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Abstract
The uptake and metabolism of long chain fatty acids (LCFA) are critical to many physiological
and cellular processes. Aberrant accumulation or depletion of LCFA underlie the pathology of
numerous metabolic diseases. Protein-mediated transport of LCFA has been proposed as the major
mode of LCFA uptake and activation. Several proteins have been identified to be involved in
LCFA uptake. This review focuses on the SLC27 family of fatty acid transport proteins, also
known as FATPs, with an emphasis on the gain- and loss-of-function animal models that elucidate
the functions of FATPs in vivo and how these transport proteins play a role in physiological and
pathological situations.
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1. Introduction
One of the primary sources of energy for a cell is long-chain fatty acids (LCFA). Uptake and
activation of LCFA is integral to many cellular processes, including membrane synthesis,
intracellular signal transduction, energy metabolism, posttranslational modifications, and
transcriptional regulation of metabolic genes (Kazantzis and Stahl, 2011). Many obesity-
related diseases are due to an abnormal influx of LCFA from adipose stores into highly
metabolic tissues such as heart, liver, and muscle, where the aberrant accumulation of lipids
leads to insulin resistance, endoplasmic reticulum (ER) stress, and cell death (Kazantzis and
Stahl, 2011). Therefore, studying the molecules responsible for cellular uptake of LCFA is
key to identifying potential therapies for metabolic diseases.

When LCFA are released from their stores in adipose tissue or from the breakdown of
triacylglycerides into the circulation they are bound to albumin, while in the intestine they
form mixed micelles with bile acids (Schwenk et al., 2010). Upon crossing of the plasma
membrane into the cytoplasm, LCFA become bound to cytoplasmic fatty acid binding
proteins (FABPc) (Schwenk et al., 2010). While albumin-bound LCFA do have the ability to
passively diffuse through the plasma membrane, the majority of LCFA uptake appears to be
protein-mediated (Stahl et al., 2002). Several membrane proteins have been implicated in
LCFA uptake, including fatty acid translocase (FAT)/CD36 (Coburn et al., 2000), plasma
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membrane fatty acid binding proteins (FABPpm) (Huang et al., 2002), long-chain fatty acyl-
coenzyme A (CoA) synthetase (ACSL), and fatty acid transport proteins (FATP). This
review will focus on the FATP family, also known as solute carrier family 27, which
contains members A1 through 6 (SLC27A1-6) family (Table 1), and how they function in
vivo in normal and pathological situations.

2. The SLC27 family
The SLC27 gene family is comprised of six members, SLC27A1-6, which encode FATP1-6
(Table 1). SLC27A1, encoding FATP1, was the first member of this gene family to be
identified through screening of a cDNA library from 3T3-L1 adipocytes for cDNAs that
augment LCFA uptake (Schaffer and Lodish, 1994). Three FATPs have been listed in the
transporter classification database: FATP1 (TC# 4.C.1.1.9.), FATP4 (TC# 4.C.1.1.1.) and
FATP5 (TC# 4.C.1.1.8.). FATPs range from 63-80 kilodaltons (kDa) in size and are integral
membrane proteins with at least one transmembrane domain (Fig. 1) (Lewis et al., 2001;
Schaffer and Lodish, 1994). The N-terminus is located on the extracellular/luminal side and
the C-terminus on the cytosolic side (Fig. 1) (Lewis et al., 2001; Schaffer and Lodish, 1994).
All FATP members have a highly conserved, 311-amino acid signature sequence known as
the FATP sequence, as well as an AMP binding domain, located on the C-terminus (Fig. 1).
This region is responsible for the binding and uptake of LCFA and is commonly found in
members of the ACSL family (Faergeman et al., 1997; Hirsch et al., 1998; Milger et al.,
2006). A lipocalin motif, which is present in several proteins that are carriers of small
hydrophobic molecules, has been identified near the N-terminus of FATP1 (Fig. 1) (Ordovas
et al., 2006). Interestingly, FATP4 has been shown to have an ER localization signal
domain, which aids in bringing the transport protein into the ER (Fig. 1) (Milger et al.,
2006). While FATPs have sequence similarities, the proteins are differentially expressed in a
wide variety of tissues and cell types, including adipose tissue, liver, skeletal muscle, heart,
intestine, skin, and endothelial cells (Fig. 2).

3. Fatty acid transport and activation by FATP family members
Gain- and loss-of-function studies have demonstrated a categorical role for FATPs in
mediating LCFA uptake (summarized in Tables 2 and 3). However, the precise mechanism
by which FATPs function in LCFA uptake is still debatable. It has been proposed that
FATPs can function as direct transporters of LCFA, as enzymes that activate LCFA through
inherent acyl-CoA synthetase (ACS) activity, or as bifunctional proteins with independent
transport and enzymatic activity.

3.1 Fatty acid uptake function of FATPs
FATP1 was the first FATP to be identified based on its ability to increase LCFA uptake
upon overexpression in cells (Schaffer and Lodish, 1994). Since then, many studies have
demonstrated the direct role FATPs play in LCFA uptake in a variety of tissues and cell
types (Doege et al., 2006; Falcon et al., 2010; Stahl et al., 1999). In order for FATP1 to
function in the uptake of LCFA dimerization is required, but the ability of other FATPs to
form homodimers remains to be determined (Richards et al., 2003).

3.2 ACS activity of FATPs
In addition to a role in fatty acid uptake, FATPs have also been shown to display ACS
activity. ACS enzymes catalyze the conversion of LCFA to acyl-CoA thioesters in order to
activate LCFA. Activated LCFA can then be used by the cell in many metabolic processes,
such as fatty acid synthesis and oxidation and phospholipids synthesis (Black and DiRusso,
2007b). Mutations in the yeast homolog of FATP1, Fat1p, resulted in reduced very-long-
chain ACS (VLACS) activity (Watkins et al., 1998). Overexpression of wild-type FATP1 in
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COS1 cells led to increased ACS activity, while mutation of a domain within FATP1 that is
highly conserved in ACS proteins abolished ACS activity (Coe et al., 1999). Concomitant
with reduced ACS activity, these mutations also led to decreased LCFA uptake, suggesting
that FATPs are involved in both fatty acid activation and uptake (Choi and Martin, 1999;
Coe et al., 1999; Watkins et al., 1998).

