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Abstract

Long-chain fatty acids (FAs) are components of plasma membranes and an
efficient fuel source and also serve asmetabolic regulators through FA signal-
ingmediated bymembrane FA receptors. Impaired tissue FA uptake has been
linked tomajor complications of obesity, including insulin resistance, cardio-
vascular disease, and type 2 diabetes.Fatty acid interactions with amembrane
receptor and the initiation of signaling canmodify pathways related to nutri-
ent uptake and processing, cell proliferation or differentiation, and secretion
of bioactive factors.Here,we review themajormembrane receptors involved
in FA uptake and FA signaling. We focus on two types of membrane re-
ceptors for long-chain FAs: CD36 and the G protein–coupled FA receptors
FFAR1 and FFAR4.We describe key signaling pathways and metabolic out-
comes for CD36,FFAR1, and FFAR4 and highlight the parallels that provide
insight into FA regulation of cell function.
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1. INTRODUCTION

Long-chain fatty acids (FAs) are components of plasma membranes and complex cellular lipids
such as triacylglycerols, phospholipids, and cholesterol esters. FAs are organic acids that are de-
fined largely by their aliphatic side chain length and saturation. The side chains of animal FAs
usually contain an even number of carbon atoms and are classified into short chains (2–6 car-
bon atoms), medium chains (8–12 carbon atoms), long chains (14–18 carbon atoms), and very
long chains (20–26 carbon atoms). Most FAs in the circulation and tissues of mammals are long-
chain and very-long-chain FAs. Among these are palmitic acid (C16:0), palmitoleic acid (C16:1),
stearic acid (C:18:0), oleic acid (C18:1n-9), linoleic acid (C18:2n-6), arachidonic acid (20:4n-6),
and docosahexaenoic acid (22:6n-3). The C16–C18 FAs are components of FA-derived signaling
molecules (diacylglycerols and ceramides) and the long-chain, polyunsaturated FAs (e.g., arachi-
donic and docosahexaenoic acids) are precursors ofmajor lipid signalingmolecules (prostaglandins
and leukotrienes).

FAs help maintain energy homeostasis by providing fuel through mitochondrial β-oxidation
in times of energy need and by contributing to energy storage in times of plenty. The FAs
are delivered to tissue cells through the circulation and cross the endothelial barrier to reach
parenchymal myocytes, hepatocytes, adipocytes, and macrophages. In addition, FAs exert regula-
tory effects directly through interacting or associating with cellular proteins or throughmodifying
cell membrane structure and function and as precursors to regulatory molecules with pleiotropic
effects, such as eicosanoids and endocannabinoids. Impaired uptake and metabolism of FAs by
tissues have been implicated in several conditions, including obesity-related insulin resistance and
cardiovascular disease (1).

Over the past few decades, cellular FA uptake mechanisms have been the subject of investi-
gation and intense debate focusing on whether transporters are needed to facilitate FA uptake as
opposed to FAs diffusing passively across the membrane bilayer.

Circulating FA levels fluctuate throughout the day, and this is paralleled by rapid adjustments
in FA uptake by tissues. For example, during fasting or prolonged exercise, as glucose availabil-
ity diminishes, heart and muscle increase their reliance on FA uptake, which spares glucose for
glucose-dependent tissues (2, 3). This suggests that tissue FA uptake is locally regulated to allow
acute adjustments to changes in fuel supply. In agreement with this, early studies of FA uptake
kinetics in intact cells (4–6) revealed uptake saturation with a half-maximal concentration (Km)
below 10 nM of free FA and the presence of competitive inhibition between different FAs, con-
sistent with a high-affinity, protein-facilitated transport process. The uptake Km, determined in
isolated cells, was within concentrations of free albumin-dissociated FAs present in the circulation
(7). Based on these findings, it was proposed that cellular FA uptake in vivo involves a saturable
receptor-mediated process. However, at high free FA levels, which are presumed to occur at the
endothelial cell surface during intravascular hydrolysis of triacylglycerol-rich lipoproteins, FA up-
take could occur through loosening of intercellular spaces between cells (paracellular transport), as
recently reviewed (8). FAs could also be ingested by cells (e.g., endothelial cells and macrophages)
as components of unhydrolyzed lipoprotein particles (9).

Long-chain FAs in solution at physiological pH dissociate (ionize), donate a proton, and
acquire a negative charge. The movement of ionized FA from one leaflet of the cell membrane
to the other is slow, whereas nonionized FAs that have no charge can undergo rapid flip-flop.
It has been proposed that ionized FAs partition into the outer membrane leaflet where they can
get protonated, allowing flip-flop from the outer to inner leaflet of lipid bilayers. Studies that
used protein-free lipid vesicles proposed that flip-flop is fast enough to mediate FA uptake into
tissues. However, this interpretation has been challenged (as reviewed in 10). In a series of studies,
Kleinfeld and colleagues (11–13) measured the flip-flop times of albumin-complexed FA by
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trapping fluorescent FA-binding proteins inside large vesicles or injecting them directly into cells.
They concluded that membrane flip-flop times for long-chain FAs in larger vesicles and cardiomy-
ocytes and adipocytes were too slow to accommodate cellular FA uptake rates, suggesting the need
for protein facilitation. Although it is challenging to infer from in vitro studies whether proteins
physiologically facilitate cellular FA uptake, protein facilitation of FA uptake is consistent with the
need to manage FA tissue distribution in vivo. As FA availability changes with the metabolic state
(e.g., fasted/fed, exercised, stressed), tissue uptake will not be efficient at low FA concentrations
unless high-affinity mechanisms can direct FA to tissues with high FA requirements.

2. MEMBRANE FATTY ACID RECEPTORS

A compelling body of evidence supports protein facilitation of FA uptake, as recently reviewed (8).
Several membrane or membrane-associated proteins [plasma membrane–associated fatty acid–
binding protein (FABPpm), fatty acid transport proteins (FATPs), CD36] have been implicated in
cellular FA transport and are discussed in this section.We focus onCD36,which has been themost
widely studied, and its role in physiological FA uptake is supported by findings in cells, rodents, and
humans. In Section 3, we discuss and compare FA-related signaling by CD36 and FA signaling by
the well-studied G protein–coupled receptors (GPCRs) for long-chain FAs: FFAR1/GPR40 and
FFAR4/GPR120. We discuss how signal transduction regulates the cellular fuel switch between
glucose and FAs by influencing FA oxidation and insulin-stimulated glucose metabolism. Section 4
highlights a recently described role of increased FA uptake and FA oxidation in tissuemaintenance,
progenitor cell upkeep, and renewal after injury. Lastly, in Section 5 we discuss the pathological
implications of low or dysfunctional FA sensing in humans, highlighted by genetic variants in the
CD36 and FFAR genes.

Transporters must reside on the plasma membrane to mediate the transmembrane movement
of FAs and influence cellular lipid accumulation. Below, we discuss the role of FABPs, FATPs,
CD36, and caveolin-1 (Cav-1) in facilitating FA uptake.

2.1. Plasma Membrane–Associated Fatty Acid–Binding Protein

FABPpm was identified in 1985 in jejunal microvilli and subsequently in several metabolic cells
by oleate binding to plasma membranes and oleate-agarose affinity chromatography (14, 15). The
protein was later found to be functionally identical to mitochondrial aspartate aminotransferase
(16), and its targeting to the plasma membrane is thought to explain its role in FA uptake (17). In
muscle, FABPpm is recruited to the membrane by insulin and muscle contraction to increase FA
oxidation (18). In livers of obese mice (19), its levels correlate well with the Vmax of FA transport.
A model whereby CD36 acts in concert with FABPpm in mediating FA uptake has been proposed
(reviewed in 20). However, a more recent study suggested the two proteins act independently.
DNA injections of FABPpm and CD36 into rat muscles led to increased FA uptake in isolated
giant sarcolemmal vesicles two weeks later. Effects on the efficiency of FA transport were additive
when compared to overexpression of each protein alone, and CD36 immunoprecipitates did not
contain FABPpm, arguing against a CD36–FABPpm interaction (21). Overall, recent studies of
FABPpm have been limited, and how the protein might function in cellular FA handling at the
membrane or mitochondria remains unclear.

