
Introduction

The various fatty acids (FAs) fulfil many different

functions in the organism. They are important

sources of energy stored in triacylglycerol and

produced in muscles and liver. They are also used

for the formation of complex lipids, such as

phospholipids and cholesterol. Finally, FA resi-

dues are hormones and signalling compounds, as

they modify specific proteins. These essential nu-

trients are obtained from a diet, released from

adipocytes, or synthesized from glucose in

the liver. Association of these hydrophobic mole-

cules with albumin, lipocalins and fatty

acid-binding proteins (FABPs) highly increases

their aqueous solubility and thus facilitates their

transport.

The many different types of FABPs can be

divided into 2 main groups (Glatz and van der

Vusse 1996): those associated with the plasma

membrane (FABPPM) and the intracellular or

cytoplasmic proteins (FABPC). So far 9

tissue-specific cytoplasmic FABPs have been

identified (Table 1).

Physiological properties and functions of FABPs

Transport of FAs into cells is divided into several
steps: (1) adsorption – binding to the outer leaflet
of the plasma membrane; (2) crossing
the membrane; and (3) desorption – leaving
the cytosolic leaflet of the plasma membrane.
Each step must be catalysed by proteins to enable
effective FA movement (Hamilton 1998). There
are 2 types of FA translocation across plasma
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membranes, namely simple diffusion and
protein-mediated translocation. One of putative
translocases is a 43-kDa FABPPM, which was
purified from hepatocytes, adipocytes, jejunal
enterocytes and cardiac myocytes (Schaffer
2002). Clarke et al. (2004) provided the first piece
of evidence that overexpression of FABPPM in
a mammalian tissue can increase FA transport.
The FAs are desorbed from the plasma membrane
into the cytoplasm and the FABPC proteins may
accelerate FA uptake in several ways – they
increase the rate of dissociation from membranes
by enhancing the aqueous solubility of FAs (Vork
et al. 1993), or they improve FA transfer to
acceptor membranes by direct interaction with
the phospholipid bilayer or by an aqueous
diffusion-mediated process (Hsu and Storch
1996). FABPC proteins stimulate not only FA
desorption, but also cytoplasmic diffusion
(Mc Arthur et al. 1999). A role of FABPs in
intracellular FA movement was supported by
a series of experiments (Storch and Thumser
2000); thus FABPs can be defined as transport
proteins.

Regulation of the lipid metabolism leads to en-

ergy homeostasis and involves many control sys-

tems, which must be precisely coordinated.

Response to signals triggers activation of specific

transcription factors and FAs can act as such sig-

nalling molecules. Several mechanisms of gene

transcription regulation mediated by FAs are re-

viewed by Duplus et al. (2000) and include induc-

tion of events leading to modification of

a transcription factor, binding to and activation

of a transcription factor, modifying the mRNA sta-

bility, and also influencing the transcription factor

expression. It has been revealed that the increased

FA concentration triggers the process of

preadipocyte differentiation and the expression of

terminal differentiation-related genes (Amri et al.

1994), such as A-FABP (Distel et al. 1992).

One group of the transcription factors cooper-

ating with FABPs is the PPAR family

(peroxisome proliferator-activated receptor).

PPAR family members are nuclear receptors

known to regulate the transcription of many genes

involved in lipid metabolism (Desvergne

and Wahli 1999). For example, PPAR� is a key

transcription factor in preadipocyte differentiation

(Gregoire et al. 1998). FABPs serve as

intracellular acceptors of FAs, and they may also

have an effect on ligand-dependent transactivation

of PPARs, i.e. A-FABP and E-FABP selectively

interact with PPAR� and PPAR� , respectively
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Table 1. Expression of the various types of FABP genes

Gene
name

Common name Alternative names* Various expression experiments Microarray analysis (GNF
Atlas 2; Su et al. 2004)

FABP1 Liver FABP L-FABP
liver (Ockner et al. 1982); intestine
(Lowe et al. 1985; Sweetser et al. 1987)

fetal liver, liver, pancreas,
kidney,small intestine

FABP2 Intestinal FABP I-FABP intestine (Sweetser et al. 1987; Green
et al. 1992)

small intestine

FABP3 Heart FABP H-FABP; muscle
and heart FABP;
mammary-derived
growth inhibitor
(MDGI)

heart, skeletal muscle, brain, kidney,
adrenal gland (Heuckeroth et al. 1987);
mammary gland (Kurtz et al. 1994)

heart, mammary gland,
blastocysts

FABP4 Adipocyte FABP A-FABP adipose tissue (Amri et al. 1991;
Bernlohr et al. 1997)