Interestingly, both the yeast and murine forms of FATP1 and ACSL-1, a member of the
acyl-CoA synthetase long-chain family, may interact with each other to form a complex
(Richards et al., 2006; Zou et al., 2003). Inhibition of ACSL-1 impaired LCFA uptake,
suggesting that fatty acid activation is crucial for LCFA uptake and that the interaction of
FATP1 and ACSL-1 is responsible for LCFA uptake (Richards et al., 2006). Furthermore,
overexpression of FATP4 in cells led to increased ACS activity, and mice lacking FATP4
had reduced LCFA activation in the skin and intestine (Hall et al., 2005; Herrmann et al.,
2001). The findings that FATPs have intrinsic ACS activity, together with studies
demonstrating the direct role of FATPs in LCFA uptake, support the notion of vectorial
acylation, in which LCFA transport is directly coupled to fatty acid activation (Black and
DiRusso, 2007a).

3.3. Subcellular localization of FATPs
Studies examining the subcellular localization of FATPs have supported a role for the
proteins in both fatty acid uptake as well as activation. FATPs can reside in both the plasma
membrane as well as the intracellular space. FATP1 was first identified as an integral
membrane protein that localizes to the plasma membrane (Schaffer and Lodish, 1994).
FATP4 is localized only to the apical side of intestinal enterocytes, where it is associated
with the plasma membrane (Stahl et al., 1999). Another study demonstrated the presence of
FATP4 in the ER of intestinal enterocytes (Milger et al., 2006). The differences in FATP4
intestinal location could be attributable to the theory that only a fraction of FATP4 is
actually translocating to the membrane from the ER (Stahl et al., 1999). Similar to other
solute carriers, such as the glucose transporter family (GLUT), the location of FATPs is not
static: FATP1 can translocate from the cytoplasm to the plasma membrane in response to
insulin (Stahl et al., 2002). The identification of FATPs in the plasma membrane as well as
the cytoplasm lends credence to its role as a bifunctional protein in both fatty acid uptake
and activation.

4. FATP family members
4.1 FATP1

FATP1 was the first isoform of the SLC27 family to be identified and is encoded by the
SLC27A1 gene (Schaffer and Lodish, 1994). It is a plasma membrane protein that, when
overexpressed in 3T3-L1 fibroblasts, leads to increased LCFA uptake (Schaffer and Lodish,
1994). FATP1 is highly expressed in skeletal muscle, heart, white adipose tissue (WAT) and
brown adipose tissue (BAT), with an increase in expression upon differentiation of 3T3-L1
cells from preadipocytes to adipocytes (Fig. 2) (Schaffer and Lodish, 1994; Stahl et al.,
2002). FATP1 is also expressed, albeit in lower levels, in brain, kidney, lung, and liver, as
well as keratinocytes (Schaffer and Lodish, 1994; Schmuth et al., 2005).

Insulin is a critical regulator of FATP1 in vitro. The Slc27a1 gene has an insulin response
sequence, and insulin decreases FATP1 transcript levels in white adipose tissue (Hui et al.,
1998; Man et al., 1996). While insulin did not alter FATP1 protein levels, it did induce the
translocation of FATP1 from a perinuclear, intracellular compartment to the plasma
membrane (Jain et al., 2009; Stahl et al., 2002). Subsequently, increased plasma membrane
levels of FATP1 in response to insulin led to increased postprandial LCFA uptake (Stahl et
al., 2002). In addition, treatment of 3T3-L1 adipocytes with TNF-, which antagonizes the
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effects of insulin, suppressed FATP1 expression and LCFA uptake (Stahl et al., 2002).
Furthermore, knockdown of FATP1 in 3T3-L1 adipocytes resulted in reduced basal as well
as insulin-stimulated LCFA uptake (Lobo et al., 2007). Taken together, these results suggest
that insulin regulates adipocyte LCFA uptake by inducing translocation of FATP1 from an
intracellular compartment to the plasma membrane, perhaps due to a posttranslational
modification of FATP1.

In addition to insulin, FATP1 expression can be modulated in response to cold and 3-
adrenergic receptor (3-AR) stimuli in BAT (Wu et al., 2006a). Stimulation of 3-AR, either
by cold exposure or by treatment with the 3-AR agonist isoproterenol, activates a signaling
cascade that results in increased expression of the BAT-specific mitochondrial uncoupling
protein 1 (UCP1) and heat generation (Lafontan and Berlan, 1993). FATP1, which is
expressed on the plasma membrane of BAT, is greatly increased in BAT after mice were
exposed to the cold for 12 hours (Wu et al., 2006a). Furthermore, treatment of brown
adipocytes with isoproterenol resulted in increased FATP1 expression (Wu et al., 2006a).
Taken together, these results show that FATP1 expression in BAT is regulated by 3-AR
stimulation.

While insulin and 3-AR stimulation are major regulators of FATP1 expression and function,
the transport protein is also regulated by other factors involved in adipocyte differentiation
and metabolism. Peroxisome proliferator-activated receptors (PPARs) are members of the
steroid hormone receptor family and expressed in highly metabolic tissues (Amri et al.,
1995; Kliewer et al., 1994). The Slc27a1 promoter contains a PPAR response element, to
which PPAR and PPAR can bind and upregulate FATP1 expression in adipocytes and liver
(Frohnert et al., 1999; Martin et al., 1997). In addition to PPARs, a member of the nuclear
receptor superfamily that is highly expressed in adipose tissue, liver, and muscle, TR4, was
recently shown to regulate Slc27a1 gene expression (Choi et al., 2011). The Slc27a1
promoter contains a TR4 response element, and binding of TR4 to this element induced
activity of the promoter (Choi et al., 2011). Adipocytes overexpressing TR4 increased
expression of FATP1, along with a subsequent increase in lipid accumulation, and
knockdown of TR4 inhibited Fatp1 promoter activity and expression, suggesting that Fatp1
is positively regulated by TR4 to facilitate LCFA uptake and lipid accumulation (Choi et al.,
2011).

