terestingly, TNF-a administered to humans has been shown to induce significant hy-
perbilirubinaemia, further supporting a link between cytokines and cholestasis [73,
74].

Conjugated hyperbilirubinaemia is the most typical clinical finding during sepsis
because it is always included in standard laboratory analyses. However, serum bile
acids are also elevated in sepsis and are most likely related to the altered expression of
bile acid transporters that is seen in animal models [75, 76]. Hepatobiliary transport
systems are essential for the uptake and excretion of a variety of compounds, includ-
ing bile acids. Disruption and dysregulation of this excretory pathway result in cho-
lestasis, leading to the intrahepatic accumulation of bile acids and other toxic com-
pounds with the progression of liver pathology [77, 78]. Cholestasis induced by in-
flammation is a common complication in patients with extrahepatic infections or
inflammatory processes and are generally referred to as sepsis-associated cholestasis.
Microbial products, including endotoxin, induce signalling pathways within hepato-
cytes either directly or through the activation of proinflammatory cytokines, which
leads to rapid and profound reductions in bile flow [68, 69]. The expression and func-
tion of key hepatobiliary transporters are suppressed in response to inflammatory
signalling [70-73]. These proinflammatory signalling cascades lead to repressed ex-
pression and activity of a large number of nuclear transcriptional regulators, many of
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which are essential for the maintenance of hepatobiliary transporter gene expression.
Molecular crosstalk between bile acid-activated nuclear receptors and proinflamma-
tory nuclear mediators may provide a new means for understanding the adaptive pro-
cesses within the liver.

SIBO with subsequent translocation and sepsis, CRS and any other conditions that
produce a systemic inflammatory response, such as NEC, are closely associated with
IFALD. Endotoxin inhibits the transcription of bile acid transporters that are located
on the canalicular membrane and affects the post-transcriptional levels of the Bsep
and Ntep proteins [79]. Bile acid toxicity, inflammation mediated by cytokines from
activated hepatic macrophages such as Kupffer cells and bacterial toxins, and in-
creased oxidative damage perpetuate hepatocyte injury and promote fibrosis, leading
to end-stage liver cirrhosis. Susceptibility genes that have not been identified to date
might influence such liver injury [80-83].

Parenteral Nutrition-Related Factors

Unadapted amino acid provision and the relative lack of some conditionally essential
substrates, such as taurine, carnitine and/or glutamine, as well as an excess of methio-
nine or amino acid intake imbalance have been considered to play a role in the onset
of LD [84-86]. Excess manganese or chromium is also thought to worsen IFALD [11,
12]. Additional factors, such as excessive glucose intake and continuous PN infusion
with a subsequent insulin/glucagon imbalance, contribute to steatosis and liver injury
[87-89]. Intravenous fat intake is a critical component of PN and has been thought to
also cause liver injury.

Intravenous Lipid Supply and Cholestatic Liver Disease

A Link between Intravenous Lipid Infusion and CLD (fig. 2)

Cavicchi et al. pointed to a possible link between the occurrence of cholestasis and the
intravenous fat emulsion supply in adults on long-term PN [38]. The risk of develop-
ing cholestasis over time was shown to be significantly higher in patients receiving
more than 1 g of lipid/kg per day, generally as a soybean oil-based lipid emulsion
(SOBLE) [38]. Clinical observations of children on long-term PN showed a positive
correlation between the dosage of SOBLE and the development of cholestasis. Occur-
rences of cholestatic episodes were observed after a dosage increase and after a reduc-
tion of the elevated serum bilirubin levels after stopping lipid infusion or reducing the
dosage [17]. In most cases, the plasma bilirubin levels decreased rapidly within the
first month of stopping the infusion or reducing the lipids and reached normal con-
centrations again after 3.2 + 2.0 months [17]. These data suggested that the paren-
teral supply of SOBLE might be one of the risk factors for CLD, and different hypoth-
eses were raised regarding the underlying reasons, including oxidative stress, high n-6
polyunsaturated fatty acid (PUFA) intake, and accumulation of phytosterols.
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Oxidative Stress: Due to their high content of PUFAs, mostly n-6 FAs, and their
limited content of alpha-tocopherol (a-toc), long-term use of soybean oil-based emul-
sions may lead to a reduction of a-toc in plasma lipoproteins and to a depletion of
antioxidant defences [90-96]. The a-toc isoform is the most biologically active form
and is found at its highest concentration in human plasma and tissues. The biological
activities of the B, y- and §-isoforms of vitamin E are 0.5, 0.25 and 0.01, respectively,
compared to a-toc [97] (fig. 2). Because SOBLE (Intralipid®) contains y--tocopherol,
which has fewer antioxidative effects than a-toc [97], a little-known recommendation
is to add 0.5 mg of a-toc for each 1 g of long-chain PUFAS to the soybean oil-based
emulsions [98]. However, no randomised control trial has evaluated the effects of
adding antioxidants such as a-toc on outcome in children with CLD. Interestingly,
N-acetyl-cysteine has been proposed as an antioxidant agent for preventing CLD [99].

n-6 PUFA Intake: SOBLE supplies large amounts of the n-6 PUFA linoleic acid,
which can be converted to arachidonic acid, a precursor of potent proinflammatory
mediators [100]. As mentioned before, repeated or prolonged inflammation is a
pathogenic component of CLD that contributes to progressive hepatocyte damage,
cholestasis and fibrosis [52, 53, 101]. Reducing the supply of n-6 PUFAs and replacing
them with long-chain n-3 PUFAs, as found in fish oil, which primarily contains eicos-
apentaenoic acid, C20:5n-3, and docosahexaenoic acid, C22:6n-3, were shown to at-
tenuate the levels of proinflammatory mediators, which might be beneficial to pa-
tients with CLD and enhanced inflammation [102] (see below). The association of
cholestasis with thrombocytopenia has been described in patients on PN [103]. The
link between LD and reticulo-endothelial system overload is now better understood
[70-73].

Accumulation of Phytosterols: ILEs based on vegetable oils contain significant
amounts of phytosterols, such as the plant sterols beta-sitosterol, campesterol and
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stigmasterol [104]. Marked accumulation of these phytosterols was found in blood
samples of children with CLD [105], but it remained controversial whether these el-
evated levels were the cause or consequence of cholestasis [106]. Experiments in neo-
natal piglets showed that daily injections of phytosterols given without any other com-
ponents of PN reduced bile flow and increased serum bile acid levels [107]. In a he-
patocyte cell line, stigmasterol was shown to act as an antagonist of the bile acid
nuclear receptor, farnesoid X receptor (NR1H4) [108].

Fish Oil-Containing Lipid Emulsions and Reversal of Cholestasis

Switch to Pure Fish Oil-based Lipid Emulsion: Reversal of cholestasis by using pure fish
oil (Omegaven®; Fresenius Kabi, Bad Homburg, Germany) was first reported in two
SBS infants with end-stage LD [109]. The same group reported its experience with the
use of this emulsion in 42 PN-dependent infants with protracted IF and CLD with
serum bilirubin concentrations of at least 2 mg/dl. They compared these patients with
a non-randomised, historical control group of 59 PN-dependant infants with short
bowel syndrome who were treated between 1999 and 2006 [110]. The fish oil group
received a lower intravenous lipid dosage (goal 1 g/kg per day, actual achieved intake
not reported) than the historical controls (1-4 g/kg per day, mean intake not report-
ed). Mortality tended to be lower in the fish oil group (3/42 vs. 12/49), and the com-
bined risk of death and undergoing transplantation at any time (during or after ces-
sation of PN) was significantly lower (4/42 vs. 17/49, p = 0.005). Among patients who
survived and were not transplanted while on PN, 19 of 38 (50%) reached bilirubin
levels <2 mg/dl in the fish oil cohort, and 2 of 36 (5.6%) reached these levels in the
historical control group. The median time to reverse cholestasis in the fish oil cohort
was 11.7 weeks (IQR 7.7, 13. weeks). It is difficult to consider that cholestasis reversal
is related only to the choice of lipid emulsion. Because the trial was not randomised
but used a control with patients who had been treated during previous years, other
aspects of treatment that were important to outcome might also have changed over
time. The lower daily lipid dosage for the fish oil group (up to 1 g/kg) compared with
the control group (1-4 g/kg) might also have contributed to the reversal, given that
Colomb et al. observed a fall of serum bilirubin from a mean of 9.6 mg/dl to levels
below 2 mg/dl within an average 2-3 months after stopping or reducing the dosage of
soybean emulsion [17]. This time interval is comparable to the time needed for pa-
tients receiving the fish oil emulsion to reach bilirubin levels <2 mg/dl; however, this
group had a lower mean starting value of just above 5 mg/dl. Other authors reported
anecdotal cases of the improvement of CLD from the use of fish oil-based lipid emul-
sions [111-113].

Addition of Pure Fish Oil-based Lipid Emulsion: Diamond et al. reported a retro-
spective review of their experience with 12 PN-dependent children with SBS and se-
vere CLD [114]. The patients received a daily dose of 1.5 g/kg of soybean emulsion
and 0.5 g/kg of the 100% fish oil emulsion for the first week (Omegaven®; Fresenius
Kabi, Bad Homburg, Germany), and thereafter, they received 1 g/kg each of the 2
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Fig. 3. Fatty acid composition of soybean oil-based lipid emulsion (Intralipid®), the composite emul-
sion (soybean, MCT, olive, fish; SMOFlipid®) and human breast milk.

emulsions, which provided a lower total dosage than the usual previous dosage of soy-
bean oil emulsion of 2-3 g/kg. Patients with a serum bilirubin level >5.9 mg/dl (mean
baseline value 8 mg/dl) or a serum-conjugated bilirubin level >2.9 mg/dl were includ-
ed. Nine of the 12 patients showed complete resolution of hyperbilirubinaemia with-
in a median of 24 weeks (range 7-37 weeks). Four patients achieved complete resolu-
tion of hyperbilirubinaemia while receiving both parenteral lipid emulsions, whereas
5 patients experienced resolution of hyperbilirubinaemia after the soybean oil emul-
sion was discontinued. Three patients failed to reverse the LD and received a liver-
intestine transplant. While these observations again do not allow final conclusions on
causality, they raise the questions as to whether emulsions with all of the triglycerides
comprising fish oil are necessary to achieve a benefit or whether a mixture of different
oil sources might also be effective.

Use of a Mixed-Lipid Emulsion Containing Fish Oil: An emulsion containing a bal-
anced proportion of four types of oils has been developed. SMOFlipid® is a physical
mixture of 30% soybean oil, 30% MCT, 25% olive oil and 15% fish oil. It contains high
amounts (200 mg/1) of a-toc, as calculated according to the number of double bonds
[98]. This new ILE was designed to decrease the amount of n-6 FA and to increase the
amount of n-3 FA, thereby reducing the ratio of n-6/n-3 FA to approximately 2.5:1,
which is in accordance with the current recommendations and is closer to the FA
composition of human milk than SOBLE (fig. 3) [115-118]. SMOFlipid® was dem-
onstrated to be safe and well tolerated in healthy volunteers as well as in adult and
paediatric patients [119-125]. It preserved liver function and showed increased plas-
ma levels of a-toc in ICU patients [121]. The safety and tolerance of the new ILE was
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Table 2. High-risk situations for developing liver disease

Premature and young infants

Necrotising enterocolitis or gastroschisis + atresia
Protracted bowel rest/intestinal stasis

Bacterial overgrowth/Gram-negative sepsis
Recurrent catheter-related sepsis

Unadapted and/or continuous parenteral nutrition

recently demonstrated in preterm infants over a treatment period of up to 14 days
[126, 127]. A very recent study compared fish oil (SMOFlipid®) and olive oil lipids
(Clinoleic) in very preterm neonates. SMOFlipid® was safe, well tolerated, and showed
a beneficial effect in terms of the reduction of oxidative stress by reducing lipid per-
oxidation levels in high-risk, preterm neonates [127].

The long-term efficacy and safety of SMOFlipid® were assessed in infants and chil-
dren on HPN in comparison to a conventional soybean oil-based emulsion [128].
Total bilirubin decreased in the SMOFlipid® group during the 4-week infusion pe-
riod, whereas it increased in the soybean oil group. The change was significant be-
tween the treatment groups (p < 0.003). Similar beneficial effects on liver function
tests have been reported in ICU surgical [117] or ICU patients [118] and in children
with CLD receiving SMOFlipid® [129, Rafeeq et al. Communication at BSPGHAN
2009].

Prevention of Intestinal Failure-Associated Liver Disease

It is clear that IFALD is a multifactorial disease whose prevention involves many as-
sociated aspects of management. Careful evaluation of patients at risk of developing
CLD (table 2), monitoring of hepatic function by routinely performing liver function
tests and minimisation or avoidance of factors that are responsible for liver injury are
key issues for the prevention of IFALD. Classical measures have been proposed, and
some have been shown to limit or reverse LD. However, except for the use of some
lipid emulsions, there are no or very few randomised clinical trials supporting most
of these accepted issues. Some of the measures include:

- The stimulation of the entero-biliary axis by ingestion of long-chain triglycerides
or breast milk or by injection of cholecystokinin analogues [130, 131].
Cholecystokinin infusion has been demonstrated to reverse severe cholestasis
and prevent IFALD, but a randomised, placebo-controlled trial has demonstrated
no benefit in neonates. Furthermore, this treatment carries the risk of inducing
acute pancreatitis. A well-conducted trial of choline-supplemented PN in long-
term parenterally fed patients has demonstrated a reduction in steatosis and
improvement in liver tests [132].
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- The reduction of intraluminal bacterial overgrowth caused by intestinal stasis
due to giving metronidazole and/or performing tapering enteroplasty [133, 134].

- Oral ursodeoxycholic acid (10 to 20 mg/kg/day) or tauro-ursodeoxycholic acid
might contribute in decreasing liver injury by improving bile flow and reducing
the formation of biliary sludge [135, 136]. Spagnuolo et al. reported biochemical
resolution in 7 children on long-term PN who were treated with ursodeoxycholic
acid [135], but another study on infants who were given ursodeoxycholic acid
prophylactically to prevent liver dysfunction found no benefit [136]. However, in
a prospective study of adults on PN, ursodeoxycholic acid was associated with
improved liver function tests [137].

PN intake should be adapted by the following:

- limiting glucose intake to reduce hepatic fat accumulation [16, 128, 138-140],

- using the appropriate type and amount of intravenous fat emulsion, which
provides essential FAs, reduces glucose load and limits peroxidation, for
example, the new generation of fish oil-based lipid emulsions (see below) 16, 17]

- controlling the lipid supply and rate of delivery and/or stopping intravenous fat
emulsion as soon as thrombocytopenia, hyperbilirubinaemia and/or jaundice
appear [16, 17]

- using paediatric-adapted amino acid solutions, which provide the appropriate
amino acids as well as taurine [141-143]

- adapting iron intake and decreasing the aluminium content of the PN solution
(144, 145]

- performing cyclic PN, which helps to reduce hyperinsulinism and liver steatosis
[146-151].

The term ‘cyclic PN’ refers to the intermittent administration of intravenous fluids
with regular breaks from infusion [146-151]. As soon as is permitted by the meta-
bolic and nutritional statuses, cyclic PN should be started. The aim of this treatment
is to reduce permanent hyperinsulinaemia with subsequent fat accumulation and LD.
For example, the addition of glucagon to PN has been shown to prevent steatosis in
parenterally fed rats [152].

Cyclical PN also allows a greater mobilisation of the energetic stocks and physical
activity during the day than continuous PN and might change the quality of the weight
gain and avoid unnecessary storage of lipid deposits [147-150]. Cyclic PN might low-
er the risk for the development of LD. Hwang et al. carried out a prospective study in
adults on PN who exhibited various degrees of presumed PN-associated LD (http://
ipsapp003.lwwonline.com/content/getfile/2960/86/2/ - R138-2156). Patients who
developed hyperbilirubinaemia were randomised to either remain on continuous PN
or to be placed on cyclic PN. Patients with initial serum bilirubin less than 20 mg/dl
and who remained on continuous PN had a significant rise in serum bilirubin com-
pared with the cyclic PN groups. There was no apparent advantage of cyclic PN in
patients with serum bilirubin levels greater than 20 mg/dl. Similar studies in paediat-
ric patients are now available. In infants with gastroschisis, prophylactic cyclic PN is
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associated with a decreased incidence and prolonged time to onset of hyperbilirubi-
naemia [153]. In general, cyclical PN allows for increased enteral and oral nutrition
throughout the day. Glucose tolerance should be monitored, and stepwise increases
and decreases of glucose infusion rates at onset and at discontinuation of PN infusion,
respectively, should be considered to avoid hyper- and hypoglycaemia. Finally, cyclic
PN offers the advantage of increasing the mobility of the patient and family, and it is
the only way in which PN can be delivered at home.

Small Intestinal Bacterial Overgrowth

SIBO may occur in some patients with SBS caused by NEC, intestinal atresia and/or
gastroschisis, and it is likely to occur with ileocecal valve resection due to poor motil-
ity of a dilated small bowel segment [21-23]. SIBO is usually associated with anorex-
ia, vomiting, diarrhoea, cramps, abdominal distension, and failure to thrive. SIBO
causes increased intestinal permeability, mucosal inflammation, allergic reactions
and villous atrophy, which may further exacerbate nutrient malabsorption, deconju-
gate bile salts and deplete the bile salt pool with subsequent impaired micellar solu-
bilisation, resulting in steatorrhoea and malabsorption of fat-soluble vitamins. SIBO
increases the risk of intestinal bacterial translocation and exacerbates the hepatotoxic-
ity related to PN.

