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Abstract

Fatty acid binding proteins (FABPs) are members of a highly conserved family of proteins with
the task of protecting a cell’s delicate lipid balance. Yet they fail when faced with metabolic or
inflammatory stress, turning the cytosol into an inhospitable environment with less than ideal
outcomes. This review will focus on how FABPs direct lipid traffic and simultaneously control
inflammatory and metabolic pathways under the pressures of the Metabolic Syndrome.
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Insulin resistance, cardiovascular disease, hypertension, and dyslipidemia are all closely
linked with obesity in the cluster of pathologies known as the Metabolic Syndrome (1).
Obesity can be considered a chronic inflammatory state with adipose tissue secreting
multiple cytokines, hormones, and lipids that have wide-ranging metabolic effects (2). At
the core of this syndrome is the dysregulation of lipid metabolism. Serum fatty acid levels
are elevated in the state of insulin resistance and are thought to contribute to the formation
of obesity and diabetes by modifying glucose and lipid metabolism as well as inflammatory
cascades (3,4). While the classic understanding of fatty acids describes their role in the basic
maintenance of cell structure and energy metabolism, current research demonstrates that
fatty acids are also crucial in cell signaling cascades (5-8).

Compared to protein mediated signaling cascades, comprehension of lipid-mediated
signaling is in its infancy. Fatty acids and their metabolites can modulate the action or
localization of proteins like G-protein coupled receptors, activate or inhibit kinases, and
serve as ligands for transcription factors (4,9-12). For example, fatty acids may transmit a
stress response through activation of multiple kinases such as inhibitor of kappa kinase
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(IKK),3 protein kinase C 8, and c-jun NH2-terminal kinase (JNK), all of which have been
intimately linked to insulin resistance and other aspects of the Metabolic Syndrome (11-14).
Yet, it is clear that lipids like cyclopentanone prostaglandins can also inhibit IKK and are
beneficial in rodent models of inflammation (15-19). Additionally, many transcription
factors are regulated by lipids including the families of peroxisome proliferator activated
receptors (PPARS), liver X receptors (LXRs), hepatocyte nuclear factors, and sterol
regulatory element-binding proteins, which play central roles in lipid metabolism, cell
differentiation, and the inflammatory response (6,20-22).

The study of lipid-mediated signaling in metabolic and inflammatory pathways and
subsequent biological consequences is essential to understand critical cellular responses as
well as the fundamental role that these lipids have in the pathogenesis of a range of diseases
associated with Metabolic Syndrome. Currently the import of lipids into the cell through
transporters such as fatty acid translocase/CD36 and fatty acid transport protein is well
characterized, but the intracellular modulation of lipid mediators is poorly understood
(5,23). It is likely that protein chaperones are required to aid in the solubilization of
intracellular fatty acids and other bioactive lipids. But what protein is capable of conducting
this symphony of unconventional signals?

Intracellular lipid binding proteins called fatty acid binding proteins (FABPS) appear to
serve as the ringleader in lipid signaling cascades. FABPs are small, abundantly expressed
cytoplasmic proteins that reversibly bind hydrophobic ligands such as saturated and
unsaturated long chain fatty acids, eicosanoids, and other lipids (24,25). FABPs are found
across all species, from Drosophila melanogaster and Caenorhabditis elegans to mice and
humans demonstrating a strong evolutionary conservation, yet little is known about their
biological function. Each FABP has a binding affinity in the low micromolar range and is
promiscuous in that they bind a multitude of lipid molecules, perhaps indicating a more
passive, nonspecific role in the cell. But some tissues such as adipose and cells like
macrophages express abundant levels of at least 2 FABPs, suggesting a functional
specificity for individual family members (25-27). FABPs may maintain membrane integrity
by protecting the cell from the detergent effects of excess non-protein bound fatty acids.
They may also facilitate the transport of fatty acids and other lipid mediators throughout the
cell. In this capacity, FABPs likely either sequester and/or distribute ligands to regulate
signaling processes. Overexpression and anti-sense studies in cultured cells have suggested
potential roles in fatty acid import, storage, and export, as well as cholesterol and
phospholipid metabolism (28-33). In addition, one FABP has been shown to positively
modify hormone sensitive lipase (HSL) activity, and may alter PPAR-mediated transcription
(33-35). Clear evidence of how FABPs specifically affect cell biology and lipid metabolism
generated in complex systems was lacking until FABP-deficient mice were created.