2.2. Fatty Acid Transport Proteins (SLC27 Family)

The firstmember (FATP1) of the SLC27 protein family (FATP1–6) was identified in 1994 through
a functional screening for FA import (22, 23). FATP1 expresses in adipose tissue, skeletal muscle,
and heart; like other FATP proteins, it has acyl-CoA synthase activity that modifies and traps
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the FA inside the cell. FATPs are primarily intracellular proteins and likely to drive uptake by
partitioning the FA metabolically. Tissue distribution and cellular localization of FATPs often de-
termine their individual roles (24, 25). Endothelial cell FATPs were proposed to act downstream
of vascular endothelial growth factor B (VEGF-B). The VEGFs maintain the microvasculature
that controls nutrient exchange in tissues. Deletion of VEGF-B in mice was reported to reduce
tissue FA uptake by lowering the expression of vascular FATP3 and FATP4 (26) and to reverse
tissue lipid accumulation and glucose intolerance in diabetic mice (27). Other studies did not re-
produce the effects of VEGF-B deletion on FA uptake or glucose tolerance. In contrast, VEGF-B
overexpression in adipose tissue had beneficial metabolic effects through increasing adipose tissue
vascularity and blood perfusion, which enhanced insulin delivery and action and the metabolic
health of obese mice (28). Although the role of VEGF-B in endothelial FA uptake is now debated,
the involvement of endothelial FATP in trapping FA through acyl modification was confirmed
in a separate study. FATP4 was found to reside in endoplasmic reticulum (ER)/mitochondria mi-
crodomains and it promoted endothelial FA uptake through ATP-dependent acyl-CoA formation
(29). Future work on expression and cellular localization of FATPs will help define the role of
individual FATPs in tissue FA uptake.

2.3. CD36

The role of CD36 (also known as SR-B2, GPIV, GPIIIb, PAS IV) in modulating FA uptake was
shown in rat adipocytes using a reactive derivative of oleic acid, sulfo-N-succinimidyl oleate,which
suppressed FA uptake and reacted with a 88-KDa membrane protein (30) later identified as CD36
(31, 32). CD36 is expressed on platelets, immune cells, adipocytes, myocytes, enterocytes, some
enteroendocrine cells, and retinal and mammary epithelial cells. It is especially abundant on mi-
crovascular and lymphatic endothelial cells. CD36 recognizes FAs, lipoproteins, microbial lipids,
and nonlipids (e.g., collagen, thrombospondin 1) and has pleiotropic cellular effects (reviewed in
33, 34).The crystal structure of CD36 family proteins (35) identified an intramolecular lipid trans-
port tunnel. Long-chain FAs were shown to associate with the transport tunnel in crystal CD36
(36) and would reach the tunnel through a hydrophobic binding pocket on the CD36 surface (37)
(Figure 1). CD36 has well-documented effects on FA uptake and metabolism, and these effects
require its translocation to the plasma membrane, which can occur acutely in response to insulin
or AMP kinase (AMPK), as recently reviewed (38).

CD36 resides in plasma membrane rafts and caveolae, with a hairpin topology spanning
the bilayer twice and ending in two short cytoplasmic tails. Posttranslational modifications
of CD36 affect its level of trafficking and therefore its function and include phosphorylation,
glycosylation, palmitoylation, and ubiquitination. CD36 is reversibly S-palmitoylated (thioester
bond of the palmitoyl with cysteine thiol) at the N- and C-terminal tails, which target it to the
plasma membrane (39). Dynamic palmitoylation of CD36 by the palmitoyl acyl transferases
DHHC4 and DHHC5 was shown to be required for its plasma membrane localization and for FA
uptake activity (40). Restricting CD36 palmitoylation or depalmitoylation blocked its FA uptake
activity. Glycosylation increases the apparent mass of CD36 from 53 kDa (not glycosylated)
to 78–88 kDa and is essential for proper folding and trafficking to the plasma membrane (41).
Stimulation of CD36 glycosylation by glucagon-like peptide-2 (GLP-2) stimulates intestinal lipid
absorption and chylomicron production (42). Activation by glutamine of the hexosamine biosyn-
thesis pathway has cardioprotective effects through enhancing O-linked N-acetylglucosamine
(O-GlcNAc) protein modification, including that of CD36 (43). Glutamine treatment increases
FA uptake/oxidation and membrane CD36 levels, but whether this is mediated by the enhanced
O-GlcNAc modification of CD36 remains unclear. CD36 is ubiquitinated in response to FA
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Figure 1

Metabolic pathways are controlled by long-chain FAs through CD36 signal transduction. FA binding to CD36 activates a number of
signaling effectors that control FA metabolism: the cAMP/CAMKII/Ca2+ pathway in EECs modulates CCK/secretin secretion (93),
the PLC/IP3/Ca2+ pathway is involved in gustatory detection of fat taste in taste buds (84, 97), ERK1/2 activation in enterocytes
influences proteins active in chylomicron formation (45), PI3K/FOXO1 mediates insulin secretion in response to FAs in β-cells and
pancreatic islets (90, 91), CD36-facilitated FA uptake and oxidation are required for gastric stem cell maintenance (86), VEGFR2/AKT
is engaged in lymphatic endothelial cell migration and tube formation (109), and FA binding to CD36 modulates IR/PI3K and
LKB1/AMPK signaling pathways, with effects on insulin signaling, FA and glucose uptake, and FA oxidation in skeletal myocytes
(55, 82). (Right) Tertiary structure of CD36. α-Helices are shown in red, β-sheets in yellow, and the loops in green. Panel adapted from
Reference 8. An intramolecular lipid transport tunnel was identified in CD36, and FAs were associated with the tunnel in crystal CD36.
Abbreviations: AMPK, AMP kinase; CAMKII, Ca2+/calmodulin-dependent protein kinase II; cAMP, cyclic adenosine monophosphate;
CCK, cholecystokinin; EC, endothelial cell; EEC, enteroendocrine cell; ERK1/2, extracellular signal-regulated kinases 1/2; FA, fatty
acid; FOXO1, Forkhead box O1; IP3, inositol 1,4,5-trisphosphate; IR, insulin receptor; LKB1, liver kinase B1; PI3K,
phosphatidylinositol 3-kinase; PLC, phospholipase C; VEGFR2, vascular endothelial growth factor receptor 2.

exposure (44), intake of dietary fat (45), or exposure to platelet-derived exosomes (46), leading
to a reduction of its levels. However, other types of ubiquitination stabilize CD36, as in the case
of Parkin (47), or promote CD36 binding to insulin receptor substrate 1, thereby preventing its
degradation (48). CD36 posttranslational modifications alter CD36 membrane localization or
levels and could potentially be used for selective targeting of CD36 function.

Evidence for CD36 function in FA uptake was obtained by studies in mice and by validation
of many findings in humans. In Cd36−/− mice, FA uptake in heart, muscle, and adipose tissues is
reduced (49), and this reduction is recapitulated byCD36 deletion specific to endothelial cells (50),
consistent with the key role of the endothelium in tissue FA uptake. The Cd36−/− mice also have
delayed absorption of dietary fat and reduced intestinal lipid secretion into the lymph in addition
to slow chylomicron clearance from the circulation (51). Human CD36 deficiency, observed in
9–10% of Africans and African Americans and 1–3% of Asians, results in defective uptake of FA
by heart, muscle, and adipose tissues (52) and in higher blood FA levels (53). Relatively common
CD36 variants that impact CD36 expression associate with altered chylomicron clearance, risk of
metabolic syndrome, and type 2 diabetes (54, 55).

