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Abstract. The interest in fatty-acid-binding proteins has (nearly 60). Publications that have not yet been re-
produced about 1000 research papers since their discov- viewed, particularly of function and modes of action,
ery nearly 30 years ago. This review provides an entry are presented and discussed in light of earlier reports.
to the mammalian and nonmammalian literature This large protein family may be integral in the relation-
through a compendium of categorized review articles ship between lipid and carbohydrate metabolism.
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Introduction

The first consistent evidence of the physiological role
for cytoplasmic fatty-acid-binding proteins (FABPCs)
was published recently. In reports [1–3] of work with
knockout mice (nullizygous for heart FABPC gene and
disrupted adipocyte FABPC gene) we have direct proof
of the importance of FABPCs in the uptake and trans-
port of long-chain fatty acids (LCFAs), fuel preferenda
and the interaction with other transport and enzyme
systems. During the 30 years since their discovery in rat
liver [4–6], there has been only indirect evidence of the
functions of these proteins. The ubiquity and large
concentration of this protein family in mammalian sys-
tems with many homologues in nonmammalian systems
has been both a boon (the ease of isolation and physical
study) and a conceptual difficulty: Why is there more
than one type in some tissues? Perhaps a sign of some of
the frustration of this field is the number of review
articles published (at least 60) summarizing nearly 1000
publications for the last 15 years. Figure 1 shows the
frequency of publications in the field: from the present
until about 15 years ago this frequency relationship has
been linear with a rate of increase of about 6 publica-
tions per year (data from Medline and Current
Contents).
This review will attempt to facilitate the tyro’s entrance
to the extensive literature by providing a listing of
reviews, the physical characteristics and structure of the

protein family, the evolution and genetics of the family,
the regulation of protein expression, the suggested func-
tions of FABPCs, the binding and delivery of ligands
and a listing of reported nonmammalian FABPCs. Re-
cent publications will be discussed and linked to previ-
ous observations, and to interactions with nonlipid
metabolism. Finally, a model of interactions of FABPCs
with glycolytic intermediates will be offered that may
link LCFA trafficking to carbohydrate processing.
Signs of maturity of the field include a proposed
nomenclature [8], a widening of focus to include non-
mammalian species, and the application of protein to
diagnosis and treatment of medical conditions. The
proposed nomenclature [8] provides for the use of the
general abbreviation, X-FABPC where X is the tissue of
type predominance (liver, L; adipose, A; heart, H; mus-
cle, M; brain, B; intestinal, I; epidermal, E; kerati-
nocyte, K) and C indicates a cytoplasmic compartment.
While medical applications of the knowledge base are
important, they are outside the scope of this review.
Interested readers are directed to reviews and recent
papers of the direct medical applications of FABPCs
[9–21].
Before a deep understanding of the necessity of FABPCs
can be achieved, one must understand the biophysical
properties of LCFAs and their interactions with the
intracellular milieu. This has been approached at the
theoretical level by a number of workers [22–32]. An-
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other prerequisite for appreciation of the role of
FABPCs is the integration of lipid metabolism into
general metabolism and in particular with carbohydrate
catabolism. There are a number of reviews to which the
reader is directed as an opening to this field of study
[33–35].

The transmembrane movement of LCFAs has been a
contentious issue (see [7, 23, 25, 27, 31, 36–39]). There
are data suggesting that nonmediated transmembrane
movement of LCFAs is of sufficient rate to supply
cellular needs [40–42], whereas other evidence shows
that entrance of LCFAs into the cell is mediated by
membrane proteins [43–48]: fatty acid translocator
(FAT), fatty acid transport protein (FATP) and plasma
membrane fatty-acid-binding protein (FABPpm) facili-
tate transmembrane transport, particularly in mam-
malian placental tissue [49]. The coexpression of these
protein systems in rat heart and skeletal muscle [48] and
the presence in human skeletal muscle [50] provide
evidence that membrane protein transportation is an
important module in LCFA homeostasis. It is impor-
tant to note that in the FABPC knockout mouse heart
[1, 2] b-oxidation and cell uptake of LCFA did not
decrease to zero. Dual transmembrane pathways may
have implications on the LCFA load that the cell must
manage and implicates the degree of saturation of the
intracellular FABPCs since it is known that the rate of
hydration of membrane bound amphiphiles is rapid
[51]. This aspect of LCFA metabolism is larger than the
scope of this review, but it appears as if both the passive
and protein mediated transport can occur.

Previous reviews

The preponderance of literature relating to the family of
cytoplasmic fatty-acid-binding proteins can be daunt-
ing. Table 1 summarizes the major aspects of published
reviews relating directly to FABPCs. Every attempt has
been made to cite all reviews since 1985 that deal
directly the FABPCs (excluding the cellular-retinoid-
binding proteins, CRBPs).

FABPC structure

Because of the abundance and ease of isolation of
FABPCs, the study of three-dimensional structures is
more sophisticated than our understanding of FABPC

function. Table 2 lists the FABPC structures that have
been reported. The first reported crystallographic stud-
ies to enter the literature were of recombinant rat I-
FABPC [110, 111]. A recent review of FABPC (and
other lipid-binding proteins) structures (table 1 in [3])
listed five solved crystal structures (heart, intestinal,
Manduca sexta protein, adipocyte, myelin P2).
The picture that emerges is remarkably consistent over
the various FABPC types and across phyla. The reader
is referred to any of the protein databases from which
published structures can be downloaded in a number of
formats. The molecule is compact (�250×350×400
nm) and, although generally referred to as a b-clam

Figure 1. The frequency of publications and literature reviews
dealing directly with the cytoplasmic FABPs. The data were culled
from a combination of Current Contents and Medline databases
and are current to 1 January 2000. The data for the number of
papers fit well to an exponential curve, with an r2 value of 0.94.

Table 1. A summary of the major foci of reviews of the biochem-
istry of cytoplasmic fatty acid binding proteins.

Topic Literature reviews

General topics 7, 52–63, 65, 66, 72, 75, 80,
84–86, 88, 91, 95, 102, 104,
108

Occurrence/tissue 64–66, 79, 103, 108
53, 54, 57, 58, 65–67, 75, 76,Structure (3D)
79, 87, 92, 97, 105–107, 109
7, 52–54, 56, 61, 64–67, 69,Function
71–73, 75–78, 81, 85, 86, 88,
90–92, 95, 99, 100, 102, 105,
109–111

Ligands, Kd, specificity 7, 52–56, 61, 64–66, 69, 71,
72, 79, 104–106
52, 56, 59–61, 64, 65, 68,Effect on enzymes,

metabolism or development 72–74, 7781–83, 88, 93, 95,
98, 100, 110

Binding: dynamics, kinetics, 61, 65, 71, 74, 79, 85, 90, 99,
104–106thermodynamics
7, 57, 61, 64, 92, 103, 104Evolution
52, 55, 58, 59, 61, 64, 65, 70,Regulation of genes and
81, 87, 92, 96, 101expression

Sequences 54–57, 61, 65, 75, 79, 92, 103,
106, 107

Isoforms 52, 61, 71, 103
65, 73, 94, 100, 101Medical (see also

‘Introduction’)
Nonmammalian FABPs 81, 89, 97
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Table 2. A list of 3D structure of FABPs deduced from X-ray crystallography or NMR solution studies. Studies with recombinant
FABPC are indicated by (recomb). When the structure was determined by crystallography the resolution (in A, ngstroms) is given in
parentheses. Whether the structure solution was carried out with protein bearing ligand is indicated (halo or apo) in parentheses after
the protein type. The table does not include various mutated FABPC structures.

FABP type MethodYear ReferenceOrganism

I (recomb) halo X-ray (2.0)1989 110Rat
I (recomb) apo X-ray (1.96)Rat 1111989
Apo X-ray (?) 1121990 RatL
H apo NMRBovine 1131992

1992 Mouse A apo X-ray (2.5) 114
H halo NMRBovine 1151993
M apo X-ray (1.4) 1161994 Human
M apo X-ray (2.2)Locust 1171994

Bovine1995 H halo NMR 118
I apo NMRRat 1191995

Rat1996 I halo NMR 120
I (recomb) apo1997 NMR 121Human
L (recomb) apo, halo X-ray (2.3)Rat 1221997
L apo NMR 1231998 Rat
E (recomb) apo* X-ray (2.05)Human 1241999
L apo NMR 1251999 Chicken

* There is an unusual disulfide linkage in the epidermal protein between Cys120 and Cys127 not seen in other FABPCs.

motif, resembles no clam this author has observed, as
one ‘side’ is pinched inwards—a b barrel with a waist.
There are 10 antiparallel b strands (bA–bJ) with bA–
bE and bF–bJ forming the two ‘faces’ of the barrel.
The strands of two sheets (bA–bE and bG–bJ) are
nearly orthogonal to each other. All b strands are
hydrogen-bonded to the preceding and succeeding
strands except bD and bE. This rift in the continuous
surface of the barrel, the ‘gap’, allows flexibility of the
barrel structure without significant disruption of the
H-bonded strands around the rest of its circumference.
At the ‘top’ of the gap region (the structure is usually
oriented with the helix-turn-helix motif at the top and
back) is the portal region where the base of the helix-
turn-helix and right turns of bCD and bEF are proxi-
mal. It is through the portal region that the ligand
probably enters and exits the internal binding site. The
internal cavity within the barrel contains a number of
hydrophilic side chains that form charge/charge interac-
tions and a H-bonded lattice that interacts directly with
the carboxylate moiety of the ligand. The internal vol-
ume to accommodate ligands has been determined (cf.
[79, 122]) and can vary from about 250 to 440 A3 with
the largest observed for L-FABPC that accommodates
two rather than the usual single LCFA [122]. When
bound, the LCFA carboxylate interacts directly with
Arg-126 in a salt bridge deep in the protein interior. The
alkyl tail of the fatty acid is bent with the end of the tail
outside the protein exposed to the solvent. L-FABPC

has a second LCFA, bound tail-first in the cavity [122],
that interacts with both the protein side groups lining

the cavity and the alkyl tail of the first internalized fatty
acid. The carboxylate group of the second fatty acid
ligand, exiting the portal region, appears fully exposed.
A comparison of 31 engineered mutant I-FABPCs with
wild type [126] has extended suggestions [79] and out-
lines a possible mechanism by which oleate and
linoleate enter and exit the binding cavity. This pro-
posal sees an initial interaction between the carboxylate
and Arg-56 (present in CRABP II, CRABP, CRBP,
CRBP II and I-FABPC [79]) or Lys-56 (myelin P2,
H-FABPC, shark L-FABPC, schistosome FABPC and
rat L-FABPC [79]), since alterations in this site alter
LCFA-binding kinetics, and inhibition of binding by
increased ionic strength appears to result from masking
of the charge on this amino acid site. Position 56 is on
the outer surface of the bD strand, near the portal
region. Similar binding activation energies for
adipocyte, heart and intestinal proteins were suggested
to indicate similarities in the initial interaction of ligand
with protein and correspond to very similar conforma-
tion of the portal regions of these proteins [127]. The
proposal suggests that after the initial complex forma-
tion in which there is a carboxylate/guanidino (or qua-
ternary o-NH3

+) interaction, the LCFA moves to the
interior of the protein taking up its bent conformation,
associating the carboxylate now with Arg-126 along
with release of cavity water. The exit of ligand is seen as
reversing the entry trajectory. A human H-FABPC mu-
tant with an altered portal region (Phe-16) showed
significantly decreased oleate binding affinity [128] con-
sistent with the proposed interaction mechanism.
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Evolution, genes and chromosome location

Analysis of FABPC evolution emerged as soon as amino
acid sequences and cDNA sequences became available
[129–131]. The picture drawn is of an ancient precursor
that was probably the initial solution to solubilizing and
mobilizing hydrophobic resources at least 109 years ago.
The precursor that gave rise to the liver/intestine/ileal
grouping emerged from the heart/adipose/myelin P2
lineage about 700 millions of years ago, prior to the
vertebrate/invertebrate divergence. While muscle type
FABPC has been found in locust [81, 97], no liver/intes-
tinal types have been reported for invertebrates. The
retinoid binding proteins appear to have diverged from
the liver/intestinal line about 500 millions of years ago.
It has been suggested that the multiple CRBP genes of
mammals arose from gene duplication events after the
split with amphibian lines: Xenopus has only one CRBP
gene (reviewed in [61]).
The lineage and interrelationships of this protein family
have been discussed in a number of reviews (see table 1)
with the most detailed analysis to date, comparing 51
related sequences [132] clarifying our understanding but
at the same time indicating at least 14 gene duplications.
Work with nonmammalian systems (table 4 for refs)
indicates the divergence of liver function and what
FABPC type is present echos the metabolic poise of the
tissue. Lamprey express an H-type in their livers,
whereas some bony fish can produce L- and H-types
hepatically. The suggestion [148] that divergence of liver
function in lower vertebrates and the transition from L,
to L plus H, to H, moving from higher vertebrates, to
teleosts, to lower pisciformes is consistent with the
proteins expressed, the cartilaginous/bony fish
boundary and the finding of a mammalian type L-
FABPC in liver of an amphibian (Rana catesbeiana).