3Abbreviations used: apo, apolipoprotein; JNK, c-jun NH2-terminal kinase; FABP, fatty acid binding protein; HSL, hormone
sensitive lipase; IKK, inhibitor of kappa kinase; LXR, liver X receptor; PPAR, peroxisome proliferator activated receptor.

J Nutr. Author manuscript; available in PMC 2014 May 20.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Makowski and Hotamisligil Page 3

FABP-deficient models and the Metabolic Syndrome

To study the effects of altered fatty acid binding capacity in vivo several FABP null mouse
models have been created, including the macrophage/adipocyte isoform aP2 (also known as
FABP4), mall (epidermal-FABP, FABP5), heart-FABP (FABP3), intestine-FABP
(FABP2), and recently liver-FABP (FABP1) (26,36-41). All of the mice display alterations
in lipid metabolism, but only the aP2- and mall- deficient mice have been extensively
characterized for development of the Metabolic Syndrome and will be the focus of the
remainder of this review.

aP2-- mice

The first FABP mouse model created was the aP2-deficent mouse model (26). At baseline,
the phenotype of aP2~~ mice was unremarkable. The mice were healthy with no defects in
the adipose tissue, reproduction, or growth. It was surprising that the deletion of a protein
that comprised up to 5% of total cellular protein in adipocytes had no effect on fat
development (24,26). It became clear upon examination that another family member was
upregulated to compensate for the lack of aP2, to be discussed below (26,29). To provoke
stress on the lipid pathways in aP2™~ mice, obesity was induced by a high fat diet and a
dramatic phenotype ensued. Despite weighing slightly more than aP2*/* controls, aP2 null
mice were significantly protected from developing high fat diet-induced insulin resistance.
aP27~ mice had slightly, but significantly, increased plasma free fatty acids and moderately
decreased cholesterol and triglyceride levels compared to wildtypes (26). There were also
alterations in S-adrenergic-induced lipolysis and associated insulin secretion, indicating that
FABPs might play a role in systemic defects such as lipotoxicity (29,30,42). To determine if
the protected phenotype of increased insulin sensitivity persisted in a more remarkable
model of obesity and potentially involved leptin action, aP2-deficient mice were crossed into
the leptin-deficient (ob/ob) background (42). The reduction in obesity-induced insulin
resistance remained in this model as well, indicating that the protection was not mediated
through leptin signaling. In fact, aP2~~ mice in the ob/ob background weighed 15% more,
yet had plasma glucose and insulin concentrations that were significantly lower than
aP2**ob/ob mice. Insulin and glucose tolerance tests demonstrated that aP2~"~ob/ob mice
were substantially more insulin sensitive than aP2*/*ob/ob controls (42). From these 2
obesity models, it became clear that aP2 deficiency alters adipocyte biology and FA
metabolism such that the animals are partially protected from developing systemic insulin
resistance, dyslipidemia, and defects resulting from lipotoxicity.

