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In recent years, fatty acid binding protein 5 (FABP5), also known as fatty acid transporter,
has been widely researched with the help of modern genetic technology. Emerging
evidence suggests its critical role in regulating lipid transport, homeostasis, and
metabolism. Its involvement in the pathogenesis of various diseases such as metabolic
syndrome, skin diseases, cancer, and neurological diseases is the key to understanding
the true nature of the protein. This makes FABP5 be a promising component for numerous
clinical applications. This review has summarized themost recent advances in the research
of FABP5 in modulating cellular processes, providing an in-depth analysis of the protein’s
biological properties, biological functions, and mechanisms involved in various diseases. In
addition, we have discussed the possibility of using FABP5 as a new diagnostic biomarker
and therapeutic target for human diseases, shedding light on challenges facing future
research.
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INTRODUCTION

Fatty acid binding proteins (FABPs) are abundant cytoplasmic proteins (about 15 kD) expressed in
most mammalian tissues and have specialized functions. The FABPs were originally known as
intracellular proteins to buffer lipid (Chmurzynska, 2006). Previous studies have reported that they
play important roles in the transportation and metabolism of fatty acids, and are strongly associated
with metabolism disorders and abnormal cell proliferation under pathological state (Maeda et al.,
2005; Iso et al., 2013). Fatty acid binding protein 5 (FABP5) which belongs to the FABPs family has
been the subject of numerous recent studies. As a lipid chaperone, FABP5 may actively facilitate the
transportation of lipids to specific intracellular compartments. This helps in the activity of several
biological functions such as signal transduction, lipid droplet storage, trafficking and membrane
synthesis in the endoplasmic reticulum, oxidation in the mitochondria or peroxisome, regulating the
activity of cytosolic and other enzymes, and lipid-mediated transcriptional regulation in the nucleus
(Figure 1). In addition, it is also involved in autocrine or paracrine signaling outside the cell, thereby
enhancing the effects on systematic glucose, lipid homeostasis, energy metabolism, cell proliferation,
and the immunological system. Several studies have reported that FABP5 plays a pivotal role in
various diseases including metabolism disorders (e.g., obesity, insulin resistance, and T2DM) (Yeung
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et al., 2008), skin diseases (e.g., psoriasis) (Dallaglio et al., 2013),
neurological diseases (e.g., Alzheimer’s disease) (Low et al., 2020),
and carcinoma (e.g., prostate cancer, breast cancer, and cervical
cancer) (Guaita-Esteruelas et al., 2018), due to its aberrant
expression under pathological conditions. This indicates that
FABP5 has tremendous potential in clinical applications.

This review has systematically summarized the most recent
studies which have reported the important roles and
corresponding mechanisms of FABP5 in various biological
processes including lipid metabolism, lipid homeostasis, cell
growth and differentiation, immune response, tumorigenesis,
and cancer progression, skin, and neurological diseases. In
addition, the possibility of applying FABP5 as a new
diagnostic biomarker and therapeutic target in several diseases
has been discussed.

BIOLOGICAL PROPERTIES OF FABP5

The Structure and Functions of FABPs
Family
FABPs are small secreted proteins that are widely found in most
mammalian cells (Chmurzynska, 2006). Previous studies have
reported that the whole FABPs family has nine isoforms

including L-FABP/FABP1 (liver), I-FABP/FABP2 (intestinal),
H-FABP/FABP3 (heart), A-FABP/FABP4/aP2 (adipocyte),
E-FABP/FABP5/mal1 (epidermal), IL-FABP/FABP6 (ileal),
B-FABP/FABP7 (brain), M-FABP/FABP8 (myelin), and
T-FABP/FABP9 (testis) (Table 1). The isoforms are grouped
according to the organs or tissues in which they were initially
identified, isolated, and where they are most predominant. In
other words, most tissues express multiple FABP isoforms and
the expression of FABPs has no tissue specificity, which resulted
in confusion and misunderstanding (Furuhashi and Hotamisligil,
2008).

The structure of the FABP family also contains vitamin A
derivative-specific binding proteins including cytosolic retinol-
binding protein (CRBPI/CRBPII/CRBPIII/CRBPIV) and
cytosolic retinoic acid-binding protein (CRABPI/CRABPII)
(Noy, 2000). The entire FABP family members share a highly
conserved set of gene structures consisting of four exons
separated by three introns. There is a similar position of exons
and introns while the length of the introns between different
subtypes is varied (Zimmerman and Veerkamp, 2002). Several
studies have reported that the tertiary structures of FABP proteins
are virtually superimposable despite the members exhibiting
22–73% amino acid sequence similarity (Banaszak et al., 1994;
Storch and Thumser, 2010) (Figure 2A). The tertiary structure of

FIGURE 1 | Putative functions of FABP5 in the cell. As lipid chaperones, FABP5 may actively facilitate lipid transportion to specific intracellular compartments and
thereby realize different biological functions, such as the lipid droplet storage, signaling transduction, trafficking and membrane synthesis in endoplasmic reticulum,
oxidation in mitochondria or peroxisome, lipid-mediated transcriptional regulation in the nucleus, or even signaling in an autocrine or paracrine manner outside the cell.
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FABPs comprises two α-helices as well as ten anti-parallel β-
strands (Figure 2B). The available studies hypothesize the portal
for fatty acids (FA) access and egress as a dynamic region made of
α-helix II and the turns between βC-βD and βE-βF loops. The
helix-turn-helix/portal region of FABP is considered a critical
region that determines numerous functions of this protein family
(Storch and Mcdermott, 2009).

Dictated by the characteristic structure, the main function of
the FABPs is to bind fatty acids, as well as the intake,
transportation and consumption, despite their different
selectivity, affinity, and binding mechanism (Storch and
Thumser, 2000; Smathers and Petersen, 2011; Zhao et al.,
2017). Structure-function studies of AFABP and KFABP reveal
these specific ligands binding to FABP result in subtle
conformational changes on its portal surface, promoting
specific interactions and ultimately determining the functions
of each FABP (Gillilan et al., 2007; Storch and Mcdermott, 2009).
Consequently, the FABPs, including FABP3 (Zhuang et al., 2019),
FABP4 (Furuhashi, 2019), FABP5 (Sharifi et al., 2013), FABP6
(Duggavathi et al., 2015), FABP7 (Sharifi et al., 2013; Ebrahimi
et al., 2016; Xie et al., 2020), FABP9 (Moradi et al., 2019), play a
systemic effect on the body’s lipid and energy metabolism by
regulating FA transport in the nuclear and extra-nuclear
compartments of the cell (Atshaves et al., 2010; Li et al., 2020)
(Figure 3).

Distribution and Features of FABP5
FABP5 is also known as epidermal FABP (E-FABP), cutaneous
fatty acid-binding protein (C-FABP), psoriasis-associated
FABP (PA-FABP), keratinocyte FABP (K-FABP),
intracellular lipid-binding protein (iLBP), and mal-1.
FABP5 was first discovered in the keratinocytes of psoriatic
lesions, followed by characterization in the epidermis (Madsen
et al., 1992). It is located at chromosome (Chr) 8q21.
Immunohistochemistry results obtained from previous
studies have indicated that FABP5 is expressed in a
plethora of tissues or organs including the skin, eyes, lungs,
spleens, kidneys, brain, liver, bone, tongue, adipose tissue,
breast, retina tissue, cardiac, and intestinal tissue (Masouyé
et al., 1997; Smathers and Petersen, 2011).

The major function of FABP5 is to regulate the intracellular
levels of fatty acids and specific metabolic pathways. However,
FABP5 has several extra features. One remarkable difference is
that the electrophoretic mobility of recombinant human FABP5
is different from that of FABPs and CRBPs within the scope of pI
= 6.2–6.4 (Hohoff et al., 1999). In addition, there are six cysteines
and one disulphide bridge between cysteines 120 and 127 in
FABP5, which promote protein stability (Figure 4). Several
studies have reported that the disulphide bridge may be
associated with physiological and pathophysiological functions
such as relieving oxidative damage to the epidermis and other
tissues through the thiol-disulphide exchange reaction (Hohoff
et al., 1999; Odani et al., 2000). Human FABP5 is highly
polymorphic. With the exception of the general binding and
trafficking functions, FABP5 is also diverse and hyperspecific in
modulating the metabolism and function of its binding ligands.
However, the existence of extra FABPs in several tissues makes it
hard to define the exact function of FABP5, as well as its
physiological ligand and underlying mechanism, which
requires further research.

BIOLOGICAL FUNCTIONS OF FABP5

The Role and Mechanism of FABP5 in Lipid
Metabolism
Fatty Acids Uptake and Transport
Fatty acids are the main building blocks of several lipid species
including sphingolipids, phospholipids, and triglycerides.
They can synthesize more complex lipid species through
various metabolic pathways, which conduce to the
numerous structural diversity of the cellular lipid pool.
Studies have reported that the intracellular trafficking of
fatty acids is a complicated and dynamic process that
directly or indirectly influences multiple functions of the
cell and especially regulates important biochemical
processes in normal cells (Koundouros and Poulogiannis,
2020), including gene expression modulation, cell
development, metabolism, and inflammatory response
through enzymatic and transcriptional networks (Saltiel and

TABLE 1 | The features of FABP family members.

Gene Common
name

Aliases Cytogenetic
location

Number of
amino
acids

HGNC ID/
OMIM ID

Molecular
mass
(Da)

FABP1 Liver FABP L-FABP 2p11.2 127 3555/134650 14208
FABP2 Intestinal FABP I-FABP 4q26 132 3556/134640 15207
FABP3 Heart FABP H-FABP, O-FABP 1p35.2 133 3557/134651 14858
FABP4 Adipocyte

FABP
A-FABP, aP2 8q21.13 132 3559/600434 14719

FABP5 Epidermal
FABP

E-FABP, psoriasis-associated-FABP (PA-FABP), keratinocyte-
type FABP (KFABP)

8q21.13 135 3560/605168 15164

FABP6 Ileal FABP I-15P, Ileal lipid-binding protein (ILLBP), intestinal bile acid-
binding protein (I-BABP)

5q33.3 128 3561/600422 14371

FABP7 Brain FABP B-FABP, brain lipid-binding protein (BLBP) 6q22.31 132 3562/602965 14889
FABP8 Myelin FABP MP2, peripheral myelin protein 2 (PMP2), M-FABP 8q21.13 132 9117/170715 14909
FABP9 Testis FABP PERF, T-FABP, PERF15, testis lipid-binding protein (TLBP) 8q21.13 132 3563/- 15093
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Kahn, 2001; Hotamisligil, 2006). However, due to the
comparative insolubility of these fatty acids and their
underlying toxicity in free forms, FABPs are pivotal as
buffer lipids (Savary et al., 2012; De Carvalho and
Caramujo, 2018).

As a lipid chaperone (Figure 5), FABP5 is considered as an
important media of intracellular fatty acids, and can increase
the solubility of fatty acids and reversibly combines with high-
affinity hydrophobic ligands such as saturated and

unsaturated long-chain fatty acids (LCFAs) (Coe and
Bernlohr, 1998; Zimmerman and Veerkamp, 2002). It also
actively facilitates the transport of fatty acids to specific
compartments of the cell, for instance, from the cytoplasm
to organelles (Iso et al., 2013). In addition, FABP5 interacts
indirectly with membranes, enzymes, ion channels, receptors,
or genes by modulating the concentrations of fatty acids, their
CoA and carnitine esters, and other lipid mediators, thereby
influencing various cellular processes (Glatz and van der

FIGURE 2 | Amino acid sequences and tertiary structure of the human FABP family members. (A) Amino acid sequences of the human FABPs. Amino acid
sequences were obtained from the National Center for Biology Information (NCBI) website (www.ncbi.nlm.nih.gov/). (B) The tertiary structure of the human FABP family
members 1–9. The structures were adjusted to a similar angle. The structures were obtained from RCSB PDB (Research Collaboration for Structural Bioinformatics,
Protein Data Bank) (https://www.rcsb.org/structure/). FABP1 (PDB code: 1LFO), FABP2 (PDB code: 3IFB), FABP3 (PDB code: 4TKB), FABP4 (PDB code: 3P6D),
FABP5 (PDB code: 4AZQ), FABP6 (PDB code: 5L8I), FABP7 (PDB code: 1FDQ), FABP8 (PDB code: 1PMP), FABP9 (PDB code: 4A60).
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Vusse, 1996). Iso et al. (2013) reported that capillary
endothelial FABP4 and FABP5 participate in the uptake of
circulating FAs into cardiac and skeletal myocytes to maintain
sufficient ATP production (Iso et al., 2013). The study also
demonstrated that FABP5 contributes to the formation of
dipalmitoyl phosphatidyl choline (DPPC), the main
surfactant phospholipid which is produced and secreted by
lung type II alveolar cells (Guthmann et al., 2004), due to its
high affinity for palmitate (Guthmann et al., 1998).
Knockdown of FABP5 mRNA leads to the following
significant alterations in human retinal pigment epithelial
cells (ARPE-19): 1) suppression of fatty acids uptake and
deceleration of FFAs metabolism, 2) alteration of cellular lipid
composition and an increase in cellular lipid droplets, and 3)
decreasing level of apolipoprotein B100, which is synthesized
and secreted by ARPE-19 cells and may serve as a backbone
structure for the formation of lipoprotein particles in these
cells (Wu et al., 2010). These findings suggest that FABP5

operates as a key fatty acids transporter and plays a critical
role in lipid metabolism.

Lipid Metabolism and the Occurrence of
Metabolic Syndrome
Metabolic syndromes such as obesity, high uric acid, high blood fat,
hypertension, type II diabetes, and atherosclerosis, have received
increasing attention due to the great changes that have occurred in
eating habits and the general lifestyle (Figure 5). Accumulating
evidence shows that the level of FABP5 may be closely associated
with the pathogenesis of chronic metabolic diseases through its
expression in adipocytes and macrophages (Hotamisligil et al.,
1996; Maeda et al., 2005; Cao et al., 2006).

Yeung et al., (2008) reported that the serum FABP5 level is
positively associated with the parameters of body fat contents
(BMI, hip, and waist circumference), poor blood lipid status (high
triglycerides and low HDL-C), and hyperinsulinemia. The same

FIGURE 3 | Expression, function and diseases of FABPs. FABPs function pleiotropically in human body to maintain tissue homeostasis in health and to participate
in disease pathogenesis.
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correlation was reported in other previous studies (Yeung et al., 2008;
Zhang et al., 2020). Notably, a statistical analysis of 225 men reported
that FABP5 is an important independent risk factor for carotid
intima-media thickness, which indicates that FABP5 is relevant to

cardiovascular metabolic risks. In addition, atherosclerotic low-
density lipoprotein (LDL) receptor-deficient mice treated with a
Western-style high-cholesterol diet enhanced the expression of
FABP5, as well as plasma levels of atherogenic lipoproteins, very

FIGURE 4 | Tertiary structure of human FABP5. (A) The tertiary structure of FABP5 consists of 2 α-helices and 10 anti-parallel β-strands. (B) The disulphide bridge
between cysteines 120 and 127 in FABP5 promotes protein stability.

FIGURE 5 | The role and mechanism of FABP5 in lipid metabolism, homeostasis, cell proliferation and differentiation. The roles and corresponding signal pathways
of FABP5 in metabolic syndrome, adipogenesis, lipid homeostasis, proliferation, differentiation, metastasis, airway remodeling and inflammation, apoptosis and
autophagic responses. FAs, fatty acids; VEGF, vascular endothelial growth factor.
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low-density lipoprotein (VLDL), and LDL (Hoekstra et al., 2006).
Similarly, when fed on a Western-style diet, survival of
FABP4–/–FABP5–/–ApoE–/–mice (FABP4 and FABP5 co-deficient
mice crossed into ApoE−/− model) were found to significantly
increase, which may be due to increased plaque stability (Boord
et al., 2004; Ibarretxe et al., 2016). Furthermore, the low-density action
of circulating FABP5 led to a decreased cholesterol efflux capacity
(CEC) from macrophages, which is the first step in the reverse
cholesterol transport pathway and carotid atherosclerosis. This
suggests that the serum FABP5 concentration is a regulatory
factor of CEC and a potential biomarker for residual risk of
atherosclerosis (Furuhashi et al., 2017). These results suggest a
particular role of FABP5 in atherogenesis. Bagheri et al. (2010)
reported, for the first time, the link between FABP5 and
metabolic and inflammatory cardiovascular disease (CVD) risk
factors in humans. The study pointed out that FABP4 and
FABP5 synergistically promote inflammatory, metabolic, and
atherogenic processes, suggesting their roles in representing
mediators and biomarkers of metabolic and CVD disease in
T2DM (Bagheri et al., 2010). Further studies reported that a
combined deficiency of FABP4 and FABP5 does not reduce
weight gain or adiposity but it improves glucose tolerance and
insulin sensitivity, and may prevent the onset of fatty liver.
Therefore, although limited under some conditions, FABP5 shows
potential importance in controlling systematicmetabolism (Cao et al.,
2006; Hotamisligil and Bernlohr, 2015).

Analysis of FABP5−/−mice indicated the necessity of FABP5
for enteroendocrine cell development due to the finding which
indicated that genetic depletion of FABP5 is linked with a
significant reduction in plasma glucose-dependent
insulinotropic polypeptide (GIP) concentration, which
probably stems from impaired neural regulation of GIP
secretion (Yamane et al., 2016). GIP, also known as a gastric
inhibitory polypeptide, is produced by a subset of
enteroendocrine cells known as K cells. GIP is a hormone that
induces the postprandial insulin response and affects nutrient
intake, especially fat (Shibue et al., 2015). This remarkable
observation reconfirmed the contribution of FABP5 in the
lipid metabolism and development of obesity. The finding also
provided strong support for FABP5’s function in the prevention
and treatment of metabolic diseases.

Interestingly, Hertzel et al. (2002) reported contradictory
results. There were no significant differences in overall
morphology, weight, and serum-free fatty acid concentrations
between wild-type mice and FABP5 transgenic mice. In
addition, both basal and hormone-stimulated lipolysis were
increased in adipocytes of FABP5 transgenic mice (Hertzel
et al., 2002). These results were consistent with the results
obtained in another study done by Hertzel et al. (2006)
which reported that overexpression of FABP5 in adipose
tissues causes an increase in lipolysis and a decrease in
cellular free fatty acid levels (Hertzel et al., 2006).
Triglycerides must be mobilized by lipolysis before re-
esterification until they can be reassembled on the
endoplasmic reticulum and thus incorporated into
lipoprotein particles (Gilham et al., 2005). Therefore, the
presence of FABP5 may cause an increment in the efficacy of

fatty acid release and promote the re-esterification of liberated
fatty acids in the endoplasmic reticulum. This may be a key step
explaining why the overexpression of FABP5 results in
increased lipolysis. Furthermore, it might also reasonably
explain why FFAs and triglycerides are increased in ARPE-19
cells by 18% and 67%, respectively, after siRNA treatment (Wu
et al., 2010).

The mechanism underlying the close correlation between
insulin resistance and lipid metabolism is getting clearer
(Rachek, 2014; Athyros et al., 2018). Fatty acids can
stimulate insulin secretion when transiently elevated, and
can lead to pancreatic islet failure, lipotoxicity, and
apoptosis when chronically elevated (Poitout et al., 2006;
Acosta-Montaño et al., 2019). Studies conducted on FABP4
null mice with induced obesity suggested that the metabolism
of adipocyte fatty acids is a crucial component of the
mechanisms leading to systemic insulin resistance in obesity
(Hotamisligil et al., 1996; Shaughnessy et al., 2000). Both
FABP3 and FABP5 are thought to be associated with the
stimulus-secretion coupling mechanisms and insulin
secretion process (Hyder et al., 2010). The adipocytes of
FABP5-deficient mice exhibited an enhanced capacity for
the transport of insulin-dependent glucose and a modest
increase in systemic insulin sensitivity while overexpressing
FABP5 aggravated insulin resistance and hyperglycaemia
(Maeda et al., 2003). Further profiling of the lipids
indicated an increase in the number of shorter-chain (C14)
fatty acids and a decrease in the number of longer-chain (C18
or C20) fatty acids in the adipose and muscle tissues of
FABP4–/–FABP5–/– mice, which favors the enhancement of
insulin receptor signaling and insulin-stimulated glucose
uptake (Maeda et al., 2005). Experiments conducted on the
structure-binding relationship have also found that FABP5 has
a high affinity for stearic acid, which decreases when the
number of carbon atoms decreases or when double bonds
are introduced into the fatty acid chain (Siegenthaler et al.,
1994). These observations probably suggest that the
distribution and availability of intracellular fatty acids and
their derivatives may be more critical than the absolute
amounts of fatty acids.

