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Abstract

Intracellular and extracellular interactions with proteins enables the functional and mechanistic
diversity of lipids. Fatty acid-binding proteins (FABPs) were originally described as intracellular
proteins that can affect lipid fluxes, metabolism and signalling within cells. As the functions of
this protein family have been further elucidated, it has become evident that they are critical
mediators of metabolism and inflammatory processes, both locally and systemically, and therefore
are potential therapeutic targets for immunometabolic diseases. In particular, genetic deficiency
and small molecule-mediated inhibition of FABP4 (also known as aP2) and FABPS can potently
improve glucose homeostasis and reduce atherosclerosis in mouse models. Further research has
shown that in addition to their intracellular roles, some FABPs are found outside the cells, and
FABP4 undergoes regulated, vesicular secretion. The circulating form of FABP4 has crucial
hormonal functions in systemic metabolism. In this Review we discuss the roles and regulation of
both intracellular and extracellular FABP actions, highlighting new insights that might direct drug
discovery efforts and opportunities for management of chronic metabolic diseases.

Introduction

Lipids have wide-ranging roles in many different aspects of biology, functioning as
structural building blocks or fuel sources, and as intracellular and extracellular signalling
molecules. For example, lipids can modify the action or location of proteins, such as kinases
or ion channels, signal via proteins such as cell surface G-protein coupled receptors and can
serve as ligands for transcription factors.!=3 Free fatty acids can also regulate hormone
action, for example by inhibiting the insulin-stimulated phosphoinositide 3-kinase
pathway* and activating inflammatory molecules such as inhibitor of nuclear factor kB
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kinase subunit  (IKK-B)® and c-jun N-terminal kinase (JNK),”- or engage pattern
9

recognition receptors which can contribute to metabolic regulation and disease.
However, given the relative insolubility of these fatty acids and their potential toxicity in
free forms,!0:!1 the need for buffering entities has led to the search for noncatalytic binding
proteins, including the fatty acid binding proteins (FABPs). The first FABP was originally
described as a small molecular weight intracellular protein of ~12 kDa detected in the rat
jejunum, owing to its ability to noncovalently bind to long chain fatty acids.!? Subsequently,
other proteins that also bind to long-chain fatty acids were identified in the liver,
myocardium, adipose tissue and kidney.!2:13 However, as the functions of FABPs have been
elucidated, these proteins do not seem to simply buffer lipids, but are in fact crucial
mediators of metabolic and other biological activities.!* As we describe in this Review, we
now understand that the functional diversity of FABPs is generated via lipid interactions
with these chaperone proteins to support systemic homeostatic networks of
immunometabolism by facilitating signalling within and between cells and communication
between organs. Consequently, interest has grown in the research community for
therapeutically targeting this class of proteins in metabolic and immunometabolic
diseases.!* In this Review we discuss the roles and regulation of FABP4 (fatty acid-binding
protein, adipocyte; which is often referred to in the literature as aP2) and the closely related
FABPS (fatty acid binding protein, epidermal; also known as mall), the main FABPs
present in adipose tissue. We will also describe the emerging biological framework, and
highlight new insights into the functions and mechanisms that might directly influence drug
discovery for metabolic diseases.

FABP gene expression

Understanding of the regulated expression of genes encoding FABPs and their potential
regulatory and metabolic effects began to emerge after their initial discovery. For example,
levels of intestinal FABP were found to increase in abundance in response to fasting and a
high fat diet,!3 and this protein can enhance fatty-acid CoA ligase activity.! Fatty-acid CoA
ligase is involved in the generation of substrates for f-oxidation, complex lipids and
signalling molecules.!® FABPs were subsequently isolated and cloned from other tissues
including the brain, heart and lung.!7-25 FABP4 was identified as a cytosolic protein
strongly upregulated during differentiation of preadipocytes into adipocytes. 20-27 In fact,
this protein is one the most abundant proteins ever found in mature adipocytes and adipose
tissue.26 Protein preparations from rat and human adipose tissue suggest that FABP4 might
be involved in the esterification of long-chain fatty acids,?8 and after cloning and sequencing
this protein was found to be highly similar to FABP1 (fatty acid-binding protein, liver),
FABP2 (fatty acid binding protein, intestinal) and the myelin P2 protein.2” We now know
that FABP4 is a member of a large gene family of mammalian FABPs each containing an
evolutionarily conserved four exon and three intron organization.?? Mammalian FABPs are
part of a large class of intracellular and extracellular lipid proteins that bind a variety of
hydrophobic ligands, including fatty acids, haeme, retinoids and different vitamins.30
Moreover, FABPs have sequence and structural similarity to lipocalins from insects,

nematodes and fish.2%
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In initial expression analyses, FABP4 mRNA was detected at low levels in multiple tissues
such as the heart and kidney,3! but the protein itself was only detectable in adipose tissue.32
Indeed, the major site of FABP4 expression is white and brown adipose tissue, and in
differentiated adipocytes, this FABP is estimated to account for between 0.5% and 6% of
total protein.2%33 As a marker for adipocyte differentiation, FABP4 expression is
specifically induced by insulin and/or IGF-1,3* dexamethasone and fatty acids,33-37 and
occurs as a downstream target of peroxisome proliferator-activated receptor Y (PPARY)
activation.3® Notably, FABP4 expression is also readily detected in other cell types such as
macrophages, particularly upon inflammatory activation,® and, under special
circumstances, can be found elsewhere, such as the bronchial epithelium where it occurs

independently of PPARy.40

FABP intracellular functions

Studies in cellular and biochemical systems

Substantial effort in determining the role of FABPs has focused on defining their binding
affinities and lipid cargos. Using radiolabelled or fluorescent fatty acid analogues, it was
shown that FABP4 and FABP3 (fatty acid-binding protein, heart) each have one binding site
per molecule, and that the binding site of FABP3 might be more hydrophobic than that of
FABP4, which suggests that their intracellular functions might differ.*! Analysis of the
FABP4 crystal structure has revealed that the protein binds to saturated and unsaturated fatty
acids in the same conformation.*? Furthermore, in a comparison of FABP binding affinities
to different ligands, FABP4 was unique among FABPs for its high affinity for both saturated
and unsaturated fatty acids.*® The ability of FABP4 to transfer fatty acids to membranes
increases with fatty acid chain length but is not altered by relative saturation, which suggests
that FABP4-mediated transport might not be dependent on fatty acid solubility and might
occur via collision with membranes.** Interaction between FABP4 and phospholipid
membranes was confirmed with the use of fourier transform infrared spectroscopy,* and
shown to be strongly regulated by positively charged lysine residues.*¢