The improvement in insulin sensitivity and alterations in systemic lipid metabolism in
aP27~ mice stimulated studies to examine the potential impact of aP2 deficiency on the
development of cardiovascular disease, another key component of Metabolic Syndrome.
This possibility was tested by generating aP2 deficiency in mouse models of atherosclerosis.
These studies demonstrated that aP2~/~ mice develop as much as 88% less atherosclerosis
throughout the aorta when compared to controls in the apolipoprotein (apo)E™~ model on a
chow diet, and 91% less on a high-fat Western diet, a more vigorous model of complex
lesion formation (27,43). This dramatic protection occurred independent of alterations in
serum lipids and systemic insulin sensitivity (27,43).
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The overall impact of aP2 deficiency on atherosclerosis was so extensive that we
investigated whether aP2 may act locally in the formation of lesions. Indeed, aP2 was
observed in lesion macrophages, key cells in the initiation and promotion of atherogenesis
(44,45). Until this point, aP2 was thought to be adipocyte-specific. In fact, we found that
macrophages express both FABPs expressed in adipocytes, aP2 and mall (27). Our group
and others have shown that differentiation of monocytes and activation of macrophages by
lipopolysaccharide, phorbol esters, modified lipoprotein particle internalization, and ligands
for PPAR y will upregulate the expression of aP2 (27,46,47). Furthermore, Fu et al.
demonstrated that overexpression of aP2 drives the accumulation of cholesterol in
macrophages (31). Importantly, macrophage-specific aP2 was established as primarily
responsible for the protection from developing atherosclerosis through aP2~~apoE~'~ bone
marrow transplantation into aP2*/*apoE~'~ mice (27). These data suggest that local effects
of macrophage-aP2 are critical to the formation of atherosclerotic lesions, rather than
potential systemic effects mediated through adipocyte-aP2, at least in the context of the
models studied. Our current work demonstrates that aP2 plays a role in both generating the
local macrophage inflammatory response and in cholesterol trafficking [(27) and
unpublished observations]. Observations described here illustrate the functional similarities
between the macrophage and adipocyte in that both accumulate lipids, secrete cytokines, and
express many of the same genes involved in lipid metabolism and inflammation (48,49).
These results underscore that aP2 modulates the development of varied components of the
Metabolic Syndrome through its actions in distinct cell types involved in the immune
response, energy homeostasis, and metabolic equilibrium.

mall-- mice

One caveat about the interpretation of the aP2~/~ obesity studies is that another minor
adipocyte isoform, mall, was dramatically upregulated in the adipose tissue of aP2 null
mice, but interestingly not to the same extent in macrophages (26,27). Therefore, the mall-
deficient model was created to investigate the contribution of this FABP to the Metabolic
Syndrome and to the aP2 null phenotype. In contrast to the aP2~~ model, the obese mal1~/~
mouse did not have a dramatic phenotype in terms of glucose or lipid metabolism [(38) and
unpublished observations]. mall-deficient mice on a high fat diet weighed slightly less than
wildtype mice and demonstrated small improvements in insulin sensitivity (38). From these
studies, we can conclude that the phenotype of the aP2~/~ mice is not accounted for by a
compensatory upregulation of mall, because mall deficiency also improved components of
the Metabolic Syndrome. Hence, our recent efforts have been directed at a full-scale analysis
of combined FABP-deficient mouse models in the context of obesity, insulin resistance,
diabetes, atherosclerosis, and other inflammatory diseases. These mice are valuable tools in
the evaluation of FABP function and the contribution of lipid-mediated signaling to the
pathogenesis of varied diseases.

Mice deficient for aP2 or mall have one notable feature associated with obesity: a minor but
significant elevation of plasma fatty acids (26,38). As discussed above, increased fatty acids
are correlated to the development of obesity and insulin resistance, but paradoxically,
FABP~/~ mouse models are more insulin sensitive (26,38,42). This observation challenges
the current dogma in the mechanistic basis of fatty acid action in the Metabolic Syndrome.
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Is it that the individual fatty acid content is more relevant than the total serum fatty acid
concentration? Alternatively, the distribution and availability of intracellular fatty acids
(and derivatives) and the cellular responses generated, rather than the absolute amounts, may
be more critical in pathological conditions. Although the exact mechanisms are under
investigation, it is evident that the ability of FABPs to modify the intracellular and systemic
lipid milieu places it proximal to any step in the coupling of lipid mediators to multiple
lipid-sensitive metabolic and inflammatory pathways. Further studies of aP2 and mall
should provide invaluable insights into these questions.

Discussion

Observations obtained from FABP null mice raise the concept of an interesting biological
role for FABPs as a potential central regulator of common pathways controlling
inflammatory and metabolic signaling. Mice under normal physiologic conditions do not
have a compromised phenotype when FABPs are deleted, but they benefit enormously when
faced with systemic pathologic stresses, particularly of metabolic and inflammatory origin.
Why does this protein exist if its expression promotes such dysfunction? Evolutionary
selection has clearly preserved the FABP from worms to humans, indicating that the close
link between the inflammatory and metabolic responses underlies the conservation of FABP
function. For survival of the most successful organism, efficiency in these responses is
crucial to resist infection as well as starvation.