This suggestion is not consistent with the presence of
liver type FABPC in shark liver (Halaetunus bi6ius). To
illustrate further the differences in lower vertebrates,
both heart and adipose type FABPCs are expressed in
Antarctic fish cardiac tissue and may reflect the reliance
on large lipid content of these hemoglobin-less fish. On
the other hand, rainbow trout heart (Salmo gairdneri ),
more similar to the mammalian system in physiology,
shows a heart type with only 75% identity with mam-
malian H-FABPC. Clearly, comparison of mammalian
and nonmammalian lipid storage and intracellular lipid
transport will tell us much.
The structures of fatty-acid-binding protein genes are
remarkably similar, with four exons separated by three
introns (detailed descriptions reviewed in [61, 132, 133]
and with positioning of the introns very similar relative
to the coding regions, although there is considerable
variability in the intron length. The exception to this
organization is the two-intron, three-exon structure of
locust flight muscle FABPC [81, 97]. The chromosomal
locations of FABPC/CRBP genes have been reported
for four animals, with most studies being performed
with mice (reviewed in [99, 133]). Table 3 shows the
known chromosomal positions for murine, rat, porcine
and human genes.

Regulation of FABPC production

The expression of FABPC genes has developmental as-
pects, responds to levels of lipids presented to cells and
is under hormonal influence. From recent work it is
clear that LCFAs induce both translation and transcrip-
tion, probably through interactions with peroxisome-
proliferator-activated receptors (PPARs) and
concomitant interaction with promoter regions of

Table 3. Chromosomal locations of fatty-acid and retinoid-binding proteins. Locations on the chromosome are listed where known.
(H/M, heart/muscle; A, adipocyte; L, liver; I, intestinal; B, brain; K, keratinocyte; E, epidermal; CRBP, cellular retinol-binding protein;
CRABP, cellular retinoic acid-binding protein.)

Source organismFABP type

Mouse Rat Porcine Human

H/M* 4, 8 [61, 138, 143] 5q36 [134] 6 [135, 140] 1p32–1p33 [144] 1
1pter-q31 [145]

4 [136]3 [61] 8 q21.3-q22.1 [99, 141]A
6 [61]L 2 [147] p12-q11 [61]-

I 3 [61] 4 q28-q31 [61]
Ileal 5 [142]

6 q22–23 [139]B
3 [137]K†
3A1-3 [134]E†
9 [61] 3 3p11-3qter [61, 146]CRBP

CRBP II 9 [61] 3 [61]
CRABP 3 [61]

* MDGI (H-FABPC) has been reported on chromosome 4 [138].
† K (keratinocyte)- and E (epidermal)-FABPCs are frequently reported as if distinct, but are identical.
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FABPC genes. Thus, the metabolism of lipids appears to
be enmeshed in an elaborate feedback system.
Since it is clear that the amount of FABPC in a tissue
corresponds to cellular (or tissue) flux of fatty acids (see
references in table 1), it is consistent that regulation
during animal development is important. In the rat
[133], H-FABPC is present in the 19-day embryonic
heart at 20% of adult levels and up to 60% of adult
levels at term. The appearance of the protein tracks the
appearance of the enzymes for fatty acid metabolism. In
developing locust flight muscle (reviewed in [97]),
FABPC messenger RNA (mRNA) appears immediately
after adult ecdysis, increases to a maximun at 7 days
post-ecdysis and then decreases to a steady state level at
15 days. M-FABPC appears shortly after ecdysis (2–3
days) and increases to 13% of total cytosolic protein by
10 days, the time required before the insect can perform
long-term flight. This temporal expression pattern was
not under direct hormonal control but was coincident
with metamorphosis in an unknown way. By way of
contrast to the locust, I-FABPC in developing Xenopus
is downregulated by thyroid hormone [149] but in-
creases later. Developmental quieting of the FABPC

system may also have been observed in adult marine
echinoderms, molluscs and crustaceans, whose preadult
forms have significant fluxes of LCFAs [150]. Develop-
mental aspects are also apparent at the tissue level:
quiescent mammary tissue contains very little H-FABPC

but increases the protein content manifold upon initia-
tion of lactation [151]. There are also indications that
aging alters the expression of fatty-acid-binding
proteins in mouse brain [152]
A number of other hormones have been implicated in
the expression of the FABPC system. Both in vivo and
in vitro experiments with liver from hypophysectomized
rats indicate that bovine growth hormone (bGH) in-
creases L-FABPC and its mRNA 2- to 5-fold over a
7-day course of treatment [153], but insulin or insulin-
like growth factor I had no effect in vivo. In vitro
experiments showed bGH plus insulin increased L-
FABPC mRNA and bGH increased transcription within
3 h. Since actinomycin D eliminated the effect of bGH,
the authors concluded that the effect was at the tran-
scriptional level. Glucagon decreased L-FABPC mRNA
in hepatocytes.
Norepinephrine appears to mimic the effect of low-tem-
perature exposure on rat brown adipose tissue [154],
where H-FABPC increases 100-fold whereas A-FABPC

in the same tissue remains unchanged. Such differential
effects suggest different promotion of gene expression.
There were no effects on the FABPCs of white adipose
tissue of cold-treated animals. There are indications
that testosterone and endurance training can increase
FABPC in heart and muscle [155].

The amount of FABPC expressed by a tissue is a func-
tion of its health. The decrease of lipid metabolism
(lipolysis, lipogenesis, reesterification and b-oxidation)
in infected or inflamed tissue is mediated, in part, by a
downregulation of the FABPC system [156]. Bacterial
endotoxin (lipopolysaccharide, LPS) and tumor necro-
sis factor a (TNF-a) and interleukin 1b (IL-1b, cytoki-
nes) decreased b-oxidation in Syrian hamster liver and
heart. Part of this curtailment was LPS-mediated de-
creases in L-FABPC (41%) and its mRNA (72%) within
24 h. In muscle, LPS decreased H-FABPC 49% and its
mRNA 60%, whereas in heart, H-FABPC mRNA de-
creased 65%. The cytokines did not alter muscle H-
FABPC or its mRNA but decreased the L-FABPCs in
liver (TNF-a, 30%; IL-1b, 45%).
The effect of diet on the levels of FABPC in various
tissues has been recognized for a number of years (see
‘General’, table 1). Recent work indicated how such
upregulation occurs and how the levels of LCFAs can
induce differentiation in, for example, adipocytes [157],
through actions on plasma-membrane-bound adipose
differentiation related protein. In hepatic tissue LCFAs
trigger a fourfold increase in L-FABPC, a sevenfold
increase of its mRNA within 16 h of exposure, whereas
octanoate had no effect [158]. The time- and dose-de-
pendent effect of LCFAs was eliminated by cyclohex-
imide, leading the authors to conclude that the control
was, at least partially, transcriptional. Similar upregula-
tion at the transcriptional level was also implied earlier
by work with muscle [159] and with small intestine
[160].
LCFA upregulation of the FABPC system has been
clarified by work with neonate cardiomyocytes [161].
Incubation of myocytes with oleate or palmitate did not
change cell morphology or the amount of glucose trans-
porter (GLUT4), hexokinase II or glyceraldehyde 3-
phosphate dehydrogenase but induced a four fold
increase in mRNA for H-FABPC along with mRNA for
FAT, acylcoenzyme A (CoA) synthetase and long-chain
acylCoA dehydrogenase. Additionally, there was a a
60% increase in b-oxidative capacity. The action of
LCFAs was most likely at the level of PPAR-a. How
the PPAR signal translates into action on gene tran-
scription was suggested by the identification of a 1.2-
kbp promoter region in the 5% flanking region of the
H-FABPC gene [162] that controls tissue expression
patterns for this gene.

Function of FABPCs

Since the discovery of FABPCs with a strong affinity for
LCFAs and their presence at large concentrations in
tissues that produce large fluxes of LCFAs, it has been
clear that they perform a transport function (see reviews
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in table 1). Since that time, there have been many
refinements of this hypothesis as information became
available. It was suggested [79], with little opposition,
that the expression of more than one type of FABPC in
a tissue is a strong predictor that FABPCs perform
functions other than bulk transport. Additionally, the
presence of true isoforms (with amino acid substitutions
and distinct mRNAs such as seen in bovine H-FABPC,
reviewed in [103]) may indicate either very subtle func-
tional refinements or the development of two ho-
mologous genes in progress. It should be noted that
although there have been a number of variants of the
types of FABPCs reported as isoforms, most result from
posttranslational modifications or the presence of
bound ligands (this was well addressed [103]). The func-
tions suggested for the FABPC family are increasing
transport across plasma membrane; solubilizing LCFAs
and facilitating their diffusion; ‘buffering’ LCFA con-
centrations to prevent toxic and/or detergental effects
and mediating partitioning of LCFAs between mem-
brane and solublized pools; targeting LCFAs to intra-
cellular sites and specific enzyme systems; mediating cell
signaling metabolites (eicanosoids, prostaglandins,
leukotrienes and thromboxanes); behaving as an LCFA
sensor in regulation of FABPC mRNA expression. Re-
cent and still tentative additions to the list of possible
functions include modulation of aspects of protein syn-
thesis and integrating carbohydrate and fatty acid
metabolism. Most of the functions and the evidence
presented to support these views have been reviewed
many times (see table 1, ‘Functions’), with the most
recent appearing during the last 2 years [7, 99].