adipocyte, ciliary ganglion,
appendix, skin, fetal thyroid,
placenta

FABP5 Epidermal FABP E-FABP;
psoriasis-associated
FABP (PAFABP)

skin, tongue, adipose tissue, mammary
gland, brain, intestine, kidney, liver
(Krieg et al. 1993); psoriatic skin
(Madsen et al. 1992)

tongue, eye, snout
epidermis, digits

FABP6 Ileal FABP Il-FABP;
gastrotropin

ileum, ovary (Gong et al. 1994) hypothalamus, tongue, large
intestine

FABP7 Brain FABP B-FABP brain (Kurtz et al. 1994; Shimizu et al.
1997)

fetal brain, occipital lobe,
amygdala, olfactory bulb

FABP8 Myelin FABP MP2 peripheral nervous system (Hayasaka
et al. 1991)

olfactory bulb, spinal cord,
amygdala

FABP9 Testis FABP T-FABP testis (Oko and Morales 1994) salivary gland, mammary
gland

*Data retrieved from OMIM database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM)



(Tan et al. 2002) and L-FABP with PPAR�
and PPAR� (Wolfrum et al. 2001).

Members of the FABP family are involved in

modulation of cell growth and proliferation.

L-FABP induced by two classes of peroxisome

proliferators promotes mitogenesis of hepatocytes

(Khan and Sorof 1994). H-FABP regulates

cardiomyocyte growth and differentiation in neo-

natal mouse hearts (Tang et al. 2004) and stimu-

lates an increase in cell surface area, leading to

cardiac myocyte hypertrophy (Burton et al. 1994).

Furthermore it specifically inhibits the growth of

normal mammary epithelial mouse cells (Yang et

al. 1994) and is proposed as the breast tumour sup-

pressor gene (Huynh et al. 1995).

Protein structure

The tertiary structure of several FABP types was
revealed on the basis of crystallography and nu-
clear magnetic resonance (Balendiran et al. 2000;
Lucke et al. 2000; LaLonde et al. 1994; Xu et al.
1993; Sacchettini et al. 1988; Thompson et al.
1997). Despite the differences in their protein se-
quences, the tertiary structure is common to all the
family members, as each of them forms a twisted

� -barrel surrounding a hydrophobic core. The bar-

rel is composed of 10 antiparallel � -strands, orga-

nized into 2 � -sheets oriented nearly orthogonally,

and on one end the � -barrel is capped by a small
helix-turn-helix motif (Sacchettini et al. 1988; Xu

et al. 1993). Within the � -barrel is a large wa-
ter-filled cavity lined with polar and hydrophobic
amino acids (Zimmerman and Veerkamp 2002).
Interestingly, only a small part of the cavity vol-
ume (1/3 to 1/2) is occupied by the single bound
ligand. Carboxyl group of the FA is oriented in-
wards and coordinated through electrostatic inter-
actions with tyrosine and 2 arginine residues
(LaLonde et al. 1994). Helical N-terminus seems

to be important for the effective electrostatic
interactions between FABPs and membranes and
dictates the overall rate of FA transfer (Corsico et
al. 1998; Liou et al. 2002).

Comparison of the amino acid sequences of
different FABPs revealed a wide variance in pri-
mary structure (Table 2). On the basis of amino
acid sequence, FABPs can be divided into 3
groups: (1) L-FABP and Il-FABP; (2) H-FABP,
B-FABP, E-FABP, M-FABP, A-FABP
and T-FABP; and (3) I-FABP. This kind of clus-
tering reflects binding abilities of the proteins. All
proteins of group 1 are capable of binding FAs and
bulky ligands, such as bile salts, cholesterol and
haem. Members of group 2 bind FAs and addition-
ally retinoids and eicosanoids (Schaap et al. 2002).
I-FABP binds solely FAs, but in a different con-
formation than other FABPs (bent instead of
U-shaped) (Sacchettini et al. 1988).

Evolution, chromosomal localization,

and structure of FABP genes

The above-mentioned similarities of the different

FABP proteins reflect the evolutionary

relationship between them. Phylogenetic analysis

suggested that in vertebrates the common ancestor

of the whole family of intracellular LBP genes

arose after divergence of animals from fungi

and plants. This ancestral gene may have encoded

a universal hydrophobic ligand binding protein.

It was estimated that the first gene duplication

occurred around 930 million years ago.

The subsequent duplication events during

the following over 500 million years gave rise to

all the currently recognized intracellular LBP

types, including FABPs (Schaap et al. 2002).