Early detection and appropriate treatment of SIBO is necessary to avoid morbidity
and mortality following this severe SBS complication. Whenever possible, performing
an intestinal tapering and lengthening procedure or resecting a tight anastomosis may
be mandatory to remove SIBO. Surgical procedures such as tapering-lengthening or
serial transverse enteroplasty aim not only to enhance the bowel length but also aim
to mostly reduce the diameter of the dilated intestinal loop and to change its motility
pattern [154-157]. A recent review by Thompson and Sudan [158] suggested that sur-
gical bowel lengthening should be considered in any chronically PN-dependent pa-
tient when there is substantial bowel dilation, regardless of the remnant bowel length
or when the rate of progression of enteral calories is slow and hampered by bacterial
overgrowth. These procedures are clearly capable of preventing or reversing CLD
[159-162].

Indeed, medical therapy is difficult because the use of prokinetic drugs for enhanc-
ing gut motor activity is not indicated in these conditions. The use of antibiotics
should be very cautious and based on their effects on the colonic bacterial flora that
should be preserved to produce short-chain FAs and trophic factors. An intermittent,
antimicrobial therapy based on oral metronidazole, either alone or in association with
trimethoprim-sulfamethoxazole, has been thought to be an effective combination.
The use of a broad-spectrum antimicrobial therapy must be very limited due to the
high risk of emergence of multi-resistant strains of bacteria and the anti-physiological
effect on colonic microbiota. The use of probiotics might be helpful in SBS paediatric
patients [163]. However, exogenous flora should be added to an already overgrown
small bowel bacterial flora very cautiously. In addition, cases of Lactobacillus bacter-
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aemia during probiotic treatment of paediatric SBS patients have been reported [164—
166]. Cases of S. boulardii fungaemia have also been reported in SBS patients with a
central venous catheter (CVC) [167], and S. boulardii treatment is contraindicated in
patients with a CVC. However, the use of probiotics for the prevention of NEC in pre-
mature babies has been documented but remains controversial [168-171].

Use of Fish Oil-based Lipid Emulsions

There is now a body of evidence suggesting a link between lipid emulsions and CLD
(fig. 1,2). As mentioned before, several lipid emulsion-associated factors are involved
in the clinical effects as well as in cholestasis reversal. Fish oil provides a higher ratio
of n-3 to n-6 FAs, which might reduce the production of proinflammatory cytokines
[100-102, 115], a reduced content of the phytosterols that have been shown to be
partly related to LD [105-107], and a higher amount of a-toc, resulting in an increased
plasma a-toc concentration that might contribute to decreased lipoperoxidation in-
jury on the liver [93, 97, 98]. These data allow consideration of the use of fish oil for
reversing CLD or preventing cholestasis in infants and children with the risk of de-
veloping it. However, no adequate data are available from controlled trials of infants
and children using the emulsion with only fish oil or demonstrating that the essential
FA status may be preserved. The provision of fish oil as the only lipid source over pro-
longed periods of time provides less essential n-6 FAs than what is currently consid-
ered necessary for infants and young children [102]. Rats fed fish oil as the only fat
source during the perinatal period showed marked growth retardation and delayed
psychomotor development, which was apparently caused by low levels of the n-6 me-
tabolite arachidonic acid [172]. In preterm infants, an enteral supply of fish oil, which
is rich in eicosapentaenoic acid, led to reduced blood levels of arachidonic acid with
concomitant, compromised growth during the first year of life [173]. Blood FA pro-
files were reported for 10 patients who were predominantly parenterally fed fish oil-
based emulsions with little oral food intake [174]. The blood levels of the essential
omega-6 (n-6) FA linoleic acid dropped markedly from a mean of 1,979.2 umol/1 (SD
941.7) at baseline to 1,091.6 umol/l (480.9) after 6 weeks, along with a drop of the ma-
jor n-6 metabolite arachidonic acid from 605.2 (381.2) to 455.0 (179.2) pmol/l. Be-
cause there was no appreciable increase in the mean acid or in the triene/tetraene ra-
tio, the authors concluded that fish oil contains sufficient amounts of essential FAs.
These data raise questions, given that both n-3 and n-6 FAs are necessary for growth
and development. Therefore, it is considered prudent to carefully evaluate the resul-
tant biological effects and safety in controlled trials prior to adopting the use of emul-
sions based only on fish oil as standard care [102].

In adult patients, a meta-analysis aimed to evaluate n-3 PUFA-enriched PN regi-
mens in elective surgical and ICU patients [175]. This analysis included 23 studies
(n= 1,502 patients; n = 762 admitted to the ICU) and showed that n-3 PUFA-enriched
emulsions are associated with statistically and clinically significant reductions in the
infection rate (RR = 0.61; 0.45, 0.84) and the lengths of stay, both in the ICU (-1.92;
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-3.27,-0.58) and in the hospital overall (-3.29; -5.13, —1.45). Other beneficial effects
included reduced markers of inflammation and improved lung gas exchange, liver
function, antioxidant status and FA composition of plasma phospholipids as well as
a trend towards less impairment of kidney function.

Conclusion

Improvements in surgical procedures, ICU management, the involvement of nutri-
tion-support teams as well as the type and mode of delivery of PN and enteral feeding
may help to decrease the incidence of end-stage IFALD, which is a special concern in
young infants [176-180]. Intestinal and liver transplantation have an important role
in treating or avoiding end-stage LD, especially in young children, although there is a
shortage of suitable donors. The last results of the Intestinal Transplantation Registry
clearly show that the need for combined liver-intestine transplantation dropped dur-
ing the last 5 years (www.intestinaltransplant.org). This probably results from the de-
creased incidence of end-stage liver cirrhosis since the introduction of fish oil-based
lipid emulsions.

Based on our current understanding of the genesis of IFALD, it should be prevent-
ed or at least recognised early and treated, especially in patients experiencing prema-
turity and sepsis. The factors impacting survival before and after transplantation as
well as the optimal timing of ITx for children with IF were updated [176-180]. A new
approach involving targeting harmful cytokine responses can be expected to reduce
the severity and frequency of IFALD. In that view, the prevention of sepsis, appropri-
ate enteral feeding, the treatment of intestinal bacterial overgrowth and the effects of
fish oil in reversing cholestasis have to be considered [181, 182]. These new issues re-
garding fish oil open the door to pharmaco-nutrition by using fish oil-based lipid
emulsions as an anti-inflammatory agent [182]. Randomised controlled trials are nec-
essary to support these issues because evidence-based practices for the management
of IF and its resultant complications in children remain very limited [183].
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Abstract
Parenteral nutrition is considered an essential element of the perioperative management of surgical
patients. It is recommended in patients who require nutritional therapy but in whom the enteral
route is contraindicated, not recommended or non-feasible. The new generation of lipid emulsions
(LEs) based on olive and fish oils are safe and may improve clinical outcome in surgical patients. The
increased provision of n-3 polyunsaturated fatty acids in fish oil-containing LEs seems to be associ-
ated with fewer infectious complications and shorter ICU and hospital stays following major ab-
dominal surgery. Increased provision of olive oil in the absence of fish oil may also exert beneficial
effects, but a clear conclusion on this is limited due to the low number of available studies. Hence,
at the moment, the evidence supports the use of n-3-polyunsaturated fatty acid-enriched LEs as a
part of the parenteral nutrition regimen for selected groups of patients, such as those with major
surgical trauma or those undergoing extended resections or liver transplantation.

© 2015 S. Karger AG, Basel

Introduction

A surgical procedure is a specific type of partially controlled trauma that causes ex-
tensive changes within the functioning of multiple systems in the patient’s body. The
goal of this response is to restore homeostasis. The magnitude of the response and
how well and how quickly it returns to homeostasis are dependent on many factors,
such as the patient’s nutritional status, the patient’s genetics, the underlying disease,
the presence of co-morbidities, and the type and size of the surgical intervention. Par-
enteral nutrition (PN) is considered an essential element of the perioperative manage-
ment of surgical patients. It is recommended for patients who require nutritional
therapy but in whom the enteral route is contraindicated, not reccommended or non-
feasible and who belong to one of the following groups [1, 2]:



« severely undernourished patients who cannot be adequately fed by the oral or
enteral routes;

« patients unable to receive at least 60% of the required nutrient intake during the
postoperative period via the enteral route;

« patients with postoperative complications impairing gastrointestinal function
and who are unable to receive and absorb adequate amounts of oral/enteral
feeding for at least 7 days;

« patients with prolonged gastrointestinal failure.

Lipid Emulsions in Surgical Patients

Lipid emulsions (LEs) are an important component of PN because they are a source

of energy and essential fatty acids [2, 3]. As observed recently, some fatty acids in LEs

can also act as pharmaconutrients and exert immunomodulating effects [3]. For many

years, soybean oil-based LEs rich in n-6 polyunsaturated fatty acids (PUFAs) were

used as the lipid component of PN. There is some evidence that n-6 PUFAs may pro-

mote inflammation, which may increase surgical stress and worsen the outcome [3,

4]. As a result, new generations of LEs have been developed that contain a reduced

amount of soybean oil and n-6 PUFAs [3], and this has been done by replacing soy-

bean oil (termed long-chain triglycerides) partially with:

« medium-chain triglycerides;

« synthetic (‘structured’) lipids that consist of a glycerol backbone esterified with
medium-chain triglycerides or long-chain triglycerides;

« olive oil, which provides the n-9 fatty acid oleic acid;

o fish oil, which provides the n-3 PUFAs eicosapentaenoic acid and docosahexae-
noic acid;

« combinations of these oils.

A trial in healthy subjects showed that inclusion of n-3 fatty acids in PN blunts the
physiological response to endotoxin [5]. Prolonged, regular parenteral n-3 PUFA ad-
ministration results in rapid and sustained cellular uptake, increased n-3 PUFA con-
tent in cellular membranes and a reduced ratio of n-6 to n-3 PUFA [6]. The increased
provision of n-3 PUFAs in fish oil-containing LEs seems to be associated with fewer
infectious complications and shorter ICU and hospital stays following major abdom-
inal surgery [7, 8]. Increased provision of olive oil, in the absence of fish oil, may also
exert beneficial effects, but a clear conclusion on this is limited due to the low number
of available studies. A summary of the recent clinical trials is presented in table 1, and
a summary of the recent meta-analyses is shown in table 2. Recent studies reveal that
including n-3-PUFAs as a component of the LE received by surgical patients may pro-
mote a number of positive clinical effects, including the following:
 improved liver function [11, 12];
 improved immunologic and inflammatory parameters [9, 17];
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Table 1. Recent trials of fish oil-containing lipid emulsions in surgical patients

Author Patients studied Control Intervention  Duration Effect seen for intervention vs. control
lipid lipid emulsion
emulsion

Jiangetal.  Colectomy and SO SO +FO 7 days after surgery Reduction of SIRS

[9] rectectomy (n = 206) Shorter LOS

Umpierrez  Surgical ICU SO SO/Olive oil 28 days No differences in LOS, infections, metabolic

etal.[10] (n=100) and immune function, or mortality

Wangetal.  Gastrointestinal SO/MCT  SO/MCT/FO 5 days after surgery Better liver function

[11] surgery (n =64) Better immune status

Han et al. Major surgery SO/MCT  SO/MCT + FO 7 days after surgery Reduction in postoperative liver dysfunction

[12] (n=38) Fewer infections

Ma et al. Elective digestive SO/MCT  SO/MCT/ 5 days after surgery No differences

[13] surgery (n = 40) Olive oil/FO

Zhu et al. Colectomy and SO SO +FO 7 days after surgery Shorter LOS

[14] rectectomy (n =57)

Zhu et al. Liver transplantation ~ SO/MCT  SO/MCT + FO 7 days after surgery Reduced injury of liver

[15] (n=98) Shorter LOS
Fewer infectious complications

Berger Cardiopulmonary None FO 12 and 2 h before Increased n-3 fatty acid concentrations in

etal.[16] by-pass surgery, (saline) surgery + imme- platelet and atrial tissue membranes within

(n=28) diately after surgery 12 h of the first FO administration

Decreased biological and clinical signs of
inflammation

De Miranda  Surgery for gastro- SO/MCT  FO 3 days preoperatively Higher IL-10 levels on day 3

Torrinhas et intestinal cancer Lower IL-6 and IL-10 levels on day 6

al.[17] (n=63) Smaller decrease in leukocyte oxidative burst

FO = Fish oil; ICU = intensive care unit; IL = interleukin; LOS = length of stay; MCT = medium-chain triglycerides; SIRS = systemic inflamma-
tory response syndrome; SO = soybean oil.
Lipid emulsions shown as A/B (e.g. SO/MCT) or A/B/C (e.g. SO/MCT/FO) represent pre-existing mixtures of those oils, whereas lipid emul-
sions shown as A/B + FO (e.g. SO/MCT + FO) represent supplementation of a pre-existing mixture with pure FO.

o shorter length of hospital stay [9, 14, 15];

o fewer complications [12, 14, 15].

Moreover, these effects are seen if n-3 PUFAs are administered for 3 days preop-

eratively [17], for 7 days postoperatively [9, 12, 14, 15] or perioperatively [16]. It ap-
pears that when administered for a short term (less than 5 days), n-3 PUFAs influence
immune parameters and liver function and that a longer infusion (5-7 days) also re-

duces the complication rate and shortens the length of stay. Therefore, it seems that
the duration of this intervention should be at least 5-7 days pre- or postoperatively.

Increased provision of olive oil in the absence of fish oil may also exert beneficial

effects, but a clear conclusion on this is limited due to the low number of available
studies.
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Table 2. Recent meta-analyses of fish oil-containing lipid emulsions in surgical patients

Author Number of RCTs included Effect seen for fish oil-containing lipid
(number of patients) emulsion vs. control (usually SO or SO/MCT)
Chenetal.[18] 13 (892) Shorter ICU stay
Shorter LOS

Fewer infections
Improved liver function

Lietal.[19] 21(1,487) Shorter LOS
Fewer infections
Improved liver function
No difference in mortality

Tian et al. [20] 6 (306) Improved liver function

ICU = Intensive care unit; LOS = length of stay; MCT = medium-chain triglycerides; RCT = random-
ized controlled trial; SO = soybean oil.

Selection of Patients

The European Society for Clinical Nutrition and Metabolism recommends the use of
n-3-PUFAs in critically ill surgical patients [2]. On the other hand, the American So-
ciety for Parenteral and Enteral Nutrition, in its recently published report, empha-
sized the possible detrimental effect of soybean oil-based LEs but did not name fish
oil as an alternative [21].
Nevertheless, based on the recent data, which are presented above, the use of spe-
cific formulas enriched in n-3-PUFAs should be considered in:
« patients undergoing major abdominal cancer surgery (esophagectomy, gastrecto-
my, and pancreatoduodenectomy);
« patients undergoing liver surgery;
« patients undergoing liver transplantation;
o trauma patients.

Summary

LEs are an important component of PN because they are a source of energy and es-
sential fatty acids. Recent studies showed that the use of non-standard emulsions,
such as those providing n-3-PUFAs, might improve the outcome of surgery. How-
ever, the exact clinical effect depends on the timing of the intervention. Fish oil helps
to improve immune parameters, reduce the complication rate and decrease the length
of stay. For these reasons, n-3-PUFAs should replace standard formulas in some
groups of surgical patients.
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Abstract
Malnutrition of critically ill patients is a widespread phenomenon in intensive care units (ICUs)
worldwide. Lipid emulsions (LEs) are able to provide sufficient caloric support and essential fatty
acids to correct the energy deficit and improve outcome. Furthermore, components of LEs might
impact cell and organ function in an ICU setting. All currently available LEs for parenteral use are
effective in providing energy and possess a good safety profile. Nevertheless, soybean oil-based LEs
have been associated with an elevated risk of adverse outcomes, possibly due to their high content
of omega-6 fatty acids. More newly developed emulsions partially replace soybean oil with medium-
chain triglycerides, fish oil or olive oil in various combinations to reduce its negative effects on im-
mune function and inflammation. The majority of experimental studies and smaller clinical trials
provide initial evidence for a beneficial impact of these modern LEs on critically ill patients. How-
ever, large, well-designed clinical trials are needed to evaluate which LE offers the greatest advan-
tages concerning clinical outcome. Lipid emulsions (LEs) are a powerful source of energy that can
help to adjust the caloric deficit of intensive care unit (ICU) patients. LEs possess various biological
activities, but their subsequent impact on critically ill patients awaits further investigations.

© 2015 S. Karger AG, Basel

General Aspects of Nutritional Support for Intensive Care Patients

Although nutritional demands and metabolism vary among critically ill patients, the
onset of a trauma causes a generalized host response that is characterized by dynam-
ic changes to their metabolic activity and thus energy requirements. This so-called



stress response has been studied in detail in patients undergoing major surgery or af-
ter trauma [1]. The stress response also occurs in patients with sepsis, burn injury or
onset of severe infection, although the timing and details of the reaction may differ.
As the stress response has a direct impact on the nutritional regime of ICU patients,
a simplified overview of the main features that are relevant for nutrition is presented
in the following section.

In general, the metabolic stress reaction can be divided into three phases. The first,
so-called ebb phase, starts immediately after the initial insult and lasts for 1-2 days,
depending on the extent of injury/stress [1]. This phase is characterized by an overall
decrease in metabolic activity and energy requirements that are often accompanied
by a decline in oxygen consumption and cardiac output. Although an individual in
the ebb phase has a low basal metabolic rate, the individual initiates, in preparation
for the following metabolic phases, a stress-hormone driven mobilization of endog-
enous energy stores (such as hepatic and skeletal muscle glycogen), which clinically
translates into significant hyperglycemia. The onset of the flow phase is signaled by
an increase in cardiac output, restoration of respiratory rate and escalation of the en-
ergy demand to adjust to the injury and stabilize the circulation. Metabolically, the
flow phase is characterized by the provision of substrates (‘fuel’), which is basically
achieved through catabolism and insulin resistance. The catabolic reaction encom-
passes protein breakdown (primarily skeletal muscle and later respiratory and gut
musculature) to increase the availability of glucogenic amino acids as well as a rise in
gluconeogenesis and impaired uptake of glucose in insulin-dependent tissues. Free
fatty acids are provided to yield energy through lipolysis and the depletion of endog-
enous fat stores. The duration of the flow phase varies and might be up to weeks de-
pending on the progress of healing and the occurrence of complications. In the final,
so-called anabolic or recovery phase, restoration of lean body mass and weight is in-
tended. Of special importance is the restoration of muscle tissue that was lost during
the initial phases.