Transmembrane transport of fatty acid

The contentious issues raised from studies of transport
of LCFAs across the plasma membrane are summarized
in the Introduction. Cell cultures, transfected to overex-
press FABPCs, increase the uptake of LCFAs in some
cases, but not all. Data from such experiments have
been summarized (table 2 in [7]). Whereas some experi-
ments show no increase in LCFA uptake as in A-
FABPC transfection L6 myoblasts [163], human breast
cancer cells transfected with H-FABPC, increased
palmitate uptake 67% with no changes in targeting of
ligand to complex lipid synthesis [164]. Similar increases
in palmitate uptake have been reported in rat hepato-
cytes [165], but overexpression of I-FABPC in Caco-2
cells inhibited LCFA absorption by 34%, again with no
alteration in the triglyceride pool [166]. In mouse heart
and cardiomyocytes nullizygous for the H-FABPC gene,
uptake of fatty acid decreased 80% in the former, and
uptake of an LCFA analogue decreased 45% in the
latter [1, 2]. Disruption of the A-FABPC gene in mouse

resulted in no changes in LCFA influx or esterificaton
patterns [3]. Clearly, the role of FABPC in movement of
LCFAs into cells is not fully understood. Whether the
increase in uptake, where it occurs, is the result of
steeper concentration gradients across the membrane as
a strictly physical process (as suggested by Weisiger
[29]), or whether there is specific or nonspecific docking
of the FABPC with the interior of the plasma mem-
brane, is not clear.

Cytoplasmic transport of fatty acids

There are probably two LCFA transport processes in
the cytoplasm that may contribute to fatty acid flux at
least in terms of rates relative to slow lateral membrane
diffusion. Effective diffusion coefficients for lateral
membrane diffusion (Deff=10−10 cm2 s−1) are smaller
[29] than FABPC-bound ligand (Deff B2.6×10−9 cm2

s−1) [167] and free LCFAs (e.g. palmitate Deff=3×
10−6 cm2 s−1 [168]), and the transit time for a 20-mm
cell has been estimated to be 10,000 s, \110 s and
0.1–1 s, respectively [29] for the three contributions.
Clearly, the concentration of LCFA in each pool must
be the important factor: unfortunately, the intracellular
distribution of LCFA in whole cells has not been ade-
quately addressed. It is probably adequate to assume
that protein-bound LCFA is the major contributor be-
cause of the low solubility of LCFAs in aqueous sys-
tems. The self-diffusion of LCFA may be sufficient to
supply low-flux tissues such as seen in peroxisomal
LCFA oxidation of FABPC-less marine invertebrates
[150]. It is clear that assessment of intracellular trans-
port of LCFAs must appreciate the complexity of vis-
coelasticity, tortuosity and cytoarchitecture [28, 29].
The analysis of cytoplasmic diffusion processes, aside
from being far more complex than generally appreci-
ated, also indicates that the ‘snapshot’ view of FABPC

binding of LCFAs may not be adequate when referring
to the proposed ‘buffering’ functions of the protein. The
static view leads to estimates that a significant fraction
of the protein does not carry ligand and, hence, could
mediate transient increases in cytoplasmic LCFA con-
centration. The dynamic view, taking into consideration
the flux of ligand, protein and protein/ligand complex,
indicates that with the metabolic fluxes of, for example,
heart tissue, the protein pool would be saturated in
about 1 min [29]. This must be addressed, since work
with enterocytes [169] is consistent with diffusion being
the sole process and provides no evidence for convec-
tional transport.
One aspect of intracellular LCFA transport that has not
been adequately addressed in the literature is the role of
nonspecific protein binding. Theoretically, any protein
that binds LCFAs and can diffuse could facilitate or at
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least add to the LCFA flux. With H-FABPC nullizygous
mouse heart, a significant proportion of both LCFA
uptake and oxidation still occurs [1, 2]. The possibility
that other proteins could bind LCFAs was shown in the
detection of a high-affinity saturable binding site for
cis-parinarate and oleate on bovine heart hexokinase
(Kd=3.5+0.4 mM and 1.47+0.24 mM, respectively)
[170], and a low-affinity site with an inhibition constant
of about 70 mM. An assessment of the non-FABPC

protein contribution to LCFA transport would be pos-
sible with the nullizygous mouse, since no true isoforms
are known for protein [103].

Delivery of LCFAs to organelles and enzyme systems

There is evidence that FABPCs target intracellular
membranes such as the mitochondria and endoplasmic
reticulum: these processes have been reviewed recently
[7, 99] and are referred to in table 1, ‘Functions’. When
coupled with reports from Storch and her group (see
below), and arguments for the establishment of intracel-
lular gradients of LCFA/FABPC [29], it is most likely
that FABPCs target membranes or receptors on mem-
branes to deliver their cargo.
Transfer of fluorescent LCFA analogues from FABPCs
to membrane targets appears to involve collision of the
holoprotein with anionic membranes (reviewed in [71,
90]). This mechanism operates with A- [171–173] and
H-FABPCs [171, 174, 175], but not L-FABPC [175, 176].
The adsorption and desorption of fluorescent probes
from L-FABPC appears diffusion limited and is about
50-fold slower than the collisional mechanism [175].
Electrostatic interactions between the protein and nega-
tively charged membranes indicate portal lysine residues
are involved [177]. This hypothesis received strong
confirmation in work where A-FABPC with acetylated
lysines reverted to a diffusionally restrained mechanism
[178], as did a helixless mutant of I-FABPC [179, 180].
Reevaluaton of the diffusional mechanism for L-
FABPC is suggested by observations that recombinant
rat L-FABPC binds to, and delivers fluorescent fatty
acids to, anionic phospholipid vesicles [181]. The results
indicate a role for the N-terminal region of L-FABPC in
membrane adsorption, but lack of N-terminal acetyla-
tion of the recombinant protein would leave a formal
positive charge on the N-terminus and must be consid-
ered in assessing this work.
To date, it is not clear how collisional FABPCs adsorb
ligands from cell membranes, if they do. Presumably,
thermodynamics of the collision process favours mem-
brane uptake. The transfer of LCFAs from phospho-
lipid vesicles to proteins, while spontaneous, is slow
enough that transient increases in membrane-soluble
LCFAs produced from lipolysis [182] may be significant

to LCFA uptake. While these data may be used in
examining hepatic fatty acid transport, it is unfortunate
that one of the FABPCs purported to operate by a
collisional mechanism was not studied. It is peculiar
that I-FABPC did not increase uptake of a fluorescent
stearate analogue in transfected fibroblasts, whereas
L-FABPC, presumably not operating though a direct
collisional mechanism, did, by 1.7-fold [183]. In this
study, both the L- and the I-FABPC types increased
cytoplasmic diffusion rates in single cells.
FABPCs have been implicated in targeting specific en-
zymes in ways other binding proteins (e.g. serum albu-
min) do not. The ability of L-, I-, A- and H-FABPC to
influence glyceride synthesis is through stimulation of
microsomal and mitochondrial glycerol 3-phosphate
acyltransferase and lysophosphatidylphosphate acyl-
transferase (reviewed in [103]). L-FABPC stimulates
acylCoA synthetase of rat liver endoplasmic reticulum
(reviewed in [99]). Since some FABPCs (liver, kerati-
nocyte) can bind signalling metabolites (eicosanoids,
prostaglandins and so on.) there have been suggestions
that FABPCs mediate cell processes. Also, FABPC mod-
ulates enzymes involved in signal metabolite production
(reviewed in [72] and [83, 184]) and mediates mitogenic
cascades in liver (reviewed in [22]). Presumably, any
factor that modulates the binding of such ligands to
FABPCs could have implications in affecting cell pro-
cesses on a much wider scale. In keeping with the
regulatory functions, it was suggested [99] that FABPCs
are part of a control loop relating lipid and protein
levels by acting as sensors of intracellular lipid levels. A
novel finding may further complicate and provide unex-
pected roles of the protein family: cell-free protein syn-
thesis was inhibited by delipidated myelin P2, I-, H- and
B-FABPCs, but not A-, L- or E-FABPCs [185].
Three recent publications have provide direct and clear
evidence of the role of FABPCs [1–3]. In mice with a
disrupted A-FABPC gene, there was no difference in
uptake or in esterification of delivered LCFAs from the
wild type. Basal lipolysis and glycerol release from
adipose tissue decreased 40 and 35% respectively, and
the basal efflux of fatty acids was elevated threefold in
the null condition. This was consistent with a 300%
increase in LCFA in adipose tissue (525 nmol/g vs. 1474
nmol/g in null animals). The experiments with mice
with both copies of the gene for H-FABPC disabled [1,
2] proved very illuminating. In cardiomyocytes from the
nullizygous (−/− ) mice, palmitate uptake decreased
45%, whereas cytosol oleate binding capacity decreased
55%. Uptake of 125I-15-(p-iodophenyl)-3(R,S)-methyl-
pentadecanoic acid was unaltered in brain, liver, and
kidney that contained other FABPC gene products
but decreased fivefold in heart and a small amount in
soleus muscle. At the same time, uptake of 14C-de-
oxyglucose was increased fivefold only in heart tissue of
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−/− mice. Concomitant with decreased cardiac up-
take of LCFAs was increased circulating LCFA and
b-hydroxybutyrate, presumably from increased liver b-
oxidation. The increase in glucose uptake was not a
function of increased GLUT4 transporters (protein or
mRNA) or of hexokinase mRNA. Finally, there were
no differences between knockout and wild-type mice for
activities of citrate synthase, b-hydroxyacylCoA dehy-
drogenase, lactate dehydrogenase, acylCoA synthetase
(mRNA), carnitine palmitoyltransferase I or acylCoA-
binding protein. Also, there were no detectable differ-
ences in the complement of membrane LCFA transport
proteins. Thus, there was neither reorganization of the
components of FA metabolism nor reorganization of
organelle distribution in −/− mice. The amount of
triacylglyceride did not differ between the two pheno-
types, indicating no reorganization of the targeting of
FAs. In myocytes, the rate of palmitate oxidation was
65% lower, whereas the rate of glucose oxidation in-
creased 80%. Electrical pacing of myocytes resulted in
an increase (2× ) in +/+ myocytes, but not in −/−
derived myocytes, indicating that glycolysis was proba-
bly at maximal flux. Along with increased glucose up-
take and oxidation, glycogen content was increased
from 49.5 to 78.3 mmol/g dry weight. This would indi-
cate that an uninhibited glycolytic flux still maintained
enough glucose 6-phosphate (G6P) to produce glycogen
and suggests that the normal glycolytic control systems
were displaced, probably by hexokinase and phospho-
fructokinase inhibition being lifted. These experiments
may connect observations of interactions between hex-
okinase and fatty acids [170] and between glycolytic
metabolites, LCFA binding to rat L-FABPC and toad
M-FABPC, and substrate cycling [186, 187].
A new proposition in the regulatory aspects and per-
haps an integrating role for the proteins has been made
from observations that the binding of LCFAs to
FABPCs can be modulated by nonlipid metabolites and
physiological states. Early work with an FABPC from
the heart of the teleost Macrozoarces americanus (ocean
pout) [188] showed calcium ion caused a maximum in
fatty acid binding at 0.5 mM not related to ionic
strength changes since NaCl did not elicit binding
changes. Binding was also specific to FABPCs since
albumin was not calcium responsive. It is not clear how
activation of LCFA binding occurs, but recent reports
indicate that such aspects may be important. E-FABPC

can bind the protein S100A7 (function unknown) to
form a complex that can bind fatty acid in a manner
that is modulated by divalent cations [189]. Although
heme is normally kept at very low concentrations, ferri-
heme and ferroheme can compete LCFAs from rat
L-FABPC isosterically with the Ki for ferroheme three-
fold smaller than the Fe III state [190]. In light of these
observations it may be useful to examine various por-