The basic structure of the FABP fold is a 10-stranded antiparallel $-barrel, in which each
strand forms hydrogen bonds with the following strand in an up-and-down manner (Figure
1).29 The first five and the second five strands each form sheets that are orthogonal to each
other. The two sheets form a flattened barrel closed at one end with a helix-turn-helix
domain between B-strands 1 and 2 closing the opposite end. The interior cavity of FABP4 is
~650 A3, which is large enough to accommodate more than one fatty acid.*’ Indeed, the
cavity within FABPs is ~2-3 times the volume required for fatty acid binding and at least
one FABP (FABPI) can bind multiple lipids simultaneously. 47 Interestingly, the charge
distribution of side chains within the FABP4 cavity is not appreciably different from that on
the surface of the protein, implying that the cavity is not hydrophobic but highly charged
and polar.*® Evaluation of the binding characteristics using titration microcalorimetry
indicates that the binding energy is divided relatively equally between enthalpic and entropic
terms,*® which indicates that interactions at both the head-group and along the acyl chain
determine binding affinity and specificity. Indeed, in both NMR and X-ray crystallographic
analyses of natural and pharmacologic ligands, ligand binding seems to occur on one face of
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the interior cavity and is dominated by polar and non-polar interactions. 48 The interior
cavity of FABP4 contains ~12 crystallographically ordered water molecules in addition to
~100 disordered waters. Ligand binding displaces some, but not all, of the ordered waters
that are in close contact to the bound fatty acids, which suggests that water interactions
might be critical for fatty acid association.>? Notably, other molecules might also occupy the
ligand binding pocket of FABPs in the presence or absence of lipids. For example, FABP1
has been shown to bind to haeme,>! although the physiological consequences of these
interactions are not well understood.

Ligand access to the interior cavity of FABP4 is likely to occur via a domain referred to as
the portal region (Figure 1). The portal region is bounded by amino acids found in the loops
that connect B-strand 3 to p-strand 4, B-strand 5 to B-strand 6 and a-helix I1.2%48 Importantly,
the volume of most ligands exceeds that of the opening from the external environment into
the cavity,*’ which suggests that dynamic flexibility on or around the portal region must
accompany ligand binding. One plausible consideration is that the entire helix-turn-helix
domain dynamically rotates at the hinge region of the connecting B-strands to allow ligand
entry and exit.>2 Bound fatty acids form a salt bridge with Arg106, Arg126 and Tyr128, and
mutations in each of these amino acids results in proteins with undetectable fatty acid
binding.?3 Interestingly, within the cavity, Cys117 is covalently modified by oxidized lipids
such as 4-hydroxynonenal in a process known as protein carbonylation. >0 Indeed, in 3T3-
L1 adipocytes as well as in adipose tissue from mice and humans, FABP4 is the major
carbonylated cytoplasmic protein,>* suggesting that FABP4 might function as an
antioxidant, scavenging reactive lipids from the cellular environment.

At the plasma membrane, uptake of fatty acids is mainly regulated by transport proteins such
as CD36, plasma membrane-associated FABP, and the fatty acid transport protein
family.35-® However, FABPs might also be involved in this uptake, and some evidence
suggests that FABPs can interact directly with CD36.%7 By enabling the uptake of sterol,
FABP1 alters the lipid composition of the plasma membrane, which results in increased
fluidity. ® Further investigations have revealed that FABPs have redundant and overlapping
roles in mediating uptake of fatty acids in various tissues, for example, both FABP4 and
FABPS can contribute to the import of fatty acids into the heart.>® However, FABP-
promotion of fatty acid uptake might also be context or cell-type-specific. For example, in
L-cell fibroblasts, overexpression of either FABPI or FABP2 results in increased synthesis
of phospholipids, but only FABP1 can increase fatty acid uptake.? Importantly, genetic
deficiency of FABP4 seems to alter adipose tissue fatty acid uptake in a lipid specific
manner,®! has a profound influence on fatty acid efflux,°2 and regulates de novo
lipogenesis,®3-0% which results in increased intracellular levels of fatty acids in FABP4-
deficient cells.% Although FABP4 binds and donates its fatty acid ligand via collisional
interactions with membranes, it does not form thermodynamically stable complexes with
membranes in vivo or in vitro.°® This finding suggests that intracellular fatty acid trafficking
between membranes in vivo occurs via transient interactions with membranes and/or

proteins.

FABPs have also been implicated in lipid sensing and response mechanisms by delivering
lipids to nuclear receptors such as PPARs to mediate transcriptional programmes,®” although
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this effect might be context-dependent and specific to particular FABPs and PPAR isoforms.
Using fluorescently labelled fatty acids, FABP1 expression was shown to promote the
uptake of free fatty acids into the cytoplasm and mediate their delivery to the nucleus, with
an apparent preference for longer chain fatty acids.® Similarly, FABP5 has been implicated
in the delivery of retinoic acid to PPARP/S with important consequences for neuronal
development,®® and can also promote the hydrolysis of the endocannabinoid anandamide
into a form that functions as a PPARP/S ligand and, therefore, regulates hippocampal
function.’® In some studies that use cell culture systems, FABP4 can translocate to the
nucleus and interact with, and potentially deliver ligands to PPARY,”'~73 but the functional
consequences of this interaction are unknown. Alternatively, apo—~FABP4 might transiently
interact with PPARY in the nucleus to extract a ligand from the protein and attenuate nuclear
receptor action. As discussed further later in the text, evidence from genetic mouse models
suggests that although PPARY can directly increase FABP4 gene expression, FABP4 has a
net negative effect on PPARY activity’# and represents a negative feedback loop to control
signalling from this nuclear hormone receptor.