In addition to the vital role of FABP5 in binding FFAs and
moderating lipid metabolism and transport, it is also closely
associated with adipogenesis. Specifically, FABP5 maintains the
viability of pre-adipocytes by activating the Akt cascade, and
reduced FABP5 expression induces apoptosis of differentiated
pre-adipocytes through caspase-3 activation (Ma X. et al., 2010)
(Figure 5).

The Role and Mechanism of FABP5 in Lipid
Homeostasis
Interaction With PPAR Nuclear Receptors and
Utilization of Retinoic Acid
Fatty acid nuclear receptors, known as peroxisome
proliferator-activated receptors (PPARs), are also regarded
as members of the nuclear hormone receptor super-
transcription factor family, including three isotypes
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(PPARα, PPARβ/δ, and PPARγ). Their main function is to
modulate lipid homeostasis and have a profound impact on
cellular proliferation and differentiation during tumorigenesis
(Schoonjans et al., 1996) (Figure 5). Accumulating evidence
has confirmed the direct physical interactions between FABP5
and PPARs (Samulin et al., 2008). FABP5 is controlled by these
transcription factors. Tan et al. (2002) reported that FABP5
selectively enhances the activities of PPARβ/δ and this cell
signaling practically impacts the differentiation of
keratinocytes. This finding suggested potential functional
cooperation between FABP5 and PPARs in regulating the
transcriptional activities of their mutual ligands (Tan et al.,
2002). As a small intracellular protein, FABP5 massively
relocates to the nucleus and potentially targets fatty acids to
transcription factors, PPARβ/δ, and PPARγ in the nuclear
lumen (Tan et al., 2002), thereby allowing PPARs to perform
their biological functions. This is one mechanism of how fatty
acids act as signaling molecules for conveying messages to the
nucleus after being taken up by the cell (Wolfrum et al., 2001).
However, the exact mechanism for the translocation of FABP5
to the nucleus upon ligand binding and the specific process of
PPAR activation by FABP5 in the nucleus has not yet been
elucidated. One study hypothesized that the fatty acid-
activated nuclear receptor PPAR links intracellular fatty
acid levels to gene expression by binding to its response
element (PPRE) in the promoter of a target gene (Tan
et al., 2002).

Interestingly, peritoneal macrophages isolated from
FABP5-deficient mice exhibited a clear increase in PPARγ
activity. FABP5 deficient T cells also exhibited an elevated
PPARγ expression. Moreover, FABP5 was found to play a pro-
atherogenic role by suppressing PPARγ activity (Babaev et al.,
2011). A later study suggested the dual effects of FABP5 on
PPARγ activity, that is, FABP5 functions as a positive regulator
of PPARγ under normal culture conditions, but inhibits the
activity of PPARγ in serum deprivation (Yu et al., 2016).

Retinoic acid (RA) is known to be a ligand for PPARβ/δ and
the classical RA receptor (RAR), which is necessary for the
regulation of critical biological processes including
differentiation, apoptosis, and cell survival (Pavone et al.,
2011). RA has been shown to induce gene expression that
affects lipid and glucose homeostasis by activating PPARβ/δ,
thereby enhancing lipid oxidation, energy dissipation, and insulin
responses (Noy, 2016). Obesity leads to the down-regulation of
adipose PPARβ/δ expression in vivo. One study reported that the
implantation of RA into obese mice resulted in up-regulated
PPARβ/δ levels followed by subsequent weight loss and elevated
expression of the insulin-signaling gene PDK1 (Wolf, 2010).
Therefore, RA is potentially effective in preventing diet-
induced obesity and insulin resistance using two distinct
mechanisms: counteracting adipogenesis and promoting
energy expenditure (Noy, 2013).

FABP5 conveys RA from the cytosol into the nucleus to
bind to PPARβ/δ, and the cellular retinoic acid-binding
protein II (CRABPII) carries RA into the nucleus to bind to
RAR (Wolf, 2008). It is worth noting that RA activates RAR in
cells that express a low FABP5/CRABPII ratio, otherwise it

targets PPARβ/δ (Levi et al., 2015). Recent studies in triple-
negative breast cancer (TNBC) have proved that decreasing the
proportion of FABP5/CRABPII in breast tissue converts RA
from PPARβ/δ to RAR, thereby suppressing tumor growth.
Therefore, the proportion of FABP5/CRABPII determines
whether RA inhibits cell proliferation via the CRABPII/RAR
signaling or facilitates tumor progression via the FABP5/
PPARδ pathway (Liu et al., 2011) (Figure 5).

Up-Regulating the Expression of VEGF and
Dual Role on Endothelial Cell Fate
Vascular endothelial growth factor (VEGF) is one of the most
effective stimulating factors for angiogenesis and is thus
involved in the progression of angiogenesis-related diseases,
such as facilitating the malignant dissemination of the primary
tumor cells (Neufeld et al., 1999). VEGF regulates most of the
endothelial responses, especially endothelial cell proliferation and
migration (Matsumoto and Ema, 2014) (Figure 5).

The regulation of endothelial cell homeostasis and vascular
integrity is necessary for normal organ functions such as tissue
repair and regeneration (Huang et al., 2019). A study
demonstrated the presence of enriched FABP5 expression in
aging human dermal microvascular endothelial cells obtained
from elderly skin tissues (Ha et al., 2004). It also revealed the
expression of FABP5 in the endothelial cells of some larger
vessels, involving arteries and veins. This finding could be a
valuable supplement to earlier findings that endothelial cell-
FABP5 expression is confined to the microvasculature of some
tissues in the kidney, heart, and placenta (Masouyé et al.,
1997). A large amount of FABP5 expression has also been
observed in endothelial cells within cutaneous hemangiomas
(the most frequent endothelial cell-derived tumors). FABP5
also promotes the chemotactic migration and angiogenic
sprouting of endothelial cells both in vitro and ex vivo (Yu
et al., 2016). However, the FABP5 level shows no response to
VEGF, despite studies proving that the FABP5 expressed in
endothelial cells and VEGF significantly enhances endothelial
cell proliferation. This indicates that FABP5 is not a
downstream target of VEGF, instead, it is probably
regulated by the extracellular lipids in endothelial cells. In
addition, FABP5 may promote apoptosis resulting in vascular
regression when meeting the conditions of nutrient
deprivation, such as tissue ischemia or starvation, or
induced by other stressors (Figure 5). A recent study
suggested that autophagic response may be a potential
explanation, however, the hypothesis needs to be addressed
in future studies (Yu et al., 2016) (Figure 5). Interestingly,
opposite results were obtained in other studies demonstrating
that FABP5 induces metastasis of rat mammary epithelial cells
(Rama 37 cells) through the up-regulation of VEGF expression
(Jing et al., 2001) (Figure 5). In line with this observation,
another study confirmed that the expression of FABP5 is
involved in airway remodeling and inflammation in asthma
by inducing VEGF production, and a positive correlation
between FABP5 and VEGF levels was also observed in those
circumstances (Suojalehto et al., 2015) (Figure 5).
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The Role and Mechanism of FABP5 in Cell
Growth and Differentiation
FABP5 Promotes Cell Proliferation and Differentiation
FABP5 was reported to regulate the developmental gene
expression programs induced by lipid messengers such as
RA and efficiently promotes cell proliferation by activating
PPARδ (Yu et al., 2012; Levi et al., 2013). Accumulating
evidence has shown that FABP5 is closely correlated with
cellular proliferation and differentiation (Figure 5). Yu
et al. (2016) reported that FABP5-knockdown (FABP5-KD)
in epithelial cells had a profound impairment of cell
proliferation. Further cell cycle analysis revealed that the
percentage of FABP5-KD cells was significantly increased in
the G0/G1 phase with subsequent decreases in the S and G2/M
phases when compared with control cells. This indicates that
epithelial cell-FABP5 can be envisioned as a potent positive
regulator of cell cycle progression under normal circumstances
(Yu et al., 2016).

Moreover, FABP5 has been shown to regulate melanocyte
proliferation and keratinocyte differentiation (Siegenthaler
et al., 1994). FABP5 is also involved in the differentiation of
several cell types such as T helper cells and neural cells. In
addition, FABP5 stimulates the differentiation of PC12 cells by
promoting neurite extension in the neural system (Liu et al.,
2008) and regulating the growth and/or death of septoplasty in
the growth plate cartilage of mice (Bando et al., 2017).

TheRole of FABP5 in Neurite Outgrowth and
Axon Development
Considering the role of FABP5 in neurite outgrowth, Liu et al.
(2015) found that cells lacking FABP5 are less responsive to
nerve growth factor (NGF) treatment than control cells as
manifested by a significant reduction of neurite expression.
The study also reported that FABP5 is up-regulated by NGF
and is vital for NGF-induced and polyunsaturated fatty acid-
potentiated neurite outgrowth (Liu et al., 2015). A further
study reported that FABP5 is expressed in retinal ganglion cells
(RGCs) since these cells reached the ganglion cell layer,
thereby unraveling the functional role of FABP5 in the
elaboration of RGC axons in both development and
regeneration (Allen et al., 2001).

In contrast to FABP3, the expression of FABP5 is dominant in the
glia of the pre-natal and peri-natal brain (Owada et al., 1996). The
differential temporal expression of FABP5 during the development
can be attributed to its proposed role in transporting long chain-free
fatty acids and/or other hydrophobic ligands during neuronal
differentiation and axon growth (Liu et al., 2000). The
differentiation of progenitor cells into mature neurons, the late
stage of the RA-induced neuronal differentiation process, is
mediated through PPARβ/δ (Yu et al., 2012) (Figure 5).
Accumulating evidence has shown that FABP5 is also implicated
in the neurogenesis, development of astrocytes, neuronal migration,
and terminal differentiation of neurons, indicating that FABP5 is
required for neuronal development in nervous tissues (Liu et al.,
2000).

The Role and Mechanism of FABP5 in
Immune Response and Inflammatory
Process
Expression of FABP5 in Immunocyte and
Inflammatory Cells
Several studies conducted in the last decade have provided
evidence for the abundant expression of FABP5 in immune
cells, especially in antigen-presenting cells (APC) and T cells
(Reynolds et al., 2007; Li et al., 2009). Dendritic cells (DCs), the
most potent APCs, have shown a special localization of FABP5 in
the splenic white pulp in vivo. FABP5 expressed in DCs is
involved in the process of IL-12 production through the
modulation of intracellular polyunsaturated fatty acids
(PUFA)-metabolism and/or -mediated signal transduction,
thereby suggesting the possible involvement of FABP5 in the
antigen-presenting function (Kitanaka et al., 2003; Kitanaka et al.,
2006) (Figure 6). T-cell specific FABP5 modulates T-cell subset
differentiation by influencing both transcriptional and metabolic
programs that control T cell differentiation and effector
functions.

FABP5 is also known to be highly expressed in macrophages.
Tumor-associated macrophages (TAMs), derived from the
circulating monocytes, are the primary component of the
tumor microenvironment (TME), and they are associated with
a poor prognosis since they promote tumor progression (Yin
et al., 2019). A previous study reported that FABP5 is expressed in
a specific subset of TAMs which exhibit the CD11b+F4/
80+Ly6c+CD11c+MHCII+ phenotype. Furthermore, the
recruitment of tumor-killing effector cells, especially NK cells,
is enhanced by the expression of FABP5 in TAMs. FABP5
promotes the production and signaling pathway of interferon
β (IFNβ), thereby achieving tumor killing (Rao et al., 2015b)
(Figure 6). Mechanistically, FABP5 acts as a cytoplasmic energy
carrier that may enhance the impacts of macrophage immune
surveillance by boosting lipid droplet formation and IFN-β
responses. This shows that FABP5 is essential in regulating
host immune responses to tumor challenge and that host
expression of FABP5 may represent a new anti-cancer
protective factor by strengthening the antitumor activity of
TAMs (Zhang et al., 2014). Similarly, another study reported
that FABP5-mediated lipid transport encourages the immune
cells to establish necessary lipid platforms (such as lipid droplets)
that bind to specific signaling proteins to modulate the
cytoplasmic immune response (Farese and Walther, 2009)
(Figure 6). Interestingly, several studies have reported that the
up-regulation of FABP5 promotes inflammatory autoimmune
diseases such as experimental autoimmune encephalomyelitis
(EAE) (Rao et al., 2015a) and Sjögren syndrome (SS)
(Shinzawa et al., 2018), with their pathogenesis probably
involving both Th1 and Th17 T helper cell subsets.

CD4+ and CD8+ T cells, also known as T helper (Th) and T
cytotoxic (Tc) lymphocytes, respectively, are critical for the
control of immune function mainly through releasing pro-
inflammatory cytokines or exerting direct cytotoxic effects
(Taniuchi, 2018). A previous study reported that the FABP5 in
CD4+ T cells promotes Th17-cell differentiation, while

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 8579199

Xu et al. Roles and Mechanisms of FABP5

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


counteracting the development of regulatory T cells (Tregs) (Li
et al., 2009). This is vital for the control of IL-6 stimulation in the
IL-21/ROR/IL-17 pathway which is regulated by FABP5
(E-FABP) (Figure 6). Field et al. (2020) further reported that
FABP5 maintains mitochondrial integrity in Tregs. And the
inhibition of FABP5 results in mtDNA release, which triggers
expression of IL-10 and enhances the suppressive capacity of
Tregs (Field et al., 2020) (Figure 6). Coincidentally, Park and
Kupper, 2015) later reported that the expression of FABP4 and
FABP5 in CD8+ tissue-resident memory T (TRM) cells, which
indefinitely reside in epithelial barrier tissues and provide a rapid
antigen-specific immune response upon reinfection, protects the
host from the pathogens (Park and Kupper, 2015). The elevated
expression of FABP4 and FABP5, and increased extracellular FFA
uptake was also observed in human CD8+ TRM cells of normal
and psoriatic skin, which was consistent with the data obtained
from mice models. However, FABP4/FABP5-deficient skin
CD8+TRM cells showed less protection against infection by a
skin virus, and infection with the skin vaccinia virus (VACV)
induced production of the lung FABP4−/−/FABP5−/− CD8+TRM
cells that are less effective in protecting mice from lethal lung
challenge against VACV. All these results suggest that FABP5
plays a pivotal role in the maintenance, long-term survival, and
protective function of CD8+ TRM cells (Pan et al., 2017).

In addition, FABP5 is found expressed in murine bone
marrow-derived MCs (BMMCs), and plays a critical role in
the production of TNF-α after lipopolysaccharide (LPS)
treatment (Yamamoto et al., 2008). FABP5(+) cells were also
reported as being widely distributed throughout the lymph node

with well-developed lysosome and phagocytic materials
contained in the cytoplasm (Tokuda et al., 2010), as well as
cortical thymic epithelial cells (cTEC) which produce a variety of
humoral factors such as cytokines and eicosanoids, thereby
modulating thymocyte homeostasis and regulating the
peripheral immune responses (Adachi et al., 2012).

Roles of FABP5 in Immune Response and
Inflammatory Process
FABP5 has an inseparable relationship with immune cell biology
since lipid metabolism plays a key role in innate and adaptive
immune responses and the profound effects of FABP5 on the
pathways related to the signaling of lipid metabolism (Zhang and
Li, 2014). Accumulating correlative evidence has stressed the
important contribution of FABP5 in the regulation of immune
function, which hassled to the underlying mechanisms becoming
increasingly well understood (Westerbacka et al., 2007). A recent
study investigated the response of lung epithelial cells to infection
by the influenza virus, thereby adding more evidence on the link
between FABP5 and the immune system. In the study, FABP5−/−

mice exhibited sustained tissue inflammation characterized by
increased cell infiltration of macrophages and neutrophils when
compared with wild-type mice, both infected with the influenza A
virus. The adaptive immune response characterized by the
accumulation of T and B cells in lung tissue and increased
levels of H1N1-specific IgG antibodies was also increased in
FABP5−/− mice. These results support the speculation that
FABP5, as a transporter of fatty acids, plays a crucial

FIGURE 6 | The role and mechanism of FABP5 in immune response and inflammatory process. The bio-function and corresponding mechanisms of FABP5 in
antigen-presenting, recruitment of tumoricidal effector cells, cytoplasmic immune response, Th17-cell differentiation, and mitochondrial integrity in Tregs. PUFA,
polyunsaturated fatty acids.
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protective role against the oxidative damage to lipids during
infection. Interestingly, the expression of FABP5 in wild-type
lung tissue was decreased after infection with the influenza A
virus, which is in conjunction with a decrease in the anti-
inflammatory molecule PPAR-γ activity. A possible
explanation for the biphasic expression of FABP5 is that the
initial down-regulation is regarded as part of the immune
response initiation, while the subsequent recovery of FABP5
expression levels is to aid attenuation of the inflammatory
response (Gally et al., 2013b).

A recent study conducted on alveolar macrophages during
acute rejection of rat lungs has for the first time provided evidence
on the up-regulation of FABP5 expression in alveolar
macrophages (AM) during severe inflammation (Holler et al.,
2010). Monocytes, which accumulate in the graft vessels lumina
of renal allografts, also express elevated FABP5 levels during
rejection (Grau et al., 2003). All the evidence supports the idea
that FABP5 is implicated in the immunological rejection response
after allograft organ transplantation and thus it can be exploited
to improve the outcome of transplantation.

However, another study reported that FABP5−/−mice infected
with Listeria monocytogenes showed no defect in clonal
expansion, contraction, and formation of memory CD8+

T cells and CD4+ T cells when compared with wild-type mice.
This indicates that FABP5 is not necessary for antigen-specific
T cell responses after a bacterial infection (Li and Schmidt,
2016). Moreover, there is also a model in which cigarette
smoking-induced FABP5 inhibition contributed to increased
inflammation in COPD exacerbations, which is speculated to be
as a result of decreasing PPARγ activity (Gally et al., 2013a; Rao
et al., 2019).

Recent studies have reported that FABP5 limits the anti-
inflammatory response, and the pharmacological inhibition of
FABP5 reduce inflammation and pain (Abplanalp et al., 2020).
An innovative study focusing on infected mice suffering acute
inflammation reported a remarkable phenomenon where the
inhibition of FABP5 reduced pain, edema, cytokine, and PGE2
levels, which is a major eicosanoid that increases pain in
inflammatory settings (Bogdan et al., 2018) Endocannabinoid
anandamide (AEA), also known as the endogenous lipid
arachidonoyl ethanolamide, exerts neurobehavioral,
cardiovascular, and immune-regulatory effects via cannabinoid
receptors (CB) (Pacher et al., 2005). Elevated endocannabinoids
levels can have beneficial pharmacological effects on stress, pain,
and inflammation, as well as ameliorate the effects of drug
withdrawal. Recent studies conducted in the last decade have
elucidated the link between FABP5 and endocannabinoid
anandamide (AEA) where FABP5 has been identified as an
intracellular transporter of AEA (Sanson et al., 2014). Another
study reported that FABP5 hydrolyzes AEA into arachidonic acid
(AA) and ethanolamine, which is catalyzed by fatty acid amide
hydrolase (FAAH), an enzyme localized in the endoplasmic
reticulum (Kaczocha et al., 2009). The presence and
overexpression of FABP5 significantly enhance pain and
inflammation since AEA becomes inactivated after cellular
uptake and subsequent catabolism, thereby losing the
antinociceptive function. Therefore, the role of FABP5 in pain

and inflammation positions FABP5 inhibitors as potential anti-
inflammatory and analgesic drugs (Kaczocha et al., 2015).