2.4. Caveolin-1

Cav-1 has been linked to FA uptake (reviewed in 56, 57). The caveolin family of proteins is abun-
dant in adipocytes,myocytes, and endothelial and epithelial cells, but not in platelets ormonocytes.
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Caveolin is the main structural component of caveolae and is involved in the formation of these
flask-shaped invaginations 50–100 nm in diameter. Caveolae are specialized forms of rafts, with
the membrane microdomains enriched in cholesterol and sphingolipids. The sphingolipids rich in
long,mostly saturated FA chains form small free-floating domains, or rafts (58).Approximately 5%
of the plasmamembrane ofmammalian cells consists of detergent-resistantmembranes that can be
biochemically separated by their insolubility in Triton X-100 at 4°C. Although sphingolipid-rich
rafts are mainly in the outer leaflets, they are coupled with monounsaturated phospholipids on the
cytoplasmic side. Cav-1 facilitates the assembly of caveolae through interaction with cholesterol
(59) and FAs (60) and generally exerts inhibitory regulation of many caveolae-resident proteins
through binding with its scaffold region (61, 62). Signaling proteins cluster in detergent-resistant
membranes (rafts/caveolae), including membrane receptor kinases, insulin and epithelial growth
factor receptors, protein kinases C and A, adenyl cyclase, mitogen-activated protein kinase in-
termediates (Ras, Raf, Sos, and Shc), heterotrimeric G proteins, and members of the Src family
kinases. In the membrane, CD36 localizes to caveolae or rafts, and its function in FA uptake is
dependent on this localization. CD36 function in FA uptake involves Cav-1 and the caveolae (63),
and our unpublished data support the importance of theCD36Cav-1 interaction in internalization
of the FA with CD36.

Cav-1-deficient mice are resistant to high-fat-diet-induced obesity and have increased levels of
triglycerides and FAs in the circulation (64). In addition to the membrane, Cav-1 localizes to lipid
droplets and translocates to them during lipolysis (65, 66), suggesting its role in lipid trafficking. A
more recent study (67) reported that endothelial cells lacking Cav-1 have enhanced lipolysis and
impaired lipid droplet formation, which can be reversed by Cav-1 reconstitution. The decrease in
lipid droplets was associated with a decrease in CD36 expression in blood vessels and isolated en-
dothelial cells, suggesting that Cav-1 exerts its effect via CD36. Caveolae and Cav-1 may facilitate
FA uptake by promoting CD36 localization and stabilization in the plasma membrane (68). Cave-
olae regulation of lipid metabolism has yet to be investigated in detail (69).Caveolin is abundant in
microvascular endothelial cells as well as in adipocytes, two cell types involved in the management
of lipid distribution. These cells engage in a metabolically regulated exchange of Cav1-containing
extracellular vesicles (EVs) in vivo (70). Strong accumulating evidence indicates that EVs are a
common channel for cross talk between cells or tissues through the exchange of cargo that can
consist of lipids, signaling proteins, and regulatory microRNAs. Consequently, the EV exchange
between the endothelial cells and adipocytes would allow transfer and exchange of plasma con-
stituents and adipokines and will likely have pleiotropic metabolic effects in each recipient cell
(71).

3. SIGNAL TRANSDUCTION BY MEMBRANE FATTY ACID
RECEPTORS: FFARs AND CD36

Fatty acids, in addition to serving as an energy source, are important signaling molecules that
control a wide range of cellular processes and physiological functions. It can be argued that sig-
naling is a primary function for FAs, as it is critical to FA uptake at the plasma membrane. The
downstream pathways recruited by FA membrane signaling control FA utilization and many of
the metabolic actions of FAs. As described in the following sections, signaling by FAs is mediated
by their membrane receptors, which function as signal transducers.We begin by summarizing sig-
nal transduction by the G protein–coupled FA receptors, also called FFARs, then discuss CD36
signaling and compare the effector pathways used by these two FA receptor types (Table 1).

FFARs were discovered when FAs were found to bind GPCRs. Ligand binding to GPCRs
causes the α subunits of receptor-coupled heterotrimeric G proteins to dissociate from the βγ sub-
units. The resulting effect of GPCR activation depends on which α subunit is engaged (Table 1
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Table 1 FFAR1, FFAR4, and CD36: distribution, effectors, and metabolic outcomes

Signaling effectors Expression Metabolic functions References
FFAR1/GPR40
Gq Pancreatic β-cells FA enhancement of glucose-stimulated

insulin secretion
139, 140

Gi Pancreatic α-cells Stimulation of glucagon secretion 139, 141, 142
Gs EECs: I, K, and L cells Stimulation of CCK, GIP, and GLP-1

secretion
143

FFAR4/GPR120
Gq Hypothalamus Energy efficacy, regulation of

inflammation
144

β-Arrestin Taste buds Orosensory FA perception 145
Not established White adipocytes Adipocyte differentiation, glucose

uptake, lipid accumulation
77, 79

Not established Brown adipocytes BAT activation, FGF21 secretion 146
Not established EECs: I, K cells CCK, GIP, and GLP-1 secretion 147–149
Not established Pancreatic δ-cells Somatostatin secretion 150
β-Arrestin Macrophages Anti-inflammatory effect of DHA 77
CD36
Src/LKB1/AMPK Myotubes, muscle FA uptake and oxidation 82
Src/IRβ/IR Myotubes, muscle Glucose uptake, insulin signaling 55
Not established Pancreatic β-cells FA regulation of insulin secretion 90
cAMP and Ca2+ EECs: I and S cells CCK and secretin secretion 93
ERK1/2 Enterocytes Chylomicron formation 45
Src/PLC/Ca2+ Tongue, taste buds Neurotransmitter release, fat taste

perception
97

Not established Vagal neurons Cephalic phase 85
VEGFR2/AKT LECs LEC FA oxidation, LEC migration,

tube formation
109

PPARδ Stem cells Progenitor differentiation in tissue
repair, stem cell replication for
survival during infection

86, 122

Ca2+ Hypothalamus More subcutaneous fat glucose
intolerance

89

Abbreviations: BAT, brown adipose tissue; cAMP, cyclic adenosine monophosphate; CCK, cholecystokinin; DHA, docosahexaenoic acid; EEC, enteroen-
docrine cell; ERK1/2, extracellular signal-regulated kinases 1/2; FA, fatty acid; FFAR1, free fatty acid receptor 1; FFAR4, free fatty acid receptor 4; FGF21,
fibroblast growth factor 21; GIP, gastric inhibitory polypeptide; GLP-1, glucagon-like peptide-1; GPR,G protein–coupled FA receptor; IRβ, insulin receptor
beta; LEC, lymphatic endothelial cell; LKB1, liver kinase B1; PLC, phospholipase C; PPARδ, peroxisome proliferator–activated receptor delta; VEGFR2,
vascular endothelial growth factor receptor 2.

and Figure 2). Adenylate cyclase-mediated cAMP generation is one major effector of GPCR sig-
naling throughGs-typeGα subunits and is inhibited by theGi/o-typeGα subunits.The effector of
the Gq/11α signaling is phospholipase C (PLC) which, when activated, hydrolyzes phosphatidyli-
nositol 4,5-bisphosphate into diacylglycerol and inositol 1,4,5-trisphosphate (IP3), which in turn
releases Ca2+ from the ER through binding IP3 receptors. GPCRs are inhibited by β-arrestins,
which block the association of GPCRs to G proteins (reviewed in 72).

The FFAR family of receptors includes FFAR1 (GPR40), FFAR2 (GPR43), FFAR3 (GPR41),
and FFAR4 (GPR120). Here, we focus on FFAR1 and FFAR4 that bind at micromolar
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Figure 2

Metabolic pathways controlled by long-chain FAs through FFARs. By binding to (a) FFAR1/GPR40 and (b) FFAR4/GPR120, FAs
mobilize several signaling effectors to control molecular pathways involved in FA metabolism: FFAR1 ligation by FAs activates the
AC/cAMP pathway to regulate secretion of CCK, GIP, GLP-1, and glucagon; FAs regulate the PLC/IP3 pathway and modulate insulin
secretion by binding to FFAR1; and FAs binding to FFAR4 play a role in fat taste perception, energy efficiency, inflammation,
differentiation of adipose tissue, glucose uptake, lipid accumulation, brown adipose tissue browning, and the release of FGF21, CCK,
GIP, and GLP, as well as somatostatin release. Abbreviations: AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; CCK,
cholecystokinin; DAG, diacylglycerol; FA, fatty acid; FFAR1/GPR40, free fatty acid receptor 1/G protein–coupled receptor 40;
FFAR4/GPR120, free fatty acid receptor 4/G protein–coupled receptor 120; FGF21, fibroblast growth factor 21; GIP, gastric inhibitory
polypeptide; GLP-1, glucagon-like peptide-1; IP3, inositol 1,4,5-trisphosphate; PKC, protein kinase C; PLC, phospholipase C.

concentrations to medium-chain (>C6) and long-chain (C14–C22) FAs, with FFAR4 biased to-
ward long-chain FAs. Their physiological roles have been reviewed extensively (72–74) and are
briefly highlighted here.