phyrias for dislocations in lipid metabolism: an ac-
quired porphyria cutanea tarda (PCT) [191] resulted in
hepatic lipid infiltration, whereas an essential fatty acid
deficiency mimicked PCT photosensitivity and skin le-
sions [192]. The binding of LCFAs to rat L-FABPC and
spadefoot toad M-FABPC is modulated by nonlipid
metabolites. Rat L-FABPC increases binding of oleate
and cis-parinarate in the presence of physiologically
relevant concentrations of D-glucose and glucose 6-
phosphate (6 mM and 0.2 mM, respectively), but not
glucose 1-phosphate or phosphate ion [186]. The appar-
ent K0.5 for G6P (the effect was saturable) was 0.12 mM
in activating [1-14C]oleate binding and 0.26 mM for
activating the binding of cis-parinarate. It was sug-
gested that this ability may affect carbohydrate flux
through hepatic glycolysis since both glucokinase [193]
and phosphofructokinase [194] are inhibited by LCFAs
or their derivatives. Additionally, cardiac hexokinase is
inhibited by LCFAs and contains saturable LCFA
binding sites [170]; it may also represent another aspect
of the Randle cycle (glucose/fatty acid cycle) [195, 196].
In a study examining the behaviour of muscle FABPC

from estivating spadefoot toad (Scaphiopus couchii )
[187], G6P and fructose 1,6-phosphate (F1,6P2) altered
the binding of the cis-parinarate but glucose, fructose-6-
phosphate, phosphoenolpyruvate and fructose 2,6-bis-
phosphate did not. As with rat L-FABPC, G6P
increased LCFA binding to the toad protein (40%), but
F1,6P2 decreased binding to M-FABPC by 40% by
increasing the Kd for cis-parinarate 2.3-fold. Glucose
did not affect toad M-FABPC. The inhibition constant
of F1,6P2 for the toad protein was 25 mM and within
physiological concentrations. The reciprocal interaction
of the substrate and product of hexokinase and L-
FABPC and LCFAs with hexokinase, and the interac-
tion of F1,6P2 with M-FABPC, whereas LCFAs are
inhibitory to phosphofructokinase [194], have led to a
working model [187] in which glycolytic flux and intra-
cellular LCFA flux might be connected and may pro-
duce amplified effects through shifts in these two
substrate cycles. If such phenomena are common with
other FABPCs, and if the effects are different with
different types of FABPCs, it is possible that FABPCs of
different types within one tissue may respond differently
to modulation by nonlipid metabolites and may provide
a clue to the multiple expression of different FABPC

genes within single tissues.

Nonmammalian FABPCs

Since the last review of nonmammalian FABPCs in 1996
[88], where 10 species were listed (birds, amphibians,
fish and flukes), the phyletic ubiquity of this protein
family is now established. table 4 lists 29 additional
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Table 4. Nonmammalian FABPs. Where more than two types have been reported, the number of types is outside the bracket with the
types, and number of that type, noted inside the bracket. The types are liver, L; heart, H; muscle, M; adipose, A; intestine, I; brain,
B.

TissueOrganism Type Reference

Amphibians
2[L, Lb]*Axolotl (Ambistoma mexicanum) 205Liver, intestine

Liver 2L, 206Bullfrog (Rana catesbeiana)
M 187MuscleSpadefoot toad (Scaphiopus couchii )

LiverToad (Bufo aranum) L 207
Heart - 207

- 207Intestine
L [Stewart, unpublished]Wood frog (Rana syl6atica) Liver
I 149IntestineXenopus lae6is

Birds
Barnacle goose (Branta leucopsis) Muscle M 208
Canary (Serinus sp) Brain B 209

Ex-FABP† 202Embryo/serumChicken (Gallus domesticus)
2[H] 203Western sandpiper (Calidris mauri ) Muscle
2[H] 203Heart

Fish
Catfish (Rhamdia sapo) Liver 3[B, H, L] 197, 198
Elephant fish (Callorhynchus callorhynchus) Liver 5[3H, I, L] 119

2[A, H] 210HeartAntarctic icefish‡ (Chaenocephalus acerata)
2[A, H] 210(Notothenia corticeps) Heart
2[A, H] 210Heart(Parachaenichthys charcoti )
2[A, H] 210(Gobionothus gibberifrons) Heart
H 148LiverLamprey (Entosphenus japonica)

Heart H 211Rainbow trout (Salmo gairdneri )
L 200LiverShark (Halaetunus bi6ius)

Invertebrates
Cestode (Echinococcus granulosus) - - 212

- 213-Flukes (Schistosoma japonicum)
-(Fasciola gigantica) - 18
-(Fasciola hepatica) - 214

- 215-Mites(Acarus sero)
-(Blomia tropicalis) - 14

- 216-Nematodes (Caenorhabditis elegans)
-(Ascaris suum) Ex-FABP‡ 217

M 218Locust (Locusta migratoria) Muscle

* One mammalian L-type; one similar to L-type in chicken, catfish and iguana liver (Lb).
† These FABPs are, unusually, expressed extracellularly. The chicken protein, despite having the descriptor ‘FABP’, appears to be a
lipocalin, whereas that of nematodes is a true FABP-type protein, albeit possessing a secretory leader peptide and possible
modifications to the conserved FABP structure.
‡ An FABP has also been reported in gill tissue that does not metabolize fatty acids [201].

incidences of FABPCs. The pattern of tissue expression
is unlike that seen in mammalian systems. For example,
the livers of catfish [197, 198] and elephant fish [199]
express, as well as a liver type, H- and B-types, and H-
and I-types, respectively. Whereas the gills of an icefish
express FABPC, this tissue has little capacity to process
fatty acids [201]. Avian embryos express an extracellular
fatty-acid-binding protein, but this appears to be a
lipocalin rather than an FABP-type protein [202]. The
largest measured concentrations of FABPC reported are
from pectoralis muscle (14% of soluble protein) and
heart (23% of soluble protein) of migrating Western
sandpiper, which fuels its migrational flight with LC-
FAs [203]. Such divergences from mammalian FABPCs
may teach us the subtle interactions and interplays of

lipid metabolism. The most thoroughly studied of inver-
tebrate FABPCs is that of migrating locust (reviewed in
[97]). This protein is developmentally expressed to large
concentrations (13% of soluble protein) and has had its
crystal structure determined. One curiosity is the ab-
sence of detectable FABPCs in all marine invertebrates
that have been investigated (echinoderms, molluscs,
crustaceans) [150], although we are now probing for
FABPC genes in these animals. Nematodes, however,
appear to have FABPs which, so far uniquely to these
organisms, are secreted from the synthesizing cell, and
also appear to be slight modifications of the conserved
FABP structure [217]. It is clear that the presence and
use of FABPC is more diverse and probably more
complex than in mammals. The continued study of
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FABPCs across the phyla will inform evolutionary stud-
ies and adaptation of the protein to unusual physiologi-
cal states such as in estivating toads [187] or hibernators
[204].

Acknowledgements. I would like to express thanks and apprecia-
tion to my long time co-worker, John A. Blakely, for reviewing
the document, and the National Sciences and Engineering Re-
search Council, the Heart and Stroke Foundation of New
Brunswick, and Mount Allison University for funding. I would
also like to express thanks to many of my students who, over the
years, have kept me on my toes just as much as I have been on
theirs.

1 Binas B., Danneberg H., McWhir J., Mullins L. and Clark
A. J. (1999) Requirement for the heart-type fatty acid bind-
ing protein in cardiac fatty acid utilization. FASEB J. 13:
805–812

2 Schaap F. G., Binas B., Danneberg H., van der Vusse G. J.
and Glatz J. F. C. (1999) Impaired long-chain fatty acid
utilization by cardiac myocytes isolated from mice lacking
the heart-type fatty acid binding protein gene. Circ. Res. 85:
329–337

3 Ribarik Coe N., Simpson M. A. and Bernlohr D. A. (1999)
Targeted disruption of the adipocyte lipid-binding protein
(aP2 protein) gene impairs fat cell lipolysis and increases
cellular fatty acid levels. J. Lipid Res. 40: 967–972

4 Levi A. J., Gatmaitan Z. and Arias I. M. (1969) Two hepatic
cytoplasmic protein fractions, Y and Z, and their possible
role in the hepatic uptake of bilirubin, sulfobromophthalein
and other anions. J. Clin. Invest. 48: 2156–2167

5 Ockner R. K., Manning J. A., Poppenhausen R. B. and Ho
W. K. (1972) A binding protein for fatty acids in cytosol of
intestinal mucosa, liver, myocardium and other tissues. Sci-
ence 177: 56–58

6 Mishkin S., Stein L., Gatmaitan Z. and Arias I. M. (1972)
The binding of fatty acids to cytoplasmic proteins: binding
to Z-protein in liver and other tissues of the rat. Biochem.
Biophys. Res. Commun. 47: 997–1003

7 McArthur M. J., Atshaves B. P., Frolov A., Foxworth W.
D., Kier A. B. and Schroeder F. (1999) Cellular uptake and
intracellular trafficking of long chain fatty acids. J. Lipid
Res. 40: 1371–1383

8 Glatz J. F. and van der Vusse G. J. (1990) Nomenclature of
fatty acid-binding proteins. Mol. Cell. Biochem. 98: 231–235

9 Murray C. and Alpert J. S. (1994) Diagnosis of acute
myocardial infarction. Curr. Opin. Cardiol. 9: 465–470

10 Schelffold T., Nehelein J., Muller-Bardorff M. and Katus H.
A. (1994) Monitoring ischemia with new markers. Z. Kar-
diol. 83(Suppl. 6): 75–82

11 Mair J. (1997) Progress in myocardial damage detection:
new biochemical markers for clinicians. Crit. Rev. Clin. Lab.
Sci. 34: 1–66

12 de Winter R. J., Koster R. W. and Sanders G. T. (1998)
Early exclusion of ischemic myocardial damage made possi-
ble by new biochemical cardiac markers. Ned. Tijdshcr.
Geneesks. 142: 940–944

13 Hellyer G. V. (1995) Comparison of purified 12 kDa and
recombinant 15 kDa Fasciola hepatica antigens related to a
Schistosoma mansoni fatty acid binding protein. Mem. Inst.
Oswaldo Cruz 90: 249–253

14 Caraballo L., Puerta L., Jimenez S., Martinez B., Mercado
D., Avjiouglu A. et al. (1997) Cloning and IgE binding of a
recombinant allergen from the mite Blomia tropicalis, ho-
mologous with fatty acid-binding proteins. Int. Arch. Al-
lergy Immunol. 112: 341–347

15 Chabalgoity J. A., Harrison J. A., Esteves A., Demarco de
Hormaeche R., Ehrlich R., Khan C. H. et al. (1997) Expres-

sion and immunogenicity of an Eschinococcus granulosus
fatty acid-binding protein in live attenuated Salmonella vac-
cine strains. Infect. Immun. 65: 2402–2412

16 Gobert G. N. (1998) Immunolocalization of schistosome
proteins. Microsc. Res. Tech. 42: 176–185

17 Lieberman J. M., Marks W. H., Cohn S., Jaicks R., Woode
L., Sacchettini J. et al. (1998) Organ failure, infection, and
the systemic inflammatory response syndrome are associated
with elevated levels of urinary intestinal fatty acid binding
protein: study of 100 consecutive patients in a surgical
intensive care unit. J. Trauma 45: 900–906

18 Sobhan P., Anantavara S., Dangprasert T., Viyanant V.,
Krailas D., Upatham E. S. et al. (1998) Fasciola gigantica :
studies of the tegument as a basis for the development of
immunodiagnosis and vaccine. South East Asian J. Trop.
Med. Public Health 29: 387–400