The consideration of the above-mentioned stress response has a pivotal impact on
the establishment of an adequate nutritional regime for the critically ill patient. First,
it is of major importance that metabolic changes are dynamic depending, amongst
others, on the extent of the injury, timing and complications. Second, the metabolic
stress response impacts survival and has thus been evolutionarily programmed. Some
features, such as hyperglycemia, could theoretically be influenced by massive inter-
vention (e.g. excessive insulin application), but study data show that this might cause
more harm than good. Third, except in the short time period of the ebb phase, where
low metabolic rates are observed, the energy demand of critically ill patients is high,
leading to a mobilization of the endogenous pool of substrates, especially in situations
with insufficient exogenous provision of calories. By the provision of exogenous sub-
strates, it is possible to reduce the adverse effects of catabolism, promote recovery and
finally beneficially influence survival.
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Parenteral Nutrition of Intensive Care Unit Patients

Given that malnutrition is a proven prognostic factor for a fatal outcome in intensive
care patients, it is of major importance to provide adequate caloric intake. Enteral nu-
trition (EN) is regarded as the gold standard in an ICU setting, as it promotes the in-
tegrity of the intestine and thus reduces the rate of complications [2, 3]. However, two
cohorts of patients may significantly benefit from the application of parenteral nutri-
tion (PN). In the first group, the use of EN may be (temporarily) contraindicated (due
to gut ischemia, peritonitis, major abdominal surgery), and thus PN is required to
avoid malnutrition. Recommendations for the use of PN in ICU patients vary exten-
sively among the national societies, with more liberal use in European guidelines and
a restricted application regime in the USA and Canada [3, 4]. The role of PN as a
supplement to EN is more controversial. Recent study data indicate that in critically
ill patients, EN alone tends to underfeed and might lead to an undesirable energy
deficit [5]. Cahill et al. could, for instance, demonstrate that, despite the international
guidelines recommending early enteral feeding of ICU patients, only about 50% of the
prescribed calories were applied in the first two weeks of ICU admission [6]. The main
reasons for this were frequent interruptions of the enteral applications due to high
gastric residual volume, vomiting, mechanical tube problems, diagnostic procedures
or surgery [7]. The concept of supplemental PN encompasses the combination of PN
and EN in ICU patients who do not meet the targeted caloric intake with EN alone. A
recent study by Heidegger and colleagues could demonstrate that supplemental PN
in patients receiving <60% of the target energy after receiving EN was associated with
a significantly reduced energy deficit and complication rate and fewer days of me-
chanical ventilation [8].

Lipid Emulsions in Parenteral Nutrition of Intensive Care Unit Patients

The incorporation of LEs into the nutritional regime of an ICU patient allows the pro-
vision of a high-energy supply in a reduced fluid volume. Furthermore, the use of lip-
ids reduces the portion of glucose that is applied, leading to a lower risk of hypergly-
cemia [9]. As hyperglycemia is a clinical feature of the stress response that is associ-
ated with an increased incidence of complications, glucose-sparing components are
advantageous [10]. In this context, patients suffering from sepsis or trauma preferen-
tially utilize fatty acids as a caloric source when entering the hypercatabolic phases of
the metabolic stress response. Some of the side effects that are described when using
LEs (e.g. hepatic steatosis, hypercholesterolemia) can be reduced by monitoring se-
rum triglyceride concentrations, which should not exceed 400 mg/dl [11].

Besides the capacity to provide caloric support, the impact of LEs on various im-
mune functions has gained further importance and has developed into an emerging
field of research. Thus, the choice of LE and its fatty acid composition is at least in part
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responsible for many of the observed beneficial or adverse effects that are described
in ICU patients. The first generation of parenteral LEs was introduced in the 1960s
and provided a sufficient amount of non-glucose energy to the patients, as, in those
days, the application of carbohydrates was state-of-the-art in the field of artificial nu-
trition [12]. These early LEs were based on soybean oil (SO) and delivered high con-
centrations of omega-6 (n-6) polyunsaturated fatty acids (PUFAs) to the patients. In
the following years, published clinical, animal and in vitro studies have reported less-
desirable results of this type of LE in terms of the pathophysiologic and immunologic
profiles [10]. The main problematic feature was the observed immunosuppressive ef-
fects, such as apoptosis of immune cells or diminished phagocytosis of granulocytes,
on the one hand and the increased generation of pro-inflammatory lipid mediators
(e.g. thromboxane A, or leukotriene B,) derived from n-6 fatty acids on the other
hand [13]. Of note, these early formulations are still the only approved and available
LEs for parenteral use in some countries (e.g. USA). The next generation of LEs was
introduced in 1980 and reduced the amount of SO by partial replacement with medi-
um-chain triglycerides (MCTs, predominantly derived from coconut oil), which are
thought to act more neutrally on the immune system [14]. Although experimental
data suggest advantages of these newer SO/MCT emulsions in terms of tolerance, up-
take and clearance from the circulation, clinical trials fail to demonstrate uniform re-
sults. Concerning the impact on immunity/inflammation, mixtures of SO/MCTs of-
fer slight advantages compared with SO alone in ICU patients [15]. Up to now, the
latest major step in the development of parenteral LEs was the incorporation of LEs
containing olive oil (OO) and/or fish oil (FO) into PN regimes in the 1990s [16].
Hence, pharmaceutical companies offer LEs with diverse combinations and quanti-
ties of SO, MCT, OO and FO. The rational to include OO (with oleic acid as a major
component) is to reduce lipid peroxidation and mitochondrial reactive oxygen spe-
cies production [17]. Regarding immunological effects, OO-containing LEs display
only slight beneficial effects on the generation of pro-inflammatory mediators and
cellular immunity. Clinical trials that investigated the role of OO in critical care pa-
tients show an inconsistent picture. Huschak and colleagues could demonstrate ben-
eficial effects of OO regarding infections, length of stay in the ICU and duration of
mechanical ventilation in trauma patients compared to SO/MCT [18]. However, this
trial is not without controversy due to the diverging quantities of glucose that are ad-
ministered to the patients. In contrast to these results and in favor of OO, other trials
dealing with critically ill surgical patients, burn trauma or medical-surgical ICU pa-
tients could show significant advances of OO over SO or SO/MCT [19]. While the
overall role of OO can be described as immune neutral, data for the use of parenteral
FO indicate a dose-dependent modulation for the inflammatory response toward the
anti-inflammatory direction. FO provides the very long-chain n-3 PUFAs eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA) [2], and increased provision of
n-3 PUFAs may result in augmented incorporation of these fatty acids into the cell
membrane with subsequent replacement of n-6 fatty acids and a decline in the gen-
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eration of pro-inflammatory lipid mediators [2]. In addition, EPA and DHA are
sources of anti-inflammatory mediators such as thromboxane Aj; and leukotriene Bs.
Recently, a highly interesting, novel class of n-3 PUFA-derived lipid mediators, named
resolvins, has been identified that is generated by di-oxygenation of EPA and DHA
upon neutrophil-endothelial cell interaction [20]. The detailed impact of these in-
flammation-resolving mediators and their future therapeutic use needs further eluci-
dation. Besides experimental animal or in vitro data supporting the favorable proper-
ties of FO in the context of inflammation, a set of clinical trials analyzing FO-contain-
ing LEs in ICU patients has been performed. Heller and colleagues examined the effect
of different FO dosages in 661 intensive care patients, with a major fraction suffering
from abdominal sepsis [21]. The authors could demonstrate that inclusion of FO in a
PN regime exhibited a dose-dependent reduction in the length of stay in an ICU as
well as in antibiotic demand. Furthermore, in patients receiving FO (0.15-0.25 g/kg/
day) mortality was significantly decreased [21]. Although the study was neither con-
trolled nor randomized, these findings demonstrated a clinical benefit from the incor-
poration of FO in PN regimes of critical ill patients. Further evidence for the positive
effects of FO was recently provided by a randomized controlled study that applied
FO-containing LEs to 40 patients with acute severe pancreatitis [22]. In contrast, Fri-
esecke and colleagues could not find any differences in mortality, duration of me-
chanical ventilation, or number of infections in critically ill patients receiving FO
compared to those receiving SO/MCT treatment [23]. In accordance with the above-
mentioned data, a recently published meta-analysis on the use of parenteral FO in
critically ill patients pointed out that FO-based LEs might decrease mortality and ven-
tilation time [24]. A major limitation is the fact that, due to the paucity of the clinical
data (6 randomized controlled trials including 390 patients), a general, evidence-
based recommendation for the use of parenteral FO in ICU patients can thus far not
be given [24].

Summary and Outlook

LEs are a valuable component of a nutritional regime in an ICU setting, as they pro-
vide sufficient caloric support in order to overcome the energy deficits that are often
observed in critically ill patients. Although the role of (supplemental) PN is not with-
out controversy, recent study data and personal experience indicate that the preven-
tion or treatment of malnutrition has the highest priority and prognostic impact.
Clinical studies and experimental data indicate that application of the currently avail-
able LEs is safe and efficient. As EN alone might fail to meet the caloric targets, the
addition of PN might benefit the patient. For example, besides affecting the energy
supply, lipids are able to exert a variety of biological and pathophysiological activities
that directly impact immune function. When choosing the best LE for ICU patients
with severe metabolic impairment, these immunomodulatory properties should be
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considered. First-generation SO-based LEs should be handled with care due to their
potential impairment of immune function and exacerbation of inflammation, espe-
cially in patients with severe infections. Newer LEs, for example, address this disad-
vantage by the partial replacement of SO with FO. In particular, the biological func-
tion of FO-derived lipid mediators, such as resolvins and protectins, and their possible
therapeutic use in resolving inflammatory processes need further evaluation. Despite
a good pathophysiological rationale, the positive experimental data and few published
clinical trials on the role of modern LEs can thus far not be conclusively assessed.
Large prospective, randomized and adequately controlled clinical trials investigating
comparable PN regimes are needed in the future to evaluate the impact of these for-
mulations on clinical outcome and therapeutic use.
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Intravenous Fish Oil in Adult Intensive Care
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Abstract

Omega-3 fatty acids contained in fish oils have shown efficacy in the treatment of chronic and acute
inflammatory diseases due to their pleiotropic effects on inflammatory cell signalling pathways. In a
variety of experimental and clinical studies, omega-3 fatty acids attenuated hyperinflammatory con-
ditions and induced faster recovery. This chapter will shed light on the effects of intravenous fish oil
in adult intensive care unit (ICU) patients and will discuss clinical data and recent meta-analyses on
the topic. While significant beneficial effects on infection rates and the lengths of ICU and hospital
stays have concordantly been identified in three recent meta-analyses on non-ICU surgical patients,
the level of evidence is not so clear for critically ill patients. Three meta-analyses published in 2012
or 2013 explored data on the ICU population. Although the present data suggest the consideration
of enteral nutrition enriched with fish oil, borage oil and antioxidants in mild to severe acute respira-
tory distress syndrome, only one of the three meta-analyses found a trend (p = 0.08) of lower mortal-
ity in ICU patients receiving intravenous omega-3 fatty acids. Two of the meta-analyses indicated a
significantly shorter hospital stay (5.17-9.49 days), and one meta-analysis found a significant reduc-
tion in ICU days (1.92). As a result of these effects, cost savings were postulated. Unlike in surgical
patients, the effects of fish oil on infection rates were not found to be statistically significant in ICU
patients, and dose-effect relationships were not established for any cohort. Thus, obvious positive
secondary outcome effects with intravenous fish oil have not yet been shown to transfer to lower
mortality in critically ill patients. There is a need for adequately powered, well-planned and well-
conducted randomized trials to give clear recommendations on the individual utility and dosage of
intravenous omega-3 fatty acids in critical illness. ©2015 S. Karger AG, Basel

Introduction

Increased incidence and severity of sepsis [1] remains a major concern worldwide.
Guideline-based therapy [2] has slightly reduced the case fatalities over the years, but
the overall population-based deaths per annum from critical illness are still increasing
[1]. Therefore, a clear demand exists for optimizing therapy for the critically ill. Due



to the absence of clear clinical outcome effects of immunonutrition, the 2012 sepsis
guidelines suggested using ‘nutrition with no specific immunomodulating supplemen-
tation in patients with severe sepsis (grade 2C) [2].

The use of enteral or parenteral formulas enriched with immune-enhancing sub-
stances has been termed immunonutrition. When looking for immunomodulatory
effects beyond nutrition, the term pharmaconutrition has also been used. The strict
separation between nutritive interventions on one hand and pharmacotherapy on the
other hand is therefore increasingly disappearing [3]. Nutrients are considered sub-
strates that maintain nutritive or metabolic processes of the organism; in contrast,
drugs are substances that can improve a pathophysiological condition. Marine ome-
ga-3 fatty acids (FAs) share functions as both nutrients and drugs. By reducing the
length of hospital stay and antibiotic therapy [4], even in critically ill patients, net cost
savings are possible from the use of omega-3 FAs, despite the higher expenditure for
the prescriptions [5].

Omega-3 FAs have shown their efficacy in the treatment of chronic and acute in-
flammatory diseases [6] due to their pleiotropic effects on inflammatory cell signalling
pathways [7-9]. In a variety of experimental [10, 11] and clinical studies, omega-3 FAs
attenuated hyperinflammatory conditions and induced faster recovery [12, 13].

Four meta-analyses in the field of intravenous fish oil were published recently.
Three of the analyses dealt with critical illness [14-16], while two reflected surgical
patients [16, 17], and in part, these reported different results. Although meta-analyses
are regarded as a high-level of evidence, the level of robustness of these analyses is
greatly affected by the included studies, and until bigger and better studies are avail-
able, a more global perspective seems attractive [18].

Specialties of the Biology of Omega-3 and Omega-6 Polyunsaturated Fatty Acids in
the Critically lll

The general nomenclature, properties and metabolism of omega-3 FAs have thor-
oughly been presented in the first chapters of this book. Most research on supplemen-
tation with fish oil has been done in clinical or epidemiologic settings, where the in-
take was observed over months or even years [19]. Cellular lipid membranes, how-
ever, represent a dynamic high-turnover barrier system. Thus, infusion of a fish oil
emulsion at a clinical relevant dose of 0.2 g/kg results in rapid incorporation of ome-
ga-3 FAs into cell membranes [10] and in further metabolism [16] within a few days,
even in patients under critical care conditions [12]. As inflammatory cascades are
increasingly up-regulated in patients, the membrane ratio of omega-3 and omega-6
FAs will shift towards the omega-3 derivatives, e.g. leukotriene (LT) Bs instead of
LTB, [16]. The five series of omega-3-derived LTs are less pro-inflammatory than the
four series of omega-6-derived LTs. The same applies for omega-3- and omega-6-de-
rived prostanoids [8, 11]. In line with early experimental trials showing a limitation
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of excessive LTB,4 generation after fish oil infusion [11], the oxygenation index was
improved in patients with sepsis [20] and pancreatitis [21].

A decade ago, novel omega-3-derived lipid mediators with pro-resolving activities
on inflammatory processes were identified in exudates from resolving inflammation;
these comprised the lipoxins, resolvins, and protectins [22]. Their syntheses are fa-
voured by the transcriptional up-regulation of neutrophil 15-lipoxygenase by PGE,
and PGD,, the so-called ‘eicosanoid switch’ [22], and they are highly stereospecific and
actin the pico- to nanomolar range [9]. Furthermore, these mediators affect polymor-
phonuclear cell recruitment and trafficking and the expression of pro-inflammatory
genes, and they reduce leukocyte-mediated tissue injury and take part in chemokine
removal. Their existence and the experimental data about their effects additionally
support the use of omega-3 FAs to limit the hyperinflammatory states in patients [9].

The Antihyperinflammatory Role of Omega-3 Fatty Acids in the Critically lll

Through several positive feedback loops, early host defence induces hyperinflamma-
tory states. Counterbalancing antagonistic systems are induced with a time delay: the
early phase (0-72 h) is characterized by the predominance of pro-inflammatory eico-
sanoids and cytokines (e.g. TNF-a, IL-1, IL-6, IL-8), and the parts overlapping the
later phase are characterized by the predominance of anti-inflammatory cytokines
(e.g. IL-4, IL-10, IL-13, TGF-p). This time course of cytokine production can differ in
patients with recurrent septic episodes.

Overshooting the early up-regulation of host defence induces severe tissue injury,
culminating in multiple organ failure. Omega-3 FAs are capable of dampening early
hyperinflammatory processes by changing cell-to-cell signal transduction, as shown
in figure 1. Besides shifting eicosanoid generation and improving membrane fluidity
and raft assembly, G-protein-coupled receptor transduction as well as NFkappaB ac-
tivation and subsequent cytokine release are blunted by fish oil-derived omega-3 FAs
and their metabolites [7, 23, 24]. For ease of understanding, figure 1 only differentiates
the immunomodulatory effects of omega-3 FAs on the pro-inflammatory side.

However, later features of host defence are enhanced by omega-3 FAs without in-
ducing hyperinflammatory states. In this regard, post-traumatic metabolism was im-
proved [25], which might, in part, be explained by resolvin E, activity [26]. This com-
plex regulation is conferred by reduced release of pro-inflammatory arachidonic acid-
derivatives and platelet-activating factor and, on the other hand, by the amplification
of anti-inflammatory eicosapentaenoic acid-derivatives, which lower the formation
of cytokines such as TNF and IL-1 [27] without inhibiting phagocytosis, burst activ-
ity, or bactericidal activity [28]. The observed modulation of inflammation by ome-
ga-3 FA, thus, cannot unequivocally be assigned to the pro- or anti-inflammatory
side. While early pro-inflammatory eicosanoids are down-regulated, cellular host de-
fence mechanisms are augmented later on (fig. 1).
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Fig. 1. Clinical targets of immunomodulation by omega-3 FAs: Overwhelming partial reactions are
blunted (pro-inflammatory eicosanoids, cytokines), weak defence mechanisms are augmented
(HLA-DR, CD4/CD8 ratio). Systemic inflammatory reaction syndrome (SIRS), compensatory anti-
inflammatory reaction (CARS), net immunoreaction — mixed antagonistic reaction syndrome
(MARS).