3.1. Free Fatty Acid Receptor 1

FFAR1 is expressed in pancreatic β-cells, immune cells, and intestinal enteroendocrine cells. It
potentiates secretion of glucose-stimulated pancreatic insulin and gut incretins [glucagon-like
peptide-1 (GLP-1), gastric inhibitory polypeptide (GIP), cholecystokinin (CCK)]. FFAR1 in-
creases cellular cAMP through association with the Gs protein (75). FFAR1 is stimulated more
by unsaturated FAs than by saturated FAs, with the polyunsaturated FA docosahexaenoic acid be-
ing most potent. Palmitic acid and palmitoleic acids are recognized ligands. Under physiological
conditions, FFAR1 contributes approximately 50% of the FA-stimulated insulin secretion (76).

3.2. Free Fatty Acid Receptor 4

FFAR4 is expressed in taste bud cells, intestinal enteroendocrine cells, pancreatic islets,
macrophages, and adipose tissue. FFAR4 couples to Gq, and its activation increases intracellular
Ca2+. Unlike FFAR1, FFAR4 has not yet been linked to Gi or Gs proteins, but it has been impli-
cated in taste perception and preference and in hormone secretion by the gut (GLP-1, CCK,GIP,
peptide YY) and pancreas (insulin and glucagon). It has anti-inflammatory effects in macrophages
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where its activation by ω3 polyunsaturated FAs causes internalization of the β-arrestin-2 receptor
(77) (Table 1 and Figure 2).

FFAR4 is reported to influence whole-body energy homeostasis (72, 73, 78). Unlike FFAR1, it
is highly expressed in white adipose tissue and increases with high-fat feeding despite not being
detected in preadipocytes (72). High-fat-fed FFAR4−/− mice develop obesity, glucose intolerance,
and fatty liver, and FFAR4 expression is increased in white adipose tissue of obese humans (79).
A nonsynonymous mutation of FFAR4 (p.R270H), which impairs the receptor’s ability to mo-
bilize intracellular Ca2+ in response to α-linoleic acid, was linked to increased obesity risk (79).
FFAR4 is involved in thermogenesis, and its expression is increased by cold exposure, resulting in
brown adipose tissue activation and white adipose tissue browning via fibroblast growth factor 21
(reviewed in 78).

The role of FFARs as candidate lipid sensors in regulating fat taste preference remains contro-
versial. Initial reports of reduced FA preference in FFAR1- and FFAR4-deficient mice suggested
that their upregulation might increase fat intake.However, only FFAR4 (not FFAR1) is confirmed
to be expressed in taste buds of rodents and humans, but its role in fat preference remains unclear
(72, 80). FFAR4 is expressed in the arcuate nucleus of the hypothalamus and the nucleus accum-
bens. Its acute activation by intracerebroventricular injection of an agonist in mice reduced food
intake and suppressed rewarding effects of high-fat, high-sugar food (81).

3.3. Fatty Acid Translocase (FAT/CD36)

CD36 signaling was previously well documented in immune cells and more recently shown to be
active in metabolic regulation (Table 1 and Figure 2). One of its notable actions is to regulate
the cellular switch in fuel between glucose and FAs, which is impaired in Cd36−/− mice. CD36
maintains low basal activity of AMPK and enhances basal insulin sensitivity through promoting
Src phosphorylation of liver kinase B1 and that of the insulin receptor, respectively. FA binding
to CD36 activates AMPK and suppresses insulin receptor signaling (55, 82), illustrating the role
of FA sensing by CD36 in the regulation of energy homeostasis.

CD36 mediates taste perception of fats in mice (83) and humans (84). As reviewed elsewhere
(80), in taste bud cells, FA binding of CD36 induces a rise in cytosolic Ca2+, leading to the release
of neurotransmitters, such as 5-hydroxytryptamine and noradrenaline, important in fat percep-
tion. FA/CD36 signaling involves PLC generation of the lipid mediators IP3 and diacylglycerol
from phosphatidylinositol-4,5-bisphosphate and Ca2+ release from the ER through IP3-binding
ER IP3 receptors. Subsequent activation of Ca2+ entry through plasma membrane store-operated
Ca2+ channels increases cellular Ca2+ and ultimately neurotransmitter release to relay brain
signals important for the cephalic phase of digestion and appetite regulation. CD36 expression is
enriched in vagal neurons (85), and a lack of orosensory FA sensing in CD36 deficiency suppresses
critical vagal input to the gut (86). The vagus-dependent (87, 88) early preabsorptive increase
in blood insulin, pancreatic polypeptide, and leptin, measured 15 min after an oral high-fat
meal, is markedly reduced in Cd36−/− mice (86). Like FFAR4, CD36 is also expressed in the
hypothalamus, where it influences neuronal FA-sensing and systemic metabolism. Its deletion
from the ventromedial hypothalamus increased subcutaneous fat deposition and was associated
with glucose intolerance (89).

In pancreatic β-cells, which express a specific CD36 transcript, the protein localizes to
the plasma membrane and in insulin granules. Treatment with the CD36 inhibitor sulfo-N-
succinimidyl-oleate blocked the acute effect of palmitic acid to stimulate insulin secretion. In
addition, it blocked the effect of long-term palmitic acid exposure to inhibit glucose-dependent
insulin secretion, indicating that CD36 mediates both stimulatory and inhibitory effects of palmi-
tate on insulin release (90). However, in this study, the effect of chronic palmitate on CD36 levels
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in β-cells was not measured. It was later shown that inducible overexpression of CD36 in β-cells,
while increasing FA uptake, blunts the integrated regulation of insulin secretion by glucose and
FA, suggesting that high CD36 in islets has negative effects on exocytosis of insulin granules (91).
In line with this, islets from obese donors with type 2 diabetes were found to have higher CD36
expression than obese nondiabetic donors, and this was associated with reductions in insulin se-
cretion and β-cell exocytosis (92). The mechanism underlying the effects of high CD36 to impair
insulin secretion was related to CD36 downregulation of β-cell insulin-signaling, which is pre-
dicted to inhibit docking and exocytosis of insulin granules. An antibody against CD36 increased
expression of exocytosis-associated proteins and improved insulin secretion.

Together, the abovementioned findings suggest that, in islets, CD36 is on insulin granules and,
like FFAR1, regulates the first phase of insulin secretion. However, its upregulation and dysfunc-
tion consequent to chronic FA exposure impair FA metabolism, notably FA oxidation, which is a
well-recognized factor in the impairment of insulin secretion. In addition, the findings that CD36
resides on insulin granules and that its upregulation associates with the suppression of granule
exocytosis suggest a role in granule trafficking and release, possibly involving signaling through
Ca2+ or through cytoskeletal organization. Blocking islet CD36 in patients with type 2 diabetes
might enhance insulin secretion, but a better understanding of its function in granule exocytosis
will help design more selective approaches.

CD36 also regulates peptide secretion in a subset of enteroendocrine cells (93). It is found on
secretin and CCK-positive enteroendocrine cells and is important for release of both hormones,
which influence appetite and fat digestion. The response of plasma CCK and secretin levels to
an oral lipid load was reduced by 50% in CD36−/− mice. Together with FFAR1, CD36 accounts
for CCK release induced by fat intake. In enteroendocrine cells (STC1 cells), CD36 interaction
with FA (docosahexaenoic acid or linoleic acid) stimulates the release of CCK and secretin two-
to threefold via increasing intracellular cAMP and Ca2+ levels (93).