Chromosomal mapping of the FABP genes

reveals that they are dispersed in the genome

(Table 3), but some loci create a synteny group:

A-FABP, E-FABP and M-FABP. The detailed
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Table 2. Percentage identity of the amino acid sequence between different human FABPs (compared

by Chmurzyñska, unpublished)

L-FABP I-FABP H-FABP A-FABP E-FABP Il-FABP B-FABP

I-FABP 23.6

H-FABP 18.9 31.8

A-FABP 18.9 31.8 64.4

E-FABP 18.1 25.0 48.9 52.3

Il-FABP 36.2 27.3 21.1 27.3 20.3

B-FABP 27.6 34.1 66.7 56.8 44.7 18.0

MP2 19.7 28.0 62.9 66.7 56.1 17.2 59.1



analysis of the murine genomic sequence shows

that all these genes are located even in the same

chromosomal subregion and span less than 200 kb.

The H-FABP pseudogene was assigned to

the human chromosome 13q13-q14 (Prinsen et al.

1997b). Its sequence was highly similar to

the gene sequence, showing 80% identity (Qian

et al. 1999). The intronless H-FABP pseudogene

was found also in mice (Treuner et al. 1994)

and pigs (Gerbens et al. 1997). No expression of

these pseudogenes was detected.

The overall gene structure is conserved be-

tween all family members and consists of 4 exons

separated by 3 introns (Hunt et al. 1986; Sweetser

et al. 1986; Sweetser et al. 1987; Hayasaka et al.

1993; Treuner et al. 1994; Hertzel and Bernlohr

2000; Kurtz et al. 1994) The testis FABP gene has

been identified only in rodents (Oko and Morales

1994; Korley et al. 1997). Exons are relatively

short and the shortest exon 4 codes for 16–17

amino acids whilst the longest exon 2 for almost

60 amino acids (Zimmerman and Veerkamp

2002). The length of introns is not similar between

homologs, i.e. porcine H-FABP intron 1 is about

4.2 kb (Gerbens et al. 1997), but intron 1 of murine

B-FABP is only 0.4 kb (Kurtz et al. 1994).

The FABP genes contain the canonical TATA box

located around 23–30 nucleotides upstream of the

transcription start site (Hunt et al. 1986; Sweetser

et al. 1986; Sweetser et al. 1987; Kurtz et al. 1994).

In porcine H-FABP the TATA box was found

92 bp upstream of the ATG codon (Gerbens et al.

1997).

Regulation of gene expression

Expression of the FABP genes is tissue-specific
(Table 1) and the tissue content of FABPs is
mostly regulated at the transcriptional level (Glatz
and van der Vusse 1996). This is a result of
the synergistic interactions between conserved
motifs of gene promoters.

Since the L-FABP and I-FABP both exhibit
the cephalocaudal gradient of expression in
enterocytes along the duodenal-colon axis,
the regulatory regions of these genes are organized
in a similar way. They both contain a minimal
domain, which enables region-appropriate expres-
sion, and additional positive and negative
cis-acting elements located upstream of the
minimal domain. In the murine L-FABP gene,
nucleotides between +21 and –132 (the minimal
domain) are sufficient for region-appropriate
expression and expression in hepatocytes. This
sequence contains the potential hepatic nuclear
factor 1 (HNF1) binding site, and the TATA and
CCAAT boxes. Variation in expression is
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Table 3. Chromosomal location of the FABP genes

Gene
name

Chromosomal location

Homo sapiens Mus musculus Rattus norvegicus Sus scrofa Bos taurus

L-FABP 2p11
(Sparkes et al.
1987)

6 C1* 4q33* 3
(Lahbib-Mansais
et al. 2000)

I-FABP 4q28-q31
(Sparkes et al.
1987)

3
(Nusbaum et al.
1999)

2q42*

H-FABP 1p32-p33
(Troxler et al.
1993)

4* 5q36
(Zhang et al. 1999)

4
(Gerbens et al.
1997)

2q45
(Roy et al. 2003)

A-FABP 8q21
(Prinsen et al.
1997a)

3 A1
(Hudson et al. 2001)

2q23
(Steen et al. 1999)

Chr 6
(Gerbens et al.
1998)

14
(Everts-van der
Wind et al.
2004)

E-FABP 8q21.13* 3A1-3
(Hertzel and
Bernlohr 1998; Bleck
et al. 1998)

14
(Everts-van der
Wind et al.
2004)

Il-FABP 5q23-q35
(Oelkers and
Dawson 1995)

11
(Birkenmeier et al.
1994)

15
(Bonne et al. 2003)

B-FABP 6q22-q23* 10 B4
(Nusbaum et al.
1999)

20q11
(Steen et al. 1999)

MP2 8q21.3-q22.1
(Hayasaka et al.
1993)

T-FABP – 3A2* 2q23*

*Localizations retrieved from UniGene database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=unigene)



controlled by suppressors of caecal and colonic
expression located between nucleotides –4000
and –1600 and by activators of caecal and colonic
expression located between nucleotides –597 and
–351. Additionally, suppressors of renal
expression are positioned within a sequence
spanning nucleotides –186 to –133 (Simon et al.
1993).