Mayer and colleagues [29] observed a significant depression of bactericidal oxygen
radical production in neutrophils after administration of omega-6 FA, as opposed to
omega-3 FA, in critical illness. Moreover, they presented data from monocytes of sep-
tic patients showing reduced production of TNF-q, IL-1, IL-6, and IL-8, without ef-
fects on the anti-inflammatory IL-10 response due to fish oil administration [30].
Therefore, recent Canadian practice guidelines recommend the replacement of ome-
ga-6 FAs [31]: Lipids that reduce the load of omega-6 fatty acids/soybean oil emulsions
should be considered. However, there are insufficient data to make a recommendation
on the type of lipids to be used that reduce the omega-6 fatty acid/soybean oil load in
critically ill patients receiving parenteral nutrition.

Host defence is one of the most complexly regulated systems within the mamma-
lian organism. Multitudes of back-coupling mechanisms are responsible for up-reg-
ulating the immune response and for subsequent shut down of hostile responses dur-
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ing recovery, and multiple anti-inflammatory strategies to cure sepsis have failed in
recent decades. The lessons learned from those studies are that the complexly regu-
lated host defence cannot be controlled by one simple anti-inflammatory approach,
which on one hand may save the organism from self-destruction but on the other
hand could lead to further septic complications. Because of their pleiotropic func-
tions, marine omega-3 FAs fulfil the role of modulators rather than the role of any
simple pro- or anti-inflammatory player. Until now, it seemed that fish oil improved
the best of both via different pathways, even in critical illness [3, 7].

Inflammatory Reactions in the Lung

In particular, inflammatory activation of neutrophils induces interactions with the
endothelium (via selectins and [3,-integrins) and the release of pro-inflammatory ara-
chidonic acid derivatives in the pulmonary circulation, which result in capillary dam-
age and consequently in increased leakage. These mechanisms are crucial pathogenic
factors for the development of acute lung injury. The mortality of acute respiratory
distress syndrome (ARDS) still remains high. In the last years, numerous experimen-
tal and clinical studies were conducted to evaluate new therapeutic strategies for the
treatment of ARDS [32].

Administration of fish oil represents a promising adjuvant strategy because of its
anti-hyperinflammatory effects combined with its lower impairment of cellular im-
mune function, such as bacterial clearance and killing, as compared to long-chain
omega-6 FAs [33, 34]. Improvement of the critically ill was encouraging after replac-
ing arachidonic acid in cellular membranes with long-chain omega-3 FAs such as
eicosapentaenoic acid and docosahexaenoic acid in fish oil [35].

Old data from experimental ARDS models [10, 11] showed a correlation between
fish oil administration and the synthesis of eicosapentaenoic acid-derived LTs, while
the arachidonic acid-derived LTs and thromboxanes were only detectable in small
quantities. Consequently, transcapillary filtration of oedema fluid into the alveoli was
controlled in the fish oil group [11].

The clinical impact of these findings were very well demonstrated in patients with
respiratory failure who were on enteral fish oil supplementation with OXEPA®, which
contains omega-3 FAs from fish oil, borage oil as a source of gamma-linolenic acid
and antioxidants [36-41]. Significantly lower ventilatory support, lower ICU stay and
improved survival were found in a meta-analysis by the Canadian Practice Guideline
Group [42]. The ARDS network published one study that set out to investigate the ef-
fects of enteral boluses of a lipid supplement twice a day in 272 patents with ARDS
[43]. This study, the so-called ‘EDEN-OMEGA trial’, was stopped early for futility,
but several issues were raised due to an insufficient study protocol, which caused the
results to be questioned [44]. In particular, the effect of protein supplementation on
survival was not equally distributed over the groups, while bolus administration of
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lipids disturbed the uptake of omega-3 FAs from the intestine and caused diarrhoea.
The initiation of the provision of fish oil, which took up to 48 hours before the start
of administration of the supplement, may also be an issue. Considering the early
mechanisms of inflammation, as depicted in figure 1, the protocol should have ad-
ministered fish oil earlier and longer by the intravenous route to enable more rapid
membrane uptake and subsequent metabolism, all of which the study failed to dem-
onstrate. Taking together all of the limitations, the ARDS-network study [43] has
added far more noise than signal to the discussion on the value of fish oil in ARDS.
Consequently the most recent Canadian Practice Guideline [42] did two separate
analyses: one with and one without the EDEN-OMEGA trial [43]. Overall, they still
concluded: Based on 2 level 1 studies and 5 level 2 studies, the use of an enteral formu-
la with fish oils, borage oils and antioxidants in patients with Acute Lung Injury (ALI)
and Acute Respiratory Distress Syndrome (ARDS) should be considered.

Peritonitis and Abdominal Sepsis

Although impressive data on ex vivo-stimulated cells from septic patients receiving
tish oil have been reported by Mayer [29, 30], the literature is not clear on the clinical
outcome, which limits definite recommendations on the use of omega-3 FAs in sepsis.

In a prospective, open label, multicentre case series in 661 patients receiving par-
enteral fish oil, we evaluated survival, the length of ICU and hospital stays and the use
of antibiotics with respect to the primary diagnosis and extent of organ dysfunction
[4]. Compared to the subgroup receiving less than 0.05 g/kg/day of fish oil, signifi-
cantly more patients survived when 0.1-0.2 g/kg/day was administered.

This observation may be attributed to the lower requirement for antibiotic treat-
ment when fish oil was given at daily doses between 0.15 and 0.2 g/kg. Figure 2 shows
the relationship between fish oil dose and ICU stay in the subgroup of septic patients.
The predicted mortality by the SAPS II-score was 21.7%; however, the observed mor-
tality in this group was substantially reduced in the dose-independent analysis (mean
tish oil-dose 0.10 g/kg/day) by 7.4% (Clys 3.1-11.8). Furthermore, the optimized fish
oil dosage of 0.23 g/kg/day was sufficient to reduce mortality by 16.0% (Clos 5.8-26.2)
in those patients.

To clarify the variety of results of the randomized controlled studies of recent years,
several meta-analyses were undertaken in the field of intravenous fish oil in critical
illness. Three of these analyses dealt with critical illness [14-16], while two covered
surgical patients [16, 17]. The data on surgical patients are discussed earlier in this
book by Klek and Waitzberg.

While significant beneficial effects on infection rates and lengths of ICU and hospi-
tal stays have concordantly been identified in three recent meta-analyses on non-ICU
surgical patients, the level of evidence is not so clear for patients with critical illness.
Only one of the meta-analyses found a trend (p = 0.08) for lower mortality in the in-
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travenously omega-3 FA-treated ICU population. Two of the meta-analyses signifi-
cantly indicated a 5.17-9.49 day shorter hospital stay, and one meta-analysis found a
significant reduction in ICU stay of 1.92 days. One pharmacoeconomic follow-up
study based on the Pradelli data [16] showed significant cost savings for four European
countries in ICU and non-ICU patients if intravenous fish oil was used [5]. Unlike the
group of surgical patients, the effects of fish oil on infection rates were not statistically
significant in ICU patients. Table 1 shows the key problem causing the partly different
results in the three meta-analyses with regards to mortality and length of ICU stay.

Only the two original studies by Friesecke [45] and Barbosa [20] were consistently
included in all three meta-analyses, representing the common data backbone with 1/5
of the available caseload. However, the largest study in the field, which was performed
by Wichmann [46] on 256 patients, was only considered in the Pradelli analysis that
covered 65% of all available mortality data and 75% of the caseload on ICU length of
stay. Compared to the two other analyses that only included 37-47% of the available
caseload, Pradelli considered the broadest cohort of patients. However, this analysis
considered only full peer-reviewed papers and, therefore, dropped 115 patients from
the abstract publications of uncertain quality by Grecu [47], Ignatenko [48], and
Leiderman [49] (see table 1). Despite their limited overlap of studies, the agreement
in the main statements of the three meta-analyses gives some confidence to the robust-
ness of the findings in favour of improved outcome [18].

Standards for performing meta-analyses have been published in the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses statement [50]. Com-
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Table 1. Current meta-analyses on fish oil in ICU patients [14-16] and surgical patients [16, 17, 55]

Outcome/meta-analysis ICU patients Surgical patients
n Pradelli et al. Palmer et al. Manzanares Chen Pradelli et al. Lietal.[17]
[16] [15] etal.[14] [55] [16]
Hospital stay
Caseload patients/
studies, n/n 615/8 117/3 not given 627/7 554/7 1,051/11
Mean difference, days -5.17 -9.49 -2.98 -1.86 -2.14
95% ClI -835t0-1.99 -16.51t0247 -465t0-131 -3.13t0-0.59 -3.02to-1.27
p value 0.001 0.008 0.0005 0.004 <0.00001
Infection
Caseload patients/
studies, n/n 524/5 337/5 236/3 539/7 395/6 2,853/9
Odd’s ratio 0.71 0.78 0.76 0.56 0.53 0.53
95% ClI 0.45to 1.12 0.43to 1.41 0.42t01.36 0.32t0 0.98 0.34t00.82 0.35t0 0.81
p value 0.14 0.41 0.35 0.04 0.004 0.003
Mortality
Caseload patients/
studies, n/n 547/7 391/8 359/5 not given 300/3 826/6
Odd'’s ratio 0.94 0.83 0.71 not given 0.58 1.50
95% ClI 0.61to 1.45 0.57t0 1.20 0.49t0 1.04 0.18t0 1.84 0.54t04.19
p value n.s. 0.32 0.08 n.s. n.s. 0.44
Single studies with 256  Wichmann homogeneous signal from 3 meta-analyses
respective etal.[46]
caseload 165  Friesecke Friesecke Friesecke
etal. [45] etal. [45] etal. [45]
61 Gupta
[56]
56 Wang Wang
[57] [57]
54 Grecu Grecu
etal. [47] etal. [47]
44  Sabater
[58]
40 Wang
etal.[21]
34 Ignatenko
etal. [48]'
27 Leidermann
etal.[49]
24 Berger
[59]
23 Barbosa Barbosa Barbosa
etal.[20] etal. [20] etal. [20]
23 Weiss
[60]
21 Mayer
etal. [29]
10 Mayer
etal. [30]
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Table 1. Continued

Outcome/meta-analysis ICU patients Surgical patients
n Pradelli et al. Palmer et al. Manzanares Chen Pradelli et al. Lietal.[17]
[16] [15] etal.[14] [55] [16]
ICU stay
Caseload patients/
studies, n/n 615/8 305/6 334/5 387/5 not given not given
Mean difference, days -1.92 -0.57 -0.46 -1.80
95% Cl -3.27t0-0.58 -5.05t03.90 -4.87 t0 3.95 -3.04 to -0.56
p value 0.005 0.8 0.84 0.004
Single studies with 256  Wichmann reported only in one meta-analysis
respective etal. [46]
caseload 165  Friesecke Friesecke Friesecke
etal. [45] etal. [45] etal. [45]
61 Gupta
[56]
54 Grecu Grecu
etal. [47] etal. [47]
44 Heller
etal. [25]
40 Wang Wang
etal. [21] etal. [21]
40  Wachtler
[61]
34 Ignatenko
etal. [48]
28 Khor
[62]
27 Leidermann
etal. [49]"
24 Berger
[59]
23 Barbosa Barbosa Barbosa
etal.[20] etal. [20] etal. [20]
23 Weiss
[60]

The underlying original references are depicted for parameters with discordant meta-analyses. Italics: statistical significance or at least a
positive trend; all others: no difference detected. n.s. = Not significant.
! Abstract only.

pleteness of the database with high-quality research is the key claimed herein to the
evidence-based practice and clinical applicability of meta-analyses. However, con-
flicting results from meta-analyses on the same topic are well known [51]. As al-
ready outlined, including varying trials derived from different search strategies may
account for that problem. In this regard, distinct search strategies may also reflect
variations in the analysts” scope on the topic, rather than different selection results
being considered a systematic flaw of evidence-based methodology. Thus, it is of
paramount importance to understand the exact scope of each meta-analysis when
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discussing incongruent results. A further cause for a flawed systematic review is
data pooling originating from different treatments, dosages, and timelines, which
increase background noise rather than precision. Finally, trials with flawed meth-
odology, uncontrolled standard treatment and general publication bias make it dif-
ficult to make the right choice when selecting trials for a meta-analysis. The meta-
analyses have included the statement ‘Authors were contacted to receive further in-
formation’, but I was never contacted by any meta-analyst (except for the Pradelli
paper [16], which I co-authored). If that had happened, the double inclusion of
trials [17] from the same group reporting on different parameters but originating
from the same set of patients [25, 52, 53] would have been avoided, and it would
have been possible to contribute preliminary data from another study [13]. In par-
ticular, when confidence intervals are wide, repetitive, unrecognized inclusion of a
patient cohort increases the type II error of a meta-analysis, which means it be-
comes even more difficult to reach statistical significance when detecting an exist-
ing difference by the analysis.

An editorial on the type Il error by the grandmasters of statistics Altman and Bland
[54] was titled ‘Absence of evidence is not evidence of absence’. Even though the effect
size of fish oil, even in critically ill patients, is measurable, an enormous background
noise hampers clear detection of the signal. The principal difficulty lies in the existence
of too much evidence: the vital evidence however is obscured by erroneous information
[51]. The key determinants that provide statistical evidence for any intervention in-
clude (1) the effect size, (2) the noise-to-signal ratio, (3) and the case load. Figure 3
illustrates the problem at hand.

Grid cell A represents the present situation of fish oil supplementation in critically
ill patients and the challenges that meta-analyses and guideline boards have to deal
with. Moving from A to B happens if a true treatment effect occurs in a homogenous
population. In regards to the current topic, this happens by selecting certain sub-
groups or parameters. To analyse the whole picture, one could claim that all studies
must be included in the analysis. This point is crucial because the decision of whether
or not to include a study with a flawed study protocol determines whether more noise
than signal is added, further increasing the type II error. A typical problem study is
the aforementioned EDEN-OMEGA trial [43, 44], which is highly weighted within
the analysis because of its large caseload but brings noise rather than signal. Including
badly planned and conducted studies as well as bias of a variable nature will end up in
tield C of figure 3, where it is no longer possible to significantly extract the existing
signal from the noise. Thus, well-conducted trials with adequate caseloads will make
it possible to detect an existing signal, even in the presence of background noise (grid
cell D in fig. 3 [51]).

When discussing the outcome effects of a fish oil signal, the question of dosage is
of particular interest. The dose decides if we end up within the right or left column of
tigure 3. The existing studies never investigated the dose-effect relationships, thus al-
lowing for clear reccommendations. The aforementioned observational study [4] sug-
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Fig. 3. Curves of any given treatment effect of fish oil over time. The curves were all generated as
sine functions with variable superimposed signals (intervention pattern) and variable random-noise
effects. P values for the intervention effects are given. Even though the given intervention pattern is
implemented in all curves, the background noise decides whether or not the signal can be recog-
nized again with statistical certainty in a given caseload.

gested doses of fish oil between 0.15 and 0.2 g/kg/day in septic patients, but only a few
patients received more than this dose in that trial. Thus, it is uncertain if even higher
dosages might improve outcome. One dose-escalating study (FOILED study Clinical-
Trials.gov ID NCT01146821) that included up to 0.5 g/kg/day fish oil is underway to
close this gap of knowledge.

