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Efficient uptake and channelling of long-chain fatty acids (LCFA) are critical cell functions.
Evidence is emerging that proteins are important mediators of LCFA-trafficking into cells and
various proteins have been suggested to be involved in this process. Amongst these proteins is a
family of membrane-associated proteins termed fatty acid transport proteins (FATP). So far six
members of this family, designated FATP 1–6, have been characterized. FATP 1, 2 and 6 show
a highly-conserved AMP-binding region that participates in the activation of very-long-chain
fatty acids (VLCFA) to form their acyl-CoA derivatives. The mechanisms by which FATP
mediate LCFA uptake are not well understood, but several studies provide evidence that uptake
of LCFA across cellular membranes is closely linked to acyl-CoA synthetase activity. It is
proposed that FATP indirectly enhance LCFA uptake by activating VLCFA to their CoA
esters, which are required to maintain the typical structure of lipid rafts in cellular membranes.
Recent work has shown that the structural integrity of lipid rafts is essential for cellular LCFA
uptake. This effect might be exerted by proteins, e.g. caveolin-1 and FAT/CD36, that use lipid
rafts as platforms and bind or transport LCFA. The proposed molecular mechanisms await
further experimental investigation.
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Function and transport of long-chain fatty acids

The fatty acid transport protein family

Long-chain fatty acids (LCFA) are key metabolites associated with energy generation and storage, and are precursors for the biosynthesis of complex membrane lipids.
The acyl chain composition of these lipids determines the
overall membrane structure and function. LCFA are almost
completely absorbed by enterocytes in the jejunum and
ileum and enter the lymphatic system and bloodstream as
chylomicrons. Capillary-bound lipoprotein lipase, produced
by liver, heart, adipose and other tissues, catalyses the
release of LCFA from lipoproteins, of which the vast
majority is immediately bound to albumin. LCFA, as
LCFA–albumin, are transported in the bloodstream and
taken up by the various tissues of the body. It was initially
believed that LCFA enter cells merely by diffusion through
the phospholipid bilayer. However, there is now sufficient
evidence to suggest that, in addition to this diffusion component, physiological uptake of LCFA across cell membranes is a saturable and inhibitable process, indicative of
protein-mediated transport.

Indeed, an expression–cloning approach identified an
adipocyte protein (termed fatty acid transport protein;
FATP) that, when expressed in mammalian cells, facilitates the uptake of LCFA (Schaffer & Lodish, 1994). This
protein is expressed in cells with high-level LCFA uptake
for metabolism and storage. FATP has a distinct membrane topology and shows a single transmembrane domain
and multiple membrane-associated domains peripherally
associated with the inner leaflet of the plasma membrane
(Lewis et al. 2001; Fig. 1). Meanwhile, a family of FATP
with six members (FATP1–6) has been identified (Hirsch
et al. 1998; Gimeno et al. 2003), and the FATP originally
described was renamed FATP1. The FATP family shows
highly-conserved AMP-binding regions, representing the
catalytic region of the protein. Indeed, acyl-CoA synthetase activity with a particular preference for very-longchain fatty acids (VLCFA) was demonstrated for FATP1,
2, and 4 (Berger et al. 1998; Coe et al. 1999; Steinberg
et al. 1999a,b; Herrmann et al. 2001). Interestingly, in
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Fig. 1. Schematic representation of the membrane topology of
fatty acid (FA) transport protein.

mammalian organisms, FATP isoforms have a distinct
tissue-specific distribution (Frohnert & Bernlohr, 2000).
While FATP1 is found in adipose tissue and in the heart,
it is absent in the liver. In contrast, FATP2 and FATP5 are
almost exclusively found in the liver and FATP4 is the only
FATP expressed in the intestine (for review, see Stahl et al.
2001). FATP family members are not cytosolic proteins
but rather integral membrane proteins whose subcellular
localization is highly variable. FATP1 has been shown to
be located on the plasma membrane and in small vesicles
distributed throughout the cytoplasm (Schaffer & Lodish,
1994), and insulin stimulation results in the translocation
of FATP1 from an intracellular perinuclear compartment
to the plasma membrane (Stahl et al. 2002). The findings
of other studies have suggested that FATP4 resides in endomembranes in the vicinity of the plasma membrane (Stahl
et al. 1999; Herrmann et al. 2003).
The mechanisms by which FATP mediate LCFA uptake
are not well understood. Specific binding sites for LCFA
within the FATP structure have not yet been identified and
FATP do not show any obvious similarities to other transporter families. However, there is evidence that uptake of
LCFA across cellular membranes might be linked to FATP
acyl-CoA synthetase activity (Coe et al. 1999). To explain
both transport and very-long-chain acyl-CoA synthetase
activity for FATP, it is proposed that FATP indirectly
facilitate cellular LCFA uptake by activation of VLCFA
that are incorporated into specialized microdomains termed
lipid rafts.
Involvement of lipid rafts and caveolae in long-chain
fatty acids uptake
VLCFA are thought to be essential components of lipid
rafts, which represent small platforms (30–50 nm diameter)
of proteins and lipids within cellular membranes and play
an important role in membrane compartmentation, membrane sorting and trafficking. Caveolae represent specialized microdomains formed through coalescence of raft
domains and recruitment of caveolin-1, their major structural protein (Fig. 2). The raft membrane is composed of
sphingolipids and cholesterol in the exoplasmic leaflet,
linked to glycerophospholipids and cholesterol in the
cytoplasmic leaflet of the lipid bilayer (Simons & Ehehalt,
2002). It is not clear how the inner leaflet is coupled to the
outer leaflet, but one possibility is that VLCFA substituents
of sphingolipids extend from the outer to the inner leaflet
where they interdigitate with the saturated side chains of
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Fig. 2. Surface segment of 3T3-L1 adipocytes analysed by
electron microscopy. The plasma membrane shows typical flaskshaped invaginations termed caveolae.