Genetic studies in mice targeting Slc27a1 suggest a role for FATP1 in lipid metabolism.
Mice lacking FATP1 had no change in weight gain and no defects in fatty acid uptake
compared to control mice when placed on a high-fat diet (Kim et al., 2004). However,
Slc27a1 knockout (KO) mice were protected from high-fat diet-induced accumulation of
fatty acid metabolites in skeletal muscle and insulin resistance (Kim et al., 2004).
Furthermore, insulin-stimulated LCFA uptake in adipocytes and skeletal muscle from
Slc27a1 KO mice was severely blunted compared to control tissues (Wu et al., 2006b).
However, serum free-fatty acid levels were increased in Slc27a1 KO mice, as was LCFA
uptake in the liver (Wu et al., 2006b). These findings demonstrate that Slc27a1 KO mice
have a redistribution of dietary lipids from skeletal muscle and adipose tissue to the liver,
protecting them from diet-induced obesity and insulin resistance. Interestingly, Slc27a1 KO
mice also displayed normal extracellular FA and glycerol levels (Wu et al., 2006b). These
findings, coupled with the result that Slc27a1 KO mice have reduced insulin-stimulated
LCFA uptake, suggest that FATP1 is predominantly involved in fatty acid uptake and not
efflux, and that insulin regulates fatty acid uptake via FATP1.

Because FATP1 is localized to the plasma membrane of BAT, the requirement for FATP1 in
non-shivering thermogenesis was examined (Wu et al., 2006a). An increase in FATP1
expression in response to cold stimuli was coupled with an increase in LCFA uptake in wild-
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type mice (Wu et al., 2006a). However, this cold-induced increase in LCFA uptake was
abolished in Slc27a1 KO mice, and these mice also had significantly smaller BAT lipid
droplets (Wu et al., 2006a). Consequently, Slc27a1 KO mice failed to defend their core body
temperature when exposed to the cold (Wu et al., 2006a). Slc27a1 KO mice also displayed
impaired LCFA uptake and reduced metabolic burst upon adrenergic stimulation, which is
required for the ultimate expression of the inner mitochondrial protein and mature brown
adipocyte marker UCP-1 (Wu et al., 2006a). Taken together, these findings support a role
for FATP1 in non-shivering thermogenesis.

In the heart and vasculature, FATP1 is one of the predominant fatty acid transport proteins
(Schaffer and Lodish, 1994). An imbalance between fatty acid import and utilization in
cardiomyocytes results in LCFA accumulation, which leads to the development of
cardiomyopathy (Chiu et al., 2005). Mice overexpressing FATP1 specifically in the heart
had increased fatty acid uptake and lipid accumulation in cardiomyocytes and, consequently,
developed lipotoxic cardiomyopathy (Chiu et al., 2005). In rats that underwent a myocardial
infarction, where there is a shift away from fatty acid utilization, FATP1 protein levels were
decreased, along with myocardial lipid oxidation and incorporation (Heather et al., 2006).
Recently, it has been shown that endothelial cells express FATP1 (Mitchell et al., 2011;
Sandoval et al., 2008). FATP1 is one of the predominant isoforms expressed in the
microvessel endothelial cells of the blood brain barrier, and knockdown of FATP1 in human
brain microvessel endothelial cells (HBMEC) decreased fatty acid transport across the
plasma membrane (Mitchell et al., 2011). These findings highlight FATP1 as a potential
therapeutic target in metabolic cardiomyopathies.

In humans, FATP1 has been shown to be associated with defects in lipid metabolism.
SLC27A1 expression was reduced in the skeletal muscle of obese woman, and there was a
negative correlation between SLC27A1 expression and body mass index in both obese and
lean women (Binnert et al., 2000). Furthermore, several single nucleotide polymorphisms
(SNPs) within SLC27A1 have been identified to be associated with lipid metabolism
problems. One study in a French population identified an A/G substitution within intron 8,
in which the A allele was associated with increased fasting plasma triglyceride levels in
healthy women (Meirhaeghe et al., 2000). Supporting this finding, another study in a
Swedish population showed that the A allele in this position was associated with elevated
fed plasma triglyceride levels in healthy men, as well as variations in LDL size and
distribution (Gertow et al., 2003). Overall, these studies demonstrate that there is genetic
variability within the human SLC27A1 gene, and the resulting effects on lipid metabolism
identify FATP1 as a potential therapeutic target for maintaining lipid homeostasis.

4.2 FATP2
FATP2 is encoded by the SLC27A2 gene and expressed primarily in the liver and kidney
(Fig. 2), but has also been shown to be present in trophoblasts of the human placenta
(Krammer et al., 2011; Mishima et al., 2011; Steinberg et al., 1999). FATP2 is unique to
other FATPs in that it has been shown to function as both a fatty acid transporter and an
ACS. FATP2 was first identified as VLACS, with subcellular localization in liver
peroxisomes and microsomes (Uchiyama et al., 1996). FATP2 overexpression in hepatic
cells increased ACS activity, which drives fatty acid uptake indirectly by trapping activated
fatty acids inside the cell and creating a concentration gradient that facilitates fatty acid
uptake (Krammer et al., 2011). Overexpression of FATP2 in cell culture also directly
increased LCFA uptake and activation (Falcon et al., 2010; Krammer et al., 2011; Steinberg
et al., 1999). The role of FATP2 as both a FATP and ACS correlates with its multiple
subcellular locations, including peroxisomes, the plasma membrane, and the ER (Falcon et
al., 2010; Krammer et al., 2011; Steinberg et al., 1999; Uchiyama et al., 1996).
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It was recently identified that SLC27A2 actually has two splice variants in humans encoding
FATP2a and FATP2b (Melton et al., 2011). While both variants can mediate fatty acid
uptake, only FATP2a has ACS activity, with a preference for VLCFA (Melton et al., 2011).