The Effect of FABP5 on Immune Factors and
Inflammatory Cytokine
Blowout studies conducted in the past decade have shed light on
the molecular function of immune factors and inflammatory
cytokines (Gu et al., 2019; Sun et al., 2020). The studies have
revealed that the pro-inflammatory response (M1) is to a large
extent activated by interferon-γ (IFN-γ) and/or
lipopolysaccharide (LPS), characterized by increased pro-
inflammatory cytokines such as tumor necrosis factor α (TNF-
α), interleukin 12 (IL-12), and IL-6, and decreased transforming
growth factor β (TGF-β) (Ambarus et al., 2012). Alternatively, the
non-classical anti-inflammatory (M2) response is originally
triggered by IL-4, IL-13, and IL-10. Accumulating evidence
suggests that FABP5 may be involved in the production of
cytokines in macrophages and dendritic cells by controlling
cellular lipid metabolism and signaling (Kitanaka et al., 2003).
A previous study reported that FABP5 null macrophages display
suppression of inflammatory genes, such as COX2 and IL-6
(Babaev et al., 2011). In addition, FABP5 null mice display
higher mRNA levels of anti-inflammatory cytokines IL-10,
arginase, YM1, and Fizz-1 in the liver when compared with
wild-type mice. All these findings suggest that FABP5
functions as a major regulator of the pro-inflammatory
response inextricably linked with its interactions with various
distinct cytokines. It is also worth noting that the homeostasis of
macrophage phenotypes (M1 and M2) is a key component in the
inflammation process. Some researchers have hypothesized that
deletion of FABP5 can produce higher levels of M2-related
cytokines and genes, and the subsequent effect should be
addressed in future studies (Moore et al., 2015).

Relationship Between LipidMetabolism and
Inflammation Mediated by FABP5
Recent studies have reported that obesity is positively
associated with a bacterial skin infection and inflammatory
skin disorders including pruritus and seborrheic dermatitis.
However, the underlying mechanisms have not yet been
elucidated. FABP5 as a specific factor that is correlated with
lipid metabolism and inflammation, presents a novel and
viable idea for understanding obesity-associated
inflammatory skin diseases in humans. FABP5 is up-
regulated in macrophages and keratinocytes in skin tissues
during a high-fat diet, thereby significantly instigating
inflammatory skin lesions in the obesity mouse model. This
suggests that FABP5 might represent a molecular sensor for
triggering high fat diet-induced skin inflammation (Zhang
et al., 2015). Furthermore, FABP5 deficiency abrogated
high-saturated-fat diet-induced skin lesions in obese mouse
models in vivo (Zeng et al., 2018). On the other hand, the
deletion of FABP5 in macrophages resulted in increased
insulin signaling and glucose uptake in adipocytes. These
observations indicate that the interactions between FABP5
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FIGURE 7 | The role and mechanism of FABP5 in tumorigenesis and cancer development. FABP5 plays critical roles in cancer initiation and progression through
the AKT pathway, NF-κB pathway, IL pathway, EGFR pathway, p53 pathway, and so on. AA: arachidonic acid; AEA: endocannabinoid anandamide; CRABP: cytosolic
retinoic acid-binding protein; DPPC: dipalmitoyl phosphatidyl choline; EGFR: epidermal growth factor receptors; ERK: extracellular regulated protein kinases. FAAH:
fatty acid amide hydrolase; FAS: fatty acids; FFA: free fatty acids; FABP5: fatty acid binding protein 5; GIP: glucose-dependent insulinotropic polypeptide; IFN:
interferon; IL: interleukin; LCFAS: long-chain fatty acids; MMP: matrix metalloproteinase; NF-κB: nuclear factor-kappa B; NGF: nerve growth factor; PI3K:
phophatidylinositol-3-kinase; PPAR: peroxisome proliferator-activated receptor; PPRE: proliferator-activated response element; RAR: retinoic acid receptor; ROS:
reactive oxygen species; STAT: signal transducer and activator of transcription; Tc: cytotoxic T cell, CD8+ T cell; Th: helper T cell, CD4+ T cell; Treg: regulatory T cell; Tm:
memory T cell.
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and adipocyte/macrophage are critical for the inflammatory
basis of metabolic deterioration (Furuhashi et al., 2008).

The Role and Mechanism of FABP5 in Skin
Disease
The skin is thought to have numerous lipid-rich microenvironments
because the epidermis and sebaceous glands are active sites for fatty
acids synthesis. Therefore, it is doubtless that FABP5 plays a crucial
role in skin homeostasis and pathology (Figure 7). FABP5 is found
localized in the suprabasal layers of healthy epidermis, with elevated
expression in the spinous, granular layers, and actively proliferating
tissue (Ogawa et al., 2011). FABP5was initially detected and cloned in
psoriasis, a hyperproliferative skin disease characterized by abnormal
differentiation and disordered lipidmetabolism (Madsen et al., 1992).
The expression level of FABP5 is markedly elevated in this
pathological situation, and it mainly resides in the stratum
spinosum (Watanabe et al., 1997). In addition, silencing or
overexpressing FABP5 significantly influences keratinocyte
differentiation in normal and psoriatic cells, suggesting a link
between FABP5 and keratinocyte differentiation (Dallaglio et al.,
2013). The lipid composition of epidermal layers is also altered during
keratinocyte differentiation, suggesting that FABP5 induces normal
human keratinocyte proliferation and differentiation by altering lipid
metabolism. Moreover, the up-regulation of FABP5 may be partially
involved in the alteration of the differentiation mechanism in
psoriasis. In addition to psoriasis, FABP5 is also involved in
atopic dermatitis (AD) (Yamane et al., 2009), radiation-induced
skin fibrosis (Song et al., 2018), and skin tumor development
(Zhang et al., 2018), as a biochemicalmarker in the skin’s horny layer.

Recent studies have unraveled the function of FABP5 as a
prominent marker of sebaceous glands and anagen follicle bulbs
(Collins and Watt, 2008). High expression of FABP5 has been
consistently found in differentiated sebocytes, while the size of
sebaceous glands is significantly reduced in FABP5-deficient mice.
Furthermore, the sebum volume was increased as the lipid
composition changed, suggesting that FABP5 may regulate the
activity of the sebaceous gland through the modulation of cellular
lipid signaling and metabolism in the sebocytes (Sugawara et al.,
2012). Another study has also reported that FABP5 acts as an
antioxidant in the skin by covalently modifying cysteine residues to
scavenge peroxidized lipids (Bennaars-Eiden et al., 2002).
Additionally, Kusakari et al. (2006) reported an increased
expression of FABP5 in regenerative keratinocytes of healing
wounds, suggesting that the FABP5 elevation may be warranted
in the activation of regenerative epidermal cells motility during
wound healing (Kusakari et al., 2006).

Although the function of FABP5 in skin homeostasis and
pathology has not been elucidated, it is clear that FABP5 is
responsible for the water permeability barrier of the skin.
Interestingly, only a minor decrease in the trans-epidermal water
loss was observed in the FABP5-deficient mice, and the loss was
lower in the knock-out mice than in the wild-type mice (Owada
et al., 2002a). However, the skin analyses indicated that there were no
differences in the contents of major fatty acids between the knock-
out and wild-type mice (Owada et al., 2002b). Considering the
robust correlation between FABP5 and FABP3 (H-FABP), a possible

explanation might be associated with the compensatory roles that
H-FABP plays in the tissues (Owada et al., 2002b). In view of the
important role of FABP5 in the skin, further elucidation of the
underlying molecular mechanism should be done.

The Role and Mechanism of FABP5 in Brain
Function and Neurological Diseases
Recently, inspired by the essential roles of fatty acids,
especially long-chain PUFAs in the normal development of
the central nervous system (Liu et al., 2010), the cellular
distribution, transcriptional regulation, and function of
FABP5 in the normal and diseased brain of humans have
been further studied. Studies have reported that FABP5
contributes to neurogenesis and is widely expressed in
various cell types (Gerstner et al., 2008), especially mature
neurons, in most regions of the brain (Matsumata et al., 2012).
The hippocampi of FABP5-null mice had an excessive
accumulation of neuronal progenitor cells and a deficit in
mature neurons when compared with wild-type animals (Yu
et al., 2012). Yu et al. (2014) reported that FABP5 regulates
hippocampal function by promoting the hydrolysis of the
endocannabinoid anandamide into a form acting as a PPARβ/
δ ligand. In addition, FABP5 promotes the hydrolysis of AEA
into AA and directly shuttles AA to the nucleus and delivers it
to PPARβ/δ, which enables its activation. Mice with FABP5
ablation displayed excess accumulation of AEA and
abolishment of PPARβ/δ activation in the brain, thereby
significantly impairing hippocampus-based learning and
memory. This indicated that FABP5 plays an important
role in regulating hippocampal cognitive function by
controlling the distribution and activity of anandamide (Yu
et al., 2014).

Docosahexaenoic acid (DHA) is an omega-3 PUFA, which
serves as a beneficial factor in cognitive function and memory.
DHA is sufficiently essential in brain function and its levels are
reduced in neurodegenerative diseases such as Alzheimer’s
disease (Low et al., 2020). An intracellular carrier protein is
required to facilitate the cytosolic trafficking of DHA across
the brain endothelial cell to maintain the brain levels of DHA
since DHA is not produced by the brain. FABP5 is the key
contributor to the uptake of DHA and subsequent trafficking
across the blood-brain barrier (BBB) (Pan et al., 2016). In
addition, FABP5 is an important player in the promotion of
cellular uptake, transport, and metabolism of DHA after spinal
cord injury, and thus it has been considered as a significant
contributor to basic repair mechanisms in the injured spinal
cord (Figueroa et al., 2016). Similarly, a previous study
reported that the FABP5 expressed in primary human brain
endothelial cells is involved in the transport of palmitic, oleic,
and linoleic acids across the primary brain endothelial cells.
This finding is consistent with the role of FABP5 in
transporting DHA (Mitchell et al., 2011). All the studies
conducted on DHA highlight the importance of FABP5 in
availing DHA to the brain as an intracellular protein, thereby
guaranteeing the growth and functional development of
the brain.
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As for the role of FABP5 in the pathogenesis of
schizophrenia and autism spectrum disorder (ASD), further
studies have proved that disturbances in brain-expressed
FABP5 could result in a proportion of psychiatric illnesses
(Shimamoto et al., 2014). FABP5 is involved in acoustic startle
response and performance of prepulse inhibition (PPI), a
deficit of which is a biological marker for psychiatric
illnesses such as schizophrenia and bipolar disorder
(Iwayama et al., 2010). However, mice deficient for FABP5
exhibits no difference in other behavior performances, such as
spatial memory, anxiety-like behavior, and diurnal changes of
general activity (Matsumata et al., 2016). Moreover, FABP5
expression is up-regulated (or altered) under pathological
conditions, such as peripheral nerve injury, ischemic brain
damage, and stroke, as well as a neurodegenerative disorder,
such as Creutzfeldt-Jakob disease (Lescuyer et al., 2004; Ma D.
et al., 2010).

The Role and Mechanism of FABP5 in
Tumorigenesis and Cancer Development
FABP5 is found up-regulated in the tumor-associated epithelial
cell, and it affects tumor growth and progression by binding

transported fatty acids and their derivatives, hormones, steroids,
carcinogens, and other ligands (Zimmerman et al., 2001). In
addition, there are several previous studies on the correlation
between fatty acids and tumors. It is common knowledge that
various types of cancers display increased biosynthesis of
endogenous fatty acids, whereas the de novo synthesis of fatty
acids is inhibited in most normal cells except for adipocytes and
hepatocytes (Mashima et al., 2009). For example, prostate cancer
utilizes fatty acid oxidation as the main bioenergy pathway for
supporting proliferation (Zadra et al., 2013). The rationale behind
this phenomenon is that the survival of cancer cells depends on
the uptake and consumption of fatty acids to maintain their rapid
proliferation and metastatic behavior, which further leads to
cancer initiation, progression, and metastasis (Daniëls et al.,
2014). Silencing or down-regulating FABP5 in human cancer
cells inhibits cell proliferation and decreases the expression of the
genes which are involved in altered lipid metabolism, lipolysis,
and de novo synthesis of fatty acids in various tumors. Therefore,
it is possible for FABP5 to act as a potential biomarker for tumors
based on the key role of FABP5 in lipid metabolism, especially
fatty acids metabolism.

Neoplastic transformation and tumor growth, two
fundamental processes in early tumorigenesis, are

TABLE 2 | The roles and mechanisms of FABP5 in various types of cancer.

Cancer Biological
function

Mechanism Refs

Gastric cancer Promotion FABP-5 gene silencing inhibit cell proliferation, and arrest cell cycle in G0/G1 phase Zhao et al. (2017)
Breast cancer Suppression Regulate IFN-β responses in TAMs to enhance the effects of macrophage immune surveillance Zhang et al. (2014)
Breast cancer Promotion Activate EGFR and enhance the ability of PPARδ to promote oncogenic properties Levi et al. (2013)
Breast cancer Promotion Upregulate the expression of the VEGF gene Jing et al. (2000)
Triple negative breast cancer Promotion Stabilize EGFR protein expression by preventing EGFR ubiquitination and degradation leading

to metastasis
Powell et al. (2015)

Triple negative breast cancer Promotion Promote cell survival through the RA-FABP5-PPARβ pathway Liu et al. (2011)
Cervical cancer Promotion Reprogram FA metabolism to activate NF-κB signaling, leading to promotion of EMT,

lymphangiogenesis and LNM
Zhang et al. (2020)

Cervical cancer Promotion Promote carcinogenesis and metastasis via up-regulating MMP-2 and MMP-9 Zhan et al. (2019)
Cervical cancer Promotion Inhibit MMP-2 and MMP-9 expression in vivo and in vitro Wang et al. (2016)
Clear cell renal cell carcinoma Promotion Mediate signaling pathways involved in EMT Wu et al. (2019)
Clear cell renal cell carcinoma Promotion Regulate the proliferation via the PI3K/AKT signaling pathway Lv et al. (2019)
Squamous cell carcinoma Promotion Rapidly upregulated upon induction of EpCAM as a major target of c-Myc Uma et al. (2007)
Hepatocellular carcinoma Promotion Promote angiogenesis and activate the IL6/STAT3/VEGFA pathway Pan et al. (2018)
Hepatocellular carcinoma Promotion Induce EMT Ohata et al. (2017)
Intrahepatic
cholangiocarcinoma

Promotion Increase mobilization of fatty acids Jeong et al. (2012)

Prostate cancer Promotion Transport excessive amounts of FA into the nucleus to stimulate PPARγ leading to a reduced
apoptosis and an increased angiogenesis

Naeem et al. (2019)

Prostate cancer Promotion FABP5/PPARβ/δ pathway Morgan et al. (2010)
Prostate cancer Promotion Hypomethylation of FABP5 promoter leads to the up-regulation of FABP5 transcription by Sp1

and c-Myc
Kawaguchi et al.
(2016a)

Prostate cancer Promotion Interact with PPARγ in a coordinated mechanism to facilitate malignant progression Forootan et al. (2014)
Prostate cancer Promotion Activate PPARγ and estrogen-related receptor α Carbonetti et al.

(2019)
Prostate cancer Promotion Suppression of FABP5 reduces the expression of VEGF and thus inhibit the tumorigenicity Adamson et al. (2003)
Prostate cancer Promotion activate PPARγ and upregulate the expression of VEGF. Bao et al. (2013)
Colorectal cancer Promotion Promote cell growth and invasion by a PPARβ/δ-independent signaling pathway Kawaguchi et al.

(2016b)
Oral squamous cell
carcinomas

Promotion Increase the expression of MMP-9 Fang et al. (2010)

Skin tumor Suppression Regulate IFN/p53/SOX2 pathway to suppress skin tumorigenesis Zhang et al. (2018)
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characterized by acquiring the traits of sustained proliferation
and cell death resistance (Hanahan and Weinberg, 2011). A
comparison of normal cells with benign hyperplasia indicates
that FABP5 is ubiquitously overexpressed in most the cancers
including breast cancer, cervical cancer (CCa), endometrial
cancer (EC), head and neck squamous cell carcinoma (HNSC),
prostate cancer (PCa), hepatocellular carcinoma (HCC), tongue
carcinoma, esophageal cancer (ESCA), clear cell renal cell
carcinoma (ccRCC), stomach adenocarcinoma (STAD), and
lung squamous cell carcinoma (LUSC) (Table 2). Mechanism
studies have revealed that FABP5 regulates tumorigenesis and
cancer progression by regulating different pathways including
MMP-2/MMP-9, PI3K/AKT, and PPARs pathways (Rauch et al.,
2004; Shi et al., 2012; Forootan et al., 2014; Ohyama et al., 2014;
Nitschke et al., 2020) (Figure 7 and Table 2). Ki67, a notable cell
proliferation marker in the tumor, could independently predict
cancer progression (Yang et al., 2018). It was reported that the
number of Ki67-stained cells was significantly decreased in the
FABP5 knockdown group and significantly increased in the
FABP5 overexpression group (Zhang et al., 2020) (Table 2).
In addition, silencing FABP5 may reduce the invasiveness of
cancer cells, inhibit cell proliferation, and increase cell apoptosis
(Powell et al., 2015; Zhao et al., 2017; Lv et al., 2019) (Table 2). All
these strong pieces of evidence prove that FABP5 is an important
regulator of tumor cell proliferation.

Epithelial-mesenchymal transitions (EMT) is a multistep
morphogenetic process in which epithelial cells lose their
epithelial properties while fully acquiring their
mesenchymal properties. It is thought to be a critical
process in the migration, invasion, and metastatic spread of
cancer cells (Thiery and Sleeman, 2006). It was reported that
FABP5 may regulate the development and progression of
cancer cells by mediating signaling pathways that are
involved in EMT (Wu et al., 2019) (Table 2). Another
study reported that the overexpression of FABP5 in oral
cancer cells enhances cell proliferation and invasiveness by
increasing the expression of MMP-9, while the knockdown of
FABP5 using shRNA significantly inhibits the activity of
MMP-9 (Fang et al., 2010). These findings suggest an
undeniable correlation between FABP5 and MMP-9
(Table 2). Similarly, the down-regulation of FABP5 in
cervical cancer inhibits the in vivo and in vitro expression
of MMP-2 and MMP-9 (Wang et al., 2016) (Table 2). In the
mechanism, the extracellular matrix is degraded and the basal
membrane expression of cervical cancer cells is destroyed by
up-regulating the expression of MMP-2 and MMP-9, thereby
resulting in carcinogenesis and metastasis (Zhan et al., 2019)
(Table 2). Furthermore, FABP5 (as an epithelial marker) can
be inhibited by autophagy and thus induce the expression of
mesenchymal markers as well as MMP-9, thereby stimulating
cell invasion (Li et al., 2013). Collectively, great progress has
been made in revealing the interactions among FABP5, MMP-
9, and EMT. However, definitive evidence on the underlying
molecular mechanism and signaling pathway have not been
provided.

Interestingly, some studies have exact opposite results. FABP5
has been shown to suppress chemically-induced skin

tumorigenesis through regulation of the IFN/p53/SOX2
pathway, where it down-regulates the expression of SOX2
mediated by p53 in keratinocytes (Figure 7). Herein, FABP5
represents a previously unknown molecular mechanism where
the host maintains skin homeostasis thereby preventing the skin
tumorigenesis induced by environmental insults (Zhang et al.,
2018) (Table 2). Hammamieh, et al. (2004) reported that FABP5
was down-regulated in prostate cancer cell lines (DU145) and
breast cancer cell lines (MCF-7) when compared with that of
normal cells in tissue cultures and biopsy samples (Hammamieh
et al., 2004; Hammamieh et al., 2005). And it was also found that
the expression of FABP5 in different types of human breast
cancer tissues was significantly lower than that of normal
breast tissues (Zhang et al., 2014). Recent studies have helped
us to further unravel the underlying mechanisms. One possible
explanation is that the regulation of FABP5 in intracellular
immune responses enhances tumor immune surveillance and
induces tumoricidal activity. However, the peculiarities of cancer
metabolismmight counteract the immune killing effect of FABP5
on a tumor, which may partially explain why FABP5 is down-
regulated in PCa and breast cancer. Specifically, PCa and breast
cancer presents unique metabolic features as they use lipids as the
dominant energy source while general cancers are characterized
by an accelerated glucose utilization. (Slebe et al., 2016). This can
probably be attributed to the metabolic adaptation to lipid-rich
and/or glucose-poor cellular microenvironments. Future studies
should aim at further exploring the exact roles of FABP5 in anti-
tumor immunological surveillance or in promoting tumor
progression through lipid metabolism, and the balance
between them.