glycerophospholipids and establish a close association
(Rietveld & Simons, 1998). Thus, by activating the conversion of VLCFA to their acyl-CoA derivatives FATP 1,
2 and 4 might play an important role in the sphingolipiddependent membrane bilayer interdigitation process within
raft microdomains.
The findings that a major protein associated with fatty
acid uptake, FAT/CD36 (Abumrad et al. 1993), is preferentially located in the caveolae at the plasma membrane level
(Kolleck et al. 2002), and that caveolin-1 binding with
fatty acids is saturable (Trigatti et al. 1999) stimulated
interest in the possibility that caveolae might have a function in lipid transport. Indeed, in previous studies (Pohl
et al. 2002; Ring et al. 2002) it was shown that caveolae
are associated with the overall process of cellular uptake of
LCFA. When caveolin-1-green fluorescence protein was
expressed in HepG2 cells and exposed to the fluorescent
LCFA derivative 12-(N-methyl)-N-[(7-nitrobenz-2-oxa-1,
3-diazol-4-yl)amino] stearate, there was marked co-localization of 12-(N-methyl)-N-[(7-nitrobenz-2-oxa-1,3-diazol4-yl)amino] stearate with green fluorescence protein.
Dissociation of rafts by cholesterol depletion (Pohl et al.
2002) or transfection of the dominant-negative caveolin
mutant CavDGV (J Pohl, A Ring, R Ehehalt, H SchulzeBergkamen, A Schad, P Verkade and W Stremmel, unpublished results) markedly reduced internalization of LCFA.
These studies might explain recent findings with
caveolin-1 knock-out mice. Although these mice lack
caveolae in all non-muscle tissues, at first they appeared to
be quite healthy (Razani et al. 2001). However, as the mice
were studied further it became apparent that transport of
glycosylphosphatidylinositol-anchored proteins to the cell
surface was inefficient, consistent with a role for caveolin
in the transport of these lipid raft-associated proteins to the
plasma membrane (Sotgia et al. 2002). The most important
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Fig. 3. Proposed model for cellular fatty acid uptake. Fatty acid transport protein (FATP, %),
stabilization of lipid rafts (—) by acylated very-long-chain fatty acids (VLCFA) and fatty acid
translocase (FAT)/CD36 incorporation into lipid rafts could cooperate to facilitate efficient
long-chain fatty acid (LCFA) uptake. Intracellular VLCFA are esterified to their acyl-CoA and
thereafter bound to sphingolipids in the outer leaflet of the biomembrane of lipid rafts. This
process might indirectly facilitate ‘on-demand’ recruitment of FAT/CD36 from an intracellular
compartment to lipid rafts located on the plasma membrane and result in augmented uptake
of LCFA. TGN, trans-Golgi network; ( ), caveolins; ( ), fat; (
), fatty acid; ( ),
phospholipid; ( ), cholesterol; ( ), sphingolipid.

phenotype of the knock-out mice was a resistance to dietinduced obesity (Razani et al. 2002). Although insulin,
glucose and cholesterol levels were normal, caveolin-1 null
mice showed a dramatic increase in serum triacylglycerols
and NEFA levels, especially in the postprandial state
(Razani et al. 2002).
Taken together, these findings strengthen the idea that,
in certain cell types, caveolae might have a primary role in
regulating the lipid balance by stimulating LCFA uptake.
This effect might be exerted by ‘on demand’ recruitment
of LCFA transport proteins to lipid rafts, either from other
membrane domains or from intracellular compartments.
A concept for long-chain fatty acid uptake
It is hypothesized that the increase in cellular fatty acid
uptake observed in cells overexpressing FATP represents
an indirect event involving stimulation of lipid raft constitution and stabilization (Fig. 3). Thus, VLCFA taken up
into cells via the known membrane transporters (fatty acid
translocase/CD36, plasma membrane fatty acid-binding
protein) might be activated by FATP to form very-longchain acyl-CoA and could be incorporated into the sphingolipids in lipid rafts. These microdomains are transported
and integrated into the plasma membrane where they serve
as platforms for proteins involved in the binding and uptake
of LCFA, e.g. fatty acid translocase/CD36 and caveolin-1.
At the plasma membrane level, uptake of LCFA might
include the following subsequent steps: (a) dissociation of
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fatty acids bound to albumin in the vicinity of the plasma
membrane through interaction with membrane-associated
fatty acid-binding proteins (e.g. fatty acid translocase/
CD36); (b) translocation via a membrane fatty acid carrier
or protonization of LCFA followed by flip-flop movement
across the membrane bilayer according to the concentration
gradient; (c) binding to caveolin-1 at the inner leaflet of
the lipid bilayer. Here, caveolin-1 might accumulate LCFA
at the inner leaflet and present LCFA to cytoplasmic fatty
acid-binding proteins for further shuttling of LCFA to different organelles. Alternatively, caveolin-1 may itself serve
as a carrier for intracellular transport.
Although this model is in accordance with our current
understanding of LCFA uptake into cells, it is purely hypothetical and much work remains to be done to determine
the molecular mechanism of FATP functions in LCFA
uptake.
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