As mentioned earlier, both FFAR1 and FFAR4 are potent stimulators of the release of GLP-
1 and GIP by the gut (Table 1), but few studies have examined the role of CD36 in incretin
release. The limited available findings suggest that it probably influences the release of GLP-1
and GIP in two ways. The preabsorptive cephalic response to food intake, important in priming
the organism for efficient processing of a meal (94, 95), is impaired in Cd36−/− mice (83, 86) and
in partially CD36-deficient humans (96). This is in line with the established role of CD36 in
orosensory FA perception in mice (83) and humans (84). The early preabsorptive release of GLP-
1 and GIP is blunted in Cd36−/− mice (Figure 3a) and in partially CD36-deficient humans (96).
In contrast, when the FA is given intragastrically, thereby bypassing the orosensory/vagal system,
CD36 deletion associates with the enhanced release of GIP and possibly GLP-1, suggesting that
in vivo at the level of enteroendocrine cells, CD36 inhibits FA-induced release of the incretins
(Figure 3b). Together, these data suggest that CD36 plays a role in the early preabsorptive release
of incretins that primes the organism for fat absorption and tissue uptake.However, once digestion
proceeds in the gut, CD36 on enteroendocrine cells might act as a decoy receptor recruiting FAs
away from FFARs.Deleting CD36 makes FAs more available to the FFARs, enhancing their effect
on incretin secretion. This is supported by the observation that CD36 in taste bud cells functions
at much lower FA concentrations than does FFAR4 to induce Ca2+ signaling (97).

In contrast to CD36, the FFAR1 and FFAR4 receptors do not express on enterocytes, so their
effects on fat absorption would be exerted through regulating secretions by enteroendocrine cells.
CD36 is abundant on enterocytes, and its signal transduction regulates processing of a high-fat
meal through promoting prechylomicron transport vesicle budding and exit from the ER to the
Golgi (98) and through the upregulation of key proteins for chylomicron formation (45). Luminal
lipids, most likely FAs, induce ubiquitination and degradation of CD36, as the protein disappears
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Figure 3

Opposite responses of gut incretin release after oral and intragastric lipid (olive oil) loads in Cd36−/− mice.
(a) Cephalic release of GIP and GLP-1 (relative to baseline) is suppressed in Cd36−/− mice. The early
cephalic response to food was determined at 15 min after oral exposure to a lipid load in overnight fasted
WT and Cd36−/− mice. (b) Intragastric olive oil or saline on incretin release measured in blood at 30 min.
Plasma levels of GIP and GLP-1 in Cd36−/− mice increased above those of WT mice. Data are expressed as
fold change relative to saline control. ∗P < 0.05. Abbreviations: GIP, gastric inhibitory polypeptide; GLP-1,
glucagon-like peptide-1; WT, wild-type.

from the luminal side of villi early during the postprandial period (45). This regulation is impaired
by high-fat feeding and the associated hyperinsulinemia, which blocks CD36 ubiquitination and
results in postprandial hypertriglyceridemia (99).CD36 deletion delays lipid absorptionwithmore
fat reaching the distal gut and increases the generation of smaller remnant-like chylomicrons that
are slowly cleared from the circulation.The deletion also suppresses lipid secretion into the lymph
and causes more lipid to rapidly appear in the circulation, bypassing lymphatic transport (51, 100).
Recent findings discussed below argue that these effects reflect the lack of CD36 signaling that
maintains endothelial and epithelial barriers.

Overall, the similarities in the signaling effects of CD36, FFAR1, and FFAR4 suggest that a
better understanding of their potential interaction in regulating long-chain FA actions is needed.
In contrast to CD36, FFAR4 does not enhance FA uptake (101), but there is evidence that FFAR4
internalizes in response to FA stimulation. It is not known whether this process associates with
simultaneous FA internalization, as in the case of CD36 (102). In pancreatic β-cells, the FFARs
might not modulate metabolism of the FA, but they could play a role in mitigating the negative
effects of abnormal FA metabolism and consequently the impairment of insulin secretion due to
dysfunctional CD36. The potential of the synergistic effects of FFAR1 and CD36 in islets has not
been tested. Functional synergy between CD36 and FFARs could occur based on the differences
in FA specificity, FA affinity, and the expression profiles of the receptors.

4. CD36 SIGNALING AND FATTY ACID OXIDATION IN TISSUE
MAINTENANCE AND REPAIR

Recent work highlighted an important role of CD36 signaling and the upregulation of FA oxi-
dation for optimal tissue maintenance and function, which help reduce the risk of pathology and
disease. Disruption of the gastrointestinal barrier notably by high-fat diets, infection, and damag-
ing agents results in a leaky gut, which has been linked to the etiology of multiple gastrointestinal
diseases and the systemic metabolic dysfunction caused by overnutrition (103, 104). A number of
CD36 functions unrelated to FA metabolism, such as mounting a full immune response to enteric
pathogens (105) and resolving inflammation through facilitating neutrophil clearance (106, 107),
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could help promote gut homeostasis. Recently, CD36 expression was shown to be required for
maintaining integrity of the intestinal and endothelial barriers (108).CD36 deletion leads to extra-
cellular matrix accumulation, compromises epithelial intercellular junction complexes, and causes
neutrophil infiltration and inflammation of the small intestine. This phenotype of Cd36−/− mice
is mostly reproduced with endothelial cell CD36 deletion, suggesting that the CD36-deficient
endothelium might promote neutrophil infiltration with the consequent loss of epithelial barrier
integrity. A recent study (109) documented the role of CD36 signaling and FA oxidation in the
regulation of the lymphatic endothelial barrier. CD36 expresses in lymphatic capillaries (lacteals)
and is especially abundant in collecting lymphatic vessels. Its deficiency in lymphatic endothe-
lial cells impaired intercellular VE-cadherin junctions that appeared fragmented and reduced in
density, causing lymph leakage, visceral obesity, and systemic glucose intolerance. Silencing of
CD36 in cultured human dermal lymphatic endothelial cells showed that CD36 is required for the
metabolic switch toward increased FA oxidation through its modulation of VEGF-C signaling to
VEGFR2/AKT.The increase in FA oxidation is critical for fueling cell migration and tube forma-
tion during lymphangiogenesis (110, 111) and for regulating VE-cadherin junction morphology
(112) and stabilization (113). These findings support a critical role of CD36-mediated FA oxida-
tion in regulation of the endothelial barrier. In this context, systemic carnitine palmitoyltransferase
1α (CPT1α) inhibition with etomoxir increased blood vessel leakiness and altered Ca2+ homeo-
stasis (114). These findings might have relevance to the mechanisms underlying the endothelial
dysfunction observed in humans with partial CD36 deficiency, where reduced flow-mediated di-
lation that was insensitive to treatment with the nitric oxide-cyclic guanosine monophosphate
potentiator sildenafil was observed (53).

One of the most interesting new findings in tissue homeostasis is the role of FA oxidation
in regulating progenitor cell function and tissue maintenance. For example, the peroxisome
proliferator–activated receptor delta (PPARδ, also known as PPARβ)-mediated induction of a gene
network for FA oxidation is critical for stem cell function across multiple cell types (115). FA ox-
idation promotes stem cell maintenance in hematopoietic and neural stem cells (116, 117), and
its inhibition impairs its ability for optimal differentiation and long-term renewal of prolifera-
tive intestinal stem cells (118). In endothelial cells, which utilize FA-derived carbon for synthesis
of deoxyribonucleotides and DNA during cell replication, CPT1α silencing impairs endothelial
cell proliferation (111). An intriguing new research area relates to the ability of EVs to transfer
mitochondria between cells, which might play a role in tissue maintenance. In diet-induced obe-
sity in mice, the energetically stressed adipocytes release into the circulation EVs that contain
respiration-competent although oxidatively damaged mitochondrial particles. Uptake of these
EVs by cardiomyocytes results in a compensatory increase of antioxidant signaling that limits
heart injury from ischemia reperfusion (119).