19 de Groot M. J. M., Wodzig K. W. H., Simoons M. L., Glatz
J. F. C. and Hermens W. T. (1999) Measurement of myocar-
dial infarct size from plasma fatty acid-binding protein or
myoglobin, using individually estimated clearance rates. Car-
diovasc. Res. 44: 315–324

20 Trifonov I. R., Katrukha A. H., Yavelov I. S., Averkov O.
V., Vauliin N. A. and Gratsiansky N. A. (1999) Unstable
angina: comparison of prognostic values of cardiac fatty acid
binding protein and troponin I. Kardiologiya 39: 41–47

21 Yamazaki T., Kanda T., Sakai Y. and Hatakeyama K.
(1999) Liver fatty acid-binding protein is a new prognostic
factor for hepatic resection of colorectal cancer metastases.
J. Surg. Oncol. 72: 83–87

22 Tipping E. and Ketterer B. (1981) The influence of soluble
binding proteins on lipophile transport and metabolism in
hepatocytes. Biochem. J. 195: 441–452

23 Cooper R., Noy N. and Zakim D. (1987) A physical-chemi-
cal model for cellular uptake of fatty acids: prediction of
intracellular pool sizes. Biochemistry 26: 5890–5896

24 Weisiger R. A., Pond S. and Bass L. (1991) Hepatic uptake
and protein-bound ligands: extended sinusoidal perfusion
model. Am. J. Physiol. 261: G872–G884

25 Thomson A. B. R, Schoeller C., Keelan M., Smith L. and
Clandinin M. T. (1993) Lipid absorption: passing through
the unstirred layers, brush-border membrane and beyond.
Can. J. Physiol. Pharmacol. 71: 531–555

26 Weisiger R. A. (1993) The role of albumin binding in hepatic
organic anion transport. In: Tavolini N. and Berk P. D.
(eds), Raven Press, New York, pp. 171–196.

27 Trotter P. J. and Voelker D. R. (1994) Lipid transport
processes in eukaryotic cells. Biochim. Biophys. Acta 1213:
241–262

28 Luby-Phelps K. and Weisiger R. A. (1996) Role of cytoar-
chitecture in cytoplasmic transport. Comp. Biochem. Phys-
iol. B. 115: 295–306

29 Weisiger R. A. (1996) Cytoplasmic transport of lipids: role
of binding proteins. Comp. Biochem. Physiol. B 115: 319–
331

30 Weisiger R. A. (1998) When is a carrier not a membrane
carrier? The cytoplasmic transfer of amphipathic molecules.
Hepatology 24: 1288–1295

31 Hamilton J. A. (1998) Fatty acid transport: difficult or easy?
J. Lipid. Res. 39: 467–481

32 Bassingthwaighte J. B., Noddleman L., van der Vusse G.
and Glatz J. F. (1989) Modeling of palmitate transport in
the heart. Mol. Cell. Biochem. 88: 51–58

33 Neely J. R. and Morgan H. E. (1974) Relationship between
carbohydrate and lipid metabolism and the energy balance
of heart muscle. Ann. Rev. Physiol. 36: 413–459

34 Zammit V. A. (1996) Role of insulin in hepatic fatty acid
partitioning: emerging concepts. Biochem. J. 14: 1–14

35 Randle P. J. (1998) Regulatory interactions between lipids
and carbohydrates: the glucose fatty acid cycle after 35
years. Diabetes Metab. Rev. 14: 263–283

36 Potter B. J., Sorrentino D. and Berk P. D. (1989) Mecha-
nism of cellular uptake of free fatty acids. Ann. Rev. Nutr.
9: 253–270



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000 1355Multi-author Review Article

37 Stremmel W. (1989) Transmembrane transport of fatty acids
in the heart. Mol. Cell. Biochem. 88: 23–29

38 Weisiger R. A., Pond S. and Bass L. (1991) Hepatic uptake
of protein-bound ligands: extended sinusoidal perfusion
model. Am. J. Physiol. 261: G872–G884

39 Berk P. D. (1996) How do long-chain free fatty acids cross
cell membranes? Proc. Soc. Exp. Biol. Med. 213: 1–4

40 Kleinfeld A. M., Chu P. and Romero C. (1997) Transport of
long-chain native fatty acids across lipid bilayer membranes
indicates that the transbilayer flip-flop is rate limiting. Bio-
chemistry 36: 14146–14158

41 Kleinfeld A. M., Storms S. and Watts M. (1998) Transport
of long-chain native fatty acids across human erythrocyte
ghost membranes. Biochemistry 37: 8011–8019

42 Zakim D. (1996) Fatty acid enter cells by simple diffusion.
Proc. Soc. Exp. Biol. Med. 212: 54–59

43 Hui T. Y. and Bernlohr D. A. (1997) Fatty acid transporters
in animal cells. Front. Biosci. 15: d222–d231

44 Bonen A., Dyck D. J. and Luiken J. J. (1998) Skeletal
muscle fatty acid transport and transporters. Adv. Exp.
Med. Biol. 441: 193–205

45 van der Vusse G. J., Glatz J. F., van Nieuwenhoven F. A.,
Reneman R. S. and Bassingthwaighte J. B. (1998) Transport
of long-chain fatty acids across the muscular endothelium.
Adv. Exp. Med. Biol. 441: 181–191

46 Glatz J. F., van Nieuwenhoven F. A., Luiken J. J., Schaap
F. G. and van der Vusse G. J. (1997) Role of membrane-as-
sociated and cytoplasmic fatty acid-binding proteins in cellu-
lar fatty acid metabolism. Prostaglandins Leukot. Essent.
Fatty Acids 57: 373–378

47 Luiken J. J., Schapp F. G., van Nieuwenhoven F. A., van
der Vusse G. J., Bonen A. and Glatz J. F. (1999) Cellular
fatty acid transport in heart and skeletal muscle is facilitated
by proteins. Lipids 34: S169–S175

48 van Nieuwenhoven F. A., Wilkinsen P. H. M., van der Vusse
G. J. and Glatz J. F. C. (1999) Co-expression in rat heart
and skeletal muscle of four genes coding for proteins impli-
cated in long-chain fatty acid uptake. Int. J. Biochem. Cell
Biol. 31: 489–498

49 Dutta-Roy A. (2000) Transport mechanisms for long-chain
polyunsaturated fatty acids in the human placenta. Am. J.
Clin. Nutr. 71: 15S–22S

50 Bonen A., Miskovic D. and Kiens B. (1999) Fatty acid
transporters (FABPpm, FAT, FATP) in human muscle.
Can. J. Appl. Physiol. 24: 515–523

51 Daniels C., Noy N. and Zakim D. (1985) Rates of hydration
of fatty acids bound to unilamellar vesicles of phophotidyl-
choline or to albumin. Biochemistry 24: 3286–3292

52 Bass N. M. (1985) Function and regulation of hepatic and
intestinal fatty acid binding proteins. Chem. Phys. Lipids 38:
95–114

53 Glatz J. F. C., Paulussen R. J. A. and Veerkamp J. H. (1985)
Fatty acid binding proteins from the heart. Chem. Phys.
Lipids 38: 115–129

54 Glatz J.F.C. and Veerkamp J.H. (1985) Intracellular fatty
acid-binding proteins. Int. J. Biochem. 17: 13–22

55 Bernier I. and Jolles P. (1987) A survey of cytosolic nonen-
zyme proteins involved in the metabolism of lipophilic com-
pounds: from organic anion binders to new protein families.
Biochimie 69: 1127–1152

56 Sweetser D. A., Heuckeroth R. O. and Gordon J. I. (1987)
The metabolic significance of mammalian fatty acid binding
proteins. Abundant proteins in search of a function. Ann.
Rev. Nutr. 7: 337–359

57 Veerkamp J. H. and Paulussen R. J. (1987) Fatty acid
transport in muscle: the role of fatty acid-binding proteins.
Biochem. Soc. Trans. 15: 331–336

58 Bass N. M. (1988) The cellular fatty acid binding proteins:
aspects of structure, regulation and function. Int. Rev. Cy-
tol. 111: 143–184

59 Glatz J. F. C., van der Vusse G. J. and Veerkamp J. H.
(1988) Fatty acid-binding proteins and their physiological
significance. News Physiol. Sci. 3: 41–43

60 Glatz J. F. and van der Vusse G. J. (1989) Intracellular
transport of lipids. Mol. Cell. Biochem. 88: 37–44

61 Matarese V., Stone R. L., Waggoner D. W. and Bernlohr D.
A. (1989) Intracellular fatty acid trafficking and the role of
cytosolic lipid binding proteins. Prog. Lipid Res. 48: 245–
272

62 Spener F., Borchers T. and Mukherjea M. (1989) On the role
of fatty acid binding proteins in fatty acid transport and
metabolism. FEBS Lett. 244: 1–5

63 Glatz J. F. and van der Vusse G. J. (1990) Cellular fatty
acid-binding proteins: current concepts and future directions.
Mol. Cell. Biochem. 98: 237–251

64 Kaikaus R. M., Bass N. M. and Ochner R. K. (1990)
Functions of fatty acid binding proteins. Experientia 46:
617–630

65 Paulussen R. J. A., Veerkamp J. H. (1990). Intracellular
fatty-acid-binding proteins: characteristics and function. In:
Subcellular Biochemistry, vol. 16, Hilderson H. J. (ed.),
Plenum Press

66 Veerkamp J. H., Peeters R. A. and Maatman R. G. (1991)
Structural and functional features of different types of cyto-
plasmic fatty acid-binding proteins. Biochim. Biophys. Acta
1081: 1–24

67 Spener F. and Borcher T. (1992) Structural and multifunc-
tional properties of cardiac fatty acid-binding proteins: from
fatty acid binding to cell growth inhibition. Biochem. Soc.
Trans. 20: 806–811

68 Veerkamp J. H. and van Moerkerk H. T. (1992) The fatty
acid binding protein content and fatty acid oxidation capac-
ity of rat tissues. Prog. Clin. Biol. Res. 375: 205–210

69 Catala A. (1993) Interaction of fatty acids, acyl-CoA deriva-
tives and retinoids with microsomal membranes: effect of
cytosolic proteins. Mol. Cell. Biochem. 24: 89–94

70 Clarke S. D. and Jump D. B. (1993) Regulation of gene
transcription by polyunsaturated fatty acid. Prog. Lipid Res.
32: 139–149

71 Storch J. (1993) Diversity of fatty acid-binding protein struc-
ture and function: studies with fluorescent ligands. Mol. Cell.
Biochem. 123: 45–53

72 Glatz J. F., Vork M. M., Cistola D. P. and van der Vusse G.
J. (1993) Cytoplasmic fatty acid binding protein: significance
for intracellular transport of fatty acids and putative role on
signal transduction pathways. Prostaglandins Leukot. Es-
sent. Fatty Acids. 48: 33–41

73 Glatz J. F., Vork M. M. and van der Vusse G. J. (1993)
Significance of cytoplasmic fatty acid-binding protein for the
ischemic heart. Mol. Cell. Biochem. 123: 167–173

74 Sacchetini J. C. and Gordon J. I. (1993) Rat intestinal fatty
acid binding protein. A model system for analyzing the
forces that can bind fatty acids to proteins. J. Biol. Chem.
268: 18399–18402

75 Schoentgen F., Bucquoy S., Seddiqui N. and Jolles P. (1993)
Two cytosolic protein families implicated in lipid-binding:
main structural and functional features. Int. J. Biochem. 25:
1699–1704