Conclusion

In critically ill patients, positive secondary outcome effects such as shorter stay in
the hospital have clearly and independently been demonstrated in all recent meta-
analyses. Variable severity of diseases, unclear intervention time points, enteral
routes in failing intestine, and one-size-fits-all approaches are methodological
flaws of several studies that failed to show clear outcome effects and put meta-
analyses at risk for type II error. Completeness of the database with high-quality
research is the key to evidence-based practice and clinical applicability of meta-
analyses.
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Thus, there is a need for adequately powered, well-planned and well-conducted
randomized trials to finally transfer the well-documented, beneficial secondary out-
come effects of marine omega-3 FAs into lower mortality in critically ill patients. Only
then clear recommendations on individual utility and dosage of intravenous omega-3
FAs in the critically ill will be possible.
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Abstract

Intravenous lipid emulsions (IVLEs) are an important component of the nutritional admixtures for
patients on long-term home parenteral nutrition (HPN) for chronic intestinal failure (CIF). IVLEs are
primarily used as a source of energy and essential fatty acids, and the content of polyunsaturated
fatty acids (PUFAs) is the most important characteristic of IVLEs. IVLEs rich in n-6 PUFAs may have a
pro-inflammatory effect, whereas those rich in n-3 PUFAs may exert an anti-inflammatory effect.
Othercomponentstobe consideredare therisk of lipid peroxidation and the contents of a-tocopherol
and phytosterols. Published studies were reviewed to determine the effects of the commercially
available IVLEs on essential fatty acid status, liver function tests, lipid peroxidation and inflamma-
tory indices, and a-tocopherol status, as well as their clinical safety and efficacy in patients on HPN.
Investigations on the efficacy of fish oil-based IVLEs, which are rich in n-3 PUFAs, in the treatment of
parenteral nutrition-associated liver disease (PNALD) in adult patients on HPN for CIF were also ana-
lyzed. The current commercial IVLE formulations have similar clinical safety profiles and efficacies
and can prevent the development of essential fatty acid deficiency in adults on HPN for CIF. IVLE with
a low content of n-6 PUFAs and with or without increased n-3 PUFA content may reduce the risk of
PNALD. Fish oil-based IVLE, which is rich in n-3 PUFAs, may be effective in reversing hepatic cholesta-
sis due to PNALD. ©2015 S. Karger AG, Basel

Intravenous lipid emulsions (IVLEs) are oil-in-water emulsions consisting of one or
more triacylglycerol-containing oils, a phospholipid emulsifier, and glycerol. For clin-
ical purposes, the fatty acid profile is the most relevant characteristic of an IVLE.
Other components to be considered but that are not always reported on the product
label are the contents of phospholipids, a-tocopherol, phytosterols and vitamin K
(table 1). The first developed IVLE was soybean oil (SO)-based with a high content of
the n-6 polyunsaturated fatty acid (PUFA) linoleic acid (18:2n-6), which could cause
nutritional complications such as reticuloendothelial system dysfunction, an exagger-
ated systemic inflammatory response in the critically ill, and increased lipid peroxida-
tion and liver dysfunction in acutely ill infants and in patients of any age requiring



Table 1. Composition of commercially available intravenous lipid emulsions

Oil source Linoleicacid  a-linolenic acid Eicosapentaenoic Docosahexaenoic n-6:n-3  a-tocopherol, Phytosterols,
(18:2n-6), (18:3n-3), acid (20:5n-3), acid (22:6n-3), ratio mg/I mg/I
% by weight % by weight % by weight % by weight

SO 100% 44-62 4-11 0 0 7:1 40-220 =350

SO 50% 27-52 4-7 0 0 7:1 85120 NA

MCT 50%

SO 20% 18.5 2 0 0 9:1 32 =330

00 80%

SO 40% 244 33 3.1 2.3 2.71 190+30 NA

MCT 50%

FO 10%

SO 30% 37.2 4.7 4.7 4.7 2.5:1 200 47

MCT 30%

00 25%

FO 15%

SO = Soybean oil; MCT = medium-chain triacylglycerol oil; OO = olive oil; FO = fish oil; NA = not available.
(Adapted from reference 1.)

long-term home parenteral nutrition (HPN). In order to decrease the n-6 PUFA con-
tent, the second-generation IVLEs consisted of a 50:50 (by weight) physical mixture
of SO and medium-chain triacylglycerols (SO-MCT). The third generation consisted
of 80% olive oil and 20% SO by weight (OO-SO), and the fourth included fish oil ei-
ther alone (FO) or in combination with one or more of the oils used in previous IVLEs
(SO-MCT-FO or SO-MCT-O0-FO). FO is rich in n-3 PUFAs, which have anti-in-
flammatory properties and may have potentially important pharmacological benefits
[1-3]. The phospholipid content of IVLEs exceeds the amount needed to solubilize
their triacylglycerol content (phospholipids/triacylglycerols: 10%>20%>30% IVLE).
A part of phospholipids are present as liposome-resembling particles that impede
lipid metabolism and may accumulate as lipoprotein X, causing hypercholesterolemia
[2]. Phytosterols are plant sterols (sitosterol, campesterol, stigmasterol) that have
been demonstrated to reduce bile acid excretion in animal studies. A progressive in-
crease and accumulation of phytosterol content in cell membranes and plasma lipo-
proteins has been associated with cholestasis in children on long-term HPN [1, 3].
IVLEs may provoke peroxidative stress due to their content of PUFAs (both n-6 and
n-3), which can act as substrates for the formation of lipid peroxides. Lipid peroxida-
tion may occur in vitro during storage and after compounding in all-in-one admix-
tures, as well as in vivo after infusion. The susceptibility of IVLEs to peroxidation is
directly related to the number of double bonds in their carbon chain (n-3 PUFAs >
n-6 PUFAs > n-9 monounsaturated fatty acid) and is counteracted by enriching the
emulsions with a-tocopherol. Comparison of the various IVLEs indicated that in vitro
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lipid peroxidation is directly related to the PUFA content and inversely related to the
a-tocopherol/PUFA ratio of the IVLE [1, 4]. Oxidative stress can play a role in the
development of parenteral nutrition-associated liver disease (PNALD) of patients on
long-term HPN [5]. The vitamin K (phylloquinone) content of an IVLE is related to
the vegetable oil used in its preparation and its concentration (13.2-30.8 ug/dl for the
10% IVLE and 27-68 pg/dl for the 20% IVLE). The vitamin K content of IVLE is of
importance for patients taking warfarin and who may have decreased prothrombin
time, and on the other hand, vitamin K supplementation may contribute positively to
bone metabolism [3].

IVLEs are an important component of the nutritional admixtures for HPN. HPN is
considered the primary treatment for chronic intestinal failure (CIF) due to benign
disease that results from obstruction, dysmotility, surgical resection, congenital defect
or disease-associated loss of absorption, and it is characterized by the inability to main-
tain balance in protein energy, fluid, electrolytes or micronutrients [6]. IVLEs are used
as an alternative energy source to dextrose, avoiding the complications of excessive
dextrose, and they serve as a source of essential fatty acids (EFAs) to prevent essential
fatty acid deficiency (EFAD) and, more recently, as pharmaconutrients [1-3]. In long-
term HPN, it is generally recommended that lipids should provide 15-30% of the total
intravenous calorie intake or 30-50% of non-protein calories. The infusion rates of LE
should be 0.8-1.5 g/kg body weight per day (or 0.11 g/kg per hour) because side effects
have been reported above this threshold [1, 2]. The effects of IVLEs on the PUFA pro-
files of plasma and cell-membrane phospholipids of patients on long-term HPN for
CIF depends on and are consistent with the PUFA contents of the IVLE (table 2). All
[7-11] but one [12] investigation on SO, which is rich in n-6 PUFAs, showed that the
infusion of SO was associated with a decrease in linolenic acid (18:2n-6) and an in-
crease in arachidonic acid (20:4n-6), suggesting a stimulation of the elongation and
desaturation of linolenic acid to the pro-inflammatory arachidonic acid. The few stud-
ies on the replacement of SO with SO-MCT reported no changes in plasma or red-
blood-cell-membrane PUFAs with respect to baseline [12] or in comparison to the
infusion of SO alone [13, 14]. One investigation found that the only significant change
following the infusion of OO-SO was a decrease in a-linolenic acid (18:3n-3) in plasma
phospholipids [15], whereas two further studies observed that the infusion of OO-SO
was associated with an increase in monounsaturated oleic acid (18:1n-9) and a de-
crease in linoleic acid in both plasma and cell-membrane phospholipids [16, 17]. Two
randomized controlled studies, one in children and one in adults, on the effect of SO-
MCT-OO-FO found similar results showing an increase in n-3 PUFAs (eicosapentae-
noic acid (20:5n-3) and docosahexaenoic acid (22:6n-3)) and an increased n-3:n-6
ratio of both plasma and cell-membrane phospholipids [18, 19]. Similarly, an increased
concentration of n-3 PUFAs associated with a significant decrease in arachidonic acid
was reported when FO was added to the ongoing parenteral nutrition admixture con-
taining either OO-SO [20] or SO [21]. According to the European Society for Clinical
Nutrition and Metabolism guidelines on HPN in adult patients, the EFA requirement
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Table 2. Effect of the different intravenous lipid emulsions (IVLEs) on the fatty acid (FA) profiles of plasma and cell membrane
phospholipids and on the essential fatty acid (EFA) status of patients on long-term home parenteral nutrition for chronic
intestinal failure

Author, Type of study (age Type of IVLE FA profile in phospholipids EFA status

[reference], group, number of (Plasma = P, red blood cell membranes = RBC) triene:tetraene ratio in

year patients) plasma phospholipids
(normal value <0.2)

Abushufa Observational SO RBC: | 18:2n-6 NR

[7], 1995 (adults, 25)

Pironi Observational SO RBC: | 18:2n-6 and 20:4n-6 and 1 22:5n-6 >0.21in 1 patient

[8], 1996 (adults, 7)

Jeppesen Observational SO P:118:2n-6 and 1 20:4n-6 >0.2 in 25% of patients

[9], 1998 (adults, 56)

Ling Observational SO P: 1 18:2n-6 and 20:4n-6 <0.2

[10], 2002 (adults, 11)

Chambrier  Observational SO P:118:2n-6 and 1 20:4n-6 NR

[11],2002 (adults, 20)

Dahlan Randomized cross-over SO vs. RBC: 1 18:2n-6 and | 20:4n-6 with SO NR

[12], 1992 (adults, 5) SO-MCT No changes from baseline with SO-MCT

Goulet Prospective non- SO-MCT P and RBC: no changes after switching from SO NR

[13],1992 randomized (children, 12) after SO to SO-MCT

Chambrier  Prospective crossover SO vs. No differences between the groups No clinical EFAD

[14],2004 (adults, 11) SO-MCT

Reimund Prospective non- 00-S0 after P:118:3n-3 <0.2

[15], 2005 randomized (adults, 14) SO or SO-MCT

Goulet RCT (children, 18) SOvs.00-SO  P:118:1n-9 and | 18:2n-6 and 20:5n-3 with OO <0.2 with both LEs

[16], 1999 RBC: | 18:2n-6 with OO

Vahedi RCT (adults, 13) SO vs.00-SO P and lymphocyte membranes: T 18:3n-6 with OO <0.2 with both LEs

[17],2005 P:118:1n-9 in the OO group

Goulet RCT (children, 28) SO vs. SO- P and RBC: T 20:5n-3 and C22:6n-3; 1 n-3:n-6 ratio NR

[18],2010 MCT-O0-FO with SO-MCT-O0-FO

Klek RCT (adults, 73) SO vs. SO- P and RBC: 1 20:5n-3 and C22:6n-3; T n-3:n-6 ratio NR

[19],2013 MCT-O0-FO SO-MCT-00-FO

Pironi Case report (adult, 1) FO added to RBC: T 20:5n-3 and 22:6n-3; | 20:4n-6 NR

[20],2010 00-S0

Xu Prospective (adults, 15) FO added P: 1 20:5n-3 and 22:6n-3; | 20:4n-6 NR

[21],2012 to SO

Burns Case report (adult, 1) FO NR <0.2

[23],2013

Gura Retrospective with FO NR >0.2 in one patient

[24], 2008 historical control

(children, 39)
Puder Retrospective with FO NR >0.2 in 2 patients who
[25], 2009 historical control had LE infusion

(children, 42)

interrupted
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Table 2. Continued

Author, Type of study (age Type of IVLE FA profile in phospholipids EFA status
[reference], group, number of (Plasma = P, red blood cell membranes = RBC) triene:tetraene ratio in
year patients) plasma phospholipids

(normal value <0.2)

de Meijer Prospective open FO NR No clinical or
[26],2010 (children, 10) biochemical EFAD

SO = Soybean oil; SO-MCT = 50% soybean oil - 50% medium-chain triacylglycerol oil; OO = olive oil; FO = fish oil; triene:tetraene ratio,
20:3n-9:20:4n-6; NR = not reported; RCT = randomized controlled trial.

18:1n-9, oleic acid.

18:2n-6, linoleic acid; 18:3n-6, y-linolenic acid; 20:4n-6, arachidonic acid; 22:5n-6, docosapentaenoic acid.

18:3n-3, a-linolenic acid; 20:5n-3, eicosapentaenoic acid; 22:6n-3, docosahexaenoic acid.

20:3n-9, eicosatrienoic acid.

22:4n-6, docosatetraenoic acid.

of 7 to 10 g/day can be satisfied by the infusion of 14-20 g of fat from SO or of 30-40 g
of fat from an OO-SO IVLE [22]. Published studies have demonstrated that SO-MCT,
SO-MCT-0OO-FO as well as FO alone may also prevent EFAD, as assessed by the
triene:tetraene ratio in plasma phospholipids (table 2) [8-10, 14-17, 23-26].

The various IVLEs may play roles in the development as well as in the treatment
of PNALD. Hepatic dysfunction has been described in 15-85% of patients on HPN
for benign CIF. Chronic cholestasis with associated inflammation and more rapid
progression to fibrosis, portal hypertension and end-stage liver disease are the pre-
dominant features in neonates and children, whereas steatosis and steatohepatitis
with a slower evolution are the principal lesions in adults. Liver failure due to PNALD
is a major cause of HPN failure that requires a lifesaving combined liver-intestinal
transplantation [6, 27]. The pathogenesis is multifactorial and includes parenteral nu-
trition, intestinal failure and system-related factors. Thus, both the definitions of
PNALD and of intestinal failure-associated liver disease (IFALD) are used. HPN hy-
peralimentation, excess or deficiency of some nutrients, frequent surgical procedures,
lack of enteral intake, presence of a short bowel, small bowel bacterial overgrowth,
sepsis related to central venous catheters or to the underlying diseases, and immatu-
rity of the liver in children have all been reported to play a role in the pathophysiol-
ogy of liver disease [5, 6]. Among the IVLEs, the administration of SO at a dose of
>1 g/kg body weight has been reported to favor the development of IF/PNALD, pri-
marily through its high content of pro-inflammatory n-6 PUFAs and phytosterols [5].
The European Society for Clinical Nutrition and Metabolism guidelines on HPN in
adult patients give the following recommendation to prevent the development of
PNALD: all forms of over-feeding should be avoided (grade B); the fat:glucose energy
ratio should not exceed 40:60, and lipids should comprise no more than 1 g/kg per
day (grade B); glucose administration in excess of 7 mg/kg/min and continuous rath-
er than cyclic infusion are also considered risk factors (grade B); and infections, in
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Table 3. Effect of the different lipid emulsions (IVLEs) on liver function tests, inflammatory indices, lipoperoxidation indices,
vitamin E status and clinical outcome parameters in patients on long-term home parenteral nutrition for chronic intestinal

failure
Author, Type of study (age group, ~ Type of IVLE Liver function tests Inflammatory and Clinical outcome
[reference], number of patients, peroxidation indices and
year duration of treatment) a-tocopherol status
Goulet Prospective non SO-MCT Decrease in gamma- Moderate lipid peroxidation ~ Good clinical
[13]1,1992  randomized (children, after SO GT at 6 months tolerance
12, 6 months)
Rubin RCT (adults, 22, 4 weeks) SO vs. SO-MCT structured: Similar lipid peroxidation Similar clinical
[28], 2000 SO-MCT normal safety and adverse
structured SO:abnormal in events
2 patients
Chambrier  Prospective crossover SO vs. Normal with both P: | vitamin K with SO-MCT Similar clinical
[14],2004  (adults, 11,4 months) SO-MCT IVLE tolerance
Reimund Prospective non 00-SO No changes Similar good
[15], 2005 randomized after SO clinical safety and
(adults, 14, 3 months) or SO-MCT efficacy
Goulet RCT (children, 18, SO vs. No differences P: similar a-tocopherol Similar clinical
[16],1999 2 months) 00-SO Lower lipid peroxidation safety and efficacy
with 00
Thomas- Prospective cross-over SO vs. No changes NR Similar clinical
Gibson with retrospective 00-SO safety
[29],2004  comparison (adults, 13,
6 months)
Vahedi RCT (adults, 13, SO vs. No differences NR Similar adverse
[17],2005 3 months) 00-SO events
Goulet RCT (children, 28, SO vs. Normal in both groups, but  P: T a-tocopherol in Similar adverse
[18],2010 4 weeks) SO-MCT- significantly smaller SO-MCT-0O0-FO events
OO-FO increase of plasma bilirubin  Similar lipid peroxidation
with SO-MCT-0O0O-FO
Klek RCT (adults, 73, 4 weeks) SO vs. Normal in both groups, but  P: T a-tocopherol in Serious adverse
[19],2013 SO-MCT- ALT, AST and total bilirubin  SO-MCT-OO-FO events significantly
O0O-FO significantly lower with P:IL-6 and sTNF-RIl levels did more frequent

SO-MCT-00-FO

not change in either group

with SO

SO = Soybean oil; MCT = 50% medium chain triacylglycerol oil; OO = olive oil; FO = fish oil; RCT = randomized controlled trial; NR = not re-

ported.

particular line sepsis, must be promptly controlled to prevent deterioration of any
liver abnormalities (grade B) [22].

A few studies have compared the safety and efficacy of IVLEs as alternatives to SO
in long-term HPN [13-19, 28, 29] (table 3). When only randomized controlled trials
were considered [16-18, 28], no statistically significant differences in the frequencies

of alterations of the liver function tests were observed between SO and the other
IVLEs. Two investigations, one in children and one in adults, showed that the elevat-
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Table 4. Fish oil lipid emulsion for the treatment of intestinal failure/parenteral nutrition-associated liver disease in adult
patients on long-term home parenteral nutrition for chronic intestinal failure

Firstauthor,  Type of study (age group,  Treatment Liver histology grade
year number of patients,
duration of treatment) before after
Pironi Prospective FO,0.20 g/kg body  Cholestasis: 0 0
[20],2010  (adult, 1, 8 months) weight/day Steatosis: 2 1
added to O0O-SO Inflammation: 2 1
Fibrosis: 3 3
Jurewitsch  Prospective FO,0.25 g/kg body  Steatosis: none none
[30], 2011 (adult, 1, 4 months) weight/day Cholestasis: heavy lobular  none, portal hepatitis
and portal reactive cholangiopathy
Fibrosis: 2 2
Xu Prospective FO, 0.15-0.25 g/kg Cholestasis: 1.5 1
[21],2012  (adults, 15, 1 month) body weight/day Steatosis: 2.2 1.5
added to SO Inflammation: 2.8 1.5
Fibrosis: 1.9 1.7
Burns Prospective FO, 1 g/kg body Histology not performed
[23],2013  (adult, 1, 16 months) weight/day Serum concentration outcome:

1 total bilirubin from 12.4 to 4.2 mg/dl

1 C-reactive protein from 23 to 4.1 mg/dI
Slight decrease of AST and ALT

Initial increase and subsequent decline of
alkaline phosphatase

SO = Soybean oil; MCT = medium chain triacylglycerol oil; OO = olive oil; FO = fish oil; A = adults; C = children; AST = aspar-
tate aminotransferase; ALT = alanine aminotransferase.

ed values of liver function tests, which remained within the normal limits throughout
the study period, was significantly lower with SO-MCT-OO-FO [18, 19]. A lower
lipid peroxidation was observed for all alternative IVLEs in 3 investigations carried
out by the same group [13, 16, 18], whereas a significant increase in the serum
a-tocopherol concentration was reported using SO-MCT-OO-FO [17, 18], which has
a higher content of this antioxidant vitamin (table 1). No change was observed for the
concentrations of inflammatory cytokines [28]. Notwithstanding the significant dif-
ferences in the biochemical endpoints, the studies demonstrated that the various IV-
LEs had similar clinical safety and efficacies (table 3).