FABP5/PPARβ/δ pathway is critical in tumorigenesis and
cancer growth (Figure 7), which is similar to its role in
enhancing the proliferation of keratinocytes (Schug et al.,
2007; Morgan et al., 2010) (Table 2). FABP5 regulates
metabolic gene expression through a PPARβ/δ independent
pathway in colorectal cancer cells (Kawaguchi et al., 2016b)
(Figure 7). However, there is a discrepancy where some
literature has reported that PPARβ/δ signaling does not
enhance the growth of human cancer cell lines and it
attenuates colon carcinogenesis (Marin et al., 2006;
Hollingshead et al., 2007; Palkar et al., 2010). Similarly,
another study reported that PPARβ/δ is not a potential
biomarker for assessing the degree of malignancy or a
prognosis predictor of PCa because there was no correlation
found between the expression of PPARβ/δ and patient survival
(Forootan et al., 2014) (Table 2).

In addition to its important role in tumorigenesis, FABP5 is
also closely correlated with tumor grade and metastasis (Liu et al.,
2013). The alteration of lipid metabolism plays a crucial role in
cancer development and metastasis. For instance, the
dysregulation of lipid metabolism and signaling pathway has
been recognized as a major driver of PCa metastasis (Ahmad
et al., 2016; Zadra et al., 2019). Moreover, high levels of lipid
droplets and stored cholesteryl ester contents are the hallmarks of
cancer aggressiveness (Bozza and Viola, 2010). Therefore, FABP5
might be implicated in cancer metastasis through the
reprogramming of lipid metabolism. FABP5 is involved in the
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malignant dissemination of some human cancers (Jing et al.,
2000) (Table 2). For instance, Jing et al. (2001) transfected a
benign, non-metastatic rat mammary epithelial cell line (Rama 37
cells) with FABP5 and then inoculated it in syngeneic rats.
Almost one-third of FABP5-transfected animals developed
metastases, while the animals treated with non-FABP5-
transfected remained free of metastases. This indicates that an
elevated expression of FABP5 may induce metastasis of cancer
cells (Jing et al., 2001). In addition, FABP5 has been identified as
an independent predictor of lymph node metastasis (LNM)
(Jeong et al., 2012; Wang et al., 2014). The mRNA and
protein expression levels of FABP5 in cervical cancer (CCa)
cells derived from lymph node metastatic sites (MS751) were
significantly higher than those in CCa cells derived from primary
sites (HeLa and SiHa) (Zhang et al., 2020). FABP5 was also highly
expressed in invasive cancer cell lines (LI-7 and HLE) than in the
noninvasive cell lines (Hep3B and HepG2) of HCC (Ohata et al.,
2017) (Table 2). This finding confirmed the role of FABP5 as a
promoter of tumor metastasis. Nevertheless, there was no notable
difference in the expression of FABP5 between cancer tissues with
lower Gleason scores (scores of 1–5) and those with higher
Gleason scores (scores of 5–10). This suggested that FABP5
does not increase with the increasing metastatic potential and
that FABP5 may play a more important role in the initiation of
early malignant transformation than in the promotion of
metastasis (Adamson et al., 2003) (Table 2).

Overexpression of FABP5 interacts with PPARγ in a
coordinated manner to promote malignant progression of
tumor including tumor expansion and aggressiveness caused
by reduced apoptosis and increased angiogenesis (Naeem
et al., 2019) (Table 2). In addition to PPARγ, other receptors
including the related PPARβ/δ and estrogen-related receptor α,
and signaling involving VEGF are also known to increase the
metastatic potential of cancer (Carbonetti et al., 2019) (Table 2).
As mentioned before, FABP5 affects the survival pathways by
activating RA through PPARβ/δ, and the ratio of FABP5 to
CRABPII may lead to the results of natural apoptosis, or
unrestricted cell growth (Schug et al., 2007; Zhou et al., 2016).

Despite the molecular cascades of metastasis involving
polygenic and complex alterations, angiogenesis is still an
important common mechanism for metastasis and the
formation of solid tumors. As discussed above, VEGF has
been identified as a key mediator of angiogenesis in cancer
and FABP5 has been positively correlated with VEGF
expression (Figure 7). Studies have revealed that the
microvascular density of metastatic tumors and their primary
tumors transfected with FABP5 is significantly higher than that of
the primary tumors developed from the control vector
transfectants (Jing et al., 2000). However, the effect of FABP5
on VEGF is limited since a further increase in FABP5 may have a
little additional effect on the expression of VEGF once the
threshold level is exceeded, which might explain why FABP5
and VEGF are not under a simple linear relationship. FABP5 was
demonstrated to promote angiogenesis through activating the
IL6/STAT3/VEGFA pathway in HCC (Pan et al., 2018) (Table 2),
or transporting excessive levels of fatty acids into the nucleus of
the cancer cells to activate PPARγ thereby up-regulating the

expression of VEGF (Bao et al., 2013) (Figure 7 and Table 2).
Moreover, FABP5 can induce the production of reactive oxygen
species (ROS) and activate nuclear factor-kappa B (NF-κB)
signaling, which leads to the up-regulation of its target genes
(Senga et al., 2018) (Figure 7). In addition, NF-κB in turn induces
the expression of FABP5, by activation of epidermal growth
factor receptors (EGFR) ligand heregulin-β1 signals through
the ERK and the phophatidylinositol-3-kinase cascades
(Kannan-Thulasiraman et al., 2010) (Figure 7). Mechanistic
studies have also revealed that FABP5 stabilizes EGFR protein
expression by preventing EGFR ubiquitination and degradation,
thereby promoting metastasis. This indicates its special effect on
EGF-induced metastatic signaling (Powell et al., 2015) (Table 2).
FABP5 was also found as a direct target of c-Myc, a proto-
oncogene, leading to the up-regulation of FABP5 transcription
through the hypo-methylation of the FABP5 promoter (Uma
et al., 2007; Kawaguchi et al., 2016a) (Table 2). And it was
confirmed in squamous cell carcinoma (SCC) lines and
primary head and neck carcinomas (Münz et al., 2005).

CONCLUSION AND FUTURE
PERSPECTIVES

FABP5 was initially thought to be a transfer protein for cellular
lipid but it is currently recognized as a key molecule in the
pathogenesis of over nutrition-related diseases, and a modulator
of cytokine production and signaling transduction in select cell
types and tissues. This review has summarized the current
knowledge on the structural organization and tissue
localization of this specific protein. We have discussed its
biological properties, canonical and newly postulated
physiological functions, and roles in diseases.

Accumulating evidence has confirmed that FABP5 plays an
essential role in cellular FA transport and utilization, and it has
been indirectly implicated in FA-mediated regulation of gene
expression, partly through PPARs. Previous studies have also
revealed the function of FABP5 in regulating intracellular fatty-
acid configuration and how these alterations are correlated with
specific biochemical pathways involved inmetabolic homeostasis.
As the functions of FABP5 are being further elucidated, it has
become evident that FABP5 is central to lipid-mediated and
related metabolic processes through the utilization of various
genetic and chemical models both locally and systemically.
Moreover, therapeutic FABP5 research has focused on animal
models of obesity, diabetes mellitus, and cardiovascular diseases
with the obtained results indicating an association between
FABP5 levels and disease risk and adverse prognosis. More
importantly, it can be assumed that FABP5 will be used in
clinical work for the diagnosis of metabolic syndrome and
cardiovascular diseases in the future based on the studies
surrounding the clinical applications of FABP5. With regards
to therapeutic applications, FABP4/5 inhibitors have been shown
to ameliorate dyslipidemia in diet-induced obesity mice. This has
highlighted their great potential as therapeutic targets for a range
of associated disorders including obesity, diabetes, and
atherosclerosis.
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Lipid metabolism is an essential and complex physiological
process for organisms, which ensures normal physiology and is of
great significance for life activities. Dysregulation of lipid
metabolism creates conditions for various diseases, including
metabolic diseases, neurocognitive deficits, autoimmune
diseases, cancer, COVID-19, etc. (Seo et al., 2020; Tanner and
Alfieri, 2021). FABP5 are involved in regulating lipid metabolism
at multiple steps, therefore play a critical role in the pathogenesis
of several lipid metabolism-related disorders. Lipid metabolism
reprogramming is an emerging hallmark of malignancy (Cheng
et al., 2018; Bian et al., 2021). Exploring the mechanisms by which
FABP5 is involved in tumors from the perspective of lipid
metabolism can be a valuable research direction that requires
further exploratory studies. Meanwhile, there are still interesting
contradictions that remain to be fully explained, in terms of, for
example, lipolysis and PPAR activity. A complete understanding
of mechanisms by which FABP5 is involved in lipid metabolism
will address the barriers to treating a wide variety of diseases by
targeting altered lipid metabolism (Cao, 2019; Cheng et al., 2019;
Sangineto et al., 2020).

It is also worth noting that, FABP5-deficient mice are viable
and show no macroscopical aberrations when compared with
wild-type mice, which indicates that the lack of FABP5 is not
fatal. One possible explanation from the overview of the current
mechanism studies is that the functions of FABP5 may be partly
compensated by additional FABP family members or other
proteins, which is similar to the observation in several studies
of up-regulated FABP3 expression when FABP5 is knocked out
(Owada et al., 2002b). Consequently, it is one of the most
important areas in future research because it will resolve the
issues of how different FABPs interact with each other and the
biological effects of these interactions.

In addition, the link of FABP5 with evolution and nutritional
conditions has emerged as a novel focus in recent years. Several
researchers have found that FABP5 plays a key role in
thermogenesis under fasting and cold stress conditions,
thereby underscoring the significance of FABP5 in overcoming
life-threatening conditions such as cold and starvation
(Syamsunarno et al., 2014). Another study conducted on
fasted mice reported that FABP5 has an essential role in
maintaining exercise endurance capacity in nutrient
homeostasis during prolonged fasting (Iso et al., 2019).
Therefore, FABP5 may play a crucial role in regulating
adipocyte function to deal with the changes in nutritional
conditions.

FABP5 has been found to be substantially expressed in the skin
and in immunocytes, especially macrophages, when compared
with other FABPs. The interactions of FABP5 with APC and
T cells, and its role in thymic immunity suggest its unique and
non-negligible role in human immune function such as the host
defense against infection and regulation of acute inflammatory
response. FABP5 might also modulate the activation of
monocytes activation and may be a promising target for
therapeutic intervention after allograft rejection. Moreover,
recent studies have proposed FABP5 as an intracellular
transporter of AEA, which is closely associated with analgesic
action. FABP5 is found highly expressed in nociceptive ganglia

neurons and FABP5 inhibitors exhibit peripheral and supraspinal
analgesic effects (Peng et al., 2017). These novel observations
suggest that FABP5 is a promising target for the development of
inhibitors to help control pain and inflammation.

The role and mechanism for FABP5 in cancer initiation and
progression have been gradually identified since the last
decade. FABP5 is not a “spectator,” but a positive
“participant” in the whole process of tumorigenesis,
development, and metastasis. Cytoplasmic FABP5 has also
been proved as a significant and independent prognostic
marker of overall survival and recurrence-free survival in
cancers. Although expressed in almost all types of cancer
cells, FABP5 is a double-edged sword for cancer:
overexpression of FABP5 leads to tumorigenesis and
metastasis while selective enhancement of FABP5 activity in
macrophages may promote immune surveillance toward
tumor and thus inhibit tumor progression. Inspired by the
interactions between FABP5 and RA/PPARs (Figure 7), a
model whereby growth-promoting FABP5 competes with
growth-inhibiting CRABP2 for RA has been proposed.
Retain RA in the cytoplasm by FABP5 to prevent tumor
growth (Liu et al., 2011). Based on such studies, several
substances (e.g., curcumin) have been utilized for
suppression of the FABP5/PPARβ/δ pathway and thereby
inhibit cancer cell growth (Thulasiraman et al., 2014).

The regulators or inhibitors of the FABP5 may have
therapeutic potential in cancer. Here is a notable example.
The growth and expansion of prostate cancer depend on
androgen stimulation in the early stage. During androgen-
deprivation therapy (ADT), the androgen receptor (AR)-
initiated pathway is suppressed, only a small percentage of
cancer cells survived as they have successfully switched energy
sources to fatty acids. As the degree of malignancy or androgen
independency increases, The FABP5-related pathway is
gradually replacing the AR-initiated pathway as the
predominant pathway in AR-negative, androgen-
independent castration-resistant prostate cancer (CRPC)
cells. Thus, the inhibition of FABP5-related signaling
pathways, which is entirely distinct from the existing
androgen-blocking-based treatments, is essential for the
suppression of the malignant progression of CRPC cells
(Al-Jameel et al., 2017). And it will be rather meaningful to
figure out whether inhibiting the FABP5-related pathway can
also suppress the progression of other FABP5-positive cancers.
Meanwhile, it was found that FABP5 inhibitors can enhance
the cytotoxicity and tumor-suppressive effects of
chemotherapy drugs (e.g., taxanes) on cancer cells, and may
also potentially decrease drug resistance (Carbonetti et al.,
2020). To conclude, the critical role of FABP5 in tumorigenesis
and progression provides new possibilities for the early
diagnosis of tumors and a novel strategy for tumor
prevention and treatment.

The role of FABP5 in normal and pathological growth and
cell signaling is also worthy of attention. In addition to directly
targeting molecules reviewed above, the functions of FABP5 to
regulate lipid signaling and transport in a tissue-specific or
restrictive manner can also be exploited to control the activity

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791917

Xu et al. Roles and Mechanisms of FABP5

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


of its targets, such as nuclear hormone receptors in select cell
types and tissues. In general, two main mechanisms for FABP5
function are related to direct ligand binding and transport
within the cytoplasmic compartment, and interactions with
nuclear hormone receptors to regulate downstream processes,
including signal transduction cascades and intermediary
metabolic pathways. Therefore, it can be expected that the
creation of pharmacological agents leading to the modification
of the FABP5 function may provide tissue-specific or cell-type-
specific control of lipid signaling pathways, inflammatory
response, and metabolic regulation, thus providing a new
class of multi-indications for treatment (Furuhashi et al.,
2011). However, in light of the dual biological effects of
FABP5 in various aspects, identifying the distinction and
correlation between the negative and positive impacts is of
utmost importance. Prior to that, it is supposed to figure out
the mechanism underlying the reconciliation of the opposing
effects of FABP5. Equally important is the identification of
both inducers and inhibitors of FABP5 expression in future
studies as they might have potential therapeutic applications.

The research progress has led to some complexities arising
from the need to elucidate the underlying mechanisms of
FABP5, and the need has grown exponentially with the
advancement of the research on biological functions of
FABP5. The complexities can be briefly summarized as
follows: 1) the interaction of FABP5 with membrane lipids,
plasma membrane FA transporters, intracellular membranes
FA acceptor proteins, and FA metabolic enzyme systems; 2)
interactions of FABP5 with different ligands and
corresponding downstream cascades, and the molecules

and signals involved; and 3) the exact central nervous
system (CNS) functions that rely on FABP5 since only
limited information is available for its role in the brain and
their involvement in neurological diseases. Unraveling these
details will require a concerted effort, but they also provide an
exciting opportunity to develop novel therapeutic
approaches.

AUTHOR CONTRIBUTIONS

BX, LC and YZ: Drafting, revision, and approval of final
manuscript; YG, SL, and TX: Concept and design of study,
revision, and approval of final manuscript; KM, LZ, SQ, JZ,
YH, XC, HZ, YS, JG, and GC: Revision and approval of final
manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (81802371, 81973805); Zhejiang
Provincial Natural Science Foundation (LGD20H290001);
Zhejiang Province Medical Science and Technology Project
(2018KY108), Hangzhou Agricultural and Social Development
Scientific Research Independent Application Project
(20191203B22); and Opening Project of Zhejiang Provincial
Preponderant and Characteristic Subject of Key University
(Chinese Traditional Medicine), Zhejiang Chinese Medical
University (ZYX2018005).

REFERENCES

Abplanalp, W. T., John, D., Cremer, S., Assmus, B., Dorsheimer, L., Hoffmann, J.,
et al. (2020). Single Cell RNA Sequencing Reveals Profound Changes in
Circulating Immune Cells in Patients with Heart Failure. Cardiovasc. Res.
117 (2), 484–494. doi:10.1093/cvr/cvaa101

Acosta-Montaño, P., Rodríguez-Velázquez, E., Ibarra-López, E., Frayde-Gómez,
H., Mas-Oliva, J., Delgado-Coello, B., et al. (2019). Fatty Acid and
Lipopolysaccharide Effect on Beta Cells Proteostasis and its Impact on
Insulin Secretion. Cells 8 (8), 884. doi:10.3390/cells8080884

Adachi, Y., Hiramatsu, S., Tokuda, N., Sharifi, K., Ebrahimi, M., Islam, A., et al.
(2012). Fatty Acid-Binding Protein 4 (FABP4) and FABP5 Modulate Cytokine
Production in the Mouse Thymic Epithelial Cells. Histochem. Cel Biol 138 (3),
397–406. doi:10.1007/s00418-012-0963-y

Adamson, J., Morgan, E. A., Beesley, C., Mei, Y., Foster, C. S., Fujii, H., et al. (2003).
High-level Expression of Cutaneous Fatty Acid-Binding Protein in Prostatic
Carcinomas and its Effect on Tumorigenicity. Oncogene 22 (18), 2739–2749.
doi:10.1038/sj.onc.1206341

Ahmad, I., Mui, E., Galbraith, L., Patel, R., Tan, E. H., Salji, M., et al. (2016).
Sleeping Beauty Screen Reveals Pparg Activation in Metastatic Prostate Cancer.
Proc. Natl. Acad. Sci. U S A. 113 (29), 8290–8295. doi:10.1073/pnas.1601571113

Al-Jameel, W., Gou, X., Forootan, S. S., Al Fayi, M. S., Rudland, P. S., Forootan, F.
S., et al. (2017). Inhibitor SBFI26 Suppresses the Malignant Progression of
Castration-Resistant PC3-M Cells by Competitively Binding to Oncogenic
FABP5. Oncotarget 8 (19), 31041–31056. doi:10.18632/oncotarget.16055

Allen, G. W., Liu, J., Kirby, M. A., and De León, M. (2001). Induction and Axonal
Localization of Epithelial/epidermal Fatty Acid-Binding Protein in Retinal
Ganglion Cells Are Associated with Axon Development and Regeneration.
J. Neurosci. Res. 66 (3), 396–405. doi:10.1002/jnr.1232

Ambarus, C. A., Krausz, S., Van Eijk, M., Hamann, J., Radstake, T. R., Reedquist, K.
A., et al. (2012). Systematic Validation of Specific Phenotypic Markers for In
Vitro Polarized HumanMacrophages. J. Immunol. Methods 375 (1-2), 196–206.
doi:10.1016/j.jim.2011.10.013

Athyros, V. G., Doumas, M., Imprialos, K. P., Stavropoulos, K., Georgianou, E.,
Katsimardou, A., et al. (2018). Diabetes and Lipid Metabolism. Hormones
(Athens) 17 (1), 61–67. doi:10.1007/s42000-018-0014-8

Atshaves, B. P., Martin, G. G., Hostetler, H. A., Mcintosh, A. L., Kier, A. B., and
Schroeder, F. (2010). Liver Fatty Acid-Binding Protein and Obesity. J. Nutr.
Biochem. 21 (11), 1015–1032. doi:10.1016/j.jnutbio.2010.01.005

Babaev, V. R., Runner, R. P., Fan, D., Ding, L., Zhang, Y., Tao, H., et al. (2011).
Macrophage Mal1 Deficiency Suppresses Atherosclerosis in Low-Density
Lipoprotein Receptor-Null Mice by Activating Peroxisome Proliferator-
Activated Receptor-γ-Regulated Genes. Arterioscler Thromb. Vasc. Biol. 31
(6), 1283–1290. doi:10.1161/atvbaha.111.225839

Bagheri, R., Qasim, A. N., Mehta, N. N., Terembula, K., Kapoor, S., Braunstein, S.,
et al. (2010). Relation of Plasma Fatty Acid Binding Proteins 4 and 5 with the
Metabolic Syndrome, Inflammation and Coronary Calcium in Patients with
Type-2 Diabetes Mellitus. Am. J. Cardiol. 106 (8), 1118–1123. doi:10.1016/j.
amjcard.2010.06.028

Banaszak, L., Winter, N., Xu, Z., Bernlohr, D. A., Cowan, S., and Jones, T. A. (1994).
Lipid-binding Proteins: a Family of Fatty Acid and Retinoid Transport Proteins.
Adv. Protein Chem. 45, 89–151. doi:10.1016/s0065-3233(08)60639-7