76 Veerkamp J. H., van Kuppevelt T. H. M. S. M., Maatman
R. G. H. J. and Prinsen C. F. M. (1993) Structural and
functional aspects of cytosolic fatty acid-binding proteins.
Prostoglandins Leukot. Essent. Fatty Acids 49: 887–906

77 Veerkamp J. H. and van Moerkerk H. T. B. (1993) Fatty
acid-binding protein and its relation to fatty acid oxidation.
Mol. Cell. Biochem. 123: 101–106

78 Vork M. M., Glatz J. F. and van der Vusse G. J. (1993) On
the mechanism of long chain fatty acid transport in car-
diomyocytes as facilitated by cytoplasmic fatty acid-bindng
protein. J. Theoret. Biol. 160: 207–222

79 Banaszak L., Winter N., Xu Z., Bernlohr D. A., Cown S.
and Jones A. (1994) Lipid-binding proteins: a family of fatty
acid and reinoid transport proteins. Adv. Prot. Chem. 45:
89–151

80 Borschers T., Spener F. (1994) Fatty acid binding proteins.
In: Current Topics in Membranes, pp. 261–294, Hoekstra
D. (ed.), Academic Press



J. M. Stewart Cytoplasmic fatty-acid-binding proteins1356

81 Haunerland N. H. (1994) Fatty acid binding protein in
locust and mammalian muscle. Comparison of structure,
function and regulation. Comp. Biochem. Physiol. B. 109:
199–208

82 Ailhaud G. P., Abumrad N., Amri E. Z., Grimaldi P. A.
(1995) A new look at fatty acid as signal transduction
molecules. In: Fatty Acids and Lipids: Biological Aspects,
pp. 35–45, Galli C., Simopoulis A. P. and Tremoli, E. (eds),
Karger, Basel

83 Glatz J. F., Borchers T., Spener F. and van der Vusse G. J.
(1995) Fatty acids in cell signalling: modulation by lipid
binding proteins. Prostaglandins Leukot. Essent. Fatty Acids
52: 121–127

84 Mangaroo D., Trigatti B. L. and Gerber G. E. (1995)
Membrane permeation and intracellular trafficking of long
chain fatty acids: insights from Escherichia coli and 3T3-L1
adipocytes. Biochem. Cell Biol. 73: 223–234

85 Storch J., Herr F. M., Hsu K. T., Kim H. K., Liou H. I. and
Smith E. R. (1996) The role of membranes and intracellular
binding proteins in cytoplasmic transport of hydrophobic
molecules by fatty acid-binding proteins. Comp. Biochem.
Physiol. 115B: 333–339

86 Veerkamp J. H. (1995) Fatty acid transport and fatty acid-
binding proteins. Proc. Nutr. Soc. 54: 23–37

87 Veerkamp J. H. and Maatman R. G. H. J. (1995) Cytoplas-
mic fatty acid-binding proteins: their structure and genes.
Prog. Lipid Res. 34: 17–52

88 Glatz J. F. C. and van der Vusse G. J. (1996) Cellular fatty
acid-binding proteins: their function and physiological sig-
nificance. Prog. Lipid Res. 35: 243–282

89 Londraville R. L. (1996) Intracellular fatty acid-binding
proteins: putting lower vertebrates in perspective. Braz. J.
Med. Biol. Res. 29: 707–720

90 Storch J. (1996) The role of membranes and intracellular
binding-proteins in cytoplasmic transport of hydrophobic
molecules – fatty-acid-binding proteins. Comp. Biochem.
Physiol. B 115: 333–339

91 Weisiger R. A. (1996) Cytoplasmic transport of lipids: role
of binding proteins. Comp. Biochem. Physiol. 115B: 319–
331

92 Bernlohr D. A., Simpson M. A., Hertzel A. V. and Banaszak
I. J. (1997) Intracellular lipid-binding proteins and their
genes. Ann. Rev. Nutr. 17: 227–303

93 Borchers T., Hohoff C., Buhlmann C. and Spener F. (1997)
Heart-type fatty acid binding protein – involvement in
growth inhibition and differentiation. Prostaglandins
Leukot. Essent. Fatty Acids 57: 77–84

94 Eaton S., Record C. O. and Bartlett K. (1997) Multiple
biochemical effects in the pathogenesis of alcoholic fatty
liver. Eur. J. Clin. Invest. 27: 719–722

95 Glatz J. F., van Nieuwenhoven F. A., Luiken J. J., Schaap
F. G. and van der Vusse G. J. (1997) Role of membrane-as-
sociated and cytoplasmic fatty acid-binding proteins in cellu-
lar fatty acid metabolism. Prostaglandins Leukot. Essent.
Fatty Acids 57: 373–378

96 Goran M. I. (1997) Genetic influences on human energy
expenditure and substrate utilization. Behav. Genet. 27:
389–399

97 Haunerland N. H. (1997) Transport and utilization of lipids
in insect flight muscles. Comp. Biochem. Physiol. B. 117:
474–482

98 Keler T., Khan S. and Sorof S. (1997) Liver fatty acid
binding protein and mitogenesis in transfected hepatoma
cells. Adv. Exp. Med. Biol. 400A: 517–524

99 Ribarik Coe N. and Bernlohr D. A. (1998) Physiological
properties and functions of intracellular fatty acid-binding
proteins. Biochim. Biophys. Acta 1391: 287–306

100 Glatz J. F., van Breda E. and van der Vusse G. J. (1998)
Intracelluar transport of fatty acids in muscle. Role of
cytoplasmic fatty acid-binding protein. Adv. Exp. Med. Biol.
441: 207–218

101 Hegele R. A. (1998) A review of intestinal fatty acid binding
protein gene variation and the plasma lipoprotein response
to dietary components. Clin. Biochem. 31: 609–612

102 Schaap J. G., van der Vusse G. J. and Glatz J. F. (1998)
Fatty acid-binding proteins in the heart. Mol. Cell Biochem.
180: 43–51

103 Schroeder F., Jolly C. A., Cho T. H. and Frolov A. (1998)
Fatty acid binding protein isoforms: structure and function.
Chem. Phys. Lipids 92: 1–25

104 Reese-Wagoner A., Thompson J. and Banaszak L. (1999)
Structural properties of the adipocyte lipid binding protein.
Biochim. Biophys. Acta 1441: 106–116

105 Thompson J., Reese-Wagoner A. and Banaszak L. (1999)
Liver fatty acid binding protein: species variation and the
accommodation of different ligands. Biochim. Biophys. Acta
1441: 117–130

106 Thompson J., Ory J., Reese-Wagoner A. and Banaszak L.
(1999) The liver fatty acid binding protein-comparison of
cavity properties of intracellular lipid binding proteins. Mol.
Cell. Biochem. 192: 9–16

107 Luiken J. J., Schapp F. G., van Nieuwenhoven F. A., van
der Vusse G. J., Bonen A. and Glatz J. F. (1999) Cellular
fatty acid transport in heart and skeletal muscle as facilited
by proteins. Lipids 34: S169–S175

108 Zanotti G. (1999) Muscle fatty acid-binding protein.
Biochim. Biophys. Acta 1441: 94–105

109 Sorof S. (1994) Modulation of mitogenesis by liver fatty acid
binding protein. Cancer Metas. Rev. 13: 317–336

110 Sacchettini J. C., Gordon J. I. and Banaszak L. J. (1989)
Crystal structure of rat intestinal fatty-acid-binding protein.
Refinement and analysis of the Escherichia coli-derived
protein with bound palmitate. J. Mol. Sci. 208: 327–339

111 Sacchettini J. C., Gordon J. I. and Banaszak L. J. (1989)
Refined apoprotein structure of rat intestinal fatty acid
binding protein produced in Escherichia coli. Proc. Natl.
Acad. Sci. USA 86: 7736–7740

112 Winter N. S., Gordon J. I. and Banaszak L. J. (1990)
Characterization of crystalline rat liver fatty acid binding
protein produced in Escherichia coli. J. Biol. Chem. 265:
10955–10958

113 Lucke C., Lassen D., Kreienkamp H. J., Spener F. and
Ruterjans H. (1992) Sequence-specific 1H-NMR assignment
and determination of the secondary structure of bovine heart
fatty-acid-binding protein. Eur. J. Biochem. 210: 901–910

114 Xu Z., Bernlohr D. A. and Banaszak L. J. (1992) Crystal
structure of recombinant murine adipocyte lipid-binding
protein. Biochemistry 31: 3484–3492

115 Lassen D., Lucke C., Kromminga A., Lezius A., Spener F.
and Ruterjans H. (1993) Solution structure of bovine heart
fatty acid-binding protein (H-FABPC). Mol. Cell. Biochem.
123: 15–22

116 Young A. C., Scapin G., Kromminga A., Patel S. B.,
Veerkamp J. H. and Sacchettini J. C. (1994) Structural
studies on human muscle fatty acid binding protein at 1.4 A
resolution: binding interaction with three C18 fatty acids.
Structure 2: 523–534

117 Haunerland N. H., Jacobson B. L., Wesenberg G., Rayment
I. and Holden H. M. (1994) Three-dimensional structure of
the muscle fatty-acid-binding protein isolated from the
desert locust Schistocerca gregaria. Biochemistry 33: 12378–
12385

118 Lassen D., Lucke C., Kveder M., Mesgarzadeh A., Schmidt
J. M., Specht B., Lezius A., Spener F. and Ruterjans H.
(1995) Three-dimensional structure of bovine heart fatty-
acid-binding protein with bound palmitic acid, determined
by multidimensional NMR spectroscopy. Eur. J. Biochem.
230: 266–280

119 Hodsdon M. E., Toner J. J. and Cistola D. P. (1995) 1H,
13C and 15N assignments and chemical shift-derived sec-
ondary structure of intestinal fatty acid-binding protein. J.
Biomol. NMR 6: 198–210

120 Hodsdon M. E., Ponder J. W. and Cistola D. P. (1996) The
NMR solution structure of intestinal fatty acid-binding
protein complexed with palmitate: application of a novel
distance geometry algorithm. J. Mol. Biol. 264: 585–602



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000 1357Multi-author Review Article

121 Zhang F., Lucke C., Baier I. J., Sacchettini J. C. and
Hamilton J. A. (1997) Solution structure of human intestinal
fatty acid binding protein: implications for ligand entry and
exit. J. Biomol. NMR 9: 213–228

122 Thompson J., Winter N., Terwey D., Bratt J. and Banaszak
L. (1997) The crystal structure of the liver fatty acid-binding
protein. A complex with two bound oleates. J. Biol. Chem.
272: 7140–7150

123 Wang H., He Y., Hsu K. T., Magliocca J. F., Storch J. and
Stark R. E. (1998) 1H, 15N and 13C resonance assignments
and secondary structure of apo liver fatty acid-binding
protein. J. Biomol. NMR 12: 197–199

124 Hohoff C., Borchers T., Rustow B., Spener F. and van
Tilbeurgh H. (1999) Expression, purification, and crystal
structure determination of recombinant epidermal-type fatty
acid binding protein. Biochemistry 38: 12229–12239

125 Schievano E., Mammi S. and Peggion E. (1999) Determina-
tion of the secondary structural elements of chicken liver
fatty acid binding protein by two-dimensional homonuclear
NMR. Biopolymers 50: 1–11

126 Richieri G. V., Low P. J., Ogata R. T. and Kleinfeld A. M.
(1999) Binding kinetics of engineered mutants provide in-
sight about the pathway for entering and exiting the intesti-
nal fatty acid-binding protein. Biochemistry 38: 5888–5895