Since 2008, several studies have reported the reversal of IF/PNALD with severe
cholestasis in children when FO was used instead of or in addition to SO [5]. The
therapeutic effect of FO is primarily attributed to the anti-inflammatory effect of n-3
PUFAs [5]. Alternatively, it is suggested that the effect may be due to the withdrawal
of the pro-inflammatory SO that the children were receiving [5]. More recently, pos-
itive reports on adults have been published [20, 21, 23, 30] (table 4). In two cases, FO
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was used as the unique source of fat [23, 30], whereas it was added to the ongoing
00-SO [20] or SO in the other two studies [21]. FO was administered at a rate of
0.20 g/kg body weight/day of infusion in three studies [20, 21, 30] and at 1 g/kg/day
in one study [23]. The effect of FO was assessed by liver histology in three cases [20,
21, 30]. In all three studies, a reversal or a decrease in cholestasis, inflammation and
steatosis was seen, whereas no changes were observed in liver fibrosis, which is the
most important marker of progression to end-stage liver disease and would be an in-
dication for combined liver and small bowel transplantation [6, 27].

In conclusion, in adults on long-term HPN for CIF, (a) the current commercial
IVLE formulations have similar clinical safety and efficacies and can prevent the de-
velopment of EFAD; (b) IVLEs, as alternatives to SO, may be useful to reduce the risk
of IF/PNALD because of their lower content of pro-inflammatory n-6 PUFAs and/or
their higher content of anti-inflammatory n-3 PUFAs; (c) FO alone or in addition to
other IVLEs seems effective in reversing hepatic cholestasis due to IF/PNALD; and d)
further studies are required to clarify if the therapeutic effect of FO is due to the anti-
inflammatory effect of its high content of n-3 PUFAs alone or if the effect is also due
to its high content of a-tocopherol and/or low content of phytosterols as well as to the
decrease of the SO load.

References

1 Vanek VW, Borum P, Buchman A, et al: A.S.P.E.N. 8 Pironi L, Belluzzi A, Miglioli M: Low levels of essen-

position paper: Recommendations for changes in tial fatty acids in the red blood cell membrane phos-
commercially available parenteral multivitamin and pholipid fraction of long-term home parenteral nu-
multi-trace element products. Nutr Clin Pract 2012; trition patients. JPEN J Parenter Enteral Nutr 1996;
27:440-491. 20:377-378.

2 Wanten GJ, Calder PC: Immune modulation by par- 9 Jeppesen PB, Hoy CE, Mortensen PB: Essential fatty
enteral lipid emulsions. Am ] Clin Nutr 2007;85: acid deficiency in patients receiving home parenteral
1171-1184. nutrition. Am J Clin Nutr 1998;68:126-133.

3 Mirtallo JM, Dasta JF, Kleinschmidt KC, et al: State 10 Ling PR, Ollero M, Khaodhiar L, et al: Disturbances
of the art review: intravenous fat emulsions: current in essential fatty acid metabolism in patients receiv-
applications, safety profile, and clinical implications. ing long-term home parenteral nutrition. Dig Dis Sci
Ann Pharmacother 2010;44:688-700. 2002;47:1679-1685.

4 Pironi L, Guidetti M, Zolezzi C, et al: Peroxidation 11 Chambrier C, Garcia I, Bannier E, et al: Specific
potential of lipid emulsions after compounding in changes in n -6 fatty acid metabolism in patients with
all-in-one solutions. Nutrition 2003;19:784-788. chronic intestinal failure. Clin Nutr 2002;21:67-72.

5 Staun M, Pironi L, Bozzetti F, et al: Guidelines on 12 Dahlan W, Richelle M, Kulapongse S, et al: Effects of
parenteral nutrition: Home parenteral nutrition essential fatty acid contents of lipid emulsions on
(HPN) in adult patients. Clin Nutr 2009;28:467-479. erythrocyte polyunsaturated fatty acid composition

6 Pironi L, Goulet O, Buchman A, et al: Outcome on in patients on long-term parenteral nutrition. Clin
home parenteral nutrition for benign intestinal fail- Nutr 1992;11:262-268.
ure: A review of the literature and benchmarking 13 Goulet O, Postaire M, De Potter S, et al: Medium-
with the European prospective survey of ESPEN. chain triglycerides and long-term parenteral nutri-
Clin Nutr 2012;31:831-845. tion in children. Nutrition 1992;8:333-337.

7 Abushufa R, Reed P, Weinkove C, et al: Essential fat-
ty acid status in patients on long-term home paren-
teral nutrition. JPEN ] Parenter Enteral Nutr 1995;
19:286-290.

148 Pironi - Agostini - Guidetti

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 141-149 (DOI: 10.1159/000365608)



14

15

16

17

18

19

20

21

Chambrier C, Bannier E, Lauverjat M, et al: Replace-
ment of long-chain triglyceride with medium-chain
triglyceride/long-chain triglyceride lipid emulsion in
patients receiving long-term parenteral nutrition: ef-
fects on essential fatty acid status and plasma vitamin
K1 levels. JPEN ] Parenter Enteral Nutr 2004;28:7-
12.

Reimund JM, Rahmi G, Escalin G, et al: Efficacy and
safety of an olive oil-based intravenous fat emulsion
in adult patients on home parenteral nutrition. Ali-
ment Pharmacol Ther 2005;21:445-454.

Goulet O, de Potter S, Antébi H, et al: Long-term ef-
ficacy and safety of a new olive oil-based intravenous
fat emulsion in pediatric patients: a double-blind
randomized study. Am J Clin Nutr 1999;70:338-345.
Vahedi K, Atlan P, Joly F, et al: A 3-month double-
blind randomised study comparing an olive oil- with
a soyabean oil-based intravenous lipid emulsion in
home parenteral nutrition patients. Br ] Nutr 2005;
94:909-916.

Goulet O, Antebi H, Wolf C, et al: A new intravenous
fat emulsion containing soybean oil, medium-chain
triglycerides, olive oil, and fish oil: A single-center,
double-blind randomized study on efficacy and safe-
ty in pediatric patients receiving home parenteral
nutrition. JPEN ] Parenter Enteral Nutr 2010;34:
485-495.

Klek S, Chambrier C, Singer P, et al: Four-week par-
enteral nutrition using a third generation lipid emul-
sion (SMOFlipid) - a double-blind, randomised,
multicentre study in adults. Clin Nutr 2013;32:224-
231.

Pironi L, Colecchia A, Guidetti M, et al: Fish oil-
based emulsion for the treatment of parenteral nutri-
tion associated liver disease in an adult patient. E
Spen Eur E ] Clin Nutr Metab 2010;5:e243-e246.
XuZ, LiY, Wang J, et al: Effect of omega-3 polyun-
saturated fatty acids to reverse biopsy-proven paren-
teral nutrition-associated liver disease in adults. Clin
Nutr 2012;31:217-223.

Loris Pironi, MD
Center for Chronic Intestinal Failure, Department of Internal Medicine and Gastroenterology
Policlinico Sant’'Orsola-Malpighi

Via Massarenti 9, IT-40138 Bologna (Italy)
E-Mail loris.pironi@unibo.it

Intravenous Lipids in Home Parenteral Nutrition

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.

22

23

24

25

26

27

28

29

30

Rangel SJ, Calkins CM, Cowles RA, et al: Parenteral
nutrition-associated cholestasis: An American Pedi-
atric Surgical Association outcomes and Clinical Tri-
als Committee systematic review. ] Pediatr Surg
2011;2012:225-240.

Burns DL, Gill BM: Reversal of parenteral nutrition-
associated liver disease with a fish oil-based lipid
emulsion (Omegaven) in an adult dependent on
home parenteral nutrition. JPEN J Parenter Enteral
Nutr 2013;37:274-280.

Gura KM, Lee S, Valim C, et al: Safety and efficacy of
a fish-oil-based fat emulsion in the treatment of par-
enteral nutrition-associated liver disease. Pediatrics
2008;121:e678-e686.

Puder M, Valim C, Meisel JA, et al: Parenteral fish oil
improves outcomes in patients with parenteral nu-
trition-associated liver injury. Ann Surg 2009;250:
395-402.

de Meijer VE, Le HD, Meisel JA, et al: Parenteral fish
oil as monotherapy prevents essential fatty acid defi-
ciency in parenteral nutrition-dependent patients. J
Pediatr Gastroenterol Nutr 2010;50:212-218.

Pironi L, Joly F, Forbes A, et al: Long-term follow-up
of patients on home parenteral nutrition in Europe:
implications for intestinal transplantation. Gut 2011;
60:17-25.

Rubin M, Moser A, Vaserberg N, et al: Structured
triacylglycerol emulsion, containing both medium-
and long-chain fatty acids, in long-term home par-
enteral nutrition: a double-blind randomized cross-
over study. Nutrition 2000;16:95-100.
Thomas-Gibson S, Jawhari A, Atlan P, et al: Safe and
efficacious prolonged use of an olive oil-based lipid
emulsion (ClinOleic) in chronic intestinal failure.
Clin Nutr 2004;23:697-703.

Jurewitsch B, Gardiner G, Naccarato M, et al: Ome-
ga-3-enriched lipid emulsion for liver salvage in par-
enteral nutrition-induced cholestasis in the adult pa-
tient. JPEN ] Parenter Enteral Nutr 2011;35:386-390.

149

World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 141-149 (DOI: 10.1159/000365608)



Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 150-162 (DOI: 10.1159/000365609)

The Complexity of Prescribing Intravenous
Lipid Emulsions

Dan Linetzky Waitzberg - Raquel Susana Torrinhas

University of Sdo Paulo Medical School, Department of Gastroenterology (LIM 35), Séo Paulo, Brazil

Abstract
Intravenous lipid emulsions (LEs) are relevant for patients receiving parenteral nutrition because they
prevent the depletion of essential fatty acids (FAs) and, as a highly dense energy source, enable the
reduction of glucose provision, thereby decreasing the risks of hyperglycemia and hepatic impair-
ment. The prescription of LEs is complex, due mainly to their distinct FA components, which may
alter the immune response in different ways and distinctly influence inflammation, oxidative stress
and blood coagulation according to their biochemical properties. In addition, an excess of other LE
components, such as phospholipids and phytosterols, may be associated with hepatic steatosis and
dysfunction. These associations do not represent direct risks or obstacles to LE use in metabolically
stable patients but can render the choice of the best LE for hypermetabolic patients difficult. The in-
fusion of LEs according to the available guidelines provides more benefit than harm and should be
part of exclusive parenteral nutrition regimens or complement enteral nutrition when appropriate.
The patient’s metabolic profile should guide the type of FA and amount of lipids that are provided.
For critically ill hypermetabolic patients, growing evidence indicates that standard LEs based solely
on soybean oil should be avoided in favor of new LEs containing medium-chain triglycerides, olive
oil, or fish oil to decrease the provision of potentially oxidative, inflammatory/immunosuppressive,
and prothrombotic n-6 FAs. In addition, as sources of eicosapentaenoic and docosahexaenoic acids,
LEs containing fish oil may be important for critically ill patients because they allow better modula-
tion of the immune response and likely reduce the length of intensive care unity stay. However, cur-
rentevidence precludes the recommendation of a specific LE for clinical use in this patient population.
© 2015 S. Karger AG, Basel

Why to Prescribe Intravenous Lipid Emulsions

Lipid emulsions (LEs) are the main sources of non-glucose energy with high caloric
density (~9 kcal/g) and essential fatty acids (FAs) for patients requiring parenteral
nutrition (PN). In addition to providing energy through oxidation, FAs from LEs par-
ticipate in the transport of liposoluble vitamins and can be used for the synthesis of
cell membrane structures, hormones, and other lipid-active biomediators, therefore



influencing cell signaling, body metabolism, and the immune response [1]. Due to
these functions, FAs delivered by LEs are relevant to patients requiring PN, particu-
larly those undergoing processes involving cell replication and tissue repair [2].

When to Prescribe Lipid Emulsions

Indications

LEs should be prescribed as exclusive PN regimens or as PN complementary to en-
teral nutrition (EN) when oral or EN is impossible, contraindicated, or insufficient.
These indications apply to malnourished patients, those at risk of malnutrition with
no gastrointestinal tract function, and those with disorders requiring complete bowel
rest or who have not met their energy targets by enteral feeding after 2 days [3].

Contraindications

In addition to specific contraindications to PN, such as hypokalemia, hyperhydration,
hypotonic dehydration, metabolic acidosis, and hemodynamic instability, general
contraindications to LE infusion include hypersensitivity to LE ingredients or excipi-
ents, severe hyperlipidemia, severe blood coagulation disorder, acute shock, and un-
stable conditions, such as severe post-traumatic conditions, uncompensated diabetes
mellitus, acute myocardial infarction, stroke, embolism, and severe sepsis (specifica-
tions of products and manufacturers). Although isolated organ failure per se is not a
contraindication to the parenteral application of LEs, severe liver or renal insufficien-
cy in patients with no access to hemofiltration or dialysis may also contraindicate LE
infusion, mainly when associated with impaired tissue blood flow and peripheral ox-
ygen deficiency [4].

Why Different Lipid Emulsions were Designed for Clinical Practice

The biochemical characteristics of FAs influence their biological properties. We cur-
rently understand the individual properties of FAs, mainly their influences on the im-
mune response, but their optimal balance in intravenous fat emulsions remains a ma-
jor point of discussion.

Soybean oil (SO) was the main lipid component of LEs developed in the 1960s and
1970s. Since that time, alternative LEs aiming to offer a better balance of FAs through
partial substitution of SO with medium-chain triglycerides (MCTs), olive oil (OO),
and/or fish oil (FO) have been available in clinical practice. These new LEs were de-
veloped mainly to reduce the content of potentially oxidative, inflammatory, and im-
munosuppressive omega-6 (n-6) FAs, which are found in SO [1].

Thus, LEs currently available for clinical use are composed of different fat sources
and provide distinct kinds and proportions of n-6, MCTs, n-9, and n-3 FAs (table 1).
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Table 1. Characteristics of lipid emulsions designed for clinical use, adapted from [1]

Commercial name  Composition

Main characteristics

Intralipid®2
Lipovenoes®
Lipofundin®e
Ivelip®d

100% SO

Effective source of energy and essential fatty acids (~50% linoleic acid, 7% alpha-linolenic
acid). The high n-6 PUFA content has been associated experimentally with
immunosuppressive effects, mainly because these acids are sources of arachidonic acid,
which can be used as a substrate for the synthesis of potential inflammatory and
immunosuppressive eicosanoids.

Lipovenoes MCT®2  Physical mixture:

Lipofundin
MCT/LCT®P

50% SO + 50% MCTs

Effective source of energy and essential fatty acids, although mixtures of SO and MCTs
provide half the amount of essential fatty acids provided by SO-based LEs. MCTs are
transferred more readily into mitochondria, are largely independent of carnitine, and are
oxidized more rapidly and to a greater extent than long-chain fatty acids, but they may
contribute to acidosis. MCTs do not participate in eicosanoid synthesis and are less
susceptible to oxidation than n-6 PUFAs from SO-based LEs.

Structolipid®?

Randomly inter-
esterified mixture:

Same characteristics as LEs composed of physical mixtures of 50% SO and 50% MCTs from
coconut oil.

50% SO + 50% MCTs

Clinoleic®c ~20% SO + ~80% OO  Rich in n-9 MUFAs, which do not participate in eicosanoid synthesis and are less
susceptible to oxidation than n-6 PUFAs from SO-based LEs; also rich in alpha-
tocopherol.

Omegaven®? 100% FO Rich source of the n-3 PUFAs EPA and DHA; EPA acts as a substrate for the synthesis of
potentially less inflammatory eicosanoids than n-6 PUFAs. In addition, both n-3 PUFAs are
associated with anti-inflammatory properties and health benefits, especially with regard
to CVD.

Lipoplus®®/ 40% SO + 50% Latest generation of LEs, aiming to improve the balance of the parenteral fatty acid supply

Lipidem®® MCTs + 10% FO by reducing the n-6 PUFA content with the addition of MCTs and by the inclusion of n-3
PUFAs from FO.

SMOFlipid®? 30% SO +30% MCTs +  Latest generation of LEs, most closely approximating habitual lipid intake by offering all

25% 00 + 15% FO

oils regularly found in the human diet.

SO = Soybean oil; PUFA = polyunsaturated fatty acid; MCTs = medium-chain triglycerides (from coconut oil); LCT = long-chain triglyceride;
LE = lipid emulsion; OO = olive oil; MUFA = monounsaturated fatty acid; FO = fish oil; EPA = eicosapentaenoic acid; DHA = docosahexaenoic
acid; CVD = cardiovascular disease.
2 Fresenius-Kabi; ® B. Braun; ¢ Baxter Health Care; @ Clintec Nutrition Clinique.

SO-based and MCT-rich LEs are conventionally infused worldwide, whereas those
based on OO and containing FO are currently available only in Europe, Asia, and

South America [1].

How to Choose the Best Lipid Emulsion Prescription for Your Patient

When prescribing the available parenteral LEs, an understanding of the biological
properties of their FA components is mandatory. When possible, an LE containing
FAs with properties that do not favor inappropriate cellular responses but contribute
to a favorable patient outcome should be selected [2]. As the FA compositions of cur-
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rent LEs cannot address specific individual clinical needs, the metabolic profiles of
patients should guide the prescription of the best-available LEs to improve healing
and recovery [5].