Bando, Y., Yamamoto, M., Sakiyama, K., Sakashita, H., Taira, F., Miyake, G.,
et al. (2017). Retinoic Acid Regulates Cell-Shape and -death of E-FABP
(FABP5)-Immunoreactive Septoclasts in the Growth Plate Cartilage of
Mice. Histochem. Cel Biol 148 (3), 229–238. doi:10.1007/s00418-017-
1578-0

Bao, Z., Malki, M. I., Forootan, S. S., Adamson, J., Forootan, F. S., Chen, D., et al.
(2013). A Novel Cutaneous Fatty Acid-Binding Protein-Related Signaling

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791918

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.1093/cvr/cvaa101
https://doi.org/10.3390/cells8080884
https://doi.org/10.1007/s00418-012-0963-y
https://doi.org/10.1038/sj.onc.1206341
https://doi.org/10.1073/pnas.1601571113
https://doi.org/10.18632/oncotarget.16055
https://doi.org/10.1002/jnr.1232
https://doi.org/10.1016/j.jim.2011.10.013
https://doi.org/10.1007/s42000-018-0014-8
https://doi.org/10.1016/j.jnutbio.2010.01.005
https://doi.org/10.1161/atvbaha.111.225839
https://doi.org/10.1016/j.amjcard.2010.06.028
https://doi.org/10.1016/j.amjcard.2010.06.028
https://doi.org/10.1016/s0065-3233(08)60639-7
https://doi.org/10.1007/s00418-017-1578-0
https://doi.org/10.1007/s00418-017-1578-0
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Pathway Leading to Malignant Progression in Prostate Cancer Cells. Genes
Cancer 4 (7-8), 297–314. doi:10.1177/1947601913499155

Bennaars-Eiden, A., Higgins, L., Hertzel, A. V., Kapphahn, R. J., Ferrington, D. A.,
and Bernlohr, D. A. (2002). Covalent Modification of Epithelial Fatty Acid-
Binding Protein by 4-hydroxynonenal In Vitro and In Vivo. Evidence for a Role
in Antioxidant Biology. J. Biol. Chem. 277 (52), 50693–50702. doi:10.1074/jbc.
M209493200

Bian, X., Liu, R., Meng, Y., Xing, D., Xu, D., and Lu, Z. (2021). Lipid Metabolism
and Cancer. J. Exp. Med. 218 (1), e20201606. doi:10.1084/jem.20201606

Bogdan, D., Falcone, J., Kanjiya, M. P., Park, S. H., Carbonetti, G., Studholme, K.,
et al. (2018). Fatty Acid-Binding Protein 5 Controls Microsomal Prostaglandin
E Synthase 1 (mPGES-1) Induction during Inflammation. J. Biol. Chem. 293
(14), 5295–5306. doi:10.1074/jbc.RA118.001593

Boord, J. B., Maeda, K., Makowski, L., Babaev, V. R., Fazio, S., Linton, M. F., et al.
(2004). Combined Adipocyte-Macrophage Fatty Acid-Binding Protein
Deficiency Improves Metabolism, Atherosclerosis, and Survival in
Apolipoprotein E-Deficient Mice. Circulation 110 (11), 1492–1498. doi:10.
1161/01.Cir.0000141735.13202.B6

Bozza, P. T., and Viola, J. P. (2010). Lipid Droplets in Inflammation and Cancer.
Prostaglandins Leukot. Essent. Fatty Acids 82 (4-6), 243–250. doi:10.1016/j.
plefa.2010.02.005

Cao, H., Maeda, K., Gorgun, C. Z., Kim, H. J., Park, S. Y., Shulman, G. I., et al.
(2006). Regulation of Metabolic Responses by Adipocyte/macrophage Fatty
Acid-Binding Proteins in Leptin-Deficient Mice. Diabetes 55 (7), 1915–1922.
doi:10.2337/db05-1496

Cao, Y. (2019). Adipocyte and LipidMetabolism in Cancer Drug Resistance. J. Clin.
Invest. 129 (8), 3006–3017. doi:10.1172/JCI127201

Carbonetti, G., Converso, C., Clement, T., Wang, C., Trotman, L. C., Ojima, I., et al.
(2020). Docetaxel/cabazitaxel and Fatty Acid Binding Protein 5 Inhibitors
Produce Synergistic Inhibition of Prostate Cancer Growth. Prostate 80 (1),
88–98. doi:10.1002/pros.23921

Carbonetti, G., Wilpshaar, T., Kroonen, J., Studholme, K., Converso, C., D’oelsnitz,
S., et al. (2019). FABP5 Coordinates Lipid Signaling that Promotes Prostate
Cancer Metastasis. Sci. Rep. 9 (1), 18944. doi:10.1038/s41598-019-55418-x

Cheng, C., Geng, F., Cheng, X., and Guo, D. (2018). Lipid Metabolism
Reprogramming and its Potential Targets in Cancer. Cancer Commun.
(Lond) 38 (1), 27. doi:10.1186/s40880-018-0301-4

Cheng, C., Zhuo, S., Zhang, B., Zhao, X., Liu, Y., Liao, C., et al. (2019). Treatment
Implications of Natural Compounds Targeting Lipid Metabolism in
Nonalcoholic Fatty Liver Disease, Obesity and Cancer. Int. J. Biol. Sci. 15
(8), 1654–1663. doi:10.7150/ijbs.33837

Chmurzynska, A. (2006). The Multigene Family of Fatty Acid-Binding Proteins
(FABPs): Function, Structure and Polymorphism. J. Appl. Genet. 47 (1), 39–48.
doi:10.1007/BF03194597

Coe, N. R., and Bernlohr, D. A. (1998). Physiological Properties and Functions of
Intracellular Fatty Acid-Binding Proteins. Biochim. Biophys. Acta 1391 (3),
287–306. doi:10.1016/s0005-2760(97)00205-1

Collins, C. A., and Watt, F. M. (2008). Dynamic Regulation of Retinoic Acid-
Binding Proteins in Developing, Adult and Neoplastic Skin Reveals Roles for
Beta-Catenin and Notch Signalling. Dev. Biol. 324 (1), 55–67. doi:10.1016/j.
ydbio.2008.08.034

Dallaglio, K., Marconi, A., Truzzi, F., Lotti, R., Palazzo, E., Petrachi, T., et al. (2013).
E-FABP Induces Differentiation in normal Human Keratinocytes and
Modulates the Differentiation Process in Psoriatic Keratinocytes In Vitro.
Exp. Dermatol. 22 (4), 255–261. doi:10.1111/exd.12111

Daniëls, V. W., Smans, K., Royaux, I., Chypre, M., Swinnen, J. V., and Zaidi, N.
(2014). Cancer Cells Differentially Activate and Thrive on De Novo Lipid
Synthesis Pathways in a Low-Lipid Environment. PLoS One 9 (9), e106913.
doi:10.1371/journal.pone.0106913

De Carvalho, C., and Caramujo, M. J. (2018). The Various Roles of Fatty Acids.
Molecules 23 (10). doi:10.3390/molecules23102583

Duggavathi, R., Siddappa, D., Schuermann, Y., Pansera, M., Menard, I. J.,
Praslickova, D., et al. (2015). The Fatty Acid Binding Protein 6 Gene
(Fabp6) Is Expressed in Murine Granulosa Cells and Is Involved in
Ovulatory Response to Superstimulation. J. Reprod. Dev. 61 (3), 237–240.
doi:10.1262/jrd.2014-139

Ebrahimi, M., Yamamoto, Y., Sharifi, K., Kida, H., Kagawa, Y., Yasumoto, Y., et al.
(2016). Astrocyte-expressed FABP7 Regulates Dendritic Morphology and

Excitatory Synaptic Function of Cortical Neurons. Glia 64 (1), 48–62.
doi:10.1002/glia.22902

Fang, L. Y., Wong, T. Y., Chiang, W. F., and Chen, Y. L. (2010). Fatty-acid-binding
Protein 5 Promotes Cell Proliferation and Invasion in Oral Squamous Cell
Carcinoma. J. Oral Pathol. Med. 39 (4), 342–348. doi:10.1111/j.1600-0714.2009.
00836.x

Farese, R. V., Jr., andWalther, T. C. (2009). Lipid Droplets Finally Get a Little R-E-
S-P-E-C-T. Cell 139, 855–860.

Field, C. S., Baixauli, F., Kyle, R. L., Puleston, D. J., Cameron, A. M., Sanin, D. E.,
et al. (2020). Mitochondrial Integrity Regulated by Lipid Metabolism Is a Cell-
Intrinsic Checkpoint for Treg Suppressive Function. Cell Metab 31 (2),
422–437. e425. doi:10.1016/j.cmet.2019.11.021

Figueroa, J. D., Serrano-Illan, M., Licero, J., Cordero, K., Miranda, J. D., and De
Leon, M. (2016). Fatty Acid Binding Protein 5 Modulates Docosahexaenoic
Acid-Induced Recovery in Rats Undergoing Spinal Cord Injury.
J. Neurotrauma 33 (15), 1436–1449. doi:10.1089/neu.2015.4186

Forootan, F. S., Forootan, S. S., Malki, M. I., Chen, D., Li, G., Lin, K., et al. (2014).
The Expression of C-FABP and PPARγ and Their Prognostic Significance in
Prostate Cancer. Int. J. Oncol. 44 (1), 265–275. doi:10.3892/ijo.2013.2166

Furuhashi, M. (2019). Fatty Acid-Binding Protein 4 in Cardiovascular and
Metabolic Diseases. J. Atheroscler. Thromb. 26 (3), 216–232. doi:10.5551/jat.
48710

Furuhashi, M., Fucho, R., Görgün, C. Z., Tuncman, G., Cao, H., and Hotamisligil,
G. S. (2008). Adipocyte/macrophage Fatty Acid-Binding Proteins Contribute to
Metabolic Deterioration through Actions in BothMacrophages and Adipocytes
in Mice. J. Clin. Invest. 118 (7), 2640–2650. doi:10.1172/jci34750

Furuhashi, M., and Hotamisligil, G. S. (2008). Fatty Acid-Binding Proteins: Role in
Metabolic Diseases and Potential as Drug Targets. Nat. Rev. Drug Discov. 7 (6),
489–503. doi:10.1038/nrd2589

Furuhashi, M., Ishimura, S., Ota, H., andMiura, T. (2011). Lipid Chaperones and
Metabolic Inflammation. Int. J. Inflam 2011, 642612. doi:10.4061/2011/
642612

Furuhashi, M., Ogura, M., Matsumoto, M., Yuda, S., Muranaka, A., Kawamukai,
M., et al. (2017). Serum FABP5 Concentration Is a Potential Biomarker for
Residual Risk of Atherosclerosis in Relation to Cholesterol Efflux from
Macrophages. Sci. Rep. 7 (1), 217. doi:10.1038/s41598-017-00177-w

Gally, F., Chu, H.W., and Bowler, R. P. (2013a). Cigarette Smoke Decreases Airway
Epithelial FABP5 Expression and Promotes Pseudomonas aeruginosa Infection.
PLoS One 8 (1), e51784. doi:10.1371/journal.pone.0051784

Gally, F., Kosmider, B., Weaver, M. R., Pate, K. M., Hartshorn, K. L., and Oberley-
Deegan, R. E. (2013b). FABP5 Deficiency Enhances Susceptibility to H1N1
Influenza A Virus-Induced Lung Inflammation. Am. J. Physiol. Lung Cel Mol
Physiol 305 (1), L64–L72. doi:10.1152/ajplung.00276.2012

Gerstner, J. R., Bremer, Q. Z., Vander Heyden, W. M., Lavaute, T. M., Yin, J. C.,
and Landry, C. F. (2008). Brain Fatty Acid Binding Protein (Fabp7) Is
Diurnally Regulated in Astrocytes and Hippocampal Granule Cell
Precursors in Adult Rodent Brain. PLoS One 3 (2), e1631. doi:10.1371/
journal.pone.0001631

Gilham, D., Alam, M., Gao, W., Vance, D. E., and Lehner, R. (2005).
Triacylglycerol Hydrolase Is Localized to the Endoplasmic Reticulum by
an Unusual Retrieval Sequence where it Participates in VLDL Assembly
without Utilizing VLDL Lipids as Substrates.Mol. Biol. Cel 16 (2), 984–996.
doi:10.1091/mbc.e04-03-0224

Gillilan, R. E., Ayers, S. D., and Noy, N. (2007). Structural Basis for Activation
of Fatty Acid-Binding Protein 4. J. Mol. Biol. 372 (5), 1246–1260. doi:10.
1016/j.jmb.2007.07.040

Glatz, J. F., and Van Der Vusse, G. J. (1996). Cellular Fatty Acid-Binding
Proteins: Their Function and Physiological Significance. Prog. Lipid Res. 35
(3), 243–282. doi:10.1016/s0163-7827(96)00006-9

Grau, V., Garn, H., Bette, M., Spener, F., Steiniger, B., Gemsa, D., et al. (2003).
Induction of Epidermal Fatty Acid Binding Protein in Intravascular
Monocytes of Renal Allografts. Transplantation 75 (5), 685–688. doi:10.
1097/01.Tp.0000052591.91653.52

Gu, W., Wang, L., Wu, Y., and Liu, J. P. (2019). Undo the Brake of Tumour
Immune Tolerance With Antibodies, Peptide Mimetics and Small Molecule
Compounds Targeting PD-1/PD-L1 Checkpoint at Different Locations for
Acceleration of Cytotoxic Immunity to Cancer Cells. Clin. Exp. Pharmacol.
Physiol. 46 (2), 105–115. doi:10.1111/1440-1681.13056

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791919

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.1177/1947601913499155
https://doi.org/10.1074/jbc.M209493200
https://doi.org/10.1074/jbc.M209493200
https://doi.org/10.1084/jem.20201606
https://doi.org/10.1074/jbc.RA118.001593
https://doi.org/10.1161/01.Cir.0000141735.13202.B6
https://doi.org/10.1161/01.Cir.0000141735.13202.B6
https://doi.org/10.1016/j.plefa.2010.02.005
https://doi.org/10.1016/j.plefa.2010.02.005
https://doi.org/10.2337/db05-1496
https://doi.org/10.1172/JCI127201
https://doi.org/10.1002/pros.23921
https://doi.org/10.1038/s41598-019-55418-x
https://doi.org/10.1186/s40880-018-0301-4
https://doi.org/10.7150/ijbs.33837
https://doi.org/10.1007/BF03194597
https://doi.org/10.1016/s0005-2760(97)00205-1
https://doi.org/10.1016/j.ydbio.2008.08.034
https://doi.org/10.1016/j.ydbio.2008.08.034
https://doi.org/10.1111/exd.12111
https://doi.org/10.1371/journal.pone.0106913
https://doi.org/10.3390/molecules23102583
https://doi.org/10.1262/jrd.2014-139
https://doi.org/10.1002/glia.22902
https://doi.org/10.1111/j.1600-0714.2009.00836.x
https://doi.org/10.1111/j.1600-0714.2009.00836.x
https://doi.org/10.1016/j.cmet.2019.11.021
https://doi.org/10.1089/neu.2015.4186
https://doi.org/10.3892/ijo.2013.2166
https://doi.org/10.5551/jat.48710
https://doi.org/10.5551/jat.48710
https://doi.org/10.1172/jci34750
https://doi.org/10.1038/nrd2589
https://doi.org/10.4061/2011/642612
https://doi.org/10.4061/2011/642612
https://doi.org/10.1038/s41598-017-00177-w
https://doi.org/10.1371/journal.pone.0051784
https://doi.org/10.1152/ajplung.00276.2012
https://doi.org/10.1371/journal.pone.0001631
https://doi.org/10.1371/journal.pone.0001631
https://doi.org/10.1091/mbc.e04-03-0224
https://doi.org/10.1016/j.jmb.2007.07.040
https://doi.org/10.1016/j.jmb.2007.07.040
https://doi.org/10.1016/s0163-7827(96)00006-9
https://doi.org/10.1097/01.Tp.0000052591.91653.52
https://doi.org/10.1097/01.Tp.0000052591.91653.52
https://doi.org/10.1111/1440-1681.13056
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Guaita-Esteruelas, S., Gumà, J., Masana, L., and Borràs, J. (2018). The
Peritumoural Adipose Tissue Microenvironment and Cancer. The Roles
of Fatty Acid Binding Protein 4 and Fatty Acid Binding Protein 5. Mol. Cel
Endocrinol 462 (B), 107–118. doi:10.1016/j.mce.2017.02.002

Guthmann, F., Hohoff, C., Fechner, H., Humbert, P., Börchers, T., Spener, F., et al.
(1998). Expression of Fatty-Acid-Binding Proteins in Cells Involved in Lung-
specific Lipid Metabolism. Eur. J. Biochem. 253 (2), 430–436. doi:10.1046/j.
1432-1327.1998.2530430.x

Guthmann, F., Schachtrup, C., Tölle, A., Wissel, H., Binas, B., Kondo, H., et al.
(2004). Phenotype of Palmitic Acid Transport and of Signalling in Alveolar
Type II Cells from E/H-FABP Double-Knockout Mice: Contribution of
Caveolin-1 and PPARgamma. Biochim. Biophys. Acta 1636 (2-3), 196–204.
doi:10.1016/j.bbalip.2003.10.015

Ha, M. K., Chung, K. Y., Lee, J. H., Bang, D., Park, Y. K., and Lee, K. H. (2004).
Expression of Psoriasis-Associated Fatty Acid-Binding Protein in Senescent
Human Dermal Microvascular Endothelial Cells. Exp. Dermatol. 13 (9),
543–550. doi:10.1111/j.0906-6705.2004.00196.x

Hammamieh, R., Chakraborty, N., Barmada, M., Das, R., and Jett, M. (2005).
Expression Patterns of Fatty Acid Binding Proteins in Breast Cancer Cells.
J. Exp. Ther. Oncol. 5 (2), 133–143.

Hammamieh, R., Chakraborty, N., Das, R., and Jett, M. (2004). Molecular Impacts of
Antisense Complementary to the Liver Fatty Acid Binding Protein (FABP) mRNA
in DU 145 Prostate Cancer Cells In Vitro. J. Exp. Ther. Oncol. 4 (3), 195–202.