Studies in mouse models

An increasingly comprehensive understanding of FABP functions has emerged with the
establishment of genetic mouse models, the first of which was the Fabp4~~ mouse.” The
initial experience with this mouse model was quite disappointing due to a lack of any
phenotype under standard laboratory conditions. This result was, at least in part, attributable
to a compensatory upregulation of FABPS in adipose tissue.”>7® However, a number of
fascinating phenotypes have emerged as these models have been examined in the context of
metabolic stress. In the setting of both diet-induced and genetic obesity, compensation by
FABPS is not sufficient to completely mask the biology of FABP4-deficiency, and Fabp4~'~
mice were protected from obesity-induced insulin resistance and hyperglycaemia.”>-”7 This
protection was thought be the result of changes in the composition and metabolism of lipids

and resistance to chronic inflammation in the setting of obesity.”

Despite apparently normal glucose homeostasis, lean Fabp4~/~ mice have reduced lipolysis
and increased lipogenesis, as well as a blunted insulin secretion response to f-adrenergic
stimulation,%%6> which suggests that FABP4 or an FABP4-regulated lipid signal might be
involved in modulating insulin secretion. Interestingly, transgenic overexpression of FABP5
increases lipolysis and decreases cellular free fatty acid levels.®> To understand the role of
FABP4 in the absence of compensatory FABPS expression, Fabp4~'~ mice were crossed
with FABP5-deficient mice.®! Fabp5~~ mice are themselves moderately protected from
diet-induced obesity and insulin resistance, and FABPS overexpression is sufficient to
impair glucose tolerance.’® The Fabp4—Fabp5 double mutant (Fabp4—5~'") mice were
protected from high fat diet-induced weight gain and had a more dramatic improvement in
insulin sensitivity and glucose homeostasis than either of the single FABP4 or FABPS
deficiency models.®! Furthermore, Fabp4—5~/~ mice were protected from high-fat diet-
induced hepatic steatosis, with increased muscle AMP kinase activity and reduced hepatic
expression of the key fatty acid metabolism enzyme Scd/ (encoding acyl-CoA desaturase 1),
which could in part underlie the reduced lipid accumulation in this model.®! In the leptin-
deficient ob/ob model, combined deficiency of FABP4 and FABPS did not reduce obesity
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but did improve glucose tolerance and insulin sensitivity, resulting in reduced hepatic Scd/
expression, and protection against the development of fatty liver.”? In further studies using
Fabp4-5~'~ mice, a robust increase in de novo lipogenesis in adipose tissue results in
increased levels of circulating palmitoleate (C16:1n7), which suppresses Scdl expression in
liver and increases insulin sensitivity.39 Increased de novo lipogenesis has also been seen in
FABP4-deficient macrophages, resulting in increased production of palmitoleate, which
mediates protection from lipid-induced endoplasmic reticulum stress in these cells.3! The
effect of palmitoleate is in part mediated through free fatty acid receptor 4 (also known as
GPR120);32 and in contrast to Fabp4—5~/~ mice, in the setting of GPR120 deficiency
palmitoleate levels are reduced, which leads to increased Scd! expression, insulin resistance
and glucose intolerance.?3 The results of these studies demonstrate that in adipose tissue,
FABPs are essential for dietary intake to dominate the lipid composition of the tissue. In
their absence, adipose tissue is unaffected by the diet, which results in activation of de novo
lipogenesis. Furthermore, these findings also illustrate the potential importance of adipose
tissue de novo lipogenesis in controlling systemic metabolism, which under most conditions
remains limited.

Surprisingly, although FABP4 is highly upregulated during preadipocyte differentiation,
adipogenesis and adipose tissue formation proceed normally or are enhanced in Fabp4~~
and Fabp4—-5~/~ cells and mice.®!-7> This finding demonstrates that FABP function is not
required for specification of the adipocyte lineage and correlates with FABP4 having a
potential negative feedback regulatory effect on PPARy. However, in the context of FABP4
deficiency, the conversion of glucose to fatty acids is elevated twofold,% which suggests
that FABP4 might suppress lipogenesis in adipocytes, thereby directly contributing to the
observed improvements in fasting glucose and insulin in obese FABP4-deficient mice.%3
The resulting elevation of circulating levels of fatty acids leads to suppression of the 1c
isoform of Srebpl expression in the liver,®! which might contribute to the protection from
development of fatty liver seen in obese FABP4-deficient mice. In addition, basal and
stimulated levels of lipolysis are significantly decreased in adipocytes from Fabp4~/~ mice,
despite the compensatory increase in FABPS expression.62:64

Decreased efficiency of lipolysis in FABP4-deficient mice probably occurs via modulation
of the important lipolytic enzyme hormone-sensitive lipase (HSL), which binds to and is
activated by FABP4 in the presence of fatty acids.*?-84:8% Whether other adipose tissue
lipases also interact with FABP4 or FABPS is unknown. Using a combination of yeast-two
hybrid and glutathione S-transferase-pull down assays, FABP4 was shown to interact with
HSL via a domain contained on the helix-turn-helix motif defined by Asp17, Asp18, Lys21
and Arg30.84 Asp17-Arg30 and Asp18-Lys21 in FABP4 form two ion pairs that interact
with similarly charged residues on HSL (for example, Asp18 of FABP4 interacts with
Lys196 of HSL) to form a complex on the lipid droplet surface.3> This interaction facilitates
fatty acid transfer and is consistent with the model by which FABP4 facilitates lipolysis.
Given this function, it would be interesting to evaluate the role of FABP4 in the adipose
tissue of hibernating mammals, which exhibits a dramatic seasonal cycling between lipolysis

and lipogenesis.8¢
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FABPs in immunity and inflammation

Lipids have a central role in immune cell signalling and, accordingly, FABPs have been
implicated in immune cell biology. The major regulator of adipocyte differentiation, PPARY,
is expressed in monocytes in response to oxidized LDL, and accumulates at high levels in
atherosclerotic lesions.3” PPARy promotes FABP4 expression in macrophages,3? and indeed
FABP4 is highly upregulated during foam cell formation in response to lipid loading.58
Rapamycin, an immunosuppressant that can induce hyperlipidaemia, also induces FABP4
expression in macrophages.®? Furthermore, liver X receptor agonists, which can increase
expression of genes involved in cholesterol transport and triglyceride synthesis such as
apolipoprotein E and cholesteryl ester transfer protein, also induce FABP4 expression in
macrophages, and the FABP4 promoter contains a conserved liver X receptor response
element.””