Our recent data highlighted the abovementioned pathway in the stomach, which was found
to be functionally dependent on the robust uptake of circulating FAs. CD36 expression is high
in the stomach corpus and especially abundant in endothelial and parietal cells. In parietal cells,
CD36 localizes to the basolateral site adjacent to capillary endothelial cells and is excluded from
the luminal side and the ingested food, which contrasts to the luminal-facing CD36 on entero-
cytes of the small intestine. Using the acute injury model of high-dose tamoxifen (120), which
causes gastric parietal cell–targeted death followed by rapid de novo parietal cell renewal, we
found that endothelial FA delivery was important for stem cell differentiation and gastric epithelial
renewal after injury (86).Cd36−/− mice exhibited reduced parietal cell recovery despite active pro-
genitor cell proliferation. This phenotype was related to reduced endothelial cell FA delivery to
the corpus, which caused extensive remodeling of tissue lipids, diminished tissue respiration, and
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inefficient mitochondrial FA oxidation. Thus, deficiency of CD36-mediated FA uptake and oxida-
tion in the corpus results in parietal cell progenitor cells incapable of full differentiation. Unlike
Cd36 deletion in endothelial cells, its deletion in parietal cells did not reduce corpus FA uptake
or impair parietal cell differentiation, indicating that impaired mucosal renewal was not related
to dysfunction of mature parietal cells. CD36 is a PPAR target, and CD36-mediated FA uptake
activates PPARδ (121); thus, CD36 is likely to contribute to the effect of PPARδ on stem cell
differentiation. CD36-mediated FA uptake by hematopoietic stem cells during acute infection
was shown to favor a metabolic switch from glycolysis to FA oxidation, which enhances stem cell
replication and organismal survival during infection (122).

5. PATHOLOGICAL IMPLICATIONS

The alterations in FA sensing and lipidmetabolism observed inCd36−/− deficient mice are recapit-
ulated in humans with partial or total CD36 deficiency. CD36 variants, common across ethnicities
(39–45%), have been linked to elevated plasma lipids and to an increased risk of metabolic syn-
drome (54, 123–125) and stroke (126). Total CD36 deficiency in people (127) and CD36 single
nucleotide polymorphisms (SNPs) or DNA methylation sites that reduce protein expression (54,
128) are associated with higher levels of chylomicron remnants and low density lipoprotein par-
ticles in blood, two risk factors of heart disease. Subjects carrying common CD36 SNPs display a
greater oral lipid detection threshold (reduced fat taste perception) (84), decreased early cephalic
responses to a meal (96), increased acceptance of added fats (129), and higher caloric intake at-
tributed to more fat consumption (130, 131). Furthermore, exploration of RNA sequencing linked
to whole genome data in humans (from the Vanderbilt BioVu and UK Biobank databases) identi-
fied associations between genetically determined low tissue CD36 expression and the incidence of
type 2 diabetes and its associated complications (55) and the incidence of gastrointestinal diseases
and risk of death from gastrointestinal hemorrhage (86).

Associations between variants in FFARs and metabolic disease have been less consistent and
less well studied. FFAR4 SNPs were shown to modulate the effect of ω3 FAs on insulin-related
traits, with fish oil supplementation improving these traits in noncarriers as compared to carriers
of the minor alleles (132). A genetic variant in the FFAR4 gene (p.R270H), which impairs receptor
signaling, was associated with obesity in one study but not another (79, 133). A loss-of-function
mutation of the FFAR1 gene was associated with lower stimulated insulin secretion in humans
(134), but so far no genetic variants have been linked to increased diabetes risk.

Collectively, these findings support the role of low or dysfunctional CD36 in the etiology of
abnormal lipid uptake and impaired adaptation to energy transitions or cellular stress, which in-
creases risk ofmetabolic abnormalities and chronic disease.The relationship of FFAR1 and FFAR4
variants to obesity-associated metabolic disease is intriguing and warrants further investigation.

6. CONCLUSION AND FUTURE DIRECTIONS

The metabolic implications of low or dysfunctional CD36 have been highlighted by genetic as-
sociation studies, but little is known about CD36’s role in human tissue metabolism and repair.
It is unclear what tissues primarily drive the metabolic abnormalities associated with low or dys-
functional CD36. Although disease-related common CD36 SNPs associate with low tissue CD36
expression, several studies have shown that high plasma CD36 levels correlate with greater ab-
dominal adiposity (135) and liver fat (136, 137). Plasma CD36 likely reflects the presence of the
protein in micro- or nanoparticles shed by cells, including platelets, that might be indicative of
dysfunction and an abnormal metabolic status (138).Chronic upregulation of CD36, as well as low
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or complete absence of CD36 expression, would exert negative effects, as both conditions reduce
the normal adaptive and homeostatic response that the protein mediates. Little is known about
regulation of the CD36 promoter in humans that might exert tissue-specific influence. Alter-
ations in intracellular trafficking and posttranslational processing of CD36 might also contribute
to differential tissue-specific CD36 functions.

Recent data from our group documented that the endothelium is a major site of regulation for
tissue FA uptake, and this applies to heart, skeletal muscle, and adipose tissue (50).Our unpublished
data on the mechanism of endothelial FA handling suggest that dysfunction of FA uptake at the
level of the endothelium could help drive metabolic abnormalities in other organs, a possibility
that would be important to investigate. Additional investigation of the interactions between CD36
and FFAR1 and FFAR4 in determining various physiological outcomes related to insulin secretion
or to intestinal lipid processing is warranted and could enhance our knowledge of the etiology of
obesity-associated metabolic diseases.

SUMMARY POINTS

1. Long-chain fatty acids (FAs) are membrane components, serve to provide fuel and bioac-
tive molecules, and influence basic cell functions such as proliferation, differentiation,
migration, and secretion by signaling through FA membrane receptors.

2. Among membrane FA transporters, strong evidence supports the role of CD36 and
caveolin-1. Membrane transport is coupled to FA-acyl synthases, e.g., the fatty acid
transport proteins (FATPs) that initiate cellular FA processing.

3. CD36 translocation to the plasma membrane and its internalization with FAs are
regulated by posttranslational modification, particularly dynamic palmitoylation.

4. CD36/FA signaling regulates fat handling: orosensory FA perception in taste cells,
cephalic secretions that prime tissues for fat use, pancreatic insulin secretion, release
of gut satiety peptides, chylomicron secretion, and transport by the lymph.

5. Free fatty acid receptors 1 and 4 (FFAR1, FFAR4), like CD36, are activated by long-
chain FAs and initiate signaling with pathways and outcomes similar to those elicited by
FA/CD36. Understanding the potential interaction between CD36 and FFARs would
be valuable.

6. CD36 signal transduction regulates the cellular fuel switch between glucose and FAs
through influencing FA oxidation and insulin-stimulated glucose metabolism.

7. CD36-mediated increase of FA uptake and FA oxidation is important for integrity of the
endothelial and epithelial barriers, which prevents pathogen and immune tissue infil-
tration and inflammation. CD36 deletion in lymphatic endothelial cells leads to lymph
leakage, visceral obesity, and glucose intolerance.

8. Recent evidence supports the critical role of FA oxidation in progenitor cell up-
keep and tissue renewal. Reduced FA uptake/oxidation impairs parietal cell progenitor
differentiation and mucosal renewal after injury in stomachs of Cd36−/− mice.
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nants and LDL particle numbers associate with CD36 SNPs and DNA methylation sites that reduce
CD36. J. Lipid Res. 57(12):2176–84

55. Samovski D, Dhule P, Pietka T, Jacome-Sosa M, Penrose E, et al. 2018. Regulation of insulin receptor
pathway and glucose metabolism by CD36 signaling.Diabetes 67(7):1272–84

56. Frank PG, Pavlides S, Lisanti MP. 2009. Caveolae and transcytosis in endothelial cells: role in
atherosclerosis. Cell Tissue Res. 335(1):41–47

57. Zhang X, Sessa WC, Fernández-Hernando C. 2018. Endothelial transcytosis of lipoproteins in
atherosclerosis. Front. Cardiovasc. Med. 5:130

58. Simons K, Sampaio JL. 2011. Membrane organization and lipid rafts. Cold Spring Harb. Perspect. Biol.
3(10):a004697

59. Murata M, Peränen J, Schreiner R, Wieland F, Kurzchalia TV, Simons K. 1995. VIP21/caveolin is a
cholesterol-binding protein. PNAS 92(22):10339–43