For many signaling systems acutely activated, such as during inflammation, regulatory
mechanisms have evolved to amplify and/or attenuate the response. For example, FABPs
appear necessary to evoke a strong inflammatory response, but the drawback is that too
strong a response can be damaging, as in the case of macrophage infiltration of
atherosclerotic lesions (27). Hence, FABPs may be necessary to fine-tune the balance
between the availability of metabolic resources, a robust inflammatory response, and its
resolution. Evidence obtained thus far indicates that FABPs might serve such a master role
in the control of vital cellular responses through lipid-sensitive proteins, such as JNK and
PPAR ¥ (unpublished observations). First, aP2 might coordinate the lipid-mediated
activation of stress kinases such as JNK or IKK under immune or metabolic stimuli, thus
directly linking lipid signals to the established role of these kinases in pro-inflammation and
anti-insulin action (11,12,14). Second, consider that the stimulation of the lipid-ligand
activated nuclear hormone receptor PPAR y in adipocytes and macrophages strongly induces
the expression of aP2 (47,50). This may serve as a negative regulatory mechanism where
aP2 acts to sequester lipid ligands from PPAR y to attenuate the signal once activated.
Therefore, a working model is that when aP2 is absent, there is no brake to slow the circuit,
resulting in a hyperactive PPAR y transcriptional state. In fact, aP2-deficient mice display a
phenotype similar to mice or humans being treated with drugs that activate PPAR y, the
thiazolidinediones, including improved glucose and lipid metabolism, and decreased insulin
resistance, atherosclerosis, and inflammatory response [(26,27,51-53) and unpublished
observations]. When life for humans was dictated by feast or famine, the presence of aP2
may have been beneficial to a strong macrophage immune response or the maintenance of
adipose as part of the “thrifty” phenotype to survive (54).
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The molecular and functional overlaps between macrophages and adipocytes are a striking
example of the link between common signaling pathways operating in “immune” and
“metabolic” cells. Figure 1 is a model illustrating FABPs at the center of lipid-mediated
signaling pathways potentially affecting enzymes and transcription factors involved in
inflammation and metabolism. In fact, the foundation for this link is seen in simpler
organisms like the fruit fly, where the fat body houses the homologs of the liver,
hematopoeitic and immune systems, and adipose tissue in a single functional unit (55,56).
Today, under the unnaturally excessive caloric intake, decreased energy expenditure, and
high stress lifestyle of modern day humans, FABPs cannot maintain inflammatory or
metabolic homeostasis. The presence of FABPs may aid in the formation of obesity,
dyslipidemia, atherosclerosis, and overly active immune responses. Further understanding
the mechanism of action and eventually modulating activity of FABPs creates exiting
opportunities to regulate lipid-sensitive pathways. Interfering with FABP’s ability to
orchestrate lipid signals may provide clinicians with pharmaceutical specificity in a highly
cell type-restricted manner, based on the limited expression pattern of FABPs. Ideally,
therapeutic options may be developed for a broad range of pathologies including obesity,
insulin resistance, type 2 diabetes, atherosclerosis, and possibly other inflammatory
conditions such as arthritis, asthma, or Alzheimer’s disease. Research is ongoing in our lab
and others to determine the true nature of FABPS as master regulators. Are FABPs our
friend or foe? That remains to be determined.
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FIGURE 1.
A model demonstrating FABPs at the crossroads of inflammatory and metabolic signaling

pathways. Fatty acids are liberated by lipase activity from lipoprotein particles (LPL),
membranes (PLA2), and lipid droplets (HSL), or delivered into the cell through membrane
transporters like CD36. FABP may regulate 1) the generation, distribution, and coupling of
these lipid signals to their biological targets through direct interaction with enzymes such as
HSL, 2) the delivery of ligands to the nucleus, and/or 3) the sequestration of lipid mediators
such as fatty acids, eicosanoids, or oxysterols. Potential lipid-sensitive targets linked to
inflammation and insulin signaling include stress-activated kinases such as JNK and
IKK/NF B, and nuclear hormone receptors such as PPARy and LXRa. Although the
mechanisms are unclear, this model suggests that FABPs control the lipid balance in
inflammatory and metabolic cells like macrophages and adipocytes to alter the formation of
components of the Metabolic Syndrome.
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