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of Cancer: the Next
Generation. Cell 144 (5), 646–674. doi:10.1016/j.cell.2011.02.013

Hertzel, A. V., Bennaars-Eiden, A., and Bernlohr, D. A. (2002). Increased Lipolysis
in Transgenic Animals Overexpressing the Epithelial Fatty Acid Binding
Protein in Adipose Cells. J. Lipid Res. 43 (12), 2105–2111. doi:10.1194/jlr.
m200227-jlr200

Hertzel, A. V., Smith, L. A., Berg, A. H., Cline, G. W., Shulman, G. I., Scherer, P. E.,
et al. (2006). Lipid Metabolism and Adipokine Levels in Fatty Acid-Binding
Protein Null and Transgenic Mice. Am. J. Physiol. Endocrinol. Metab. 290 (5),
E814–E823. doi:10.1152/ajpendo.00465.2005

Hoekstra, M., Stitzinger, M., Van Wanrooij, E. J., Michon, I. N., Kruijt, J. K.,
Kamphorst, J., et al. (2006). Microarray Analysis Indicates an Important Role
for FABP5 and Putative Novel FABPs on a Western-type Diet. J. Lipid Res. 47
(10), 2198–2207. doi:10.1194/jlr.M600095-JLR200

Hohoff, C., Börchers, T., Rüstow, B., Spener, F., and Van Tilbeurgh, H. (1999).
Expression, Purification, and crystal Structure Determination of Recombinant
Human Epidermal-type Fatty Acid Binding Protein. Biochemistry 38 (38),
12229–12239. doi:10.1021/bi990305u

Holler, J., Zakrzewicz, A., Garn, H., Hirschburger, M., Kummer, W., Padberg, W.,
et al. (2010). Increased Expression of Epidermal Fatty Acid-Binding Protein by
Alveolar Macrophages during Acute Rejection of Rat Lungs. Apmis 118 (10),
791–800. doi:10.1111/j.1600-0463.2010.02662.x

Hollingshead, H. E., Killins, R. L., Borland, M. G., Girroir, E. E., Billin, A. N.,
Willson, T. M., et al. (2007). Peroxisome Proliferator-Activated Receptor-Beta/
delta (PPARbeta/delta) Ligands Do Not Potentiate Growth of Human Cancer
Cell Lines. Carcinogenesis 28 (12), 2641–2649. doi:10.1093/carcin/bgm183

Hotamisligil, G. S., and Bernlohr, D. A. (2015). Metabolic Functions of FABPs-
Mmechanisms and Therapeutic Implications. Nat. Rev. Endocrinol. 11 (10),
592–605. doi:10.1038/nrendo.2015.122

Hotamisligil, G. S. (2006). Inflammation and Metabolic Disorders. Nature 444
(7121), 860–867. doi:10.1038/nature05485

Hotamisligil, G. S., Johnson, R. S., Distel, R. J., Ellis, R., Papaioannou, V. E.,
and Spiegelman, B. M. (1996). Uncoupling of Obesity from Insulin
Resistance through a Targeted Mutation in aP2, the Adipocyte Fatty
Acid Binding Protein. Science 274 (5291), 1377–1379. doi:10.1126/
science.274.5291.1377

Huang, X., Zhu, J., Jiang, Y., Xu, C., Lv, Q., Yu, D., et al. (2019). SU5416
Attenuated Lipopolysaccharide-Induced Acute Lung Injury in Mice by
Modulating Properties of Vascular Endothelial Cells. Drug Des. Devel.
Ther. 13, 1763–1772. doi:10.2147/DDDT.S188858

Hyder, A., Zenhom, M., Klapper, M., Herrmann, J., and Schrezenmeir, J.
(2010). Expression of Fatty Acid Binding Proteins 3 and 5 Genes in Rat
Pancreatic Islets and INS-1E Cells: Regulation by Fatty Acids and Glucose.
Islets 2 (3), 174–184. doi:10.4161/isl.2.3.11454

Ibarretxe, D., Girona, J., Amigó, N., Plana, N., Ferré, R., Guaita, S., et al. (2016).
Impact of Epidermal Fatty Acid Binding Protein on 2D-NMR-Assessed
Atherogenic Dyslipidemia and Related Disorders. J. Clin. Lipidol. 10 (2),
330–338. e332. doi:10.1016/j.jacl.2015.12.012

Iso, T., Haruyama, H., Sunaga, H., Matsui, M., Matsui, H., Tanaka, R., et al.
(2019). Exercise Endurance Capacity Is Markedly Reduced Due to
Impaired Energy Homeostasis during Prolonged Fasting in FABP4/5
Deficient Mice. BMC Physiol. 19 (1), 1. doi:10.1186/s12899-019-0038-6

Iso, T., Maeda, K., Hanaoka, H., Suga, T., Goto, K., Syamsunarno, M. R., et al.
(2013). Capillary Endothelial Fatty Acid Binding Proteins 4 and 5 Play a Critical
Role in Fatty Acid Uptake in Heart and Skeletal Muscle. Arterioscler Thromb.
Vasc. Biol. 33 (11), 2549–2557. doi:10.1161/atvbaha.113.301588

Iwayama, Y., Hattori, E., Maekawa, M., Yamada, K., Toyota, T., Ohnishi, T., et al.
(2010). Association Analyses between Brain-Expressed Fatty-Acid Binding
Protein (FABP) Genes and Schizophrenia and Bipolar Disorder. Am.
J. Med. Genet. B Neuropsychiatr. Genet. 153b (2), 484–493. doi:10.1002/
ajmg.b.31004

Jeong, C. Y., Hah, Y. S., Cho, B. I., Lee, S. M., Joo, Y. T., Jung, E. J., et al. (2012). Fatty
Acid-Binding Protein 5 Promotes Cell Proliferation and Invasion in Human
Intrahepatic Cholangiocarcinoma. Oncol. Rep. 28 (4), 1283–1292. doi:10.3892/
or.2012.1922

Jing, C., Beesley, C., Foster, C. S., Chen, H., Rudland, P. S., West, D. C., et al. (2001).
Human Cutaneous Fatty Acid-Binding Protein Induces Metastasis by Up-
Regulating the Expression of Vascular Endothelial Growth Factor Gene in Rat
Rama 37 Model Cells. Cancer Res. 61 (11), 4357–4364.

Jing, C., Beesley, C., Foster, C. S., Rudland, P. S., Fujii, H., Ono, T., et al. (2000).
Identification of theMessenger RNA for Human Cutaneous Fatty Acid-Binding
Protein as a Metastasis Inducer. Cancer Res. 60 (9), 2390–2398.

Kaczocha, M., Glaser, S. T., and Deutsch, D. G. (2009). Identification of
Intracellular Carriers for the Endocannabinoid Anandamide. Proc. Natl.
Acad. Sci. U S A. 106 (15), 6375–6380. doi:10.1073/pnas.0901515106

Kaczocha, M., Glaser, S. T., Maher, T., Clavin, B., Hamilton, J., O’rourke, J., et al.
(2015). Fatty Acid Binding Protein Deletion Suppresses Inflammatory Pain
through endocannabinoid/N-acylethanolamine-dependent Mechanisms. Mol.
Pain 11, 52. doi:10.1186/s12990-015-0056-8

Kannan-Thulasiraman, P., Seachrist, D. D., Mahabeleshwar, G. H., Jain, M. K.,
and Noy, N. (2010). Fatty Acid-Binding Protein 5 and PPARbeta/delta Are
Critical Mediators of Epidermal Growth Factor Receptor-Induced
Carcinoma Cell Growth. J. Biol. Chem. 285 (25), 19106–19115. doi:10.
1074/jbc.M109.099770

Kawaguchi, K., Kinameri, A., Suzuki, S., Senga, S., Ke, Y., and Fujii, H. (2016a). The
Cancer-Promoting Gene Fatty Acid-Binding Protein 5 (FABP5) Is
Epigenetically Regulated during Human Prostate Carcinogenesis. Biochem. J.
473 (4), 449–461. doi:10.1042/bj20150926

Kawaguchi, K., Senga, S., Kubota, C., Kawamura, Y., Ke, Y., and Fujii, H. (2016b).
High Expression of Fatty Acid-Binding Protein 5 Promotes Cell Growth and
Metastatic Potential of Colorectal Cancer Cells. FEBS Open Bio 6 (3), 190–199.
doi:10.1002/2211-5463.12031

Kitanaka, N., Owada, Y., Abdelwahab, S. A., Iwasa, H., Sakagami, H., Watanabe,
M., et al. (2003). Specific Localization of Epidermal-type Fatty Acid Binding
Protein in Dendritic Cells of Splenic white Pulp. Histochem. Cel Biol 120 (6),
465–473. doi:10.1007/s00418-003-0590-8

Kitanaka, N., Owada, Y., Okuyama, R., Sakagami, H., Nourani, M. R., Aiba, S., et al.
(2006). Epidermal-type Fatty Acid Binding Protein as a Negative Regulator of
IL-12 Production in Dendritic Cells. Biochem. Biophys. Res. Commun. 345 (1),
459–466. doi:10.1016/j.bbrc.2006.04.114

Koundouros, N., and Poulogiannis, G. (2020). Reprogramming of Fatty Acid
Metabolism in Cancer. Br. J. Cancer 122 (1), 4–22. doi:10.1038/s41416-019-
0650-z

Kusakari, Y., Ogawa, E., Owada, Y., Kitanaka, N., Watanabe, H., Kimura, M., et al.
(2006). Decreased Keratinocyte Motility in Skin Wound on Mice Lacking the
Epidermal Fatty Acid Binding Protein Gene. Mol. Cel Biochem 284 (1-2),
183–188. doi:10.1007/s11010-005-9048-8

Lescuyer, P., Allard, L., Zimmermann-Ivol, C. G., Burgess, J. A., Hughes-Frutiger,
S., Burkhard, P. R., et al. (2004). Identification of post-mortem Cerebrospinal
Fluid Proteins as Potential Biomarkers of Ischemia and Neurodegeneration.
Proteomics 4 (8), 2234–2241. doi:10.1002/pmic.200300822

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791920

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.1016/j.mce.2017.02.002
https://doi.org/10.1046/j.1432-1327.1998.2530430.x
https://doi.org/10.1046/j.1432-1327.1998.2530430.x
https://doi.org/10.1016/j.bbalip.2003.10.015
https://doi.org/10.1111/j.0906-6705.2004.00196.x
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1194/jlr.m200227-jlr200
https://doi.org/10.1194/jlr.m200227-jlr200
https://doi.org/10.1152/ajpendo.00465.2005
https://doi.org/10.1194/jlr.M600095-JLR200
https://doi.org/10.1021/bi990305u
https://doi.org/10.1111/j.1600-0463.2010.02662.x
https://doi.org/10.1093/carcin/bgm183
https://doi.org/10.1038/nrendo.2015.122
https://doi.org/10.1038/nature05485
https://doi.org/10.1126/science.274.5291.1377
https://doi.org/10.1126/science.274.5291.1377
https://doi.org/10.2147/DDDT.S188858
https://doi.org/10.4161/isl.2.3.11454
https://doi.org/10.1016/j.jacl.2015.12.012
https://doi.org/10.1186/s12899-019-0038-6
https://doi.org/10.1161/atvbaha.113.301588
https://doi.org/10.1002/ajmg.b.31004
https://doi.org/10.1002/ajmg.b.31004
https://doi.org/10.3892/or.2012.1922
https://doi.org/10.3892/or.2012.1922
https://doi.org/10.1073/pnas.0901515106
https://doi.org/10.1186/s12990-015-0056-8
https://doi.org/10.1074/jbc.M109.099770
https://doi.org/10.1074/jbc.M109.099770
https://doi.org/10.1042/bj20150926
https://doi.org/10.1002/2211-5463.12031
https://doi.org/10.1007/s00418-003-0590-8
https://doi.org/10.1016/j.bbrc.2006.04.114
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.1007/s11010-005-9048-8
https://doi.org/10.1002/pmic.200300822
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Levi, L., Lobo, G., Doud, M. K., Von Lintig, J., Seachrist, D., Tochtrop, G. P., et al.
(2013). Genetic Ablation of the Fatty Acid-Binding Protein FABP5 Suppresses
HER2-Induced Mammary Tumorigenesis. Cancer Res. 73 (15), 4770–4780.
doi:10.1158/0008-5472.Can-13-0384

Levi, L., Wang, Z., Doud, M. K., Hazen, S. L., and Noy, N. (2015). Saturated Fatty
Acids Regulate Retinoic Acid Signalling and Suppress Tumorigenesis by
Targeting Fatty Acid-Binding Protein 5. Nat. Commun. 6, 8794. doi:10.
1038/ncomms9794

Li, B., Hao, J., Zeng, J., and Sauter, E. R. (2020). SnapShot: FABP Functions.Cell 182
(4), 1066–1066. e1. doi:10.1016/j.cell.2020.07.027

Li, B., Reynolds, J. M., Stout, R. D., Bernlohr, D. A., and Suttles, J. (2009).
Regulation of Th17 Differentiation by Epidermal Fatty Acid-Binding
Protein. J. Immunol. 182182 (12), 7625–7633. doi:10.4049/jimmunol.
0804192

Li, B., and Schmidt, N. W. (2016). Epidermal Fatty Acid Binding Protein (E-FABP)
Is Not Required for the Generation or Maintenance of Effector and Memory
T Cells Following Infection with Listeria Monocytogenes. PLoS One 11 (9),
e0162427. doi:10.1371/journal.pone.0162427

Li, J., Yang, B., Zhou, Q., Wu, Y., Shang, D., Guo, Y., et al. (2013). Autophagy
Promotes Hepatocellular Carcinoma Cell Invasion through Activation of
Epithelial-Mesenchymal Transition. Carcinogenesis 34 (6), 1343–1351.
doi:10.1093/carcin/bgt063

Liu, J. W., Almaguel, F. G., Bu, L., De Leon, D. D., and De Leon, M. (2008).
Expression of E-FABP in PC12 Cells Increases Neurite Extension during
Differentiation: Involvement of N-3 and N-6 Fatty Acids. J. Neurochem. 106
(5), 2015–2029. doi:10.1111/j.1471-4159.2008.05507.x

Liu, J. W., Montero, M., Bu, L., and De Leon, M. (2015). Epidermal Fatty Acid-
Binding Protein Protects Nerve Growth Factor-Differentiated PC12 Cells from
Lipotoxic Injury. J. Neurochem. 132 (1), 85–98. doi:10.1111/jnc.12934

Liu, Q., Wang, S., Xu, H., and Zhang, S. (2013). Expressions and Significances of
CRABPII and E-FABP in Non-small Cell Lung Cancer. Zhongguo Fei Ai Za Zhi
16 (1), 12–19. doi:10.3779/j.issn.1009-3419.2013.01.03

Liu, R. Z., Graham, K., Glubrecht, D. D., Germain, D. R., Mackey, J. R., and
Godbout, R. (2011). Association of FABP5 Expression with Poor Survival in
Triple-Negative Breast Cancer: Implication for Retinoic Acid Therapy. Am.
J. Pathol. 178 (3), 997–1008. doi:10.1016/j.ajpath.2010.11.075

Liu, R. Z., Mita, R., Beaulieu, M., Gao, Z., and Godbout, R. (2010). Fatty Acid
Binding Proteins in Brain Development and Disease. Int. J. Dev. Biol. 54 (8-9),
1229–1239. doi:10.1387/ijdb.092976rl

Liu, Y., Longo, L. D., and De León, M. (2000). In Situ and Immunocytochemical
Localization of E-FABP mRNA and Protein during Neuronal Migration and
Differentiation in the Rat Brain. Brain Res. 852 (1), 16–27. doi:10.1016/s0006-
8993(99)02158-7

Low, Y. L., Jin, L., Morris, E. R., Pan, Y., and Nicolazzo, J. A. (2020). Pioglitazone
Increases Blood-Brain Barrier Expression of Fatty Acid-Binding Protein 5 and
Docosahexaenoic Acid Trafficking into the Brain.Mol. Pharm. 17 (3), 873–884.
doi:10.1021/acs.molpharmaceut.9b01131

Lv, Q., Wang, G., Zhang, Y., Han, X., Li, H., Le, W., et al. (2019). FABP5 Regulates
the Proliferation of clear Cell Renal Cell Carcinoma Cells via the PI3K/AKT
Signaling Pathway. Int. J. Oncol. 54 (4), 1221–1232. doi:10.3892/ijo.2019.4721

Münz, M., Zeidler, R., and Gires, O. (2005). The Tumour-Associated Antigen
EpCAM Upregulates the Fatty Acid Binding Protein E-FABP. Cancer Lett. 225
(1), 151–157. doi:10.1016/j.canlet.2004.11.048

Ma, D., Zhang, M., Mori, Y., Yao, C., Larsen, C. P., Yamashima, T., et al. (2010a).
Cellular Localization of Epidermal-type and Brain-type Fatty Acid-Binding
Proteins in Adult hippocampus and Their Response to Cerebral Ischemia.
Hippocampus 20 (7), 811–819. doi:10.1002/hipo.20682

Ma, X., Ren, X., Han, P., Hu, S., Wang, J., and Yin, J. (2010b). SiRNA against Fabp5
Induces 3T3-L1 Cells Apoptosis during Adipocytic Induction.Mol. Biol. Rep. 37
(8), 4003–4011. doi:10.1007/s11033-010-0059-5

Madsen, P., Rasmussen, H. H., Leffers, H., Honoré, B., and Celis, J. E. (1992).
Molecular Cloning and Expression of a Novel Keratinocyte Protein (Psoriasis-
associated Fatty Acid-Binding Protein [PA-FABP]) that Is Highly Up-
Regulated in Psoriatic Skin and that Shares Similarity to Fatty Acid-Binding
Proteins. J. Invest. Dermatol. 99 (3), 299–305. doi:10.1111/1523-1747.
ep12616641

Maeda, K., Cao, H., Kono, K., Gorgun, C. Z., Furuhashi, M., Uysal, K. T., et al.
(2005). Adipocyte/macrophage Fatty Acid Binding Proteins Control Integrated

Metabolic Responses in Obesity and Diabetes. Cel Metab 1 (2), 107–119. doi:10.
1016/j.cmet.2004.12.008

Maeda, K., Uysal, K. T., Makowski, L., Görgün, C. Z., Atsumi, G., Parker, R. A.,
et al. (2003). Role of the Fatty Acid Binding Protein Mal1 in Obesity and Insulin
Resistance. Diabetes 52 (2), 300–307. doi:10.2337/diabetes.52.2.300

Marin, H. E., Peraza, M. A., Billin, A. N., Willson, T. M., Ward, J. M., Kennett, M. J.,
et al. (2006). Ligand Activation of Peroxisome Proliferator-Activated Receptor
Beta Inhibits colon Carcinogenesis. Cancer Res. 66 (8), 4394–4401. doi:10.1158/
0008-5472.Can-05-4277

Mashima, T., Seimiya, H., and Tsuruo, T. (2009). De Novo fatty-acid Synthesis and
Related Pathways as Molecular Targets for Cancer Therapy. Br. J. Cancer 100
(9), 1369–1372. doi:10.1038/sj.bjc.6605007

Masouyé, I., Hagens, G., Van Kuppevelt, T. H., Madsen, P., Saurat, J. H., Veerkamp,
J. H., et al. (1997). Endothelial Cells of the Human Microvasculature Express
Epidermal Fatty Acid-Binding Protein. Circ. Res. 81 (3), 297–303. doi:10.1161/
01.res.81.3.297

Matsumata, M., Inada, H., and Osumi, N. (2016). Fatty Acid Binding Proteins and
the Nervous System: Their Impact on Mental Conditions. Neurosci. Res. 102,
47–55. doi:10.1016/j.neures.2014.08.012

Matsumata,M., Sakayori, N.,Maekawa,M., Owada, Y., Yoshikawa, T., andOsumi, N.
(2012). The Effects of Fabp7 and Fabp5 on Postnatal Hippocampal Neurogenesis
in the Mouse. Stem Cells 30 (7), 1532–1543. doi:10.1002/stem.1124

Matsumoto, K., and Ema, M. (2014). Roles of VEGF-A Signalling in Development,
Regeneration, and Tumours. J. Biochem. 156 (1), 1–10. doi:10.1093/jb/mvu031

Mitchell, R.W., On, N. H., Del Bigio, M. R., Miller, D.W., and Hatch, G. M. (2011).
Fatty Acid Transport Protein Expression in Human Brain and Potential Role in
Fatty Acid Transport across Human Brain Microvessel Endothelial Cells.
J. Neurochem. 117 (4), 735–746. doi:10.1111/j.1471-4159.2011.07245.x

Moore, S. M., Holt, V. V., Malpass, L. R., Hines, I. N., and Wheeler, M. D. (2015).
Fatty Acid-Binding Protein 5 Limits the Anti-inflammatory Response in
Murine Macrophages. Mol. Immunol. 67 (2), 265–275. doi:10.1016/j.
molimm.2015.06.001

Moradi, A., Forootan, F. S., Hosseini, M., and Pouresmaeili, F. (2019). Leydig Cells
Express the FABP9 in Human Testis. Hum. Antibodies 27 (4), 275–278. doi:10.
3233/HAB-190382

Morgan, E., Kannan-Thulasiraman, P., and Noy, N. (20102010). Involvement of
Fatty Acid Binding Protein 5 and PPARβ/δ in Prostate Cancer Cell Growth.
PPAR Res. doi:10.1155/2010/234629

Naeem, A. A., Abdulsamad, S. A., Rudland, P. S., Malki, M. I., and Ke, Y. (2019).
Fatty Acid-Binding Protein 5 (FABP5)-Related Signal Transduction Pathway in
Castration-Resistant Prostate Cancer Cells: a Potential Therapeutic Target.
Precision Clin. Med. 2 (3), 192–196. doi:10.1093/pcmedi/pbz015

Neufeld, G., Cohen, T., Gengrinovitch, S., and Poltorak, Z. (1999). Vascular
Endothelial Growth Factor (VEGF) and its Receptors. Faseb j 13 (1), 9–22.

Nitschke, K., Erben, P., Waldbillig, F., Abdelhadi, A., Weis, C. A., Gottschalt, M.,
et al. (2020). Clinical Relevance of Gene Expression in Localized and Metastatic
Prostate Cancer Exemplified by FABP5. World J. Urol. 38 (3), 637–645. doi:10.
1007/s00345-019-02651-8

Noy, N. (2016). Non-classical Transcriptional Activity of Retinoic Acid. Subcell
Biochem. 81, 179–199. doi:10.1007/978-94-024-0945-1_7

Noy, N. (2000). Retinoid-binding Proteins: Mediators of Retinoid Action. Biochem.
J. 348 (3), 481–495.