Comparison of the orthologous human, mouse
and rat I-FABP genes revealed 3 conserved
domains in the 5’-flanking region that specifically
bind intestinal nuclear proteins (Green et al.
1992). Nucleotides between –103 and +28 of
the rat gene appear to be sufficient to direct
lineage-appropriate expression and to establish
appropriate patterns of gene expression along
the duodenal-colon axis. Nucleotides of this
minimal domain contain conserved domain III,
a 14-bp element, found in several genes
transcribed in the intestine, and the TATA
and CCAAT boxes as well. Modulation of
the mRNA levels along the cephalocaudal axis is
achieved by 2 other regions. Nucleotides between
–1178 and –277, which include the conserved
domain I, are required for promotion of ileal and
colonic expression. Nucleotides between –277
and –185 operate to suppress ileal and colonic
expression (Cohn et al. 1992).

The 0.4-kb promoter of the H-FABP gene is

sufficient to specify muscle expression, but

expression in the heart requires elements further

upstream in the 1.2-kb promoter. Human and

mouse 5’-flanking sequences are highly

conserved and contain multiple transcription

factor binding sites, such as the TATA and E

boxes. An element necessary for full promoter

activity is a CArG-like motif. Its sequence is

similar to a serum-response element (SRE), which

binds the serum response factor (SRF), a member

of the MADS-box family. Members of

the MADS-box family are involved in

muscle-specific and heart-specific gene

expression (Qian et al. 1999). Several putative

transcription factor binding sites were described

also in the 5’-flanking region of the porcine

H-FABP, i.e. motifs recognized by activator

protein 1 (AP-1), activator protein 2 (AP-2),

CCAAT/enhancer-binding protein (C/EBP),

mammary active factor (MAF), and Stat-5

(Gerbens et al. 1997). These elements could be

responsible for the constitutive expression, as well

as for pregnancy- and lactation-dependent

expression in mammary epithelium.
Comparison of the 5’-flanking region of

the A-FABP gene with promoters of the 2 other

genes activated during adipogenesis (glycerol-3-
phosphate dehydrogenase and adipsin) revealed in
all 3 genes, within the 200 bp of the TATA boxes,
multiple copies of a 13-nucleotide element. These
sequences are called fat-specific elements 1
(FSE1). The A-FABP gene contains 3 direct copies
and 1 inverted copy of FSE1. Additionally a 15-bp
element (FSE2) has been found in A-FABP
and glycerol-3-phosphate dehydrogenase genes.
Presumably FSE1 activates developmental
transcription, while FSE2 modulates the level of
transcription (Hunt et al. 1986). FSE2 specifically
binds a nuclear complex containing c-fos-
and c-Jun-related proteins through the sequence
recognized by transcription factor AP-I (Distel
et al. 1987; Rauscher et al. 1988). The AP-I site
acts as a positive regulator of gene expression but
is silenced by the adjacent upstream sequence,
which binds the CCAAT/enhancer-binding
protein – C/EBP (Herrera et al. 1989).

Temporal and spatial pattern of the B-FABP

gene expression in radial glial cells and Bergman

glial cells, during the central nervous system

(CNS) development, involves radial glial

cell-specific element (RGE) located between

0.3 and 0.8 kb upstream from the transcription

start site (Feng and Heintz 1995). Within that

region, Josephson et al. (1998) identified

the POU-binding site, which is essential for gene

expression in the CNS. Negative regulatory

elements, which suppress transcription at

the correct time in the non-radial glial cells, are

located at –1200 to –1600 bp (Feng and Heintz

1995). Two binding sites for nuclear factor I (NFI)

were identified between –35 and –58 bp,

and between –237 and –260 bp. The B-FABP

transcription in malignant glioma lines depends on

the more proximal site (Bisgrove et al. 2000).