Metabolically Stable Patients

All commercially available LEs contain sufficient amounts of essential linoleic acid and
alpha-linolenic acid to prevent deficiency. As a general rule, any LE can be prescribed to
compose parenteral regimens or in combination with EN to normometabolic patients.
In patients who have undergone gastrointestinal surgery, conflicting evidence has linked
SO-based LEs to immune impairment and possible poorer clinical outcomes, but wheth-
er the stressed conditions of these patients contribute to these undesirable effects re-
mains unclear. Furukawa et al. [6] reported that the infusion of an SO-based LE in-
creased postoperative plasma interleukin-6 levels and impaired T lymphocyte function
in severely but not moderately stressed patients who were classified according to the
nature of the surgical procedures. In addition, a randomized clinical trial determined
that MCT-rich and SO-based LEs showed similar metabolic safety and served as equal-
ly effective energy sources in non-severely stressed patients without renal or hepatic im-
pairment or major trauma [7]. Thus, SO-based LEs may be prescribed to stable patients,
and they offer the potential advantages of higher essential FA content than MCT-rich
LEs and lower cost than alternative LEs, such as those based on OO or containing FO.

Hypermetabolic Patients

Metabolic distress is often observed in clinical practice, mainly in critically ill patients.
It involves increased metabolic and oxidative rates, insulin resistance, and alterations
in substrate utilization, which, in turn, can result in hyperglycemia and hepatic im-
pairment [8].

FAs from available LEs provide more energy-dense sources of calories than amino
acids (4 kcal/g) or dextrose monohydrate (3.4 kcal/g). Parenteral regimens including
LEs may help to avoid hyperglycemia-related complications by allowing the infusion
of reduced volumes to achieve adequate energy intake [8]. The replacement of one-
third of the calories from conventional glucose-amino acid PN formulations by LEs
was shown to effectively achieve an anabolic state and was associated with reduced
glucose- and hepatic-related metabolic complications [9-11].

As effective non-glucose energy sources, all LEs can benefit hypermetabolic pa-
tients. However, metabolic distress increases a patient’s susceptibility to complica-
tions such as oxidative stress, alterations in cell-mediated immunity, inflammation,
and thrombosis [8]. These clinical intercurrences may be attenuated or aggravated by
the kinds of FAs provided by LEs.

Oxidative Stress
Several disease processes favor the release of large amounts of reactive oxygen species,
which may not be neutralized by the body’s antioxidant defenses, allowing the occur-
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rence of oxidative stress [12]. In critical illnesses, oxidative stress may exacerbate organ
damage and is associated with tissue ischemia-reperfusion injury and an intense sys-
temic inflammatory response [13]. Oxidative stress may thus play an important role
in the development of multiple organ failure and sepsis, among other complications.

When using parenteral LEs in critically ill patients, the strong propensity of un-
saturated FAs to react with reactive oxygen species and undergo peroxidation must
be considered. FAs with higher grades of unsaturation (numbers of double bonds) are
more susceptible to peroxidation. Thus, LEs that are very rich in n-6 and n-3 polyun-
saturated fatty acids (PUFAs) are targets for lipid peroxidation and may increase the
risk or intensity of oxidative stress in critically ill patients [14]. To minimize the risk
of peroxidation, LEs with high PUFA contents include adequate doses of the powerful
antioxidant alpha-tocopherol.

The administration of conventional SO-based LEs increases serum PUFA concen-
trations, which is of particular concern for critically ill patients [5]. LEs in which half
of the SO content has been replaced by MCT's contain less PUFA (linoleic acid; 27 vs.
54%) as a percentage of the total FA content, but also less alpha-tocopherol (6.5 vs. 12
mg/1 emulsion) [15]. In adult patients requiring PN, the infusion of a LE containing
a 1:1 ratio of SO and MCT with 100 mg/day alpha-tocopherol was associated with less
in vitro peroxidation of low- and very-low-density lipoprotein particles compared
with a conventional SO-based LE [15].

Alternatively, OO-based LEs (80% OO and 20% SO) have less PUFA content than
SO-based LEs and are a rich source of n-9 monounsaturated FAs and alpha-tocoph-
erol. Compared with SO-based LEs, OO-based LEs do not change the oxidative stress
markers in medical-surgical intensive care unit (ICU) patients, in healthy volunteers,
or during intradialytic PN. The OO-based LEs are associated with reduced low-den-
sity lipoprotein peroxidation and improved vitamin E status in pediatric patients re-
quiring long-term PN [16-20].

New mixed LEs containing FO are supplemented with high amounts of alpha-to-
copherol (Lipoplus®/Lipidem®, 190 + 30 mg and SMOFlipid®, 163-225 mg) to re-
duce the risk of lipid peroxidation due to their higher content of n-3 PUFAs. Patients
with stable intestinal failure and those who had undergone major abdominal surgery
had increased antioxidant concentrations after the infusion of PN with mixed LEs
compared with SO-based LEs, but no improvement in antioxidant status was ob-
served in ICU patients [21-24].

Immune Dysfunction

Critically ill patients are susceptible to alterations in their immune response that may
have detrimental effects via pro-inflammatory and immunosuppressive pathways [8].
PUFAs provided by LEs can directly influence the immune response, as they act as
substrates for the synthesis of immune-function mediators. Overall, products derived
from n-6 PUFAs are typically more potent mediators of inflammation and/or are
more immunosuppressive than those formed from n-3 PUFAs (fig. 1) [1].
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Fig. 1. Synthesis of eicosanoids from omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids.
Omega-6 (n-6) arachidonic acid (AA) and omega-3 (n-3) eicosapentaenoic acid (EPA) compete for
the same enzymatic pathways to synthesize immune-response mediators called eicosanoids (leu-
kotrienes [LT], thromboxanes [TX], and prostaglandins [PG]). Eicosanoids formed from AA (the even
series) are more potent mediators of inflammation and/or more immunosuppressive; they are also
more prothrombotic than those formed from EPA (the odd series). In addition to shifting eicosanoid
production toward those with low pro-inflammatory and immunosuppressive potential, EPA and
docosahexaenoic acid from the n-3 polyunsaturated fatty acid family participate in the synthesis of
anti-inflammatory resolvins and protectins and may also suppress inflammation by decreasing in-
flammatory cytokine release through mechanisms involving structural changes in membrane lipid
rafts and the modulation of transcriptional factors, adapted from [1].

N-6 PUFAs have been associated with the impairment of leukocyte function and
antibody-dependent cellular cytotoxicity, which may have serious impacts in the ICU
setting [25-27]. The use of SO-based LEs, which are rich sources of n-6 PUFAs, should
be avoided in the treatment of critically ill patients, particularly those with systemic
inflammatory response syndrome and sepsis or septic shock. Compared with lipid-
free PN, the incorporation of SO-based LEs in parenteral regimens for trauma pa-
tients was associated with higher rates of infection, longer requirement for mechani-
cal ventilation, and longer ICU and hospital stays [28].

SO/MCT- or OO-based LEs can be used as alternative lipid sources for critically
ill patients with impaired immune function because MCTs and n-9 monounsatu-
rated FAs from OO do not participate in eicosanoid synthesis and have neutral effects
on the immune response. Parenteral regimens in which fat components are provided
by SO/MCT-based LEs have had better impacts on immune functions and inflam-
matory markers than those incorporating SO-based LEs in various clinical settings
enrolling or not enrolling critically ill patients [29-32]. Only one study has docu-
mented the superior performance of an SO-based LE, compared with SO/MCT-
based LEs, that is characterized by reduced durations of febrile neutropenia and an-
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tibiotic administration in patients with hematological malignancies undergoing pe-
ripheral blood stem-cell transplantation [33]. OO-based LEs have been found to
affect inflammatory and immune markers similarly to SO-based LEs in adult medi-
cal-surgical ICU patients requiring PN and in those undergoing dialysis, as well as
during the postoperative period in patients with cancer and in home PN administra-
tion [16, 18, 34-36]. Only one study has documented higher leukocyte counts in ICU
patients receiving PN containing an OO-based LE compared with SO-based LEs
[37].

In the immunological setting, LEs based on or containing FO claim anti-inflam-
matory potential due to their high eicosapentaenoic acid (EPA) and docosahexaeno-
ic acid contents, which may be of great interest when managing the treatment of crit-
ically ill patients, especially those with sepsis [38]. In surgical and critically ill patients,
the infusion of such LEs has been associated with the preservation or improvement of
leukocyte function and the attenuation of inflammatory response markers compared
with SO-based LEs and even with less immune-reactive SO/MCT- or OO-based LEs
[39-42]. These immunological benefits seem to positively impact clinical outcomes,
as they are frequently accompanied by reduced infectious and non-infectious compli-
cation rates as well as reduced ICU and hospital stays [38, 43, 44].

Thrombosis

Several conditions that are often observed in critically ill patients can disturb cir-
culating blood and tip the hemostatic balance toward thrombosis [8]. Eicosanoids
produced from n-6 PUFAs, mainly thromboxane A2, stimulate platelet aggrega-
tion and vasoconstriction, whereas those originating from n-3 PUFAs may have
antiaggregatory and less proaggregatory effects. These observations suggest that
SO-based and FO-containing LEs distinctly influence a patient’s propensity for
thrombosis.

Substantial data characterizing the effects of different LEs on blood coagulation
markers are lacking. In one study, after an intravenous injection of endotoxin, plasma
levels of the prothrombin fragment F1 + 2 and thrombin-antithrombin IIT complexes
were higher in healthy men who received an SO-based LE than in those who received
dextrose [45]. However, platelet function was not affected by the administration of
SO- or SO/MCT-based LEs to critically ill, non-septic adult patients requiring PN for
at least 7 days [46].

In relation to LEs with low SO content, no change in coagulation parameters or
platelet aggregation was observed in patients undergoing peripheral blood stem cell
transplantation or in critically ill patients who received SO- or SO/MCT-based LEs,
respectively [29, 46]. However, one study documented a reduced requirement for he-
mofilter replacement due to blood coagulation in patients undergoing hemodialysis
and who received PN with OO-based LE compared with SO-based LE [47]. LEs con-
taining FO have shown modest benefits compared with SO-based LEs due to the tran-
sient inhibition of platelet aggregation immediately after intravenous infusion in
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healthy volunteers and have shown reduced latency to collagen-induced platelet ag-
gregation and time to maximal platelet aggregation in surgical patients with no change
in bleeding time [48, 49].

How to Prescribe Lipid Emulsions

When to Start Lipid Emulsion Infusion

When PN is indicated, LEs should be infused after the achievement of hemodynamic
stability and at no more than 1 week after starting PN [4]. In metabolically stressed
patients, PN should be initiated within 24-48 h. The initiation of LE infusion requires
adequate albumin, lipase, and carnitine levels to allow fat transport, degradation, and
oxidation, respectively.

How Much Lipid Emulsion to Infuse

The recommended daily-infused doses of LEs for adults range from 0.7 to 1.3 g fat/kg
body weight. For long-term (>6 months) home PN treatment, the LE dose should not
exceed 1 g/kg/day; this dose can be increased to 1.5 g fat/kg body weight for shorter
treatment periods when high-energy supply is required [50]. The energy requirement
(and thus the parenteral LE dose) depends on the patient’s metabolic profile.

In metabolically stable patients, LEs should provide about 25-40% of the paren-
teral non-protein energy supply according to the individual’s carbohydrate and lipid
tolerance. In hypermetabolic patients, a lipid intake of up to 50% of non-protein cal-
ories may be advisable, and in rare cases, an increase of up to 60% of non-protein en-
ergy is appropriate in patients with good lipid tolerance in the acute phase of respira-
tory insufficiency, with the aim of reducing the intensity of mechanical ventilation
due to diminished carbon dioxide production [4]. In both situations, lipid infusion
doses should not exceed the maximum rate of lipid oxidation (~1.2-1.7 mg/kg/min
in adults) to avoid fat overload syndrome, which may impair the immune response
(4].

In metabolically stressed patients, LEs can be administered safely at a rate of 0.7-
1.5 g/kg over a 12-24-h period [50]. The discontinuous administration of LEs at
high daily doses may contribute to fat overload and should be avoided in this clini-
cal population. Thus, lipid infusion should be performed at least 12 h/day in acute-
ly ill patients, and the rate of infusion should be slower (e.g., continuous pump in-
fusion for ~24 h) in patients with critical metabolic status [4]. Shorter infusion du-
rations may be used in stable patients, particularly those receiving long-term or
home PN [4].

Hypertriglyceridemia must be avoided before and during the infusion of paren-
teral LEs. Serum triglyceride concentrations >400 mg/dl (>4.6 mmol/l) should
prompt dosage reduction, and concentrations >1,000 mg/dl (>11.4 mmol/l) should
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lead to the interruption of lipid infusion. Thus, plasma triglyceride levels should
be monitored frequently during LE infusion, and the dose should be modified if
necessary [4].

Where to Infuse Lipid Emulsions

As part of PN, LEs are usually administered into a large-diameter vessel, frequently
the superior vena cava or right atrium, which are accessed via the jugular or subcla-
vian vein. For longer-term access, a tunneled catheter or implanted chamber is occa-
sionally used. Nevertheless, due to the low osmolarity of LEs (20% LEs: 270-345
mOsm/l, 350-410 mOsm/kg), the parenteral formulations incorporating them may
have sufficient energy in a reduced fluid volume to allow infusion via a peripheral
vein, if needed. Peripheral venous access is usually achieved in veins of the hand or
forearm, but veins of the lower limb are occasionally used when those of the upper
limb are not accessible [50].

Peripheral PN may, however, fail to fulfill overall macro- and micronutrient re-
quirements, as the amounts that are given may be limited by venous intolerance to the
osmolarity of the admixture and by limited flow rates into a smaller vessel. The
European Society for Clinical Nutrition and Metabolism guidelines state that ‘a cen-
tral venous access device is often required to administer the high osmolarity PN mix-
ture designed to cover the nutritional needs fully, but peripheral venous access de-
vices may be considered for low osmolarity (<850 mOsmol/l) mixtures designed to
cover a proportion of the nutritional needs and to mitigate negative energy balance.
If peripherally administered PN does not allow full provision of the patient’s needs,
then PN should be centrally administered’ [50].

Final Considerations

Despite the potential benefits of LE administration, the prescription of these products
is complex, due mainly to their FA components, which may alter metabolic and im-
mune functions in various ways according to their biochemical properties. In addi-
tion, excesses of other LE components, such as phospholipids and phytosterols, may
promote hypercholesterolemia and hyperlipidemia and lead to liver steatosis and he-
patic dysfunction. Although liver impairment is most common in patients receiving
long-term PN, critically ill patients are also at risk because metabolic distress increas-
es plasma FA levels; thus, parenteral LEs should be administered to such patients with
caution.

No consensus currently exists with regard to the best LEs for hypermetabolic pa-
tients, due mainly to the limited number of well-controlled clinical trials examining
this complex issue. Some results have been inconsistent due to the heterogeneity of
study designs and patient populations. Figure 2 provides a schematic guide for the
selection of parenteral LE prescription based on the available scientific evidence and
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Oral or enteral nutrition is impossible, contraindicated or insufficient to achieve target requirements
I : ]
Metabolically stable patients Hypermetabolic patients
Long-term PN Short-term PN 0.7-1.5 g fat/kg BW
I I . I .
0.7-0.1 0.7-1.3 Acidosis Non-acidosis Impaired immune
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Fig. 2. Schematic guide for the prescription of parenteral lipid emulsions according to the available
scientific evidence and current guidelines. PN = Parenteral nutrition; BW = body weight; MCT/SO =
lipid emulsion based on 50% medium-chain triglycerides and 50% soybean oil; 00/SO = lipid emul-
sion based on 80% olive oil and 20% soybean oil; FO = lipid emulsion containing fish oil (* used as a
supplement to standard lipid emulsions); Mixed LE = lipid emulsion based on a mixture of soybean
oil, medium-chain triglycerides, and fish oil (may also contain olive oil), SO = lipid emulsion based
on soybean oil.

current guidelines. Although the current European Society for Clinical Nutrition and
Metabolism guidelines state that the infusion of SO-based LEs at adequate rates is safe
for the treatment of critically ill patients, growing evidence indicates that these LEs
should be avoided in favor of emulsions in which the linoleic and alpha-linolenic acid
contents are partially replaced by MCTs, OO, or FO [8].

The recently published Canadian clinical practice guidelines for nutrition support
in mechanically ventilated, critically ill adult patients state that ‘when parenteral nu-
trition with intravenous lipids is indicated, IV lipids that reduce the load of n-6 FAs/
SO emulsions should be considered’ [51]. However, the authors of these guidelines
also emphasized that ‘there are insufficient data to make a recommendation on the
type of lipids to be used that reduce the n-6 FA/SO load in critically ill patients receiv-
ing parenteral nutrition’ [51]. This observation is in agreement with the results of a
recent systematic review, which found that different SO-sparing parenteral strategies
were associated with clinically important reductions in mortality, duration of ventila-
tion, and length of ICU stay, although none of these differences was statistically sig-
nificant [52].