Studies targeting FATP2 in mice confirm its function as a fatty acid transporter, as well as a
peroxisomal VLACS. Mice either lacking FATP2 or with reduced hepatic FATP2 had
decreased ACS activity in the liver and kidney, specifically in the peroxisomes and
microsomes (Falcon et al., 2010; Heinzer et al., 2003). Knockdown of FATP2 in the liver
resulted in only 51% reduced VLACS activity in peroxisomes, suggesting that another
enzyme is mediating the remaining hepatic peroxisomal VLACS activity and that FATP2 is
not the only VLACS in liver peroxisomes (Falcon et al., 2010). Slc27a2 KO mice also had
reduced VLCFA -oxidation, but interestingly intracellular VLCFA levels were unchanged
(Heinzer et al., 2003). These results demonstrate that, despite a decrease in VLCFA
degradation, VLCFA do not accumulate in Slc27a2 KO mice. Mice with reduced FATP2
specifically in the liver had decreased LCFA uptake by hepatocytes but no change in
VLACS activity (Falcon et al., 2010). These results suggest that FATP2 may play a more
prominent role in hepatic LCFA uptake than in peroxisomal ACS activity. Additionally,
knockdown of FATP2 was able to reverse established, diet-induced hepatosteatosis and
improve insulin sensitivity (Falcon et al., 2010). Taken together, these animal studies
suggest that FATP2 could be a novel target for NAFLD treatment.

In addition to playing a role in lipid metabolism, FATP2 may also be involved in bile acid
synthesis from cholesterol. Overexpression of FATP2 in COS-1 cells led to activation of the
precursor of cholic acid, 3,7,12-trihydroxy-5 -cholestanoic acid (THCA), to its CoA
derivative, THCA-CoA, demonstrating that FATP2 exhibits THCA-CoA synthetase activity,
and that this occurs in the peroxisome (Mihalik et al., 2002). However, FATP2 did not
activate cholate to its CoA derivative, demonstrating that FATP2 does not directly activate
bile acids (Mihalik et al., 2002). These results suggest that FATP2 may be involved in de
novo synthesis of bile acids and not in the reactivation or recycling of bile acids, however
this has not been proven in vivo.

Recently, expression of FATP2 was identified in placental trophoblasts (Mishima et al.,
2011). Normal embryonic development requires, among many transported nutrients,
efficient fatty acid uptake from maternal blood (Haggarty, 2002). Therefore, the presence of
FATP2 in the placenta suggested a role for the transport protein in embryonic development
(Mishima et al., 2011). However, Slc27a2 KO mice at embryonic day 17.5 (E17.5) were
present at normal Mendelian ratios, and Slc27a2 KO embryos and placentas exhibited
normal weight, morphology, and triglyceride content (Mishima et al., 2011). These results
demonstrate that, despite its expression in the placenta, FATP2 is actually dispensable for
embryonic development and intrauterine fetal growth, potentially due to the redundant
expression of other FATP family members.

4.3 FATP3
Very little is known about FATP3, which is encoded by the human SLC27A3 gene.
Expression analysis has shown mouse Slc27a3 to be highly expressed in the mouse adrenal
gland, testis, ovary, and lung (Fig. 2) (Pei et al., 2004). Additionally, while Slc27a3 is
weakly expressed in the neonatal and adult brain, it is highly expressed in the embryonic
brain (Pei et al., 2004). FATP3 protein has also been shown to be present in both mouse and
human epidermal keratinocytes, with more prominent expression on the baso-lateral side of
the cells (Schmuth et al., 2005).

In addition, a recent study identified the induction of FATP3 expression by vascular
endothelial growth factor B (VEGF-B) in endothelial cells (Hagberg et al., 2010). In
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cultured and human primary endothelial cells, VEGF-B robustly increased Slc27a3
expression, and this effect was inhibited by the addition of antibodies to VEGFR1 and
NRP1, receptors essential for mediating VEGF-B signaling (Hagberg et al., 2010).
Furthermore, in the hearts of mice lacking total VEGF-B or the VEGFR1 tyrosine kinase
domain, or NRP1 in endothelial cells, Slc27a3 expression was significantly reduced,
(Hagberg et al., 2010). These results demonstrate that FATP3 is regulated by VEGF-B via
VEGFR1 and NRP1 signaling, and suggest a role for FATP3 in endothelial cell fatty acid
metabolism (Hagberg et al., 2010). In tissues such as the liver, which have capillaries with
fenestrated, or porous, endothelium, LCFA can directly access the parenchymal cells from
the circulation through the fenestrated endothelium (Stremmel et al., 2001). However,
endothelial cells in tissues such as the heart, muscle and fat have tight junctions which
prevent the direct uptake of LCFA by these tissues (Stremmel et al., 2001). Therefore, the
findings that FATPs are present in endothelial cells and are regulated by VEGF-B
demonstrate that LCFA may actually cross endothelial cell membranes via FATPs in order
to enter tissues such as the heart and muscle.

There is still doubt as to whether FATP3 is truly a fatty acid transporter. Despite decreased
ACS activity in FATP3 knockdown cells, there was no difference in LCFA uptake in these
cells (Pei et al., 2004). In yeast, FATP3 only weakly promotes LCFA uptake (DiRusso et al.,
2005). The subcellular localization of FATP3 is also still debatable: in one study, FATP3
was not detectable in subcellular fractions containing the plasma membrane (Pei et al.,
2004); in yeast, the murine homolog of FATP3 did localize to the yeast plasma membrane
(DiRusso et al., 2005). The function of FATP3 in vivo has yet to be determined, as no
animal models targeting Slc27a3 have been generated.

4.4 FATP4
FATP4, which is encoded by the SLC27A4 gene, was first identified as the major intestinal
fatty acid transporter. It is the primary FATP expressed in enterocytes and located
specifically on the apical side of the intestinal epithelial cells (Herrmann et al., 2001; Stahl
et al., 1999). FATP4 is also expressed at lower levels in brain, kidney, liver and heart, as
well as trophoblasts of the placenta and endothelial cells (Fig. 2) (Fitscher et al., 1998;
Herrmann et al., 2001; Mishima et al., 2011; Mitchell et al., 2011; Sandoval et al., 2008).
Overexpression of FATP4 led to increased LCFA uptake, and knockdown of FATP4 in
enterocytes reduced LCFA uptake (Stahl et al., 1999). In endothelial cells, similarly to
FATP1, knockdown of FATP4 impaired fatty acid transport across the plasma membrane
(Mitchell et al., 2011). These findings show that FATP4 functions similarly as other FATPs
in facilitating fatty acid uptake.