The relationship between PPARs and FABP activity is complex and might be context-
dependent. Although PPARY can initiate FABP4 expression and much evidence has been
presented that FABPs can mediate ligand delivery to PPARs,%7 the metabolic effects of
FABP4 action (specifically the activation of lipolysis and suppression of lipogenesis) seem
to be in opposition to those of PPARY. Indeed, PPARY activity is increased in FABP4-
deficient macrophages, resulting in accelerated cholesterol efflux and decreased cholesterol
content.”* Similarly, PPARY activity is elevated in FABP5-deficient macrophages.! These
data support a model in which FABP4 (and possibly FABPS) can regulate PPARY activity
by controlling ligand availability. Furthermore, FABP4 can increase proteasomal
degradation of PPARY,%2 and consequently the net effect of FABP4 seems to be to suppress
PPARYy activity (Figure 2).

In addition, FABP4 and FABPS bind and stabilize leukotriene A4,”>* and FABP4-deficient
and FABP5-deficient macrophages have impaired activation of prostaglandin G/H synthase
2 expression and production of prostaglandin E»,74°! which suggests that these FABPs can
help to determine macrophage eicosanoid balance. Eicosanoids mediate adipose tissue
inflammation in obesity; for example, leukotriene B4 binding to its cognate receptor on
macrophages induces the expression of C-C motif chemokine 2 (commonly known as
monocyte chemoattractant protein 1 [MCP-1]), which leads to potentiated inflammation, and
BIt1~~ mice (which lack leukotriene B4 receptor 1) are protected from obesity-linked
macrophage recruitment to adipose depots and exhibit attenuated inflammation.?3

FABPs, and FABP4 in particular, have pronounced effects on cellular and systemic lipid and
signalling mediator composition, with important consequences for inflammatory processes.
For example, FABP4-deficient macrophages have reduced basal and stimulated expression
of proinflammatory cytokines including MCP-1 and TNF,% as well as decreased IKK-B/NF-
kB activity and deficient activation-induced expression of inducible nitric oxide synthase.”*
One of the intriguing results of FABP-deficiency in adipose tissue is the activation of de
novo lipogenesis and the resulting production of the related products from the target cells.
For example, Fabp4—5~'~ mice have increased levels of palmitoleate, particularly in
adipocytes, macrophages, and the fatty acid fraction of serum, but not liver.8? In subsequent
studies this lipokine was shown to act on the liver as well as other cells and tissues such as
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macrophages to regulate lipid metabolism and inflammatory responses.3%-97 In
macrophages, FABP-deficiency provides strong protection against lipotoxicity. The addition
of monounsaturated fatty acids such as palmitoleate to macrophages induces expression of
UCP2, which encodes mitochondrial uncoupling protein 2.%8 Moreover, macrophages
isolated from Fabp4~'~ mice have increased palmitoleate levels and increased expression of
UCP2, and silencing of UCP2 in FABP4-deficient macrophages attenuates NF-xB
signalling and the inflammatory response to lipopolysaccharide.?® Correspondingly,
increased expression of UCP2 in macrophages is sufficient to polarize cells towards the M2
phenotype, reduce endoplasmic reticulum stress and diminish oxidative stress.”®
Furthermore, in protein—protein interaction studies, FABP4 interacts directly with tyrosine-
protein kinase JAK2 and might attenuate cytokine signalling within macrophages.®® Finally,
the lipotoxicity that occurs in the context of atherogenesis induces the unfolded protein
response within macrophages; FABP4 seems to be critical for this process and, as a result,
FABP4-deficient macrophages are protected from cholesterol or palmitate-induced
endoplasmic reticulum stress and cell death in vitro and in vivo.8!

Given the expression of FABP4 in both macrophages and adipocytes, and the close
association between insulin resistance, inflammation and atherogenesis,loO arole for FABP4
in the pathogenesis of atherosclerosis is perhaps unsurprising. FABP4 is expressed in
atherosclerotic lesions and foam cells and, in the atherogenic ApoE‘/ ~ mouse model, FABP4
deficiency results in reduced macrophage accumulation in plaques and reduced plaque area
in early and late stages of disease development.!01-103 In further support for this crucial
role, a small molecule FABP4 inhibitor, BMS309403, potently reduced lesion area in a
mouse model of atherosclerosis.!% Indeed, both in genetic and chemical models of FABP4
inhibition, the anti-atherogenic phenotype seems to be the most robust.!%4105 In bone
marrow transplant experiments, the protection from atherosclerosis occurs largely via FABP
actions in haematopoietic cells,?®192 and the findings from these studies suggest that
FABPS5 has a similar but smaller role in this process.’! Although FABP5 does not seem to
be upregulated in FABP4~/~ macrophages,®192 combined FABP4-FABPS5 deficiency
provides moderate additional benefit in the ApoE~~ background by improving glucose
homeostasis, resulting in reduced plaque formation and prolonged survival.!0

In addition to macrophages, FABP4 is also expressed in myeloid dendritic cells, and is
upregulated during their differentiation.!%0 Dendritic cells that are FABP4-deficient produce
lower levels of cytokines including IL-12 and TNF, and have reduced capacity to activate T
cells.!0® These data, and the finding that FABP-deficient mice are protected against
experimental autoimmune encephalomyelitis, 107 suggest that in addition to its
immunometabolic roles, FABP4 might have wide-ranging effects on adaptive immunity,
autoimmunity and susceptibility to infection. This is probably the result of the FABP4 effect
on metabolic programming of its target cells, and needs to be further explored in
mechanistic and functional studies.

