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Preface

Fatty acids in the diet undergo in the body various metabolic processes governing
absorption and transport mechanisms, cell membrane activity modulation, and the
pool of specific metabolites. The biochemical pathways possess high physiological
significance at the tissue level, which has recently produced convincing evidence of
the role of dietary fatty acids in human nutrition. In particular, long chain polyun-
saturated fatty acids (LCPUFAs), major constituents of cell membrane phospholip-
ids, represent extremely active substrates for metabolic processes mediating phys-
iological activities.

This book presents the papers and discussions of the 28th Nestlé Nutrition Work-
shop held in Mexico City, November 27-30th, 1990. We address the new perspec-
tives in human nutrition related to polyunsaturated fatty acids (PUFAs), focusing
in particular on their biochemistry, metabolism, physiological role and nutritional
impact.

We discuss PUFA transport and utilization, its role in phospholipid molecular
species, extracellular and intracellular fate, and metabolism to oxidative derivatives.
Then we consider the LCPUFAs as mediators—through eicosanoid-dependent and/
or independent mechanisms—of physiological processes at the central nervous sys-
tem level (brain and retinal development), in particular, of diseases such as cystic
fibrosis and atopic eczema, as well as in relation to disturbances of lipoprotein me-
tabolism and gynecological disorders. LCPUFASs are also precursors of eicosanoids,
produced by a large variety of cells involved in immunoresponse, and they therefore
intervene in problems related to immunomodulation.

Evidence of close relationships between dietary LCPUFAs and their structural-
metabolic physiological role leads us to consider the problems and opportunities of
LCPUFAs in the human diet, with particular emphasis on infant feeding.

The data presented in the chapters and discussion sections should contribute to
a better understanding of the role of fatty acids in human biology, while pointing
out existing gaps in the area and identifying research needs. The final aim is to
contribute to a better knowledge of the role of lipids in human nutrition.

UMBERTO Bracco, Ph.D. RICHARD J. DEeckeLBAUM, M.D.
Lausanne, Switzerland New York, New York, USA
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Fatty Acids in Human Biology:
Past and Future

Arthur A. Spector

Department of Biochemistry, University of lowa, College of Medicine,
lowa City, lowa 52242, USA

This review is a brief summary of the nutritional, metabolic, and functional roles
of fatty acids in mammalian systems, with emphasis on processes that play a role
in human physiology and diseases. In this context I will point out existing gaps in
our knowledge about fatty acids and suggest areas that appear to be most promising
for further study.

Table 1 lists the long chain fatty acids that presently are known to have an im-
portant role in nutrition and metabolism. There are 20 to 30 additional fatty acids
contained in the plasma and tissue lipids, many at a level of less than 1%. It seems
likely that some of these also have important functional roles. A case in point is
myristic acid (14:0)." Since the tissue contain only a very small amount of myristic
acid, it was ignored in most studies. Recently, amino-terminal myristoyl groups have
been found on several regulatory proteins, including the protein product of the ras
oncogene and the catalytic subunit of protein kinase A, and myristic acid has become
one of the most intensively studied fatty acids in biological research (1). Specific
functions may be found for other fatty acids now classified as minor components,
and the list in Table 1 is likely to expand in the future.

FATTY ACID UTILIZATION

Much of the fatty acid transported to the tissues is either in the form of free fatty
acid (FFA) or triglycerides contained in very low density lipoproteins and chylo-
microns. The lipoprotein triglycerides are hydrolyzed by lipoprotein lipase at the
endothelial surface, and the released fatty acid passes into the tissues. As shown in
Fig. 1, in both of these major transport systems, it is the fatty acid itself that is
presented to the cells. In an attempt to model this physiologic situation, most studies
of fatty acid utilization have been done by incubating tissues or cells directly with

! The fatty acids are abbreviated as number of carbon atoms: number of double bonds.

1



2 FATTY ACIDS IN HUMAN BIOLOGY

TABLE 1. Biologically important long chain fatty acids

Carbons/double Unsaturated

Fatty acid bonds series Functions
Myristic 14:0 — Acylation of proteins
Palmitic 16:0 — Energy storage

Oxidative substrate
Alkyl/alkeny! ethers
Acylation of proteins

Stearic 18:0 —_ Phospholipid structure

Oleic 18:1 -9 Regulation of bulk membrane
fluidity

Linoleic 18:2 -6 Arachidonic acid precursor

Arachidonic 20:4 -6 Substrate for eicosanoid mediator
synthesis

Eicosapentaenoic 20:5 -3 Competitor of arachidonic acid

and the synthesis of

arachidonate-derived

eicosanoids
Docosahexaenoic 22:6 -3 Membrane structure

fatty acids (2,3). The fatty acid is usually in a physical complex with plasma albumin,
the main fatty acid transport protein in the blood and extracellular fluid (4). Most
of what we know about the mechanism of fatty acid utilization is based on studies
using this experimental design.