Noy, N. (2013). The One-Two Punch: Retinoic Acid Suppresses Obesity Both by
Promoting Energy Expenditure and by Inhibiting Adipogenesis. Adipocyte 2
(3), 184–187. doi:10.4161/adip.23489

Odani, S., Namba, Y., Ishii, A., Ono, T., and Fujii, H. (2000). Disulfide Bonds in Rat
Cutaneous Fatty Acid-Binding Protein. J. Biochem. 128 (3), 355–361. doi:10.
1093/oxfordjournals.jbchem.a022761

Ogawa, E., Owada, Y., Ikawa, S., Adachi, Y., Egawa, T., Nemoto, K., et al. (2011).
Epidermal FABP (FABP5) Regulates Keratinocyte Differentiation by 13(S)-
HODE-mediated Activation of the NF-Κb Signaling Pathway. J. Invest.
Dermatol. 131 (3), 604–612. doi:10.1038/jid.2010.342

Ohata, T., Yokoo, H., Kamiyama, T., Fukai, M., Aiyama, T., Hatanaka, Y., et al.
(2017). Fatty Acid-Binding Protein 5 Function in Hepatocellular Carcinoma
through Induction of Epithelial-Mesenchymal Transition. Cancer Med. 6 (5),
1049–1061. doi:10.1002/cam4.1020

Ohyama, Y., Kawamoto, Y., Chiba, T., Kikuchi, K., Sakashita, H., and Imai, K.
(2014). Differential Expression of Fatty Acid-Binding Proteins and Pathological

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791921

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.1158/0008-5472.Can-13-0384
https://doi.org/10.1038/ncomms9794
https://doi.org/10.1038/ncomms9794
https://doi.org/10.1016/j.cell.2020.07.027
https://doi.org/10.4049/jimmunol.0804192
https://doi.org/10.4049/jimmunol.0804192
https://doi.org/10.1371/journal.pone.0162427
https://doi.org/10.1093/carcin/bgt063
https://doi.org/10.1111/j.1471-4159.2008.05507.x
https://doi.org/10.1111/jnc.12934
https://doi.org/10.3779/j.issn.1009-3419.2013.01.03
https://doi.org/10.1016/j.ajpath.2010.11.075
https://doi.org/10.1387/ijdb.092976rl
https://doi.org/10.1016/s0006-8993(99)02158-7
https://doi.org/10.1016/s0006-8993(99)02158-7
https://doi.org/10.1021/acs.molpharmaceut.9b01131
https://doi.org/10.3892/ijo.2019.4721
https://doi.org/10.1016/j.canlet.2004.11.048
https://doi.org/10.1002/hipo.20682
https://doi.org/10.1007/s11033-010-0059-5
https://doi.org/10.1111/1523-1747.ep12616641
https://doi.org/10.1111/1523-1747.ep12616641
https://doi.org/10.1016/j.cmet.2004.12.008
https://doi.org/10.1016/j.cmet.2004.12.008
https://doi.org/10.2337/diabetes.52.2.300
https://doi.org/10.1158/0008-5472.Can-05-4277
https://doi.org/10.1158/0008-5472.Can-05-4277
https://doi.org/10.1038/sj.bjc.6605007
https://doi.org/10.1161/01.res.81.3.297
https://doi.org/10.1161/01.res.81.3.297
https://doi.org/10.1016/j.neures.2014.08.012
https://doi.org/10.1002/stem.1124
https://doi.org/10.1093/jb/mvu031
https://doi.org/10.1111/j.1471-4159.2011.07245.x
https://doi.org/10.1016/j.molimm.2015.06.001
https://doi.org/10.1016/j.molimm.2015.06.001
https://doi.org/10.3233/HAB-190382
https://doi.org/10.3233/HAB-190382
https://doi.org/10.1155/2010/234629
https://doi.org/10.1093/pcmedi/pbz015
https://doi.org/10.1007/s00345-019-02651-8
https://doi.org/10.1007/s00345-019-02651-8
https://doi.org/10.1007/978-94-024-0945-1_7
https://doi.org/10.4161/adip.23489
https://doi.org/10.1093/oxfordjournals.jbchem.a022761
https://doi.org/10.1093/oxfordjournals.jbchem.a022761
https://doi.org/10.1038/jid.2010.342
https://doi.org/10.1002/cam4.1020
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Implications in the Progression of Tongue Carcinoma. Mol. Clin. Oncol. 2 (1),
19–25. doi:10.3892/mco.2013.198

Owada, Y., Suzuki, I., Noda, T., and Kondo, H. (2002a). Analysis on the Phenotype
of E-FABP-Gene Knockout Mice. Mol. Cel Biochem 239 (1-2), 83–86.

Owada, Y., Takano, H., Yamanaka, H., Kobayashi, H., Sugitani, Y., Tomioka, Y.,
et al. (2002b). Altered Water Barrier Function in Epidermal-type Fatty Acid
Binding Protein-Deficient Mice. J. Invest. Dermatol. 118 (3), 430–435. doi:10.
1046/j.0022-202x.2001.01616.x

Owada, Y., Yoshimoto, T., and Kondo, H. (1996). Spatio-temporally Differential
Expression of Genes for Three Members of Fatty Acid Binding Proteins in
Developing and Mature Rat Brains. J. Chem. Neuroanat. 12 (2), 113–122.
doi:10.1016/s0891-0618(96)00192-5

Pacher, P., Bátkai, S., Osei-Hyiaman, D., Offertáler, L., Liu, J., Harvey-White, J.,
et al. (2005). Hemodynamic Profile, Responsiveness to Anandamide, and
Baroreflex Sensitivity of Mice Lacking Fatty Acid Amide Hydrolase. Am.
J. Physiol. Heart Circ. Physiol. 289 (2), H533–H541. doi:10.1152/ajpheart.
00107.2005

Palkar, P. S., Borland, M. G., Naruhn, S., Ferry, C. H., Lee, C., Sk, U. H., et al.
(2010). Cellular and Pharmacological Selectivity of the Peroxisome
Proliferator-Activated Receptor-Beta/delta Antagonist GSK3787. Mol.
Pharmacol. 78 (3), 419–430. doi:10.1124/mol.110.065508

Pan, L., Xiao, H., Liao, R., Chen, Q., Peng, C., Zhang, Y., et al. (2018). Fatty Acid
Binding Protein 5 Promotes Tumor Angiogenesis and Activates the IL6/
STAT3/VEGFA Pathway in Hepatocellular Carcinoma. Biomed.
Pharmacother. 106, 68–76. doi:10.1016/j.biopha.2018.06.040

Pan, Y., Short, J. L., Choy, K. H., Zeng, A. X., Marriott, P. J., Owada, Y., et al. (2016).
Fatty Acid-Binding Protein 5 at the Blood-Brain Barrier Regulates Endogenous
Brain Docosahexaenoic Acid Levels and Cognitive Function. J. Neurosci. 36
(46), 11755–11767. doi:10.1523/jneurosci.1583-16.2016

Pan, Y., Tian, T., Park, C. O., Lofftus, S. Y., Mei, S., Liu, X., et al. (2017). Survival of
Tissue-Resident Memory T Cells Requires Exogenous Lipid Uptake and
Metabolism. Nature 543 (7644), 252–256. doi:10.1038/nature21379

Park, C. O., and Kupper, T. S. (2015). The Emerging Role of Resident Memory
T Cells in Protective Immunity and Inflammatory Disease. Nat. Med. 21 (7),
688–697. doi:10.1038/nm.3883

Pavone, M. E., Dyson, M., Reirstad, S., Pearson, E., Ishikawa, H., Cheng, Y. H., et al.
(2011). Endometriosis Expresses a Molecular Pattern Consistent with
Decreased Retinoid Uptake, Metabolism and Action. Hum. Reprod. 26 (8),
2157–2164. doi:10.1093/humrep/der172

Peng, X., Studholme, K., Kanjiya, M. P., Luk, J., Bogdan, D., Elmes, M. W., et al.
(2017). Fatty-acid-binding Protein Inhibition Produces Analgesic Effects
through Peripheral and central Mechanisms. Mol. Pain 13,
1744806917697007. doi:10.1177/1744806917697007

Poitout, V., Hagman, D., Stein, R., Artner, I., Robertson, R. P., and Harmon, J. S.
(2006). Regulation of the Insulin Gene by Glucose and Fatty Acids. J. Nutr. 136
(4), 873–876. doi:10.1093/jn/136.4.873

Powell, C. A., Nasser, M. W., Zhao, H., Wochna, J. C., Zhang, X., Shapiro, C., et al.
(2015). Fatty Acid Binding Protein 5 Promotes Metastatic Potential of Triple
Negative Breast Cancer Cells through Enhancing Epidermal Growth Factor
Receptor Stability. Oncotarget 6 (4), 873–876. doi:10.1093/jn/136.4.873

Rachek, L. I. (2014). Free Fatty Acids and Skeletal Muscle Insulin Resistance. Prog.
Mol. Biol. Transl Sci. 121, 267–292. doi:10.1016/b978-0-12-800101-1.00008-9

Rao, D. M., Phan, D. T., Choo, M. J., Weaver, M. R., Oberley-Deegan, R. E., Bowler,
R. P., et al. (2019). Impact of Fatty Acid Binding Protein 5-deficiency on COPD
Exacerbations and Cigarette Smoke-Induced Inflammatory Response to
Bacterial Infection. Clin. Transl Med. 8 (1), 7. doi:10.1186/s40169-019-0227-8

Rao, E., Singh, P., Li, Y., Zhang, Y., Chi, Y. I., Suttles, J., et al. (2015a). Targeting
Epidermal Fatty Acid Binding Protein for Treatment of Experimental Autoimmune
Encephalomyelitis. BMC Immunol. 16, 28. doi:10.1186/s12865-015-0091-2

Rao, E., Singh, P., Zhai, X., Li, Y., Zhu, G., Zhang, Y., et al. (2015b). Inhibition of
Tumor Growth by a Newly-Identified Activator for Epidermal Fatty Acid
Binding Protein. Oncotarget 6 (10), 7815–7827. doi:10.18632/oncotarget.3485

Rauch, J., Ahlemann, M., Schaffrik, M., Mack, B., Ertongur, S., Andratschke, M.,
et al. (2004). Allogenic Antibody-Mediated Identification of Head and Neck
Cancer Antigens. Biochem. Biophys. Res. Commun. 323 (1), 156–162. doi:10.
1016/j.bbrc.2004.08.071

Reynolds, J. M., Liu, Q., Brittingham, K. C., Liu, Y., Gruenthal, M., Gorgun, C. Z.,
et al. (2007). Deficiency of Fatty Acid-Binding Proteins in Mice Confers

protection from Development of Experimental Autoimmune
Encephalomyelitis. J. Immunol. 179 (1), 313–321. doi:10.4049/jimmunol.179.
1.313

Saltiel, A. R., and Kahn, C. R. (2001). Insulin Signalling and the Regulation of
Glucose and Lipid Metabolism. Nature 414 (6865), 799–806. doi:10.1038/
414799a

Samulin, J., Berget, I., Lien, S., and Sundvold, H. (2008). Differential Gene
Expression of Fatty Acid Binding Proteins during Porcine Adipogenesis.
Comp. Biochem. Physiol. B Biochem. Mol. Biol. 151 (2), 147–152. doi:10.
1016/j.cbpb.2008.06.010

Sangineto, M., Villani, R., Cavallone, F., Romano, A., Loizzi, D., and Serviddio, G.
(2020). Lipid Metabolism in Development and Progression of Hepatocellular
Carcinoma. Cancers (Basel) 12 (6), 1419. doi:10.3390/cancers12061419

Sanson, B., Wang, T., Sun, J., Wang, L., Kaczocha, M., Ojima, I., et al. (2014).
Crystallographic Study of FABP5 as an Intracellular Endocannabinoid
Transporter. Acta Crystallogr. D Biol. Crystallogr. 70 (2), 290–298. doi:10.
1107/s1399004713026795

Savary, S., Trompier, D., Andréoletti, P., Le Borgne, F., Demarquoy, J., and Lizard,
G. (2012). Fatty Acids - Induced Lipotoxicity and Inflammation. Curr. Drug
Metab. 13 (10), 1358–1370. doi:10.2174/138920012803762729

Schoonjans, K., Staels, B., and Auwerx, J. (1996). The Peroxisome Proliferator
Activated Receptors (PPARS) and Their Effects on Lipid Metabolism and
Adipocyte Differentiation. Biochim. Biophys. Acta 1302 (2), 93–109. doi:10.
1016/0005-2760(96)00066-5

Schug, T. T., Berry, D. C., Shaw, N. S., Travis, S. N., and Noy, N. (2007). Opposing
Effects of Retinoic Acid on Cell Growth Result from Alternate Activation of
Two Different Nuclear Receptors. Cell 129 (4), 723–733. doi:10.1016/j.cell.2007.
02.050

Senga, S., Kobayashi, N., Kawaguchi, K., Ando, A., and Fujii, H. (2018). Fatty Acid-
Binding Protein 5 (FABP5) Promotes Lipolysis of Lipid Droplets, De Novo
Fatty Acid (FA) Synthesis and Activation of Nuclear Factor-Kappa B (NF-Κb)
Signaling in Cancer Cells. Biochim. Biophys. Acta Mol. Cel Biol Lipids 1863 (9),
1057–1067. doi:10.1016/j.bbalip.2018.06.010

Seo, J., Jeong, D. W., Park, J. W., Lee, K. W., Fukuda, J., and Chun, Y. S. (2020).
Fatty-acid-induced FABP5/HIF-1 Reprograms LipidMetabolism and Enhances
the Proliferation of Liver Cancer Cells. Commun. Biol. 3 (1), 638. doi:10.1038/
s42003-020-01367-5

Sharifi, K., Ebrahimi, M., Kagawa, Y., Islam, A., Tuerxun, T., Yasumoto, Y., et al.
(2013). Differential Expression and Regulatory Roles of FABP5 and FABP7 in
Oligodendrocyte Lineage Cells. Cell Tissue Res 354 (3), 683–695. doi:10.1007/
s00441-013-1730-7

Shaughnessy, S., Smith, E. R., Kodukula, S., Storch, J., and Fried, S. K. (2000).
Adipocyte Metabolism in Adipocyte Fatty Acid Binding Protein Knockout
Mice (aP2-/-) after Short-Term High-Fat Feeding: Functional Compensation
by the Keratinocyte [correction of Keritinocyte] Fatty Acid Binding Protein.
Diabetes 49 (6), 904–911. doi:10.2337/diabetes.49.6.904

Shi, J. L., Cao, J., Su, J. J., Yang, C., Ou, C., Wang, D. P., et al. (2012). Expression of
Epidermal Fatty Acid-Binding Protein in Cross-Species Hepatocellular
Carcinoma. Zhonghua Gan Zang Bing Za Zhi 20 (4), 270–274. doi:10.3760/
cma.j.issn.1007-3418.2012.04.009

Shibue, K., Yamane, S., Harada, N., Hamasaki, A., Suzuki, K., Joo, E., et al. (2015).
Fatty Acid-Binding Protein 5 Regulates Diet-Induced Obesity via GIP Secretion
from Enteroendocrine K Cells in Response to Fat Ingestion. Am. J. Physiol.
Endocrinol. Metab. 308 (7), E583–E591. doi:10.1152/ajpendo.00543.2014

Shimamoto, C., Ohnishi, T., Maekawa, M., Watanabe, A., Ohba, H., Arai, R., et al.
(2014). Functional Characterization of FABP3, 5 and 7 Gene Variants Identified
in Schizophrenia and Autism Spectrum Disorder and Mouse Behavioral
Studies. Hum. Mol. Genet. 23 (24), 6495–6511. doi:10.1093/hmg/ddu369

Shinzawa, M., Dogru, M., Den, S., Ichijima, T., Higa, K., Kojima, T., et al. (2018).
Epidermal Fatty Acid-Binding Protein: A Novel Marker in the Diagnosis of Dry
Eye Disease in Sjögren Syndrome. Int. J. Mol. Sci. 19 (11). doi:10.3390/
ijms19113463

Siegenthaler, G., Hotz, R., Chatellard-Gruaz, D., Didierjean, L., Hellman, U., and
Saurat, J. H. (1994). Purification and Characterization of the Human Epidermal
Fatty Acid-Binding Protein: Localization during Epidermal Cell Differentiation
In Vivo and In Vitro. Biochem. J. 302 (2), 363–371. doi:10.1042/bj3020363

Slebe, F., Rojo, F., Vinaixa, M., García-Rocha, M., Testoni, G., Guiu, M., et al.
(2016). FoxA and LIPG Endothelial Lipase Control the Uptake of Extracellular

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791922

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.3892/mco.2013.198
https://doi.org/10.1046/j.0022-202x.2001.01616.x
https://doi.org/10.1046/j.0022-202x.2001.01616.x
https://doi.org/10.1016/s0891-0618(96)00192-5
https://doi.org/10.1152/ajpheart.00107.2005
https://doi.org/10.1152/ajpheart.00107.2005
https://doi.org/10.1124/mol.110.065508
https://doi.org/10.1016/j.biopha.2018.06.040
https://doi.org/10.1523/jneurosci.1583-16.2016
https://doi.org/10.1038/nature21379
https://doi.org/10.1038/nm.3883
https://doi.org/10.1093/humrep/der172
https://doi.org/10.1177/1744806917697007
https://doi.org/10.1093/jn/136.4.873
https://doi.org/10.1093/jn/136.4.873
https://doi.org/10.1016/b978-0-12-800101-1.00008-9
https://doi.org/10.1186/s40169-019-0227-8
https://doi.org/10.1186/s12865-015-0091-2
https://doi.org/10.18632/oncotarget.3485
https://doi.org/10.1016/j.bbrc.2004.08.071
https://doi.org/10.1016/j.bbrc.2004.08.071
https://doi.org/10.4049/jimmunol.179.1.313
https://doi.org/10.4049/jimmunol.179.1.313
https://doi.org/10.1038/414799a
https://doi.org/10.1038/414799a
https://doi.org/10.1016/j.cbpb.2008.06.010
https://doi.org/10.1016/j.cbpb.2008.06.010
https://doi.org/10.3390/cancers12061419
https://doi.org/10.1107/s1399004713026795
https://doi.org/10.1107/s1399004713026795
https://doi.org/10.2174/138920012803762729
https://doi.org/10.1016/0005-2760(96)00066-5
https://doi.org/10.1016/0005-2760(96)00066-5
https://doi.org/10.1016/j.cell.2007.02.050
https://doi.org/10.1016/j.cell.2007.02.050
https://doi.org/10.1016/j.bbalip.2018.06.010
https://doi.org/10.1038/s42003-020-01367-5
https://doi.org/10.1038/s42003-020-01367-5
https://doi.org/10.1007/s00441-013-1730-7
https://doi.org/10.1007/s00441-013-1730-7
https://doi.org/10.2337/diabetes.49.6.904
https://doi.org/10.3760/cma.j.issn.1007-3418.2012.04.009
https://doi.org/10.3760/cma.j.issn.1007-3418.2012.04.009
https://doi.org/10.1152/ajpendo.00543.2014
https://doi.org/10.1093/hmg/ddu369
https://doi.org/10.3390/ijms19113463
https://doi.org/10.3390/ijms19113463
https://doi.org/10.1042/bj3020363
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Lipids for Breast Cancer Growth. Nat. Commun. 7, 11199. doi:10.1038/
ncomms11199

Smathers, R. L., and Petersen, D. R. (2011). The Human Fatty Acid-Binding
Protein Family: Evolutionary Divergences and Functions.Hum. Genomics 5 (3),
170–191. doi:10.1186/1479-7364-5-3-170

Song, J., Zhang, H., Wang, Z., Xu, W., Zhong, L., Cao, J., et al. (2018). The Role of
FABP5 in Radiation-Induced Human Skin Fibrosis. Radiat. Res. 189 (2),
177–186. doi:10.1667/rr14901.1

Storch, J., and Mcdermott, L. (2009). Structural and Functional Analysis of Fatty
Acid-Binding Proteins. J. Lipid Res. 50 (Suppl. lSuppl. l), S126–S131. doi:10.
1194/jlr.R800084-JLR200

Storch, J., and Thumser, A. E. (2000). The Fatty Acid Transport Function of Fatty
Acid-Binding Proteins. Biochim. Biophys. Acta 1486 (1), 28–44. doi:10.1016/
s1388-1981(00)00046-9