Other intracellular FABP functions

Although the first expression profiles of FABP4 suggested this protein had a very limited
tissue distribution, detailed analysis has revealed additional sites of expression and function
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in specific conditions. For example, both FABP4 and FABP5 are expressed in bronchial
epithelial cells upon exposure to IL-4 and IL-13, which suggests a potential role for these
FABPs in the pathogenesis of allergic asthma.*” Indeed, FABP4 expression is induced in the
airway in the ovalbumin challenge model of allergic inflammation, and FABP4-deficient
mice are protected from inflammatory cell infiltration in this model.*° Other investigators
have described potential roles for FABP4 in endothelial cell growth and blood vessel
branching,!98-113 and FABP4 has also been implicated in cancer cell growth and

metastasis. 14-116 The mechanisms that underly these effects are not fully understood and
indeed might be pleiotropic; for example, whether the protection from asthma in Fabp4~~
mice?” is due to changes in immune responses, alterations in bronchoepithelial cells, other
stromal cells or both, is unclear. Finally, conditions of ectopic lipid accumulation in tissues,
especially in the presence of inflammatory and stress responses, might produce a permissive
milieu that activates aberrant FABP expression in cells such as hepatocytes, or trigger
expression from resident immune cells such as Kupffer cells. Although our understanding of
FABP function in different cell types has increased, the development of tissue specific gain-
of-function and loss-of-function models might help to fully define the targets and related
functions under different conditions.

Extracellular FABPs

FABPs have been primarily studied as intracellular proteins. However, after the
development of highly sensitive detection systems and serum proteomics, multiple FABP
isoforms have been detected in the circulation.!!” In general, these circulating FABPs are
seen as markers of cell injury or death. For example, extracellular FABP3 was first detected
in mice during experimental ischaemia— reperfusion injury owing to leakage of the protein
through the plasma membrane, which might impair the capacity of cardiac myocytes to
handle their lipid load.!!® FABP3 can also be detected in the plasma and urine of patients
following muscle injury or acute myocardial infarction.!1%-120 In healthy individuals, the
plasma level of FABP2 is near or below the lower limit of detection, but is increased by
approximately fourfold in patients with ischaemic bowel disease.!?! Furthermore, in a
human surgical model of intestinal ischaemia, FABP2 levels in venous blood correlate with
the level of tissue damage.!22 Similarly, elevated plasma levels of FABP1 have been

117

associated with liver transplant rejection’ '’ and are a biomarker for chronic hepatitis C

infection.!23

The lack of signal peptide sequence has led to the assumption that all FABPs detected
extracellularly might result from cell leakage or death. However, evidence has been
presented supporting regulated secretion of some of these proteins. For example, FABPI is

124 and mammary-derived growth

detectable in bile in the absence of cellular injury,
inhibitor, which is thought to represent a combination of FABP4 and FABP3,12 is present
in milk.126:127 Consequently, at least some FABPs might undergo regulated release and, in
addition to their usefulness as biomarkers, might have active, physiologically relevant
extracellular activities. Studies from our laboratory have shown that FABP4 is secreted from
cultured adipocytes and adipose tissue explants in a regulated manner in the absence of cell
death, and in mice plasma FABP4 levels are elevated in response to fasting-related and

lipolytic signals.!2® In addition, FABP4 plasma levels are elevated in experimental models
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of obesity, as well as in patients with obesity, and correlate with aspects of metabolic
syndrome such as insulin resistance.!2? Interestingly, regulated secretion of FABP4 has also
been demonstrated in cultured macrophages,!30 although bone marrow transplant
experiments in mice suggest that the majority of FABP4 in the circulation is generated from

the stromal compartment rather than bone marrow-derived cells.!28

Circulating FABP4 and metabolic pathology

Nearly 100 articles have been published regarding links between plasma levels of FABP4
and different pathologies in multiple populations, and almost half of these papers identify a
positive correlation between levels of plasma FABP4, obesity and type 2 diabetes mellitus.
One of the largest of these studies was a cross-sectional analysis of the 3,658 individuals
within the Framingham Heart Study, in which increased plasma FABP4 levels correlated
with increased BMI and insulin resistance, as well as dyslipidaemia. 13! Examination of the
1,847 participants in the Hong Kong Cardiovascular Risk Factor Prevalence Study revealed
that elevated FABP4 correlated with increased BMI, insulin resistance, elevated LDL
cholesterol, and even reduced survival from cardiovascular disease.!32 In a follow-up study
of >1,000 patients with cardiovascular disease in Germany, those patients who experienced
secondary cardiovascular disease events had significantly higher plasma FABP4, and
FABP4 levels were also higher in patients with type 2 diabetes mellitus, hypertension and
elevated triglyceride levels than in patients without those complications.!33 In other small
studies, plasma FABP4 can predict the development of type 2 diabetes mellitus independent

134 is an independent biomarker of insulin resistance,!3> predicts

136

of the presence of obesity,
early death in patients with stroke,"”° and is elevated in patients with severe obstructive
sleep apnoea syndrome.!37 Independently of obesity, circulating FABP4 is also higher in
patients with breast cancer than in healthy individuals,!38 is associated with vascular
inflammation, '3 and is predictive of the development of insulin resistance in recipients of
liver transplants.!4? Consequently, a large and growing body of evidence supports a strong
link between circulating levels of FABP4, obesity and metabolic disease (Figure 3,

Supplementary file 1).

Although in many studies a link between weight, adiposity and circulating levels of FABP4
has been observed, in other analyses the relationship seems to be more complicated. This is
particularly true in diseases with severe or rapid loss of adiposity such as lipodystrophies
and anorexia nervosa, or uncontrolled lipolysis and lack of insulin such as in type 1 diabetes
mellitus,!41-143 which might introduce massive lipid breakdown or adipose tissue injury.
This effect could result in increased levels of circulating FABP4 despite reducing the rate of
secretion from adipocytes and is likely to introduce complex patterns of regulation and
disease correlations.

The correlation between metabolic disease and circulating levels of FABP4 is also supported
by a number of genetic studies in humans. A polymorphism in the promoter of FABP4 (—
87T>C; rs77878271) that results in reduced expression of this gene is associated with
reduced risk of coronary heart disease and with reduced risk of developing type 2 diabetes
mellitus among patients with obesity.!# In an independent study, the same variant in the
FABP4 promoter resulted in reduced FABP4 expression and was associated with decreased
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total cholesterol levels and reduced risk of myocardial infarction in patients with advanced
atherosclerosis. 145 Moreover, in other small studies an association between FABP4
polymorphisms, plasma levels of FABP4 and metabolic outcome in polycystic ovary
syndrome, !¢ and obstructive sleep apnoea!4’ have been found. Consequently,
overwhelming biochemical and genetic evidence demonstrates an important correlation
between circulating levels of FABP4 and metabolic disease, which raises the possibility that
targeting this form of the molecule might be a useful therapeutic intervention.