Figure 2 summarizes what occurs when fatty acids are presented to cells as a
complex with albumin. Although albumin contains multiple binding sites for fatty
acid and the binding at several of these sites is strong, some of the fatty acid dis-
sociates and passes to the cell surface in unbound form (4). The higher the molar
ratio of fatty acid to albumin, the greater the unbound concentration. As the cells
take up the unbound material more fatty acid dissociates from the albumin and

Adi tes | o T A ] FIG. 1. Supply of circulating fatty acid to the tissues.
7|pocytﬁr ﬂomlcronsNLDLJ Abbreviations used: VLDL, very low density lipopro-

TG TG teins; TG, triglycerides; FA, fatty acids. There are two
# major sources of fatty acid available to the tissues.

# f— There are plasma free fatty acid and triglycerides con-

pase . & tained in chylomicrons and VLDL, which are large, tri-
FA glyceride-rich plasma lipoproteins. The plasma-free

fatty acid is derived from the hydrolysis of triglycerides

albumin stored in adipocytes, mediated by the hormone-sensi-

tive lipase present in the adipocytes. After release into

Tissues the plasma, the fatty acids bind to albumin, pass

through the endothelium, and are transferred through

the extracellular fluid to the cells. The circulating tri-
glycerides contained in the chylomicrons and VLDL are hydrolyzed by lipoprotein lipase, an enzyme
present on the endothelial surface of the capillaries. The released fatty acids cross the endothelium
and pass through the extracellular fluid to the cells. In the extracellular fluid, the fatty acid associates
transiently with albumin. Therefore, fatty acid derived from both of these major pathways becomes
available to the tissues in the same final form, as free fatty acid bound to albumin.
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Albumin Cell

Mitochondria

rd
FABP Oxidation
/ \ Peroxisomes
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FAH

Transporter

.

FIG. 2. Mechanism of fatty acid utilization by mammalian cells. Abbreviations used: FA, fatty acid
anion; FAH, protonated form of fatty acid; FABP, fatty acid binding protein; FAS-CoA, fatty acyl
coenzyme A; PL, phospholipids; TG, triglycerides; CE, cholesteryl esters; GSL, glycosphingolipids.
Fatty acid dissociates from the albumin in the uptake process and initially enters a reversibly bound
cellular pool. There is uncertainty as to whether the fatty acid crosses the membrane by diffusion
of the protonated form, FAH, through the lipid bilayer, or in the anionic form (FA) through the action
of a transporter. The cytosolic fatty acid binding protein, FABP, may facilitate uptake by desorbing
fatty acid from the membrane, or by directing the fatty acid into specific metabolic pathways.

becomes available for uptake. The amount of fatty acid incorporated by the cells
depends on the unbound concentration, which, in turn, depends on the molar ratio
(2). Under physiologic conditions, the albumin concentration does not fluctuate
much, so the main determinant of the molar ratio is the fatty acid concentration.
This is governed by the entry of fatty acid from either the adipose tissue or the
plasma lipoproteins.

The cells initially accumulate fatty acid in unesterified form and at this stage much
of the uptake is reversible, as indicated by the double arrows in Fig. 2. Most of this
fatty acid is probably associated with the plasma membrane, and its accumulation
to excessive levels may alter the properties of the membrane and even produce cell
injury. At a given molar ratio of fatty acid to albumin, stearic (18:0) and palmitic
(16:0) acids accumulate to a greater extent than oleic acid (18:1), and to a much
greater extent than linoleic acid (18:2) (5).

Two key questions involving the uptake mechanism remain unresolved. One is
whether the fatty acid crosses the plasma membrane by diffusion, probably in the
protonated form indicated as FAH (6), or in anionic form through the action of a
membrane transporter (7,8). The other is whether the cytoplasmic fatty acid binding
protein (FABP) plays a role in the transport process (9), such as by binding the fatty
acid at the membrane-cytosol interface and thereby facilitating its desorption.

Oxidative Pathways

Following entry, the fatty acid is activated and the acylcoenzyme A thioester is
channeled into the oxidation or esterification pathways. While most of the emphasis
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has been on mitochondrial B-oxidation, peroxisomes also are an important site of
fatty acid oxidation, particularly for very long chain, highly polyunsaturated, hy-
droxylated, and branched chain fatty acids (10). As much as 30% of fatty acid ox-
idation in some cells occurs in the peroxisomes (10). The peroxisomal B-oxidation
pathway generates H,O,, and this process will probably assume increasing impor-
tance as more becomes known about the role of peroxide tone and lipid peroxidation
in cellular function and disease processes (11,12). The formation of the alkyl ether
bond also occurs in the peroxisomes, and it seems likely that more emphasis will
be placed on this organelle in the future because of the increasing number of functions
that are becoming attributed to it.