While FATP4 is the primary fatty acid transporter in the intestine, FATP4 is also expressed
in skin, where it has been shown to play a major role in epidermal development (Herrmann
et al., 2001; Schmuth et al., 2005). FATP4 is highly expressed in neonatal keratinocytes but
becomes restricted to the sebaceous glands in the adult (Schmuth et al., 2005). Mutant mice
with a spontaneous, autosomal recessive mutation, known as “wrinkle-free” or wrfr mice,
harbor a retrotransposon insertion in the coding exon of Slc27a4 (Moulson et al., 2003).
These mice exhibited tight, thick, shiny, wrinkle-free skin, as well as impaired hair growth
and severe breathing difficulties (Moulson et al., 2003). wrfr mice ultimately died shortly
after birth due to dehydration and restricted movement (Moulson et al., 2003). The
phenotype of wrfr mice mimics a human condition known as restricted dermopathy
(Moulson et al., 2003).

Several studies in mice with a targeted mutation in Slc27a4 have confirmed a role for the
transport protein in skin and hair development. Mice with a targeted disruption in intron 2 of
Slc27a4 displayed features of restrictive dermopathy, including lower body weight, facial
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dysmorphia, rigid and thick skin, and flexion contracture (Herrmann et al., 2003). The rigid
skin restricted movement, leading to severely hindered breathing and suckling and
eventually neonatal death (Herrmann et al., 2003). Slc27a4 KO mice also had a disturbed
epidermal barrier with an altered lipid composition that formed early but never progressed to
completion (Herrmann et al., 2003; Lin et al., 2010). To confirm that these effects are not
due to the lack of FATP4 in other tissues where it is expressed, Slc27a4 was selectively
deleted only in epidermal keratinocytes after birth (Herrmann et al., 2005). These mice
displayed a phenotype similar to that seen in Slc27a4 KO mice, including hyperproliferative
hyperkeratosis and a disturbed epidermal barrier (Herrmann et al., 2005). Furthermore,
keratinocyte-specific overexpression of FATP4 in Slc27a4 KO mice was able to rescue the
neonatally lethal skin defects, resulting in viable and fertile mice (Moulson et al., 2007).

Several members of the epidermal growth factor (EGF) family were upregulated in Slc27a4
KO mice, including Ereg, Areg and Epgn, and epidermal activation of the EGF receptor
(EGFR) and the downstream signaling molecule STAT3 were increased (Lin et al., 2010).
Treatment of Slc27a4 KO mice with inhibitors of the EGFR pathway resulted in suppressed
STAT3 activity, reduced skin thickening, and attenuated epidermal barrier disruptions (Lin
et al., 2010). These findings highlight a surprising requirement of FATP4 in epidermal
keratinocytes, possibly by negatively influencing EGFR activation and STAT3 signaling
during normal epidermal development.

Given its high expression levels in the intestine, it has been hypothesized that FATP4 plays
a role in fat absorption. Mice that have a targeted disruption of Slc27a4 located upstream of
exon 2 died by E9.5 (Gimeno et al., 2003a). It is of note that the targeted disruption
upstream of exon 2 may result in a different form of FATP4 compared to the mutation
located in intron 2/exon 3, which may give rise to a truncated form of FATP4 that leads to a
less severe phenotype. In any case, mice that are heterozygous for the exon 2 Slc27a4
mutation were viable and, despite lacking any fat absorption defects, had reduced LCFA
uptake (Gimeno et al., 2003a). The authors show that FATP4 is highly expressed in
epithelial cells of the visceral endoderm, specifically located on the brush-border membrane
of extraembryonic endodermal cells (Gimeno et al., 2003a), suggesting a role for FATP4 in
fat absorption. To specifically address the requirement of FATP4 in the intestine, FATP4
was overexpressed in the keratinocytes of Slc27a4 KO mice (Shim et al., 2009). These mice,
when fed a chow or high-fat diet, displayed no difference in growth, weight, food
consumption, intestinal triglyceride absorption, fecal fat losses, cholesterol absorption, and
hepatic VLDL secretion or lipid content (Shim et al., 2009). However, they did have lower
serum cholesterol levels and higher enterocyte triglyceride and fatty acid content when fed a
high-fat diet (Shim et al., 2009). Control mice treated with ezetimibe, a drug that inhibits
cholesterol absorption, and mice lacking NPC1L1, a protein that mediates the cholesterol
absorption pathway, both had reduced weight gain and saturated fatty acid absorption, which
appears to be due to reduced FATP4 expression in the intestine (Labonte et al., 2008). Taken
together, these results suggest a role for FATP4 in early embryonic fat absorption, and
possibly in adult dietary lipid absorption.

The mechanisms by which FATP4 enhances fatty acid uptake has been somewhat
controversial. Cells with either overexpression or knockdown of FATP4 had no change in
fatty acid influx (Lobo et al., 2007). Mice with a conditional deletion of Slc27a4 in
adipocytes displayed increased weight gain and subcutaneous fat mass, adipocyte
hypertrophy, and an altered lipid metabolic profile, but no changes in LCFA uptake when
placed on a high-fat diet suggesting that FATP4 in adipocytes is dispensable for fatty acid
uptake (Lenz et al., 2011). Overexpression of FATP4 in the keratinocytes of Slc27a4 KO
mice resulted in no change in intestinal LCFA uptake and secretion rates (Shim et al., 2009).
Instead, an additional role for FATP4 as an ACS has been proposed. Overexpression of
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FATP4 in cells led to increased ACS activity that is more pronounced for VLCFA
(Herrmann et al., 2001). Mice lacking FATP4 had reduced esterified VLCFA in the skin,
intestine, and brain (Hall et al., 2005). Rescue of mice lacking FATP4 with keratinocyte-
specific overexpression of FATP4 required an intact ACS domain (Moulson et al., 2007).
These results support a role for FATP4 in VLCFA activation and a function as an ACS.