127 Richeiri G. V., Ogata R. T. and Kleinfeld A. M. (1996)
Kinetics of fatty acid interactions with fatty acid binding
proteins from adipocyte, heart and intestine. J. Biol. Chem.
271: 11291–11300

128 Zimmerman A. W., Rademacher M., Ruterjans H., Lucke
C. and Veerkamp J. H. (1999) Functional and conforma-
tional characterization of new mutants of heart fatty acid-
binding protein. Biochem. J. 344: 495–501

129 Lowe J. B., Boguski M. S., Sweetser D. A., Elshourbagy N.
A., Taylor J. M. and Gordon J. I. (1985) Human liver fatty
acid binding proteins. Isolation of a full length cDNA and
comparative sequence analysis of orthologous and
paralogous proteins. J. Biol. Chem. 260: 3413–3417

130 Chan L., Wei C.-F., Li W.-H., Yang C.-Y., Ratner P.,
Pownall H. et al. (1985) Human liver fatty acid-binding
protein cDNA and amino acid sequence. Functional and
evolutionary implications. J. Biol. Chem. 260: 2629–2632

131 Sweetser D. A., Lowe J. B. and Gordon J. I. (1986) The
nucleotide sequence of the rat liver fatty acid binding protein
gene. Evidence that exon 1 encodes an oligopeptide domain
shared by a family of proteins which bind hydrophobic
ligands. J. Biol. Chem. 261: 5553–5561

132 Schleicher C. H., Cordoba O. L., Santome J. A. and Del-
l’Angelica E. C. (1995) Molecular evolution of the multigene
family of intracellular lipid-binding proteins. Biochem. Mol.
Biol. Int. 36: 1117–1125

133 Heuckeroth R. O., Birkenmeier E. H., Levin M. S. and
Gordon J. I. (1987) Analysis of the tissue-specific expression,
developmental regulation, and linkage relationships of a
rodent gene encoding heart fatty acid binding protein. J.
Biol. Chem. 262: 9709–9717

134 Zhang J., Rickers-Haunerland J., Dawe I. and Haunerland
N. H. (1999) Structure and chromosomal location of the rat
gene encoding the heart fatty acid-binding protein. Eur. J.
Biochem. 266: 347–351

135 Gerbens F., van Erp A. J., Harder F. L., Verburg F. J.,
Meuwissen T. H., Veerkamp J. H. and te Pas M. F. (1999)
Effect of genetic variants of the heart fatty acid-binding
protein on intramuscular fat and performance traits in pigs.
J. Anim. Sci. 77: 846–852

136 Gerbens F., Jansen A., van Erp A. J., Harders F., Meuwis-
sen T. H., Rettenberger G. et al. (1998) The adipocyte fatty
acid-binding protein locus: characterization and association
with intramuscular fat content in pigs. Mamm. Genome 9:
1022–1026

137 Hertzel A. V. and Bernlohr D. A. (1998) Cloning and
chromosomal location of the murine keratinocyte lipid-bind-
ing protein gene. Gene 221: 235–243

138 Bleck B., Hohoff C., Binas B., Rustow B., Dixkens C.,
Hameister H. et al. (1998) Cloning and chromosomal locali-
sation of the murine epidermal-type fatty acid binding
protein gene (Fabpe). Gene 215: 123–130

139 Godbout R., Bisgrove D. A., Shkolny D. and Day R. S.
(1998) Correlation of B-FABP and GFAP expression in
malignant glioma. Oncogene 16: 1955–1962

140 Gerbens F., Rettenberger G., Lenstra J. A., Veerkamp J. H.
and te Pas M. F. (1997) Characterization, chromosomal
localization, and genetic variation of the procine heart fatty
acid-binding proteins gene. Mamm. Genome 8: 328–332

141 Prinsen C. F., de Bruijn D. R., Merkx G. F. and Veerkamp
J. H. (1997) Assignment of the human adipocyte fatty acid-
binding protein gene (FABP4) to chromosome 8q21 using
somatic cell hybrid and fluorescence in situ hybridization
techniques. Genomics 40: 207–209

142 Oelkers P. and Dawson P. A. (1995) Cloning and chromoso-
mal localization of the human ileal lipid-binding protein.
Biochim. Biophys. Acta 1257: 199–202

143 Treuner M., Kozak C. A., Gallahan D., Grosse R. and
Muller T. (1994) Cloning and characterization of the mouse
gene encoding mammary-derived growth inhibitor/heart-
fatty acid-binding protein. Gene 147: 237–242

144 Troxler R. F., Offner G. D., Jiang J. W., Wu B. L., Skare J.
C., Milunsky A. et al. (1993) Localization of the gene for
human heart fatty acid binding protein to chromosome
1p32-1p33. Hum. Genet. 92: 563–566

145 Peeters R. A., Veerkamp J. H., Geurts van Kessel A., Kanda
T. and Ono T. (1991) Cloning of the cDNA encoding human
skeletal-muscle fatty-acid-binding protein, its peptide se-
quence and chromosomal localization. Biochem. J. 276:
203–207

146 Nilsson M. H., Spurr N. K., Lundvall J., Rask L. and
Peterson P. A. (1988) Human cellular retinol-binding protein
gene organization and chromosomal location. Eur. J.
Biochem. 173: 35–44

147 Chen S. H., Van Tuinen P., Ledbetter D. H., Smith L. C.
and Chan L. (1986) Human liver fatty acid binding protein
gene is located on chromosome 2. Somat. Cell. Mol. Genet.
12: 303–306

148 Baba K., Takahashi Y., Aoyagi Y. and Odani S. (1999) The
amino acid sequence of a lamprey (Entosphenus japonicus)
liver fatty acid-binding protein identified its close relation-
ship to cardiac fatty acid-binding proteins of Mammalia.
Comp. Biochem. Phys. B. Biochem. Mol. Biol. 123: 223–228

149 Shi Y.-B. and Hayes W. P. (1994) Thyroid hormone-depen-
dent regulation of the intestinal fatty acid-binding protein
gene during amphibian metamorphosis. Develop. Biol. 161:
48–58

150 Stewart J. M., Carlin R. C., MacDonald J. A. and van
Iderstine S. (1994) Fatty acid binding proteins and fatty acid
catabolism in marine invertebrates: peroxisomal b-oxida-
tion. Invert. Reprod. Develop. 25: 73–82

151 Bohmer F. D., Kraft R., Otta A., Wernstedt C., Hellman U.,
Kurtz A. et al. (1987) Identification of a polypeptide growth
inhibitor from bovine mammary gland. J. Biol. Chem. 262:
15137–15143

152 Pu L. X., Igbavboa U., Wood W. G., Roth J. B., Kier A. B.,
Spener F. et al. (1999) Expression of fatty acid binding
proteins is altered in aged mouse brain. Mol. Cell. Biochem.
198: 69–78

153 Carlsson L., Nilsson I. and Oscarsson J. (1998) Hormonal
regulation of liver fatty acid-binding protein in vivo and in
vitro: effects of growth hormone and insulin. Endocrinology
139: 2699–2709

154 Daikoku T., Shinohara Y., Yamazaki N. and Terada H.
(1997) Dramatic enhancement of the specific expression of
the heart-type fatty acid binding protein in rat brown
adipose tissue by cold exposure. FEBS Lett. 410: 383–386

155 van Breda E., Keizer H. A., Vork M. M., Surtel D. A., John
Y. F. D., van der Vusse G. J. et al. (1992) Modulation of
fatty acid-binding protein content of rat heart and muscle by
endurance training and testosterone treatment. Pflugers
Arch. 421: 274–279



J. M. Stewart Cytoplasmic fatty-acid-binding proteins1358

156 Memon R. A., Bass N. M., Moser A. H., Fuller J., Appel
R., Grunfeld C. et al. (1999) Down-regulation of liver and
heart specific fatty acid binding protein by endotoxin and
cytokines in vivo. Biochim. Biophys. Acta 1440: 118–126

157 Keler T., Khan S. and Sorof S. (2000) Fatty acids stimulate
adipose differentiation related protein (ADRP) expression in
adipocytes precursors by long-chain fatty acids. J. Cell Phy-
isol 182: 297–302

158 Meunier-Durmort C., Poirier H., Niot I., Forest C. and
Besnard P. (1996) Up-regulation of the expression of the
gene for liver fatty acid binding protein by long-chain fatty
acids. Biochem. J. 319: 483–487

159 Carey J. O., Neufer P. D., Farrar R. P., Veerkamp J. H. and
Dohm G. L. (1994) Transcriptional regulation of muscle
fatty acid-binding protein. Biochem. J. 298: 613–617

160 Poirier H., Niot I., Degrace P., Monnot M. C., Bernard A.
and Besnard P. (1997) Fatty acid regulation of fatty acid-
binding protein expression in the small intestine. Am. J.
Physiol. 273: G289–G295

161 van Der Lee K. A., Vork M. M., De Vries J. E., Willemsen
P. H., Glatz J. F., Reneman R. S. et al. (2000) Long-chain
fatty acid-induced changes in gene expression in neonatal
cardiac myocytes. J. Lipid Res. 41: 41–47

162 Qian Q., Kuo L., Yu Y.-T. and Rottman J. N. (1999) A
concise promoter region of the heart fatty acid-binding
protein gene dictates tissue-appropriate expression. Circ.
Res. 84: 276–289

163 Prinsen C. F. and Veerkamp J. H. (1998) Transfection of L6
myoblasts with adipocyte fatty acid-binding protein cDNA
does not affect fatty acid uptake but disturbs lipid
metabolism and fusion. Biochem. J. 329: 265–273

164 Buhlman C., Borchers T., Pollak M. and Spener F. (1999)
Fatty acid metabolism in human breast cancer cells (MCF7)
transfected with heart-type fatty acid binding protein. Mol.
Cell. Biochem. 199: 41–48

165 Burczynski F. J., Fandrey S., Wang G., Pavletic P. A. and
Gong Y. (1999) Cytosolic fatty acid enhances rat hepatocyte
[3H]palmitate uptake. Can. J. Physiol. Pharmacol. 77: 896–
901

166 Darimonta C., Gradouxa N., Persohnb E., Cumina F. and
De Povera A. (2000) Effects of intestinal fatty acid-binding
protein overexpression on fatty acid metabolism in Caco-2
cells. J. Lipid Res. 41: 84–92

167 Holly D. C., Luxon B. A. and Weisiger R. A. (1995) Sex
differences in transmembrane and cytoplasmic transport of
hepatic fatty acids. Gastroenterology 108: A1085

168 Stewart J. M., Driedzic W. R. and Berkelaar J. A. M. (1991)
Fatty acid binding protein enhances the diffusion of oleate in
a model cytosol system. Biochem. J. 276: 569–573

169 Luxon B. A. and Mulliano M. T. (1999) Cytoplasmic trans-
port of fatty acids in rat enterocytes: role of binding to fatty
acid-binding protein. Am. J. Physiol. 40: G361–G366

170 Stewart J. M. and Blakely J. A. (2000) Long chain fatty
acids inhibit and medium chain fatty acids activate bovine
heart hexokinase. Biochim. Biophys. Acta, Mol. Cell, Biol.
Lipid 1484: 278–286

171 Wootan M. G. and Storch J. (1994) Regulation of fluores-
cent fatty acid transfer from adipocyte and heart fatty acid
binding proteins by acceptor membrane lipid composition
and structure. J. Biol. Chem. 269: 10517–10523