60. Trigatti BL, Anderson RG,Gerber GE. 1999. Identification of caveolin-1 as a fatty acid binding protein.
Biochem. Biophys. Res. Commun. 255(1):34–39

61. D’Aprile C, Prioni S, Mauri L, Prinetti A, Grassi S. 2021. Lipid rafts as platforms for sphingosine 1-
phosphate metabolism and signalling. Cell Signal. 80:109929

62. Head BP,PatelHH, Insel PA.2014. Interaction ofmembrane/lipid rafts with the cytoskeleton: impact on
signaling and function: membrane/lipid rafts, mediators of cytoskeletal arrangement and cell signaling.
Biochim. Biophys. Acta Membr. 1838(2):532–45

63. Ring A, Le Lay S, Pohl J, Verkade P, StremmelW. 2006.Caveolin-1 is required for fatty acid translocase
(FAT/CD36) localization and function at the plasmamembrane ofmouse embryonic fibroblasts.Biochim.
Biophys. Acta Mol. Cell Biol. Lipids 1761(4):416–23

www.annualreviews.org • Fatty Acid Transport and Signaling 333



64. Razani B, Combs TP, Wang XB, Frank PG, Park DS, et al. 2002. Caveolin-1-deficient mice are lean,
resistant to diet-induced obesity, and show hypertriglyceridemia with adipocyte abnormalities. J. Biol.
Chem. 277(10):8635–47

65. Fernández-RojoMA,Restall C, FergusonC,Martel N,Martin S, et al. 2012.Caveolin-1 orchestrates the
balance between glucose and lipid-dependent energy metabolism: implications for liver regeneration.
Hepatology 55(5):1574–84

66. Martin S, Parton RG. 2005. Caveolin, cholesterol, and lipid bodies. Semin. Cell Dev. Biol. 16(2):163–74
67. Kuo A, Lee MY, Yang K, Gross RW, Sessa WC. 2018. Caveolin-1 regulates lipid droplet metabolism

in endothelial cells via autocrine prostacyclin-stimulated, cAMP-mediated lipolysis. J. Biol. Chem.
293(3):973–83

68. Ring A, Le Lay S, Pohl J, Verkade P, StremmelW. 2006.Caveolin-1 is required for fatty acid translocase
(FAT/CD36) localization and function at the plasmamembrane ofmouse embryonic fibroblasts.Biochim.
Biophys. Acta Mol. Cell Biol. Lipids 1761(4):416–23

69. Parton RG, del Pozo MA. 2013. Caveolae as plasma membrane sensors, protectors and organizers.Nat.
Rev. Mol. Cell Biol. 14(2):98–112

70. Crewe C, Joffin N, Rutkowski JM, Kim M, Zhang F, et al. 2018. An endothelial-to-adipocyte
extracellular vesicle axis governed by metabolic state. Cell 175(3):695–708.e13

71. Crewe C, Scherer PE. 2021. Intercellular and interorgan crosstalk through adipocyte extracellular
vesicles. Rev. Endocr. Metab. Disord. 23(1):61–69

72. Kimura I, Ichimura A, Ohue-Kitano R, Igarashi M. 2020. Free fatty acid receptors in health and disease.
Physiol. Rev. 100(1):171–210

73. Zhang D, Leung PS. 2014. Potential roles of GPR120 and its agonists in the management of diabetes.
Drug Des. Devel. Ther. 8:1013–27

74. Ghislain J, Poitout V. 2021. Targeting lipid GPCRs to treat type 2 diabetes mellitus—progress and
challenges.Nat. Rev. Endocrinol. 17(3):162–75

75. Feng DD, Luo Z, Roh S-G, Hernandez M, Tawadros N, et al. 2006. Reduction in voltage-gated K+

currents in primary cultured rat pancreatic beta-cells by linoleic acids. Endocrinology 147(2):674–82
76. Latour MG, Alquier T, Oseid E, Tremblay C, Jetton TL, et al. 2007. GPR40 is necessary but not

sufficient for fatty acid stimulation of insulin secretion in vivo.Diabetes 56(4):1087–94
77. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, et al. 2010. GPR120 is an omega-3 fatty acid

receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell 142(5):687–98
78. Song T, Yang Y, Zhou Y, Wei H, Peng J. 2017. GPR120: a critical role in adipogenesis, inflammation,

and energy metabolism in adipose tissue. Cell. Mol. Life Sci. 74(15):2723–33
79. Ichimura A, Hirasawa A, Poulain-Godefroy O, Bonnefond A, Hara T, et al. 2012. Dysfunction of lipid

sensor GPR120 leads to obesity in both mouse and human.Nature 483(7389):350–54
80. Besnard P, Passilly-Degrace P, Khan NA. 2016. Taste of fat: a sixth taste modality? Physiol. Rev.

96(1):151–76
81. Auguste S, Fisette A, Fernandes MF,Hryhorczuk C, Poitout V, et al. 2016. Central agonism of GPR120

acutely inhibits food intake and food reward and chronically suppresses anxiety-like behavior in mice.
Int. J. Neuropsychopharmacol. 19(7):pyw014

82. Samovski D, Sun J, Pietka T, Gross RW, Eckel RH, et al. 2015. Regulation of AMPK activation by
CD36 links fatty acid uptake to β-oxidation.Diabetes 64(2):353–59

83. Laugerette F,Passilly-Degrace P,Patris B,Niot I, FebbraioM, et al. 2005.CD36 involvement in orosen-
sory detection of dietary lipids, spontaneous fat preference, and digestive secretions. J. Clin. Investig.
115(11):3177–84

84. Pepino MY, Love-Gregory L, Klein S, Abumrad NA. 2012. The fatty acid translocase gene CD36 and
lingual lipase influence oral sensitivity to fat in obese subjects. J. Lipid Res. 53(3):561–66

85. Liu C, Bookout AL, Lee S, Sun K, Jia L, et al. 2014. PPARγ in vagal neurons regulates high-fat diet
induced thermogenesis. Cell Metab. 19(4):722–30

86. Jacome-Sosa M,Miao Z-F, Peche VS,Morris EF,Narendran R, et al. 2021. CD36 maintains the gastric
mucosa and associates with gastric disease. Commun. Biol. 4(1):1247

87. Teff KL. 2011.How neural mediation of anticipatory and compensatory insulin release helps us tolerate
food. Physiol. Behav. 103(1):44–50

334 Samovski • Jacome-Sosa • Abumrad



88. Sobhani I, Buyse M, Goïot H, Weber N, Laigneau J, et al. 2002. Vagal stimulation rapidly increases
leptin secretion in human stomach.Gastroenterology 122(2):259–63

89. Le Foll C, Dunn-Meynell A, Musatov S, Magnan C, Levin BE. 2013. FAT/CD36: a major regulator of
neuronal fatty acid sensing and energy homeostasis in rats and mice.Diabetes 62(8):2709–16

90. Noushmehr H, D’Amico E, Farilla L, Hui H, Wawrowsky KA, et al. 2005. Fatty acid translocase
(FAT/CD36) is localized on insulin-containing granules in human pancreatic beta-cells and mediates
fatty acid effects on insulin secretion.Diabetes 54(2):472–81

91. Wallin T, Ma Z, Ogata H, Jørgensen IH, Iezzi M, et al. 2010. Facilitation of fatty acid uptake by CD36
in insulin-producing cells reduces fatty-acid-induced insulin secretion and glucose regulation of fatty
acid oxidation. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1801(2):191–97

92. Nagao M, Esguerra JLS, Asai A, Ofori JK, Edlund A, et al. 2020. Potential protection against
type 2 diabetes in obesity through lower CD36 expression and improved exocytosis in β-cells. Diabetes
69(6):1193–205

93. Sundaresan S,Shahid R,Riehl TE,Chandra R,Nassir F, et al. 2013.CD36-dependent signalingmediates
fatty acid-induced gut release of secretin and cholecystokinin. FASEB J. 27(3):1191–1202

94. Mattes RD. 1997. Physiologic responses to sensory stimulation by food: nutritional implications. J. Am.
Diet. Assoc. 97(4):406–13