Genetic studies in mice highlighting the requirement of FATP4 for fat absorption and
epidermal development have led to the identification of several mutations and
polymorphisms within the human SLC27A4 gene. A G/A polymorphism within exon 3 of
SLC27A4, which gives rise to a Gly209Ser substitution, was shown to be associated with
symptoms of insulin resistance (Gertow et al., 2004a). Carriers of the Ser209 allele
displayed lower body mass index (BMI), systolic blood pressure, plasma triglyceride levels,
and insulin concentrations (Gertow et al., 2004a). In addition, SLC27A4 is upregulated in
acquired obesity, and its expression level correlates with obesity and insulin resistance
(Gertow et al., 2004b).

Several mutations in SLC27A4 have been identified in patients with ichthyosis prematurity
syndrome (IPS), which is characterized by thickened epidermis and respiratory
complications and displays symptoms that are similar to the phenotype seen in Slc27a4 KO
mice (Herrmann et al., 2003; Klar et al., 2009; Sobol et al., 2011). In a Scandinavian
population with IPS, all patients were found to be homozygous or compound heterozygous
for a nonsense mutation in exon 3 of SLC27A4, known as p.C168X (Klar et al., 2009). IPS
patients with this mutation had no detectable FATP4 in their keratinocytes and increased
epidermal lipid droplets, in addition to reduced VLCFA-CoA synthetase activity and
VLCFA incorporation into lipids (Klar et al., 2009). Missense mutations have also been
identified within SLC27A4 in families from Scandinavia affected by IPS (Sobol et al.,
2011). The missense mutations p.V477D and p.R504H are located within the AMP binding
domain and the FATP motif of FATP4, domains that are crucial for transport and activation
of fatty acids (Sobol et al., 2011; Zou et al., 2002). Identification of mutations and
polymorphisms within SLC27A4 that are associated with obesity, insulin resistance, and
skin disorders highlight a role for FATP4 in fatty acid metabolism and epidermal formation
in human health.

4.5 FATP5
FATP5 is encoded by the SLC27A5 gene and expressed exclusively in the liver, specifically
in the basal membrane of hepatocytes where it functions as a fatty acid transport protein
(Fig. 2) (Doege et al., 2006). Hepatocytes from mice lacking FATP5 had reduced LCFA
uptake, while cells overexpressing FATP5 had increased LCFA uptake (Doege et al., 2006).
Slc27a5 KO mice also displayed lower hepatic triglyceride and fatty acid content but,
interestingly, increased fatty acid synthetase expression (Doege et al., 2006). Further
analysis demonstrated that Slc27a5 KO mice had a redistribution of lipids from the liver to
other tissues that metabolize fatty acids (Doege et al., 2006). In addition, Slc27a5 KO mice
fed a high-fat diet had normal fat absorption but failed to gain weight due to reduced food
intake and increased energy expenditure (Hubbard et al., 2006). These results demonstrate
that FATP5 is required for efficient fatty acid uptake by hepatocytes and liver lipid
homeostasis and is involved in body weight regulation.

Given this role for FATP5 in normal liver fatty acid uptake, the requirement of FATP5 in
the development of non-alcoholic fatty liver disease (NAFLD) was examined (Doege et al.,
2008). Knockdown of FATP5 in the livers of mice fed a high-fat diet resulted in reduced
hepatic dietary LCFA uptake and decreased weight gain due to reduced food consumption
(Doege et al., 2008). These results suggest that knockdown of FATP5 is protective against
NAFLD. Furthermore, knockdown of FATP5 in the livers of mice who were already on a
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high-fat diet and continued on a high-fat diet resulted in significant reduction in lipid droplet
deposition, hepatic triglyceride content, and serum glucose levels (Doege et al., 2008). A
recent study showed that knockdown of FATP5 in APOB knockdown mice, which have
hepatic steatosis, had no effect on liver triglyceride levels (Ason et al., 2011). However, this
study only examined the effect of FATP5 knockdown on triglyceride de novo synthesis and
not dietary fat uptake. Therefore, these results demonstrate that knockdown of FATP5 is
able to reverse already established diet-induced hepatic steatosis in mice. In humans, it was
shown that SLC27A5 expression is increased in patients with early-stage NAFLD
(Mitsuyoshi et al., 2009). Taken together, these findings from studies in mice and humans
suggest that inhibition of FATP5 could be a novel treatment for NAFLD.

In addition to fatty acid transport activity and lipid metabolism, FATP5 also functions in bile
acid metabolism. The rat ortholog of FATP5 is bile acid-CoA ligase (BAL), which catalyzes
conjugation of bile acids with amino acids (Falany et al., 2002). Human FATP5 activates the
primary unconjugated bile acid (cholic acid) to its CoA thioester derivative (cholate), as well
as secondary bile acids, via its bile acid-CoA ligase activity (Mihalik et al., 2002; Steinberg
et al., 2000). In mice lacking FATP5, the gallbladders had mostly unconjugated forms of
bile acids, and of the conjugated forms, had mostly primary and few secondary bile acids,
suggesting that FATP5 is required for bile acid reconjugation but not de novo synthesis
2006 (Hubbard et al., 2006). Knockdown of FATP5 in mice with hepatic steatosis from
reduced APOB resulted in a significant increase in unconjugated bile acids, particularly
cholic acid, and a reduction in conjugated bile acids (Ason et al., 2011). Taken together,
these results demonstrate that FATP5 is required for bile acid reconjugation but not de novo
synthesis.

Recently, a variant in the human SLC27A5 promoter associated with hepatic steatosis and
metabolic syndrome was identified (Auinger et al., 2010). Male subjects harboring the rare
A-allele versus the GG-allele within the SLC27A5 promoter had higher postprandial insulin
and triglyceride levels (Auinger et al., 2010). These subjects also had higher alanine
aminotransferase (ALT) activity, which is an indicator of hepatocellular injury (Auinger et
al., 2010). This study demonstrates that, in humans, a polymorphism within SLC27A5 is
associated with hepatic injury, insulin resistance, and dyslipidemia (Auinger et al., 2010).