Extracellular function of FABP4

Given the wide range of pathophysiological associations of high levels of circulating
FABP4, the functions of this form of FABP4 are likely to be pleiotropic (Figure 4). The
findings in Fabp4~~ mice, which have preserved glucose homeostasis during obesity,”> and
the correlation between plasma FABP4 levels and type 2 diabetes mellitus in humans
(Figure 3, Supplementary file 1) suggest that circulating FABP4 might function as an
adipokine in metabolism. Indeed, in vitro, addition of exogenous FABP4 to primary
hepatocytes can induce a moderate increase in expression of gluconeogenic genes such as
glucose-6-phosphatase, and glucose production, and infusion of FABP4 into Fabp4~/~ mice
in the clamp setting increases gluconeogenic enzyme activity and hepatic glucose
production.!28 As dysregulated hepatic glucose production is a major contributor to the
diabetic phenotype,!*8 this finding suggests that FABP4 is a critical factor connecting
adipose tissue status to liver function and systemic metabolism. In addition, neutralization of
the FABP4 protein with a polyclonal antibody significantly improved glucose tolerance and
insulin sensitivity in obese mice, providing strong support for the concept that circulating
FABP4 is a major contributor to metabolic decline in obesity.!28 In one study, FABP4
modestly increased insulin secretion from [ cells in vitro when delivered with the fatty acid
linoleate. 149 However, whether this action is due to the lipid cargo alone or related to
FABP4 is unclear. Furthermore, reduced insulin secretion in the setting of adrenergic
stimulation has been previously described in FABP4-deficient mice, which was attributed to
alteration of free fatty acid profile.%% Indeed, delivery of exogenous FABP4 can induce
insulin resistance without altering p cell responsiveness, 70 consequently FABP4 might
initiate hyperinsulinaemia downstream of insulin resistance.

The established link between circulating levels of FABP4, atherosclerosis and
cardiovascular disease (Figure 3, Supplementary file 1) has led some researchers to
investigate the potential function of circulating FABP4 in endothelial cell biology and
cardiac function. Exogenous FABP4 can induce replication and migration of human

151 and inhibit expression of NOS3 in human umbilical

coronary artery smooth muscle cells
vein endothelial cells.!>2 Exogenous FABP4 also suppresses contraction in cultured
cardiomyocytes in vitro, although whether this effect is a specific FABP4 function is
unclear.!33 This activity of FABP4 on cardiomyocyte function is potentiated in the presence
of epoxyeicosatrienoic acids, which supports the concept that fatty acid ligands can
modulate the function of FABP4.154 In addition, FABPs themselves regulate the production
of lipids that have effects on cardiomyocytes, therefore FABPs are likely to exert both direct
and indirect effects on cardiac function. For example, palmitoleate, a lipid produced at high

levels in adipocytes lacking FABP4, is required to sustain cardiac function in the python.!53
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In mice, the most dramatic effect of genetic deficiency in FABP4 has been observed in
models of atherosclerosis, 101-103 but the contribution of circulating levels of FABP4 to
inflammatory and cardiovascular function has not yet been defined. In addition, determining
the extracellular roles of other FABP family members, and the degree to which each can
functionally compensate for the others, will be a crucial question for future research.
Continuing investigation of the relative affinities of FABP isoforms for different ligands will
also help to determine their roles in delivering and modulating extracellular lipid.

Regulation of FABP4 secretion

Given the lack of a signal peptide, one can reason that regulated FABP4 secretion might
occur via a non-classical pathway. Indeed, inhibitors of classical secretion do not alter
FABP4 release from cultured adipocytes.!?8 As described previously in the text, circulating
FABP4 functions by enhancing hepatic glucose production; plasma FABP4 levels are
elevated during fasting, and FABP4 secretion is suppressed by insulin.!28 In addition, in
clamp studies, administration of exogenous FABP4 impairs insulin sensitivity while FABP4
neutralization improves glucose disposal.!28 Taken together, these findings indicate that
FABP4 is an adipose-derived factor that integrates with components of the fasting response
to maintain glucose homeostasis. Secretion of FABP4 is responsive to signals that induce
lipolysis, including B-adrenergic receptor agonists, forskolin and isobutyl-

methylxanthine, 128 and chemical inhibition or genetic deficiency of HSL and patatin-like
phospholipase domain-containing protein 2 (also known as adipose triglyceride lipase)
abrogate p-adrenergic-induced FABP4 secretion.!3° Interestingly, this effect might be linked
to the lipolysis-induced increase in free fatty acids, and indeed lipid infusion in vivo and
lipid treatment of adipocytes in vitro is sufficient to increase FABP4 secretion.!36 Increased

149 which might in part

FABP4 release has also been seen in adipocytes exposed to hypoxia,
explain the increased level of FABP4 in circulation observed in obese rodent models and
humans with obesity, in whom adipose tissue is poorly oxygenated.!>” In adipocytes,
FABP4 localizes to multivesicular bodies and its presence in these structures is enhanced
upon stimulation of lipolysis.!3¢ Fractionation of the media of cultured adipocytes suggests
that FABP4 is present in caveolin-1 positive microvesicles,!38 and in electron microscopy
and cell fractionation experiments FABP4 is localized to vesicles that are ~100 nm in
diameter and positive for the exosome markers CD36 and programmed cell death 6-
interacting protein (also known as ALIX).!5% Remarkably, FABP4 localization to these
vesicles also increases in response to lipolytic signals.!>® In addition, increasing the
concentration of intracellular calcium increases FABP4 secretion from both macrophages
and adipocytes (Figure 5).130:158 Interestingly, FABP4 secretion via an exosome-like
vesicular pathway in adipocytes is not entirely dependent on its lipid-binding activity, as
mutants in the lipid binding domain of FABP4 can still be secreted, albeit at a lower
efficiency than the wild-type protein.!5¢ Although this vesicular secretory pathway has been
clearly demonstrated in experimental studies, the vast majority of FABP4 present in the
serum is in a free form.1>® Whether multiple routes of FABP4 secretion exist that perhaps
support different forms of the molecule is unclear. Improved understanding of the molecular
mechanisms that drive FABP4 secretion has the potential to lead to novel therapeutic
interventions that modulate level of this hormone and its subsequent metabolic effects.
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Therapeutic implications of FABPs