As sources of EPA and docosahexaenoic acid, LEs containing FO may be consid-
ered for critically ill patients because they allow better modulation of the immune re-
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sponse and likely decrease the length of ICU stay. A recent systematic review also
suggested that FO-containing LEs could reduce mortality and the duration of ventila-
tion in critically ill patients, but this review included only six randomized controlled
trials [53]. Thus, the scarcity of clinical data precludes recommendation of the routine
use of PN with FO-containing LEs. Alternative oil-based LEs may be associated with
clinically important benefits in critically ill patients, but further research is warranted
to confirm the preliminary evidence and allow the development of specific clinical

recommendations.
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Use of Intravenous Lipids: What Do the
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Abstract

The use of intravenous lipids is very frequent in most parenteral nutrition (PN) prescriptions. In this
chapter, a systematic review of the literature was performed to compare the position of the various
scientific societies (mainly the European Society for Clinical Nutrition and Metabolism, the American
Society for Parenteral and Enteral Nutrition, and the German and Canadian Nutrition Societies) in
terms of recommendations of when intravenous lipids should be prescribed for different clinical
conditions. These recommendations may be supported by strong evidence or, if not available, by
expert opinion. These recommendations help the physician in his daily prescription of PN in the hos-
pital and help the patient requiring home PN. ©2015 S. Karger AG, Basel

Introduction

Intravenous lipid emulsions (IVLEs) have been included in parenteral nutrition (PN)
regimens for more than 40 years [1], mainly to serve as a source of essential fatty acids
and to decrease the carbohydrate calorie load. IVLEs have been the subject of numer-
ous clinical and experimental studies for various conditions, such as post-surgery
care, multiple trauma, short bowel syndrome and sepsis. The traditionally used IVLEs
are based on soybean oil as the sole lipid source. Such IVLEs are often referred to as
long-chain triglycerides (LCTs). Alternative IVLEs have been developed and reduce
the amount of provided n-6 polyunsaturated fatty acids (PUFAs) compared with soy-
bean oil. Alternative IVLEs include medium-chain triglycerides (MCTs), n-9 mono-
unsaturated fatty acids (MUFAs) and n-3 PUFAs in a mixture with n-6 fatty acids
from soybean oil [2].

In this article, the recent literature and current guidelines and recommendations
for the use of IVLEs in common clinical conditions will be discussed. Amongst the
organisations making these guidelines are the European Society for Clinical Nutrition



and Metabolism (ESPEN) and the American Society for Parenteral and Enteral Nutri-
tion (ASPEN). In a recent position paper issued by ASPEN, it was concluded that
IVLEs are an essential component of PN that help to prevent essential fatty acid defi-
ciency [3], and it was found that no studies showed worse outcomes for alternative
IVLEs compared with soybean oil-based IVLEs. In addition, it was noted that, while
soybean oil-based IVLEs are adequate based on biochemical and clinical evidence,
there appears to be several benefits of alternative IVLEs [3], including the potential
for less pro-inflammatory effects, less immune suppression and improved antioxidant
defences. The conclusion was that alternative IVLEs are safe and effective and should
be made available in the United States of America [3]. However, until very recently,
alternative IVLEs have not been available for routine clinical use in the United States
of America and Canada, and only very recently has an 80:20 mix of olive and soybean
oils been approved by the US Food and Drug Administration.

Intravenous Lipids in Surgical Patients

European Society for Clinical Nutrition and Metabolism Guidelines

‘The optimal parenteral nutrition regimen for critically ill surgical patients should
probably include supplemental n-3 fatty acids. The evidence-base for such recom-
mendations requires further input from prospective randomised trials.” (Grade C) [4].

Comment

In order to reduce the overall carbohydrate load and osmolarity of total PN solutions,
lipid calories can replace glucose-derived calories. The soybean oil-based emulsions
rich in n-6 PUFAs potentially have a pro-inflammatory effect, and trials have sug-
gested lower complication rates with fewer immunological effects in patients receiv-
ing PN containing less than n-6 PUFAs [5, 6]. In comparison to n-6 PUFAs, n-3
PUFAs have a relative anti-inflammatory effect, and intravenous n-3 fatty acids have
been shown to blunt the physiological response to endotoxin in healthy subjects [7].
In an open-label cohort study, increasing the dosage of n-3 PUFAs was associated
with reduced ICU stay following major abdominal surgery [8], and in a randomised
trial, inclusion of n-3 PUFAs in PN was associated with shorter duration of hospital
stay [9]. Chen et al. meta-analysed the trials including surgical patients receiving
IVLEs enriched in n-3 fatty acids and showed a decrease in the postoperative infection
rate, a decrease in the length of stay and an improvement in liver-function markers
[10]. These findings were confirmed in another meta-analysis of the same group of
patients [11]. These meta-analyses report no difference in mortality when n-3 PUFAs
are used compared with their absence in PN [10, 11], but mortality is usually very low
in such patients. A recent meta-analysis by Pradelli et al. that included surgical and
ICU patients came to similar conclusions, namely, a reduction in infectious complica-
tions and in length of stay but no change in mortality [12]. Thus, at present, there is
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some evidence that the inclusion of n-3 fatty acids in PN may benefit organ function
and reduce the length of stay of patients undergoing major surgery or admitted to the
surgical ICU. Updating the current ESPEN guidelines therefore seems appropriate.
The Enhanced Recovery After Surgery guidelines [13] do not mention lipid use, and
updated German guidelines on surgery patients are pending.

Intravenous Lipids in Intensive Care

European Society for Clinical Nutrition and Metabolism Guidelines

‘Addition of EPA and DHA to lipid emulsions has demonstrable effects on cell mem-
branes and inflammatory processes. Fish oil-enriched lipid emulsions probably de-
crease length of stay in critically ill patients.” (Grade B) [14].

Comment

According to the ESPEN guidelines, intravenous lipids should be considered an inte-
gral part of PN for the provision of energy and essential fatty acids in long-term ICU
patients [14]. Soybean oil lipid emulsions (also known as LCTs), a 50:50 mixture of
LCTs and MCTs, or other mixed lipid emulsions may be safely administered over
12-24 h at arate of 0.7-1.5 g/kg body weight. The tolerance of mixed LCT/MCT-, n-9
MUFA- or n-3 PUFA-enriched lipid emulsions in standard use is well documented.
Several studies have shown specific clinical advantages of alternative lipid emulsions
over soybean oil LCT's alone, but these require confirmation by larger, prospective,
controlled studies. A recent meta-analysis on alternative lipid emulsions did not find
any significant advantage in terms of morbidity or mortality in a general ICU popula-
tion [15]. Fish oil-enriched lipid emulsions may decrease the length of stay in criti-
cally ill patients, but this effect appears more dominant in post-surgical patients [12].

American Society for Parenteral and Enteral Nutrition Recommendations

These are more cautious than those of ESPEN, since, as mentioned earlier, alternative
IVLEs containing n-9 MUFAs or n-3 PUFAs are not yet available in the United States
of America [5]. ASPEN recognises the ability of the n-3 fatty acids eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) to displace n-6 fatty acids from the cell
membranes of immune cells [16]. This effect reduces systemic inflammation through
the production of alternative, biologically less active prostaglandins and leukotrienes.
EPA and DHA have also been shown to down-regulate the expression of nuclear fac-
tor-kappa B, intracellular adhesion molecule 1, and E-selectin, which in effect de-
crease neutrophil attachment and transepithelial migration, thus modulating system-
ic and local inflammation. In addition, EPA and DHA help to stabilise the myocar-
dium and lower the incidence of cardiac arrhythmias, decrease the incidence of acute
respiratory distress syndrome (ARDS) and reduce the likelihood of sepsis. It is clear
to ASPEN that rapid infusion of fat emulsions (especially those that are soybean oil-
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based), regardless of the total amount, should be avoided in patients suffering from
severe pulmonary failure [16]. However, ASPEN does not address the issue of admin-
istration of specific lipid emulsions.

The German Guidelines

These address the topic of IVLEs in a special article [17]. The guidelines are related to
a general approach of the use of lipid emulsions in the total PN prescription but do
not make any recommendations regarding specific lipid formulas. Their summarised
statements, with their grade of recommendation (A to C) and level of evidence (Ia, Ib,
IIa, IIb, III and IV), are as follows:

(a) Fat-free PN can result in subnormal serum levels of essential fatty acids within
one week (IIb).

(b) Low-fat PN with high-glucose intake increases the risk of hyperglycaemia (Ia).

(c) In parenterally fed patients with a tendency for hyperglycaemia, an increase in
the lipid-glucose ratio should be considered (C).

(d) Administration of lipid emulsions is required within no more than one week
after starting PN (C).

(e) Lipid emulsions can be infused via peripheral veins over a number of days (C).

(f) Biologically active vitamin E (a-tocopherol) should be administered continu-
ously along with the parenteral lipid emulsions (B).

(g) The infusion of lipid emulsions presents no independent, clinically relevant risk
of infection (IV).

(h) Intravenous lipids should usually be provided with PN (C). Parenteral lipids
should provide about 25-40% of the parenteral non-protein energy supply (C). The
recommended daily dose of parenteral lipids in adults is between 0.7 and 1.3 g triglyc-
erides/kg body weight, but this can be increased to 1.5 g/kg body weight in cases of
high-energy requirements (C).

(i) Lipid infusion with PN is not indicated for severe hyperlipidaemia (e.g. heredi-
tary or acquired disorders of triglyceride hydrolysis), for severe metabolic acidosis
with impaired lipid utilisation, or for severe coagulopathy (DIC stage III or higher)
(©).

(j) In patients receiving parenteral lipids, a serum triglyceride concentration >400
mg/dl (>4.6 mmol/l) should result in a dosage reduction, and a serum triglyceride
concentration >1,000 mg/dl (>11.4 mmol/l) should lead to the interruption of lipid
infusion (C).

(k) The use of lipid emulsions with a low phospholipid/triglyceride ratio is recom-
mended (B).

The Canadian Clinical Practice guidelines have been reluctant to support the inclu-
sion of IVLEs in PN regimens [18]. This is partly related to the fact that most of the
IVLEs available in Canada are enriched with n-6 fatty acids (i.e. soybean oil-based).
They stipulate that ‘based on two level 2 studies in critically ill patients who are not
malnourished, are tolerating some EN, or when PN is indicated for short term use

166 Singer - Theilla- Cohen

Calder PC, Waitzberg DL, Koletzko B (eds): Intravenous Lipid Emulsions.
World Rev Nutr Diet. Basel, Karger, 2015, vol 112, pp 163-171 (DOI: 10.1159/000365610)



(<10 days), withholding lipids high in soybean oil should be considered. There are
insufficient data to make a recommendation about withholding lipids high in soybean
oil in critically ill patients who are malnourished or those requiring PN for long term
(>10 days). Practitioners will have to weigh the safety and benefits of withholding lip-
ids high in soybean oil on an individual case-by-case basis in these latter patient pop-
ulations.’

Comment

As discussed earlier, recent articles examining the effects of n-3 fatty acid-enriched
lipid emulsions in critically ill surgical patients reached the conclusion that these lip-
id emulsions improve the length of stay and infection complications [8, 10, 12], al-
though no specific guidelines regarding this topic are yet available [19].

Intravenous Lipids in Oncology and Haematology

The ESPEN guidelines suggest that using a higher-than-usual percentage of lipids in
the admixture (e.g. 50% of non-protein energy) is beneficial (Grade C) [20]. This is
based on the fact that fat is efficiently mobilised and utilised as a fuel source in cancer
patients. It is recommended that no more than 1 g lipid/kg/day be given. However,
not enough data are available regarding LCT/MCT admixtures to recommend these
over LCT alone.

Comment

Shaw and Holdaway [21] reported that the infusion of a soybean oil-based lipid emul-
sion was able to significantly decrease net protein catabolism in patients with lower
but not upper gastrointestinal (GI) tumours. A study in patients undergoing alloge-
neic bone marrow transplantation for hematologic malignancies showed reduced
rates of lethal acute graft-versus-host diseases when patients received high-LCT PN
regimens [22]. In conclusion, a one-to-one fat-to-glucose energy ratio might be a sen-
sible, standard approach in cancer patients.

In a recent ESPEN analysis of the literature, morbidity was analysed in the context
of IVLE use [23]. In 3 studies [24-26] of patients following GI cancer surgery, no dif-
ferences in the rates of complication or infection were observed between patients
receiving n-3 PUFA and control groups. One additional small study [27] showed a
lower incidence of infections in post-GI cancer surgery patients receiving intrave-
nous n-3 PUFA compared to the control group (23.1% compared with 78.6%; p =
0.007).

One high-quality study [28] observed a tendency for alower incidence of infections
(4 compared with 12 on day 8; p = 0.066) and a lower incidence of the systemic in-
flammatory response syndrome in post-GI cancer surgery patients receiving paren-
teral n-3 PUFA (4 compared with 13; p = 0.03).
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Patients who received parenteral n-3 PUFAs had a significantly shorter length of
hospital stay (mean + SD 15 + 5 compared with 17 + 8 days; p = 0.041) [27] or a ten-
dency for a shorter length of stay (mean + SD: 17.5 + 4.8 compared with 19.6 + 5.6
days; p = 0.19) [24]. In 3 studies, the effects on mortality were investigated, and none
showed any differences in mortality between the parenteral n-3 FA or control groups
[27, 28]. From these studies, it appears that short-term (i.e. 5-7 days) perioperative
parenteral administration of n-3 PUFA might result in a shortened length of ICU or
hospital stay but does not improve other clinical outcome variables in surgical oncol-
ogy patients. The ESPEN guidelines on this topic are pending.

The ASPEN guidelines regarding haematological and oncological patients do not
mention the use of n-3 fatty acid-containing lipid emulsions [29].

Intravenous Lipids and Gastroenterology, Hepatology, Pancreatic Disease

Inflammatory Bowel Disease

The ESPEN PN in gastroenterology guidelines concluded that there are ‘no data on
the efficacy of n-3 fatty acid enriched parenteral lipid emulsions in inflammatory
bowel disease (IV)’ [30]. New ESPEN guidelines on this topic are in preparation.

Liver Disease
The 2009 ESPEN guidelines recommend that ‘when the patient is considered unlike-
ly to resume normal oral nutrition within the next 5-7 days irrespective of current
nutritional state’, PN should be instituted according to the ESPEN guidelines. The
main goals are to ensure the adequate provision of energy, to ensure euglycaemia by
giving glucose, lipids, vitamins and trace elements and to ensure optimal rates of pro-
tein synthesis by providing an adequate intake of protein or amino acids. Regarding
IVFE, the use of lipids may be especially advantageous in the presence of insulin re-
sistance. Glucose and lipid (0.8-1.2 g/kg/day) may be given simultaneously.
Unfortunately, no systematic data on the role of lipids as nutrients in this context
are available, but exogenously applied lipid seems to be well tolerated by most pa-
tients [31, 32]. Most hepatology centres give parenteral lipids to patients with acute
liver failure, and the majority opt for an LCT/MCT emulsion [33]. Adequate meta-
bolic monitoring is necessary to adapt nutrient provision to substrate utilisation in
order to prevent substrate overload due to inadequate intake. Strict control of the
plasma levels of triglycerides (with a target <3.0 mmol/l) is necessary for this purpose
[34].

Acute Pancreatitis

The ESPEN guidelines [35] suggest that ‘the use of intravenous lipids in pancreatitis
is safe if hypertriglyceridemia is avoided. Triglyceride values below 12 mmol/l are rec-
ommended, but serum levels should be kept within normal ranges. Current best prac-
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tice recommendations are to ensure appropriate infusion rates for fat emulsions (from
0.8 to 1.5 g/kg per day) and temporarily to discontinue the infusion if persistent
(>72 h) hypertriglyceridemia occurs (>12 mmol/l)’ (grade C). From a pathophysio-
logical point of view, very few reports link the infusion of lipid emulsions with the
onset of acute pancreatitis; indeed, only three cases have been reported in which pan-
creatitis occurred upon infusion of lipid emulsions. However, the co-morbidity of
these patients and the use of concomitant therapy (e.g. corticosteroids) preclude any
firm conclusions being drawn. The recommendations are to administer IVLE except
if the pancreatitis appears to be associated with hypertriglyceridemia or cannot be
controlled within the safe range.

At present, there are no strong data to suggest that infusion of alternative paren-
teral lipids, such as n-3 fatty acids, olive oil, MCT or structured lipids, has major clin-
ical advantages compared to soybean-oil emulsion. One randomised, double-blind
trial by Wang et al. showed that subjects receiving fish oil emulsion had a reduced
inflammatory response and reduced need for renal replacement therapy compared to
those receiving soybean oil [36].

Intravenous Lipids in Home Parenteral Nutrition

Almost all HPN patients should be provided with lipid, particularly if there is no
oral intake of fat. The ESPEN guidelines [37] recommend administering energy and
protein such that two-thirds of the non-protein calories are provided by glucose
and one-third are provided from lipid. Greater amounts of lipid have proven to
be a significant independent factor for chronic cholestasis and progression from
liver fibrosis to cirrhosis. Thus, even in the optimal case of ‘normonutrition’, no
more than 1 g/kg per day of IVLE should be used for long-term HPN treatment
(>6 months). In a 5-year follow-up of 90 HPN patients [38], the authors described
chronic cholestasis and liver disease when 20% intravenous lipid was provided at
doses higher than 1 g/kg bodyweight per day. Essential fatty acid deficiency will
develop in 2-6 months with a completely fat-free intravenous regimen, and this can
be normalised by providing 1.2-2.4 g soybean oil per kilogram body weight twice
weekly. Patients who have existing serological essential fatty acid deficiency may
require up to 2.4 g/kg twice weekly for correction [39]. Clinical experience indicates
that essential fatty acid deficiency may be prevented with about 500-1,000 ml of
20% soybean oil-based lipid emulsions given on a weekly basis. If patients maintain
some oral intake of fat, essential fatty acid deficiency is rarely a problem. Lipid
emulsion based on olive oil appears to be equally safe as those based on soybean oil
(40, 41]. Emulsions with MCTs/LCTs and fish oil have also proven safe, although
data for long-term use in HPN patients are more limited [42]. However, prospec-
tive clinical studies on the long-term use of alternative lipids use are still scarce, and
more data are needed.
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Conclusion

The addition of IVLE to PN is recommended in almost all conditions where PN is
indicated, except in cases of severe liver dysfunction. In this case, the addition of n-3
fatty acids seems to be beneficial, but well-designed and adequately powered, ran-
domised controlled trials of alternative IVLEs are required in the fields of surgery and
critical care in order to update the available guidelines.
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