4.6 FATP6
FATP6 is encoded by the SLC27A6 gene and expressed primarily in the heart, specifically
in the sarcolemma of cardiomyocytes and plasma membranes juxtaposed to the blood
vessels of the heart, where it colocalizes with another fatty acid transport protein, CD36
(Fig. 2) (Gimeno et al., 2003b). FATP6 has been shown to function as a fatty acid
transporter in the heart by increasing LCFA uptake (Gimeno et al., 2003b). Given these
findings, FATP6 has been speculated to play a role in lipid-related cardiac disorders. Rats
that underwent cardiac infarction had reduced FATP6 protein, as well as FATP1,
accompanied by reduced fatty acid oxidation and lipid incorporation (Heather et al., 2006).
In humans, a T>A polymorphism within the 5’ UTR of SLC27A6 has been associated with
lower fasting and fed triacylglycerides, blood pressure, and left ventricular hypertrophy,
suggesting that this SNP may be protective against cardio-metabolic diseases (Auinger et al.,
2011). Several studies have also shown FATP6 expression in other tissues and cell types,
including skin and hair follicle epithelia (Schmuth et al., 2005) and human trophoblasts from
the placenta (Mishima et al., 2011). However, the precise role of FATP6 in the heart and
other tissues remains to be determined, as animal models targeting Slc27a6 have not been
generated.
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5. Potential therapeutic applications of FATPs
Mouse models and the identification of polymorphisms in human SLC27 genes associated
with illness demonstrate that FATPs may be novel therapeutic targets for the treatment of
metabolic diseases such as insulin resistance and type 2 diabetes. A high-throughput
screening assay using live yeast cells overexpressing murine FATP2 was developed to
identify chemical inhibitors of FATP2 by examining uptake of the fluorescent fatty acid
reporter C1-BODIPY-C12 (Li et al., 2005). Using this assay with human FATP2 to screen a
standardized small compound library, several groups of compounds were identified to
inhibit LCFA uptake, including a family derived from atypical antipsychotic drugs, the
tricyclic phenothiazine core derivatives (Li et al., 2008). Interestingly, these drugs can cause
severe metabolic side effects, such as weight gain, hypertriglyceridemia, hyperglycemia, and
ketoacidosis, and possibly death (Newcomer, 2004). These inhibitors specifically interacted
with human FATP2, and treatment of human Caco-2 cells, which spontaneously
differentiate into columnar cells similar to intestinal cells and express FATP2 and FATP4,
with the identified inhibitors abolished C1-BODIPY-C12 uptake (Li et al., 2008). This assay
not only identified potential inhibitory targets of FATP2, but also attributed the severe side
effects of antipsychotic drugs to inhibition of FATP2 and LCFA uptake, making this assay
useful for screening both new compounds as well as established drugs for potential
damaging side effects.

In a larger assay screening 100,000 compounds in yeast expressing human FATP2, 234 hits
were identified in a primary screen (Sandoval et al., 2010). Of these hits, 5 compounds were
shown to inhibit LCFA uptake in Caco-2 and HepG2 cells, both of which express human
FATP2, and this inhibition was reversible (Sandoval et al., 2010). These compounds were
specific for FATP2, as they were less effective at inhibiting LCFA uptake in 3T3-L1
adipocytes, which do not express FATP2 (Sandoval et al., 2010). More importantly, these
compounds had no effect on cell viability, glucose transport, or ACS activity, demonstrating
that FATP2 transport can be selectively inhibited without adverse effects on cell function
(Sandoval et al., 2010).

A high-throughput screening assay in mammalian cells was also developed to identify drug
targets of human FATP4 and FATP5 (Blackburn et al., 2006; Zhou et al., 2010). In HEK293
cells overexpressing human FATPs, dihydropyrimidinones selectively and potently inhibit
FATP4 and not FATP2 or FATP5 (Blackburn et al., 2006). Specifically, two compounds
from this class of molecules, identified as j3 and j5, were synthesized and tested for LCFA
uptake inhibition (Zhou et al., 2010). Both of these compounds strongly and specifically
inhibited uptake of LCFA by human FATP4 in overexpressing cells (Zhou et al., 2010).
However, in differentiated 3T3-L1 adipocytes, j3 and j5 also inhibited FATP1, albeit at a
weaker level (Zhou et al., 2010). Treatment of primary mouse intestinal enterocytes with the
j5 compound robustly inhibited LCFA uptake, and this was specific to FATP4 as it is the
only FATP expressed in the intestine (Zhou et al., 2010). Two bile acids, chenodiol and
ursodiol, were shown to inhibit human FATP5 with selectivity over FATP4, suggesting that
bile acids can inhibit FATP5, which is expressed only in the liver, without affecting FATP4,
which is expressed mainly in the intestine (Zhou et al., 2010).

6. Summary
Members of the SLC27 gene family encode LCFA transport proteins which are critical
mediators of fatty acid metabolism. Studies targeting Slc27 genes in mice (summarized in
Tables 2 and 3), together with the identification of mutations in human SLC27 genes
associated with genetic disorders, demonstrate that the SLC27 family members are major
contributors to maintaining lipid homeostasis. Therefore, the development of small
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molecules targeting members of the SLC27 family could lead to significant treatment
options for human metabolic diseases.
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Figure 1. Protein structure of FATP1
Structural domains of FATP1 are listed on the right. Locations of the domains within
FATP1 are indicated by amino acid residue number. *ER localization domain has been
identified only in FATP4.
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Figure 2. FATP expression pattern in vivo
Relative expression levels of FATPs in mammalian tissues. Increasing font size corresponds
to greater expression levels. *FATP5 is expressed only in the liver and FATP6 is expressed
almost exclusively in the heart. #Relative expression level of each FATP in endothelial cells
has not been determined.
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Table 2

Loss-of-function animal studies targeting SLC27 family members

SLC27 isoform targeted Animal model Tissue specificity Phenotype Reference

SLC27A1/FATP1 Knockout Whole body Reduced skeletal muscle lipid
accumulation; improved insulin
sensitivity after lipid challenges

(Kim et al.,
2004)

SLC27A1/FATP1 Knockout Whole body Abolished insulin-stimulated LCFA
uptake by muscle and adipose tissue;
redistribution of lipids from fat and
muscle to liver

(Wu et al.,
2006b)

SLC27A1/FATP1 Knockout Whole body Defective non-shivering thermogenesis;
reduced core body temperature and
LCFA uptake by BAT in response to cold

(Wu et al.,
2006a)