Much of the therapeutic research surrounding FABP activity has been focused on FABP4.
These studies have been based on animal models of obesity, diabetes mellitus and
cardiovascular disease, as well as genetic association studies, and population and
longitudinal studies in humans in which plasma FABP4 levels are associated with disease
risk and adverse prognosis. The similarities in cellular, molecular and biochemical studies
between humans and model systems all suggest that targeting FABP4 in these chronic
immunometabolic diseases might be a useful therapeutic approach. For example, treating
genetically obese mice with BMS309403 improves glucose homeostasis and insulin
sensitivity, reduces adipose tissue inflammation, and reduces lipid accumulation in the
liver.104 This synthetic small molecule FABP4 inhibitor also significantly limited
atherosclerotic lesion formation and improved endothelial function in ApoE™ /~ mice, 104159
and reduced acute liver injury and high fat high cholesterol diet-induced non-alcoholic fatty
liver disease. 90 At the level of the macrophage, another small molecule FABP4 inhibitor,
HTS01037, induces UCP2 expression and attenuates proinflammatory NF-xB signalling.%8
Other FABP4 inhibitors have been developed,'01-165 although their in vivo efficacy remains
incompletely characterized. However, some have been shown to improve glucose
homeostasis and hepatic lipid accumulation in mice with diet-induced obesity.16

In addition to novel synthetic small molecule FABP4 inhibitors, a screen of FDA-approved
drugs resulted in the discovery of several FABP4-binding molecules.!®® Among these, a
broad-spectrum antibiotic, levofloxacin, was identified as a high-affinity inhibitor of
FABP4.166 [ addition, benzbromarone, a drug with uricosuric properties, was also
identified as an inhibitor of FABP4 and can significantly reduce blood glucose in the db/db
mouse model of obesity and type 2 diabetes mellitus.!67 The metabolic phenotypes
generated by these molecules or their derivatives will be interesting to study, although in
general the small molecule approach might be challenging due to issues of nonspecificity
and off-target effects inherent with this therapeutic strategy. In addition, whether small
molecule-mediated inhibition of both intracellular and extracellular FABP4 actions will be
desirable therapeutically is unknown, as some intracellular actions might be important for
normal adipocyte function.

Major advances have been made in targeting molecules in specific cell types using modified
carriers for small interfering RNAs. For example, targeting TNF or osteopontin using 1,3-
D-glucan-encapsulated siRNAs in adipose tissue or macrophages of obese animals improved
insulin sensitivity and glucose tolerance.!68:169 Another elegant strategy to target FABP4 in
adipose tissue has been developed using short-hairpin RNAs (shRNAs) coupled to a peptide
sequence that facilitates specific delivery to adipose tissue in vivo, which resulted in a
marked suppression of FABP4 expression.!7? Targeting FABP4 in adipose tissue using this
method increased insulin sensitivity and glucose tolerance and reduced blood glucose levels,
which recapitulates the effects of FABP4 genetic deficiency and demonstrates the feasibility
of therapeutically targeting FABP4 in vivo using interfering RNA.170

Owing to the emerging insights related to the biological function of secreted FABP4,
especially in the context of metabolic diseases, it was interesting to consider the possibility
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of targeting FABP4 using antibody-mediated neutralization. Surprisingly, treatment of obese
diabetic mice with a polyclonal antibody targeting FABP4 significantly improved insulin
sensitivity and glucose homeostasis. 28 Translation of this strategy into clinical efficacy will
require the development of potent monoclonal antibodies, and to date only one group of
investigators has reported the application of an FABP4 monoclonal antibody to obese
diabetic mice, which modestly improved glucose tolerance with no effect on insulin
sensitivity.!7! In addition, the extent to which FABP4 biology in metabolic disease is
dictated by the secreted versus the cellular forms must be defined, and how other FABP
proteins might be capable of functional compensation also needs to be understood.

Interesting possibilities also exist for the use of FABP4 as a target in cancer, including
ovarian, breast and prostate malignancies. Although the data are less prevalent for this use,
the role for FABP4 in stroma—tumour interactions and the energy extraction of cancer cells

114 and prostate

from adipose depots or sites of metastasis (for example, in ovarian tumours
cancer!72) justify further study and testing of the advanced therapeutic molecules targeting

FABP4.

Conclusions

Studies conducted in the past 20 years have clearly demonstrated the exciting biological
functions carried out by the simple proteins that bind to fatty acids. In this Review we
discussed the biology of FABPs, primarily FABP4 (also known as aP2), which is the best
characterized member of this family with important roles in metabolic homeostasis and
immunometabolic diseases. However, ongoing studies are identifying interesting biological
functions of the other isoforms, and in the coming years, we should have further exciting
insights into their functions in physiology and pathophysiology.

Two developments have marked critical paradigm shifts in our understanding of FABPs.
The first relates to their mechanistic complexity and vast biological diversity, which
illustrates that these proteins are far more than simple reservoirs or buffers for excess fatty
acids. The second is the finding that these proteins do not act only as intracellular mediators
but also have extracellular functions. The discovery that some FABPs undergo regulated
secretion and exert specific biological functions in tissues other than their origin reveals that
this family of proteins are perhaps the most versatile endocrine hormones and potent
integrators of tissue status, especially lipid homeostasis, with systemic metabolic
homeostasis.

However, with progress comes complexity and, as the fields of FABP and lipid biology
research have advanced, the puzzle of how these molecules interact has grown
exponentially. In our opinion, one of the most important areas of future investigation
involves resolution of how different FABPs interact with various ligands, and the biological
implications of these interactions, as well as an understanding of the physiological, dietary
and pathophysiological conditions under which FABP biology can be altered by the lipid
milieu and composition. New research has revealed the presence of metabolically-active
lipids produced in state-specific settings.80-155-173.174 1 combination with the numerous
lipid binding proteins that also show hormonal activity, there seem to be infinite
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permutations by which these lipids might integrate metabolic and inflammatory status and
transmit signals. Unraveling these details will require a concerted effort, but also provide an
exciting opportunity for the development of novel therapeutic approaches.