95. Siegel EG, Trimble ER, Renold AE, Berthoud HR. 1980. Importance of preabsorptive insulin release
on oral glucose tolerance: studies in pancreatic islet transplanted rats.Gut 21(11):1002–9

96. Shibao CA, Celedonio JE, Tamboli R, Sidani R, Love-Gregory L, et al. 2018. CD36 modulates fasting
and preabsorptive hormone and bile acid levels. J. Clin. Endocrinol. Metab. 103(5):1856–66

97. Ozdener MH, Subramaniam S, Sundaresan S, Sery O, Hashimoto T, et al. 2014. CD36- and GPR120-
mediated Ca2+ signaling in human taste bud cells mediates differential responses to fatty acids and is
altered in obese mice.Gastroenterology 146(4):995–1005

98. Siddiqi S, Saleem U, Abumrad NA,Davidson NO, Storch J, et al. 2010. A novel multiprotein complex is
required to generate the prechylomicron transport vesicle from intestinal ER. J. Lipid Res. 51(7):1918–28

99. ButtetM,Poirier H,Traynard V,Gaire K,Tran TTT, et al. 2016.Deregulated lipid sensing by intestinal
CD36 in diet-induced hyperinsulinemic obese mouse model. PLOS ONE 11(1):e0145626

100. Nauli AM, Nassir F, Zheng S, Yang Q, Lo C-M, et al. 2006. CD36 is important for chylomicron for-
mation and secretion and may mediate cholesterol uptake in the proximal intestine. Gastroenterology
131(4):1197–1207

101. Fujitani M, Matsumura S, Masuda D, Yamashita S, Fushiki T, Inoue K. 2014. CD36, but not GPR120,
is required for efficient fatty acid utilization during endurance exercise. Biosci. Biotechnol. Biochem.
78(11):1871–78

102. ZhangW,Lin F,Liu Y,ZhangH,Gilbertson TA,Zhou A. 2020. Spatiotemporal dynamic monitoring of
fatty acid-receptor interaction on single living cells by multiplexed Raman imaging. PNAS 117(7):3518–
27

103. Cani PD, Osto M, Geurts L, Everard A. 2012. Involvement of gut microbiota in the development of
low-grade inflammation and type 2 diabetes associated with obesity.Gut Microbes 3(4):279–88

104. Winer DA, Luck H, Tsai S, Winer S. 2016. The intestinal immune system in obesity and insulin
resistance. Cell Metab. 23(3):413–26

105. Hoebe K, Georgel P, Rutschmann S, Du X, Mudd S, et al. 2005. CD36 is a sensor of diacylglycerides.
Nature 433(7025):523–27

106. Ballesteros I, Cuartero MI, Pradillo JM, de la Parra J, Pérez-Ruiz A, et al. 2014. Rosiglitazone-induced
CD36 up-regulation resolves inflammation by PPARγ and 5-LO-dependent pathways. J. Leukoc. Biol.
95(4):587–98

107. Parks BW, Black LL, Zimmerman KA, Metz AE, Steele C, et al. 2013. CD36, but not G2A, mod-
ulates efferocytosis, inflammation, and fibrosis following bleomycin-induced lung injury. J. Lipid Res.
54(4):1114–23

108. Cifarelli V, Ivanov S, Xie Y, Son N-H, Saunders BT, et al. 2017. CD36 deficiency impairs the small
intestinal barrier and induces subclinical inflammation in mice.Cell. Mol. Gastroenterol. Hepatol. 3(1):82–
98

www.annualreviews.org • Fatty Acid Transport and Signaling 335



109. Cifarelli V, Appak-Baskoy S, Peche VS, Kluzak A, Shew T, et al. 2021. Visceral obesity and insulin
resistance associate with CD36 deletion in lymphatic endothelial cells.Nat. Commun. 12(1):3350

110. Wong BW, Wang X, Zecchin A, Thienpont B, Cornelissen I, et al. 2017. The role of fatty acid β-
oxidation in lymphangiogenesis.Nature 542(7639):49–54

111. Schoors S, Bruning U, Missiaen R, Queiroz KC, Borgers G, et al. 2015. Fatty acid carbon is essential
for dNTP synthesis in endothelial cells.Nature 520(7546):192–97

112. Zhang F, Zarkada G, Han J, Li J, Dubrac A, et al. 2018. Lacteal junction zippering protects against
diet-induced obesity. Science 361(6402):599–603

113. Lampugnani MG, Dejana E, Giampietro C. 2018. Vascular endothelial (VE)-Cadherin, endothelial
adherens junctions, and vascular disease. Cold Spring Harb. Perspect. Biol. 9:a029322

114. Patella F, Schug ZT, Persi E, Neilson LJ, Erami Z, et al. 2015. Proteomics-based metabolic modeling
reveals that fatty acid oxidation (FAO) controls endothelial cell (EC) permeability. Mol. Cell. Proteom.
14(3):621–34

115. Knobloch M, Widmann C. 2018. Burning fat to keep your stem cells? The role of fatty acid oxidation
in various tissue stem cells. Curr. Opin. Lipidol. 29(5):426–27

116. Ito K, Carracedo A,Weiss D, Arai F, Ala U, et al. 2012. A PML-PPAR-δ pathway for fatty acid oxidation
regulates hematopoietic stem cell maintenance.Nat. Med. 18(9):1350–58

117. Knobloch M, Pilz G-A, Ghesquière B, Kovacs WJ, Wegleiter T, et al. 2017. A fatty acid oxidation-
dependent metabolic shift regulates adult neural stem cell activity. Cell Rep. 20(9):2144–55

118. Mihaylova MM, Cheng C-W, Cao AQ, Tripathi S, Mana MD, et al. 2018. Fasting activates fatty acid
oxidation to enhance intestinal stem cell function during homeostasis and aging.Cell StemCell 22(5):769–
78.e4

119. Crewe C, Funcke J-B, Li S, Joffin N, Gliniak CM, et al. 2021. Extracellular vesicle-based interorgan
transport of mitochondria from energetically stressed adipocytes. Cell Metab. 33(9):1853–68.e11

120. Huh WJ, Khurana SS, Geahlen JH, Kohli K, Waller RA, Mills JC. 2012. Tamoxifen induces rapid,
reversible atrophy, and metaplasia in mouse stomach.Gastroenterology 142(1):21–24.e7

121. Nahlé Z, Hsieh M, Pietka T, Coburn CT, Grimaldi PA, et al. 2008. CD36-dependent regulation
of muscle FoxO1 and PDK4 in the PPARδ/β-mediated adaptation to metabolic stress. J. Biol. Chem.
283(21):14317–26

122. Mistry JJ, Hellmich C, Moore JA, Jibril A, Macaulay I, et al. 2021. Free fatty-acid transport via CD36
drives β-oxidation-mediated hematopoietic stem cell response to infection.Nat. Commun. 12(1):7130

123. Ma X, Bacci S,MlynarskiW,Gottardo L, Soccio T, et al. 2004. A common haplotype at the CD36 locus
is associated with high free fatty acid levels and increased cardiovascular risk in Caucasians. Hum. Mol.
Genet. 13(19):2197–2205

124. Love-Gregory L, Sherva R, Sun L,Wasson J, Schappe T, et al. 2008.Variants in theCD36 gene associate
with the metabolic syndrome and high-density lipoprotein cholesterol. Hum. Mol. Genet. 17(11):1695–
1704

125. Farook VS, Puppala S, Schneider J, Fowler SP, Chittoor G, et al. 2012. Metabolic syndrome is linked
to chromosome 7q21 and associated with genetic variants in CD36 and GNAT3 in Mexican Americans.
Obesity 20(10):2083–92

126. Ikram MA, Seshadri S, Bis JC, Fornage M, DeStefano AL, et al. 2009. Genomewide association studies
of stroke.N. Engl. J. Med. 360(17):1718–28

127. Masuda D,Hirano K, Oku H, Sandoval JC, Kawase R, et al. 2009. Chylomicron remnants are increased
in the postprandial state in CD36 deficiency. J. Lipid Res. 50(5):999–1011
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