172 Smith E. R. and Storch J. (1999) The adipocyte fatty acid-
binding protein binds to membranes by electrostatic interac-
tions. J. Biol. Chem. 274: 35325–35330

173 Gericke A., Smith E. R., Moore D. J., Mendelsohn R. and
Storch J. (1997) Adipocyte fatty acid-binding protein: inter-
action with phospholipid membranes and thermal stability
studied by FTIR spectroscopy. Biochemistry 36: 8311–8317

174 Kim H. and Storch J. (1992) Mechanism of free fatty acid
transfer from rat heart fatty acid-binding protein to phos-
pholipid membranes. J. Biol. Chem. 267: 20051–20056

175 Storch J. and Bass N. M. (1990) Transfer of fluorescent fatty
acids from liver and heart fatty acid-binding protein. J. Biol.
Chem. 265: 7827–7831

176 Kim H. and Storch J. (1992) Free fatty acid transfer from
rat liver fatty acid-binding protein to phospholipid vesicles.
J. Biol. Chem. 267: 77–82

177 Herr F. M., Aronson J. and Storch J. (1996) Role of portal
region lysine residues in electrostatic interactions between
heart fatty acid binding protein and phospholipid mem-
branes. Biochemistry 35: 1296–12303

178 Hirs F. M., Matarese V., Bernlohr D. A. and Storch J.
(1995) Surface lysine residues modulate the collisional trans-
fer of fatty acid from adipocyte fatty acid binding protein to
membranes. Biochemistry 34: 11840–11845

179 Corsico B., Cistola D. P., Frieden C. and Storch J. (1998)
The helical domain of intestinal fatty acid binding protein is
critical for collisional transfer of fatty acids to phospholipid
membranes. Proc. Natl. Acad. Sci. USA 95: 12174–12178

180 Corsico B. (1998) The helical domain of intestinal fatty-acid-
binding protein is critical for collisional transfer of fatty-
acids to phospholipid membranes. Biochim. Biophys. Acta,
Bioenergetics 1363: 100–124

181 Davies J. K., Thumser A. E. and Wilton D. C. (1999)
Binding of recombinant rat liver fatty acid-binding protein
to small anionic phosopholipid vesicles results in ligand
release: a model for interfacial binding and fatty acid target-
ing. Biochemistry 38: 16932–16940

182 Massey J. B., Bick D. H. and Pownall H. J. (1997) Sponta-
neous transfer of monoacyl amphiphiles between lipid and
protein surfaces. Biophys. J. 72: 1732–1743

183 Murphy E. J. (1998) L-FABP and I-FABP expression in-
crease NBD-stearate uptake and cytoplasmic diffusion in L
cells. Am. J. Physiol. 275: G244–G249

184 Ek B. A., Cistola D. P., Hamilton J. A., Kaduce T. I. and
Spector A. A. (1997) Fatty acid binding proteins reduced
15-lipoxygenase induced oxygenation of linoleic acid and
arachidonic acid. Biochim. Biophys. Acta 1346: 75–85

185 Zimmerman A. W. and Veerkamp J. A. (1998) Members of
the fatty acid-binding protein family inhibit cell-free protein
synthesis. FEBS Lett. 437: 183–186

186 Stewart J. M., Dewling V. F. and Wright T. G. (1998)
Binding of fatty acids to rat liver fatty acid binding protein
is modulated by early glycolytic metabolites. Biochim. Bio-
phys. Acta 1391: 1–6

187 Stewart J. M., Claude J. F., MacDonald J. A. and Storey K.
B. (2000) Muscle fatty acid binding protein of spadefoot
toad (Scaphiopus couchii ). Comp. Biochem. Physiol. 125:
347–357

188 Stewart J. M. and Driedzic W. R. (1988) Fatty acid binding
proteins in teleost fish. Can. J. Zool. 66: 2671–2675

189 Hagens G., Masouye I., Augsburger E., Hotz R., Saurat J.
H. and Seigenthaler G. (1999) Calcium binding protein
S100A7 and epidermal-type fatty acid-binding protein are
associated in the cytosol of human heratinocytes. Biochem.
J. 339: 419–427

190 Stewart J. M., Slysz G. W., Pritting M. and Muller-Eberhard
U. (1996) Ferriheme and ferroheme are isosteric inhibitors of
fatty acid binding to rat liver fatty acid-binding protein.
Biochem. Cell Biol. 74: 249–255

191 Flueckiger F., Steiner H., Leitinger G., Hoedl S. and Deu E.
(1991) Nodular focal fatty infiltration of the liver in acquired
porphyria. Gasterointest. Radiol. 16: 237–239

192 Levy J., DeFelice A. and Lepage G. (1990) Essential fatty
acid deficiency mimicking prophyria cutanea tarda in a
patient with chronic cholestasis. J. Pediatr. Gastroenterol.
Nutr. 10: 242–245

193 Tippett P. S. and Neet J. (1982) Specific inhibition of glucok-
inase by long chain acyl coenzymes A below the critical
micelle concentration. J. Biol. Chem. 257: 12839–12845

194 Ramadoss C. S., Uyeda K. and Johnston J. M. (1976)
Studies on the fatty acid inactivation of phosphofructoki-
nase. J. Biol. Chem. 251: 98–107

195 Depre C., Rider M. H. and Hue L. (1998) Mechanisms of
control of heart glycolysis. Eur. J. Biochem. 258: 277–290

196 Liu Y. Q., Tornheim K. and Leahy J. L. (1999) Glucose-
fatty acid cycle to inhibit glucose utilization and oxidation if



CMLS, Cell. Mol. Life Sci. Vol. 57, 2000 1359Multi-author Review Article

operative in fatty acid-cultured islets. Diabetes 48: 1747–
1753

197 Di Pietro S. M., Dell’Angelica E. C., Schleicher C. H. and
Santome J. A. (1996) Purification and structural characteri-
zation of a fatty acid-binding protein from the liver of the
catfish Rhamdia sapo. Comp. Biochem. Physiol. 113: 503–
509

198 Di Pietro S. M. and Santome J. A. (1996) Presence of two
new fatty acid binding proteins in catfish liver. Biochem.
Cell. Biol. 74: 675–680

199 Cordoba O. L., Sanchez E. I., Veerkamp J. H. and Santome
J. A. (1998) Presence of intestinal, liver and heart/adipocyte
fatty-acid-binding protein types in the liver of a chimaera
fish. Int. J. Biochem. Cell. Biol. 30: 1403–1413

200 Cordoba O. L., Sanchez E. I. and Santome J. A. (1999) The
main fatty acid-binding protein in the liver of the shark
(Halaetunus bi6ius) belongs to the liver basic type. Isolation,
amino acid sequence determination and characterization.
Eur. J. Biochem. 265: 832–838

201 Crockett E. L., Londraville R. L., Wilkes E. E. and Popesco
M. C. (1999) Enzymatic capacities for beta-oxidation of
fatty fuels are low in the gill of teleost fishes despite presence
of fatty acid-binding protein. J. Exp. Zool. 284: 276–285

202 Cancedda F. D., Malpeli M., Gentili C., Di Marzo V., Bet
P., Carlevaro M. et al. (1996) The developmentally regulated
avian Ch21 lipocalin is an extracellular fatty acid-binding
protein. J. Biol. Chem. 271: 20163–20169

203 Guglielmo C. G., Haunerland N. H. and Williams T. D.
(1998) Fatty acid binding protein, a major protein in the
flight muscle of migrating western sandpipers., Comp.
Biochem. Physiol. B. Biochem. Mol. Biol. 119: 549–555

204 Stewart J. M., English T. E. and Storey K. B. (1998)
Mammal hibernator fatty acid binding protein: low tempera-
ture lipid transport. Biochem. Cell. Biol. 76: 593–599

205 Di Pietro S. M., Veerkamp J. H. and Santome J. A. (1999)
Isolation, amino acid sequence determination and binding
properties of two fatty-acid-binding proteins from axolotl
(Ambistoma mexicanum) liver – evolutionary relationship.
Eur. J. Biochem. 259: 127–134

206 Baba K., Abe T. K., Tsunasawa S. and Odani S. (1999)
Characterization and primary structure of a fatty acid-bind-
ing protein and its isoforms from the liver of the Amphibia
Rana catesbeiana. J. Biochem. (Tokyo) 125: 115–122

207 Schleicher C. H. and Santome J. A. (1996) Purification,
characterization and partial amino acid sequencing of an
amphibian liver fatty acid binding protein. Biochem. Cell.
Biol. 74: 109–115

208 Pelsers M. M., Butler P. J., Bishop C. M. and Glatz J. F.
(1999) Fatty acid binding protein in heart and skeletal

muscles of the migratory barnacle good throughout develop-
ment. Am. J. Physiol. 276: R637–R643

209 Rousselot P., Heintz N. and Nettebohm F. (1997) Expres-
sion of brain lipid binding protein in the brain of the adult
canary and its implications for adult neurogenesis. J. Comp.
Neurol. 385: 415–426

210 Vayda M. E., Londraville R. L., Cashon R. E., Costello L.
and Sidell B. D. (1998) Two distinct types of fatty acid
binding protein are expressed in heart ventricles of Antarctic
teleost fishes. Biochem. J. 330: 375–382

211 Ando S., Xue X. H., Tibbits G. F. and Haunerland. N. H.
(1999) Cloning and sequencing of complementary DNA for
fatty acid binding protein from rainbow trout heart. Comp.
Biochem. Physiol. B. Biochem. Mol. Biol. 119: 213–217

212 Esteves A., Dallagiovanna B. and Ehrlich R. (1993) A
developmentally regulated gene of Echinococcus granulosus
codes for a 15.5 kilodalton polypeptide related to fatty acid
binding proteins. Mol. Biochem. Parasitol. 58: 215–222

213 Becker M. M., Kalinna B. H., Waine G. J. and McManus
D. P. (1994) Gene cloning, overproduction and purification
of a functionally active cytoplasmic fatty acid-binding
protein (Sj-FABPC) from the human blood fluke Schisto-
soma japonicum. Gene 148: 321–325

214 Rodriguez-Perez J., Rodriguez-Medina J. R., Garcia-Blanco
M. A. and Hillyer G. V. (1992) Fasciola hepatica : molecular
cloning, nucleotide sequence and expression of a gene encod-
ing a polypeptide homologous to a Schistosoma mansoni
fatty acid-binding protein. Exp. Parisitol. 74: 400–407

215 Erikson T. L. J., Whitley P., Johansson E., van Hage-Ham-
sten M. and Gafvelin G. (1999) Identification and character-
ization of two allergens from the dust mite Acarus siro
homolgous with fatty acid-binding proteins. Int. Arch. Al-
lergy Immunol. 119: 275–281

216 Bini L., Heid H., Liberatori S., Geier G., Pallini V. and
Zwilling R. (1997) Two-dimensional gel electrophoresis of
Caenorhabditis elegans homogenates and identification of
protein spots by microsequencing. Electrophoresis 18: 557–
562

217 Mei B., Kennedy M. W., Beauchamp J., Komuniecki P. R.
and Komuniecki R. (1997) Secretion of a novel, develop-
mentally regulated fatty acid-binding protein into the periv-
itelline fluid of the parasitic nematode, Ascaris suum. J. Biol.
Chem. 272: 9933–9941

218 Maatman R. G., Degano M., Van Moerkerk H. G., Van
Marrewijk W. J., Van der Horst D. J., Sacchettini J. C. et al.
(1994) Primary structure and binding characteristics of lo-
cust and human muscle fatty-acid-binding proteins. Eur. J.
Biochem. 221: 801–810

.