Phospholipid Molecular Species

The incoming fatty acid also is incorporated into phospholipids and glycosphin-
golipids for membrane biogenesis or replacement, as well as into triglycerides and
cholesteryl esters for storage. An aspect of these esterification pathways that is likely
to assume increasing importance is the channeling of various fatty acids into different
phospholipid molecular species. This is illustrated by the data in Table 2, obtained
from human endothelial cultures (13). The diacyl form of phosphatidylcholine in the
endothelial cell is composed of 37 different molecular species; those listed in Table
2 account for only 58% of the total in this fraction. The specific activity of labeled
arachidonic acid (20:4) incorporated during a 24 hour incubation differs among the
five fractions that contain 20:4. In particular, molecular species with two unsaturated
fatty acids, the 20:4/20:4 and 16:1/20:4 + 18:2/20:4 fractions, have the highest
specific activity. This suggests that they may act as acceptors for incoming arach-
idonic acid, be more active metabolically, or play a special role in intracellular chan-
neling of arachidonic acid. Detailed information of this type ultimately will be needed
for other fatty acids. The complexity of the problem becomes apparent when one
considers that there are many different phospholipid classes in a cell besides diacyl

TABLE 2. Endothelial cell diacyl phosphatidylcholine

Molecular species? Amount (mol %) [®H}Arachidonic acid (dpm x 10~%nmol)
16:0/16:0 1.7

16:0/18:1 208

18:0/18:1 5.8

18:1/18:1 54

16:0/20:4 5.0 1.7

18:0:20:4 5:2 1.7

18:1/20:4 3.9 23

16:1/20:4 + 18:2/20:4 0.9 45

20:4/20:4 0.3 3.1

@ There are 37 molecular species; those listed total only 58.3 mol %.
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LDL REMNANTS
]
i FIG. 3. Supply of fatty acid to the cells as a result
i receptors of lipoprotein uptake by receptor-mediated endocy-
Y tosis. Abbreviations used: LDL, low density lipopro-
teins; FC, cholesterol; CE, cholesteryl ester; TG, tri-
Lysosomes glyceride; PL, phospholipids. In addition to
FC CE TG PL cholesterol, fatty acid is released intracellularly when
~ ~ lipoproteins are degraded in the lysosomes. The pro-
Vg ey TNa cessing and functional effects of fatty acids made

i in thi h d tel
CHOLESTEROL FATTY ACID :;/(f)lllf)lg:_to cells in this way have not been adequately

phosphatidylcholine and that the types of molecular species may differ in different
subcellular compartments, or even in different domains within a single membrane.

Endocytosis of Plasma Lipoproteins

Cells also can obtain fatty acids through receptor-mediated endocytosis of lipo-
proteins, as illustrated in Fig. 3. The fatty acid aspect of this process has been almost
completely ignored because work in this area has concentrated on cholesterol (14).
However, when the phospholipids and cholesteryl esters of the low density lipo-
proteins are hydrolyzed in the lysosomes, fatty acids are released. Furthermore, the
remnant lipoproteins taken up in the liver are rich in triglycerides and should provide
even more fatty acid. The fundamental question of whether fatty acid released in-
tracellularly during endocytosis is handled in the same way as fatty acid delivered
as an albumin complex has not been addressed. Since arachidonic acid provided by
low density lipoproteins is available for prostaglandin formation (15,16), the endo-
cytosis route of fatty acid entry may be linked to important metabolic functions.

Phospholipid Fatty Acid Turnover

There is a continuous turnover of fatty acyl groups contained in the cell lipids,
including the membrane phospholipids (17,18). This is illustrated schematically in
Fig. 4. If fatty acid is present in the extracellular fluid, it will exchange with the
intracellular fatty acid that is turning over as a result of mixing in the free fatty acid

FIG. 4. Turnover of intracellular fatty acids. Abbrevia-

Albumin tions used: FA, fatty acid; FACOA, fatty acyl coenzyme A.

T FA The fatty acid contained in cell lipids, particularly the
H membrane phospholipids, undergoes continuous turn-

FA over. If fatty acids are available in the extracellular fluid,

1 they will mix with the intracellular fatty acid undergoing
FACOA turnover. Through this process, the intracellular fatty acid
/ \ composition, including the fatty acid composition of the
membrane phospholipids, can change somewhat to re-

PHOSPHOLIPIDS TRIGLYCERIDES  flect the type of fatty acid available in the diet.