Gene polymorphism

The prevalence of overweight and obesity is
increasing and the genetic background of this
phenomenon is studied. Therefore polymorphism
of the different FABP genes and their possible
effects on the organism is considered. Fat
absorption is supposed to be a major factor in
the development of metabolic syndrome (also
known as insulin resistance syndrome), thus
the influence of I-FABP polymorphism has been
studied intensively. In the 1-kb sequence,
upstream of the initiation codon, 3 indel
polymorphisms and 4 single nucleotide
polymorphisms (SNPs) were found. Results of
association studies suggested that variation in
the I-FABP promoter affected transcriptional
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activity, leading to alterations in body
composition (Damcott et al. 2003). In the coding
sequence a missense mutation at codon 54
(Ala/Thr) was identified and the Thr54 allele was
found to be associated with insulin resistance.
Since the threonine-containing protein had
a 2–fold greater affinity for FAs than
the alanine-containing one, it was hypothesized
that the threonine variant of the protein increased
absorption of dietary FAs and thereby increased
fat oxidation rates that in turn inhibited insulin
action (Baier et al. 1995; Levy et al. 2001,
reviewed by Weiss et al. 2002). However, studies
of the French-Canadian population (Stan et al.
2005) did not confirm the association of Ala54Thr
polymorphism with increased predisposition to
insulin resistance syndrome. The I-FABP gene
sequence was also screened for mutations, which
could be responsible for the increased risk of
coronary heart disease (CHD) in nondiabetic
subjects. However, neither Ala54Thr polymorp-
hism, nor the 2 others found in the coding
sequence were shown to be determinants of CHD
(Saarinen et al. 1998).

The effect of the missense mutation found in

the L-FABP gene (the T94A substitution in

exon 3) was tested. Carriers of the A allele were

more likely to exhibit residual hypertri-

glyceridemia following a lipid-lowering therapy.

Additionally, individuals with the A allele were

characterized by lower body mass index than TT

homozygotes (Brouillette et al. 2004).

The FABP genes as candidate QTLs for fatness

traits in the pig

The two members of the FABP family (A-FABP

and H-FABP) have been considered as candidate

genes for pig fatness traits. The genome scanning

studies revealed that both genes are located within

the regions containing QTLs for these traits.

The porcine A-FABP gene was mapped to

chromosome 4 and the marker order was defined

as S0001-[9.9cM]-A-FABP-[10.1cM]-S0217

(Gerbens et al. 1998; Gerbens et al. 2000). In that

region a QTL for intramuscular fat (IMF) was

suggested (de Koning et al. 1999; Rattink et al.

2000). Initially the direct effect of the A-FABP

microsatellite polymorphism on the porcine

fatness traits was postulated by Gerbens et al.

(1998), but other studies did not confirm these

results (Gerbens et al. 2000; Nechtelberger et al.

2001; Chmurzynska et al. 2004). One of the

possible explanations of the inconsistent effects

observed in the different populations is the linkage

between an unknown QTL affecting fatness traits

and some of the A-FABP alleles.

A similar situation concerned the porcine

H-FABP gene. The gene was mapped to

chromosome 6 (Gerbens et al. 1997) and the

multipoint linkage analysis revealed the marker

order: Sw316-[5.1cM]-H-FABP-[11.5cM]-S0003

(Gerbens et al. 2000). This chromosomal region

was postulated as a region, which harbours QTL

for fatness traits (Ovilo et al. 2002; Yue et al.

2003). The effects of some candidate SNPs on

these traits were tested. All of them are silent

mutations, 1 is located in the 5’ regulatory region

(recognized by HinfI restriction enzyme) and 2 in

the second intron (recognized by MspI and

HaeIII). In Duroc pigs, a significant contrast for

IMF and backfat thickness (BFT) between the

homozygous genotypes of all 3 SNPs were

detected (Gerbens et al. 1999). The association of

the HinfI polymorphism with IMF content was

studied also in Large White and Landrace pigs, but

no significant associations were found (Urban et

al. 2002). Similarly, no significant influence of

MspI polymorphic site on IMF in 3 Austrian pig

populations was detected (Nechtelberger et al.

2001). It needs to be stressed that in all mentioned

experiments, the analysed material was

completely different and therefore comparison of

the results is rather problematic. However, the

obtained results seem to exclude the direct

influence of the analysed polymorphisms on the

phenotype.

The studies mentioned above have not clarified

the problem of the QTLs on chromosomes 4 and 6.

Maybe it is a time to use bioinformatic tools,

which are currently implemented also in genomic

biology and functional genomics. Some

regulatory elements, identified in silico, could

be potential targets for searching for causative

mutations directly responsible for the variability

of fatness traits.
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