Storch, J., and Thumser, A. E. (2010). Tissue-specific Functions in the Fatty Acid-
Binding Protein Family. J. Biol. Chem. 285 (43), 32679–32683. doi:10.1074/jbc.
R110.135210

Sugawara, T., Nemoto, K., Adachi, Y., Yamano, N., Tokuda, N., Muto, M., et al.
(2012). Reduced Size of Sebaceous Gland and Altered Sebum Lipid
Composition in Mice Lacking Fatty Acid Binding Protein 5 Gene. Exp.
Dermatol. 21 (7), 543–546. doi:10.1111/j.1600-0625.2012.01514.x

Sun, Y., Chen, P., Zhai, B., Zhang, M., Xiang, Y., Fang, J., et al. (2020). The
Emerging role of Ferroptosis in Inflammation. Biomed. Pharmacother. 127,
110108. doi:10.1016/j.biopha.2020.110108

Suojalehto, H., Kinaret, P., Kilpeläinen, M., Toskala, E., Ahonen, N.,Wolff, H., et al.
(2015). Level of Fatty Acid Binding Protein 5 (FABP5) Is Increased in Sputum
of Allergic Asthmatics and Links to Airway Remodeling and Inflammation.
PLoS One 10 (5), e0127003. doi:10.1371/journal.pone.0127003

Syamsunarno, M. R., Iso, T., Yamaguchi, A., Hanaoka, H., Putri, M., Obokata, M.,
et al. (2014). Fatty Acid Binding Protein 4 and 5 Play a Crucial Role in
Thermogenesis under the Conditions of Fasting and Cold Stress. PLoS One 9
(6), e90825. doi:10.1371/journal.pone.0090825

Tan, N. S., Shaw, N. S., Vinckenbosch, N., Liu, P., Yasmin, R., Desvergne, B., et al.
(2002). Selective Cooperation between Fatty Acid Binding Proteins and
Peroxisome Proliferator-Activated Receptors in Regulating Transcription.
Mol. Cel Biol 22 (14), 5114–5127. doi:10.1128/mcb.22.14.5114-5127.2002

Taniuchi, I. (2018). CD4 Helper and CD8 Cytotoxic T Cell Differentiation. Annu.
Rev. Immunol. 36, 579–601. doi:10.1146/annurev-immunol-042617-053411

Tanner, J. E., and Alfieri, C. (2021). The Fatty Acid Lipid Metabolism Nexus in
COVID-19. Viruses 13 (1), 90. doi:10.3390/v13010090

Thiery, J. P., and Sleeman, J. P. (2006). Complex Networks Orchestrate Epithelial-
Mesenchymal Transitions. Nat. Rev. Mol. Cel Biol 7 (2), 131–142. doi:10.1038/
nrm1835

Thulasiraman, P., Mcandrews, D. J., and Mohiudddin, I. Q. (2014). Curcumin
Restores Sensitivity to Retinoic Acid in Triple Negative Breast Cancer Cells.
BMC Cancer 14, 724. doi:10.1186/1471-2407-14-724

Tokuda, N., Adachi, T., Adachi, Y., Higashi, M., Sharifi, K., Tuerxun, T., et al.
(2010). Identification of FABP7 in Fibroblastic Reticular Cells of Mouse Lymph
Nodes. Histochem. Cel Biol 134 (5), 445–452. doi:10.1007/s00418-010-0754-2

Uma, R. S., Naresh, K. N., D’cruz, A. K., Mulherkar, R., and Borges, A. M. (2007).
Metastasis of Squamous Cell Carcinoma of the Oral Tongue Is Associated with
Down-Regulation of Epidermal Fatty Acid Binding Protein (E-FABP). Oral
Oncol. 43 (1), 27–32. doi:10.1016/j.oraloncology.2005.12.024

Wang, W., Chu, H. J., Liang, Y. C., Huang, J. M., Shang, C. L., Tan, H., et al. (2016).
FABP5 Correlates with Poor Prognosis and Promotes Tumor Cell Growth and
Metastasis in Cervical Cancer. Tumour Biol. 37 (11), 14873–14883. doi:10.1007/
s13277-016-5350-1

Wang, W., Jia, H. L., Huang, J. M., Liang, Y. C., Tan, H., Geng, H. Z., et al. (2014).
Identification of Biomarkers for Lymph Node Metastasis in Early-Stage
Cervical Cancer by Tissue-Based Proteomics. Br. J. Cancer 110 (7),
1748–1758. doi:10.1038/bjc.2014.92

Watanabe, R., Fujii, H., Yamamoto, A., Hashimoto, T., Kameda, K., Ito, M., et al.
(1997). Immunohistochemical Distribution of Cutaneous Fatty Acid-Binding
Protein in Human Skin. J. Dermatol. Sci. 16 (1), 17–22. doi:10.1016/s0923-
1811(97)00615-4

Westerbacka, J., Kolak, M., Kiviluoto, T., Arkkila, P., Sirén, J., Hamsten, A., et al.
(2007). Genes Involved in Fatty Acid Partitioning and Binding, Lipolysis,
Monocyte/macrophage Recruitment, and Inflammation Are Overexpressed

in the Human Fatty Liver of Insulin-Resistant Subjects. Diabetes 56 (11),
2759–2765. doi:10.2337/db07-0156

Wolf, G. (2010). Retinoic Acid Activation of Peroxisome Proliferation-Activated
Receptor delta Represses Obesity and Insulin Resistance. Nutr. Rev. 68 (1),
67–70. doi:10.1111/j.1753-4887.2009.00261.x

Wolf, G. (2008). Retinoic Acid as Cause of Cell Proliferation or Cell Growth
Inhibition Depending on Activation of One of Two Different Nuclear
Receptors. Nutr. Rev. 66 (1), 55–59. doi:10.1111/j.1753-4887.2007.00006.x

Wolfrum, C., Borrmann, C. M., Borchers, T., and Spener, F. (2001). Fatty Acids and
Hypolipidemic Drugs Regulate Peroxisome Proliferator-Activated Receptors
Alpha - and Gamma-Mediated Gene Expression via Liver Fatty Acid Binding
Protein: a Signaling Path to the Nucleus. Proc. Natl. Acad. Sci. U S A. 98 (5),
2323–2328. doi:10.1073/pnas.051619898

Wu, G., Xu, Y., Wang, Q., Li, J., Li, L., Han, C., et al. (2019). FABP5 Is Correlated
with Poor Prognosis and Promotes Tumour Cell Growth and Metastasis in
clear Cell Renal Cell Carcinoma. Eur. J. Pharmacol. 862, 172637. doi:10.1016/j.
ejphar.2019.172637

Wu, T., Tian, J., Cutler, R. G., Telljohann, R. S., Bernlohr, D. A., Mattson, M. P.,
et al. (2010). Knockdown of FABP5 mRNA Decreases Cellular Cholesterol
Levels and Results in Decreased apoB100 Secretion and Triglyceride
Accumulation in ARPE-19 Cells. Lab. Invest. 90 (6), 906–914. doi:10.1038/
labinvest.2009.33

Xie, Q., Xiao, Y. S., Jia, S. C., Zheng, J. X., Du, Z. C., Chen, Y. C., et al. (2020). FABP7
Is a Potential Biomarker to Predict Response to Neoadjuvant Chemotherapy for
Breast Cancer. Cancer Cel Int 20 (1), 562. doi:10.1186/s12935-020-01656-3

Yamamoto, N., Kaneko, I., Motohashi, K., Sakagami, H., Adachi, Y., Tokuda, N.,
et al. (2008). Fatty Acid-Binding Protein Regulates LPS-Induced TNF-Alpha
Production in Mast Cells. Prostaglandins Leukot. Essent. Fatty Acids 79 (1-2),
21–26. doi:10.1016/j.plefa.2008.06.003

Yamane, S., Harada, N., and Inagaki, N. (2016). Mechanisms of Fat-Induced
Gastric Inhibitory Polypeptide/glucose-dependent Insulinotropic Polypeptide
Secretion from K Cells. J. Diabetes Investig. 7 (Suppl. 1Suppl. 1), 20–26. doi:10.
1111/jdi.12467

Yamane, Y., Moriyama, K., Yasuda, C., Miyata, S., Aihara, M., Ikezawa, Z., et al.
(2009). New Horny Layer Marker Proteins for Evaluating Skin Condition in
Atopic Dermatitis. Int. Arch. Allergy Immunol. 150 (1), 89–101. doi:10.1159/
000210385

Yang, C., Zhang, J., Ding, M., Xu, K., Li, L., Mao, L., et al. (2018). Ki67 Targeted
Strategies for Cancer Therapy. Clin. Transl Oncol. 20 (5), 570–575. doi:10.1007/
s12094-017-1774-3

Yeung, D. C., Wang, Y., Xu, A., Cheung, S. C., Wat, N. M., Fong, D. Y., et al.
(2008). Epidermal Fatty-Acid-Binding Protein: a New Circulating
Biomarker Associated with Cardio-Metabolic Risk Factors and Carotid
Atherosclerosis. Eur. Heart J. 29 (17), 2156–2163. doi:10.1093/eurheartj/
ehn295

Yin, M., Shen, J., Yu, S., Fei, J., Zhu, X., Zhao, J., et al. (2019). Tumor-
Associated Macrophages (TAMs): A Critical Activator in Ovarian Cancer
Metastasis. Onco Targets Ther. 12, 8687–8699. doi:10.2147/ott.S216355

Yu, C. W., Liang, X., Lipsky, S., Karaaslan, C., Kozakewich, H., Hotamisligil, G.
S., et al. (2016). Dual Role of Fatty Acid-Binding Protein 5 on Endothelial
Cell Fate: a Potential Link between Lipid Metabolism and Angiogenic
Responses. Angiogenesis 19 (1), 95–106. doi:10.1007/s10456-015-9491-4

Yu, S., Levi, L., Casadesus, G., Kunos, G., and Noy, N. (2014). Fatty Acid-
Binding Protein 5 (FABP5) Regulates Cognitive Function Both by
Decreasing Anandamide Levels and by Activating the Nuclear Receptor
Peroxisome Proliferator-Activated Receptor β/δ (PPARβ/δ) in the Brain.
J. Biol. Chem. 289 (18), 12748–12758. doi:10.1074/jbc.M114.559062

Yu, S., Levi, L., Siegel, R., and Noy, N. (2012). Retinoic Acid Induces
Neurogenesis by Activating Both Retinoic Acid Receptors (RARs) and
Peroxisome Proliferator-Activated Receptor β/δ (PPARβ/δ). J. Biol. Chem.
287 (50), 42195–42205. doi:10.1074/jbc.M112.410381

Zadra, G., Photopoulos, C., and Loda, M. (2013). The Fat Side of Prostate
Cancer. Biochim. Biophys. Acta 1831 (10), 1518–1532. doi:10.1016/j.bbalip.
2013.03.010

Zadra, G., Ribeiro, C. F., Chetta, P., Ho, Y., Cacciatore, S., Gao, X., et al. (2019).
Inhibition of De Novo Lipogenesis Targets Androgen Receptor Signaling in
Castration-Resistant Prostate Cancer. Proc. Natl. Acad. Sci. U S A. 116 (2),
631–640. doi:10.1073/pnas.1808834116

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791923

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.1038/ncomms11199
https://doi.org/10.1038/ncomms11199
https://doi.org/10.1186/1479-7364-5-3-170
https://doi.org/10.1667/rr14901.1
https://doi.org/10.1194/jlr.R800084-JLR200
https://doi.org/10.1194/jlr.R800084-JLR200
https://doi.org/10.1016/s1388-1981(00)00046-9
https://doi.org/10.1016/s1388-1981(00)00046-9
https://doi.org/10.1074/jbc.R110.135210
https://doi.org/10.1074/jbc.R110.135210
https://doi.org/10.1111/j.1600-0625.2012.01514.x
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1371/journal.pone.0127003
https://doi.org/10.1371/journal.pone.0090825
https://doi.org/10.1128/mcb.22.14.5114-5127.2002
https://doi.org/10.1146/annurev-immunol-042617-053411
https://doi.org/10.3390/v13010090
https://doi.org/10.1038/nrm1835
https://doi.org/10.1038/nrm1835
https://doi.org/10.1186/1471-2407-14-724
https://doi.org/10.1007/s00418-010-0754-2
https://doi.org/10.1016/j.oraloncology.2005.12.024
https://doi.org/10.1007/s13277-016-5350-1
https://doi.org/10.1007/s13277-016-5350-1
https://doi.org/10.1038/bjc.2014.92
https://doi.org/10.1016/s0923-1811(97)00615-4
https://doi.org/10.1016/s0923-1811(97)00615-4
https://doi.org/10.2337/db07-0156
https://doi.org/10.1111/j.1753-4887.2009.00261.x
https://doi.org/10.1111/j.1753-4887.2007.00006.x
https://doi.org/10.1073/pnas.051619898
https://doi.org/10.1016/j.ejphar.2019.172637
https://doi.org/10.1016/j.ejphar.2019.172637
https://doi.org/10.1038/labinvest.2009.33
https://doi.org/10.1038/labinvest.2009.33
https://doi.org/10.1186/s12935-020-01656-3
https://doi.org/10.1016/j.plefa.2008.06.003
https://doi.org/10.1111/jdi.12467
https://doi.org/10.1111/jdi.12467
https://doi.org/10.1159/000210385
https://doi.org/10.1159/000210385
https://doi.org/10.1007/s12094-017-1774-3
https://doi.org/10.1007/s12094-017-1774-3
https://doi.org/10.1093/eurheartj/ehn295
https://doi.org/10.1093/eurheartj/ehn295
https://doi.org/10.2147/ott.S216355
https://doi.org/10.1007/s10456-015-9491-4
https://doi.org/10.1074/jbc.M114.559062
https://doi.org/10.1074/jbc.M112.410381
https://doi.org/10.1016/j.bbalip.2013.03.010
https://doi.org/10.1016/j.bbalip.2013.03.010
https://doi.org/10.1073/pnas.1808834116
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Zeng, J., Zhang, Y., Hao, J., Sun, Y., Liu, S., Bernlohr, D. A., et al. (2018). Stearic
Acid Induces CD11c Expression in Proinflammatory Macrophages via
Epidermal Fatty Acid Binding Protein. J. Immunol. 200 (10), 3407–3419.
doi:10.4049/jimmunol.1701416

Zhan, Y. Z., Liu, F., Zhang, Y., Mo, X. Y., Cheng, W. D., and Wang, W. (2019).
FABP5 Promotes Cell Growth, Invasion and Metastasis in Cervical Cancer.
Zhonghua Zhong Liu Za Zhi 41 (3), 200–207. doi:10.3760/cma.j.issn.0253-
3766.2019.03.009

Zhang, C., Liao, Y., Liu, P., Du, Q., Liang, Y., Ooi, S., et al. (2020). FABP5 Promotes
Lymph Node Metastasis in Cervical Cancer by Reprogramming Fatty Acid
Metabolism. Theranostics 10 (15), 6561–6580. doi:10.7150/thno.44868

Zhang, Y., Hao, J., Zeng, J., Li, Q., Rao, E., Sun, Y., et al. (2018). Epidermal FABP
Prevents Chemical-Induced Skin Tumorigenesis by Regulation of TPA-
Induced IFN/p53/SOX2 Pathway in Keratinocytes. J. Invest. Dermatol. 138
(9), 1925–1934. doi:10.1016/j.jid.2018.02.041

Zhang, Y., and Li, B. (2014). E-FABP: Regulator of Immune Function. Oncoscience
1 (6), 398–399. doi:10.18632/oncoscience.54

Zhang, Y., Li, Q., Rao, E., Sun, Y., Grossmann, M. E., Morris, R. J., et al. (2015).
Epidermal Fatty Acid Binding Protein Promotes Skin Inflammation Induced by
High-Fat Diet. Immunity 42 (5), 953–964. doi:10.1016/j.immuni.2015.04.016

Zhang, Y., Sun, Y., Rao, E., Yan, F., Li, Q., Zhang, Y., et al. (2014). Fatty Acid-
Binding Protein E-FABP Restricts Tumor Growth by Promoting IFN-β
Responses in Tumor-Associated Macrophages. Cancer Res. 74 (11),
2986–2998. doi:10.1158/0008-5472.Can-13-2689

Zhao, G., Wu, M., Wang, X., Du, Z., and Zhang, G. (2017). Effect of FABP5 Gene
Silencing on the Proliferation, Apoptosis and Invasion of Human Gastric SGC-
7901 Cancer Cells. Oncol. Lett. 14 (4), 4772–4778. doi:10.3892/ol.2017.6748

Zhou, N., Yao, Y., Ye, H., Zhu, W., Chen, L., and Mao, Y. (2016). Abscisic-acid-
induced Cellular Apoptosis and Differentiation in Glioma via the Retinoid Acid
Signaling Pathway. Int. J. Cancer 138 (8), 1947–1958. doi:10.1002/ijc.29935

Zhuang, L., Li, C., Chen, Q., Jin, Q., Wu, L., Lu, L., et al. (2019). Fatty Acid-Binding
Protein 3 Contributes to Ischemic Heart Injury by Regulating Cardiac Myocyte
Apoptosis and MAPK Pathways. Am. J. Physiol. Heart Circ. Physiol. 316 (5),
H971–H984. doi:10.1152/ajpheart.00360.2018

Zimmerman, A. W., Van Moerkerk, H. T., and Veerkamp, J. H. (2001). Ligand
Specificity and Conformational Stability of Human Fatty Acid-Binding
Proteins. Int. J. Biochem. Cel Biol 33 (9), 865–876. doi:10.1016/s1357-
2725(01)00070-x

Zimmerman, A. W., and Veerkamp, J. H. (2002). New Insights into the Structure
and Function of Fatty Acid-Binding Proteins. Cell Mol Life Sci 59 (7),
1096–1116. doi:10.1007/s00018-002-8490-y

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Chen, Zhan, Marquez, Zhuo, Qi, Zhu, He, Chen, Zhang, Shen,
Chen, Gu, Guo, Liu and Xie. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 85791924

Xu et al. Roles and Mechanisms of FABP5

https://doi.org/10.4049/jimmunol.1701416
https://doi.org/10.3760/cma.j.issn.0253-3766.2019.03.009
https://doi.org/10.3760/cma.j.issn.0253-3766.2019.03.009
https://doi.org/10.7150/thno.44868
https://doi.org/10.1016/j.jid.2018.02.041
https://doi.org/10.18632/oncoscience.54
https://doi.org/10.1016/j.immuni.2015.04.016
https://doi.org/10.1158/0008-5472.Can-13-2689
https://doi.org/10.3892/ol.2017.6748
https://doi.org/10.1002/ijc.29935
https://doi.org/10.1152/ajpheart.00360.2018
https://doi.org/10.1016/s1357-2725(01)00070-x
https://doi.org/10.1016/s1357-2725(01)00070-x
https://doi.org/10.1007/s00018-002-8490-y
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	The Biological Functions and Regulatory Mechanisms of Fatty Acid Binding Protein 5 in Various Diseases
	Introduction
	Biological Properties of FABP5
	The Structure and Functions of FABPs Family
	Distribution and Features of FABP5

	Biological Functions of FABP5
	The Role and Mechanism of FABP5 in Lipid Metabolism
	Fatty Acids Uptake and Transport

	Lipid Metabolism and the Occurrence of Metabolic Syndrome
	The Role and Mechanism of FABP5 in Lipid Homeostasis
	Interaction With PPAR Nuclear Receptors and Utilization of Retinoic Acid

	Up-Regulating the Expression of VEGF and Dual Role on Endothelial Cell Fate
	The Role and Mechanism of FABP5 in Cell Growth and Differentiation
	FABP5 Promotes Cell Proliferation and Differentiation

	The Role of FABP5 in Neurite Outgrowth and Axon Development
	The Role and Mechanism of FABP5 in Immune Response and Inflammatory Process
	Expression of FABP5 in Immunocyte and Inflammatory Cells

	Roles of FABP5 in Immune Response and Inflammatory Process
	The Effect of FABP5 on Immune Factors and Inflammatory Cytokine
	Relationship Between Lipid Metabolism and Inflammation Mediated by FABP5
	The Role and Mechanism of FABP5 in Skin Disease
	The Role and Mechanism of FABP5 in Brain Function and Neurological Diseases
	The Role and Mechanism of FABP5 in Tumorigenesis and Cancer Development

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