The second area of future investigation relates to the mechanisms of FABP4 action,
especially the most proximal steps that initiate the signalling cascades that are characterized
as downstream of FABP action. Specifically ,the determination of the molecular
organization of FABP4 within an extracellular vesicle, and what determinants on FABP4
define packaging and release from these vesicular compartments is an important
consideration. Finally, do cell surface molecules exist that interact with FABPs to propagate
their signal, and what protein complexes and lipid ligands, inside or outside of the cell,
assemble as signalling nodes for these molecules? Resolution of these critical questions will
greatly enhance our current understanding of not only FABPs but also the diverse functions
of lipids as signalling intermediates and endocrine hormones.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ribbon and domain structure of FABP4. The structure of FABP4 is depicted as a ribbon

with bound oleic acid in space-filling spheres (carboxylate oxygen atoms in red). Also
shown are four domains of FABP4: portal region for ligand entry and exit; charge quartet
used for protein—protein interactions (Aspl7, Aspl8, Lys21 and Arg30); the salt bridge
where the fatty acid carboxylate forms ion pairs with basic residues within the cavity
(Argl06, Argl126 and Tyr128); the hinge where the helix-turn-helix region rotates to enable
access of ligands to the cavity (Glul4, Asnl5 and Phel6). Amino acid numbering system is
based on the mouse Fabp4 protein (Genbank: CAJ18597.1).173
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Figure 2.
Summary of FABP4 intracellular functions. In studies using cultured cells and mouse

models, FABP4 carries out a number of intracellular roles. FABP4 suppresses adipose tissue
lipogenesis and promotes lipolysis, with direct effects on the composition of the local and
circulating free fatty acid pool. FABP4 is also implicated in modulating eicosanoid balance
by affecting both COX2 activity and LTA, stability, and upregulates UCP2; all these
processes influence macrophage function and adipose tissue inflammation. FABPs might
mediate PPAR activity by regulating ligand availability, and genetic models suggest that
FABP4 opposes PPARY action. FABP4 can also interact with HSL, JAK2 and CD36.
Consequently, FABP4 acts on multiple integrated pathways to regulate lipid metabolism and
inflammation, impair insulin action, promote glucose production, and contribute to the
pathogenesis of immunometabolic diseases such as diabetes mellitus and atherosclerosis.
Abbreviations: COX2, cyclooxygenase 2; ER, endoplasmic reticulum; FABP4, fatty acid
binding protein 4; HSL, hormone-sensitive lipase; JAK2, janus kinase 2; JNK, c-jun N-
terminal kinase; LTA4, leukotriene A4; LXR, liver X receptor; PGE,, prostaglandin E;
PPAR, peroxisome proliferator-activated receptor; STAT3, signal transducer and activator

of transcription 3; UCP2, uncoupling protein 2.

Nat Rev Endocrinol. Author manuscript; available in PMC 2016 April 01.




1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hotamisligil and Bernlohr Page 27

[[] Studies with <100 patients
[] Studies with 100-200 patients
[ Studies with =200 patients

[ Obesity/insulin resistance
[ cardiovascular disease

3 NAFLD

[ Sleep apnoea

O Pre-eclampsia

[ Other inflammatory disease

Figure 3.
The association of circulating levels of FABP4 with different human diseases. A summary

of studies in humans showing the association of different immunometabolic diseases with
circulating levels of FABP4 organized by number of patients. Numbers in the outer circle
represent the number of studies in each category. For full list of references included in this
figure please see reference list in Supplementary file 1 online. Abbreviations: FABP4, fatty
acid binding protein 4; NAFLD, nonalcoholic fatty-liver disease.
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Pleiotropic functions of circulating FABP4. FABP4 secretion from adipose tissue is

Tumour
metastasis
Immune cell
function (?)
Endothelial
‘migration

Pancreas
Insulin
-secretion (?)

Inflammatory
mediators

Heart

Cardiomyocyte '

contraction

Leptin

Muscle
Glucose
disposal

Lipid
disposal

L J

Liver
Lipid
deposition
Glucose
‘production

Page 28

enhanced in the setting of obesity and insulin resistance. The circulating form of FABP4 can

function as a hormone and regulate hepatic glucose production. This form of the protein, and
lipids regulated by FABP4 such as palmitoleate, also affect insulin action, hepatic lipid

metabolism, and cardiac function. Other potential roles of circulating FABP4 include

regulation of tumour growth, immune cell functions, endothelial migration, cardiomyocyte
contraction and insulin secretion. Abbreviations: FABP4, fatty acid binding protein 4; FFA,
free fatty acid. Modified with permission from Elsevier © Cao, H. et al. Adipocyte lipid
chaperone aP2 is a secreted adipokine regulating hepatic glucose production. Cell Metab.
17, 768-778 (2013).
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Figure 5.
Regulated vesicular secretion of FABP4. The secretion of FABP4 from adipocytes has been

demonstrated in vivo in response to fasting and signals that induce lipolysis such as B-AR
stimulation. Furthermore, the actions of lipolytic enzymes ATGL and HSL (but not MAGL)
are required for the induction of FABP4 secretion, and an influx in FFAs is also sufficient
for increased secretion. Following lipolytic stimulation, FABP4 is recruited to
multivesicular bodies, and secreted in vesicles that have exosome markers including CD36,
calveolin, lactadherin (also known as milk fat globule factor 8 protein), TSG101, and ALIX,
as shown on the right. The secretion of FABP4 has also been shown to be responsive to
Ca2* signalling, and to be inhibited by insulin. Whether alternative paths exist that support
FABP4 secretion is currently unknown. Visualization of multivesicular bodies containing
labelled FABP4 (arrows) before and after f-AR stimulation are shown in insets.
Abbreviations: 3-AR, p-adrenergic receptor; ALIX, programmed cell death 6 interacting
protein; ATGL, adipose triglyceride lipase; DAG, diacyl glycerol; FFA, free fatty acid;
HSL, hormone-sensitive lipase; MAG, monoacylglycerol; MAGL, monoacylglycerol lipase;
MVB, multivesicular body; PKA, protein kinase A; TSG101, tumour susceptibility gene 101
protein.
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