SLC27A2/FATP2 Knockout Whole body Reduced VLCS activity in kidney and in
liver peroxisomes/microsomes; reduced
VLCFA -oxidation

(Heinzer et al.,
2003)

SLC27A2/FATP2 Knockdown Liver Protection from hepatosteatosis and
improved glucose levels and insulin
sensitivity following high-fat diet

(Falcon et al.,
2010)

SLC27A2/FATP2 Knockout Whole body No difference in litter size, genotype,
placenta and embryo weight, and
placental fat accumulation at E17.5
compared to control littermates

(Mishima et
al., 2011)

SLC27A4/FATP4 wrfr mutant mice Whole body Tight, thick, shiny, “wrinkle-free” skin,
impaired hair growth, and severe
breathing difficulties, neonatal death due
to dehydration and restricted movement;
retrotransposon insertion in coding exon
of Slc27a4 leads to absence of Slc27a4
mRNA and FATP4 protein

(Moulson et
al., 2003)

SLC27A4/FATP4 Knockout Whole body Lower body weight, facial dysmorphia,
rigid and thickened wrinkle-free skin,
restricted movement, abnormal breathing
and suckling; neonatal death; disturbed
epidermal fatty acid composition

(Herrmann et
al., 2003)

SLC27A4/FATP4 Heterozygote and Knockout Whole body KO is embryonic lethal by E9.5; hets
display reduced enterocyte LCFA uptake
but no effects on fat absorption

(Gimeno et al.,
2003a)

SLC27A4/FATP4 Knockout Whole body Reduced VLCFA activation in skin,
small intestine, and brain

(Hall et al.,
2005)

SLC27A4/FATP4 Inducible knockout Epidermis No differences in appearance or
behavior; mice still alive 13 weeks after
tamoxifen treatment; histology shows
hyperproliferative hyperkeratosis; similar
phenotype to whole body knockout
(Herrmann T 2003)

(Herrmann et
al., 2005)

SLC27A4/FATP4 wrfr mutant mice Whole body Dermal fibroblast cell line from these
mice have reduced fatty acid uptake and
VLCFA activity, and have fewer but
larger lipid droplets

(Jia et al.,
2007)

SLC27A4/FATP4 Knockout Whole body KO mice display epidermal hyperplasia;
microarray on embryonic skin shows
increased expression of epidermal growth
factor (EGF) family members; increased
EGF receptor and STAT3 epidermal
activity

(Lin et al.,
2010)

SLC27A4/FATP4 Knockout Adipocytes Increased weight gain, visceral adipocyte
hypertrophy, and hepatic steatosis on
high fat/high LCFA diet

(Lenz et al.,
2011)
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SLC27 isoform targeted Animal model Tissue specificity Phenotype Reference

SLC27A4/FATP4 Knockout Whole body No difference in litter size, genotype,
placental and embryo weight, and
placental fat accumulation at E17.5
compared to control littermates

(Mishima et
al., 2011)

SLC27A5/FATP5 Knockout Whole body Enlarged hepatocytes; reduced LCFA
uptake in hepatocytes and triglyceride
levels in liver; increased fatty acid
synthetase expression and de novo fatty
acid synthesis

(Doege et al.,
2006)

SLC27A5/FATP5 Knockout Whole body Gallbladders have more unconjugated
than conjugated bile acids due to
defective reconjugation; failure to gain
weight on high-fat diet due to reduced
food intake and increased energy
expenditure

(Hubbard et al.,
2006)

SLC27A5/FATP5 Knockdown Liver Reduced fatty acid absorption in liver and
increased lipid deposition in heart,
muscle, and fat; reversal of hepatic
steatosis; improved whole body energy
homeostasis

(Doege et al.,
2008)

LCFA: Long-chain fatty acid
VLCFA: Very long-chain fatty acid
VLCS: Very long-chain acyl-CoA synthetase
BAT: Brown adipose tissue
KO: Knockout
Hets: Heterozygotes
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Table 3

Gain-of-function animal studies targeting SLC27 family members

SLC27 isoform targeted Animal model Tissue specificity Phenotype Reference

SLC27A1/FATP1 Overexpressing transgenic Heart Increased LCFA uptake and
accumulation in heart; diastolic
dysfunction; metabolic
cardiomyopathy

(Chiu et al.,
2005)

SLC27A1/FATP1 Overexpressing electrotransfection Skeletal muscle Increased fatty acid transport
into skeletal muscle and rate of
fatty acid oxidation, but no
change in intramuscular
triacylglycerol stores

(Nickerson et
al., 2009)

SLC27A1/FATP1 Overexpressing transgenic Skeletal muscle Increased sarcolemmal LCFA
transport and oxidation and no
change in intramuscular lipid
accumulation; no effect on diet-
induced insulin resistance

(Holloway et
al., 2011)

SLC27A4/FATP4 Overexpressing transgenic in FATP4
whole body knockout

Whole body Rescue of the neonatal lethal
phenotype and most skin defects
observed in FATP4 KO mice
(Herrmann T 2003)

(Moulson et
al., 2007)

SLC27A4/FATP4 Overexpressing transgenic in FATP4
whole body knockout

Keratinocytes and
hair follicles

Rescue of the neonatal lethal
phenotype and most skin defects
observed in FATP4 KO mice
(Herrmann T 2003); this rescue
requires FATP4 with an intact
acyl-CoA synthetase domain;
minor alterations in hair types

(Moulson et
al., 2007)

SLC27A4/FATP4 Overexpressing transgenic in FATP4
whole body knockout

Keratinocytes and
hair follicles

No change in weight gain,
intestinal fat and cholesterol
absorption, intestinal LCFA
uptake and secretion, and
hepatic lipid content and
secretion; high-fat diet increased
TG and fatty acid content in
intestine

(Shim et al.,
2009)

SLC27A4/FATP4 Overexpressing electrotransfection Skeletal muscle Increased fatty acid transport
into skeletal muscle and rate of
fatty acid oxidation, but no
change in fatty acid activation
and intramuscular
triacylglycerol stores

(Nickerson et
al., 2009)

LCFA: Long-chain fatty acid
KO: Knockout
TG: Triglyceride
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