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Abstract

Sensingmechanisms for nutrients, in particular dietary fat, operate in themouth, brain, and gastrointestinal tract and play a

key role in regulating feeding behavior and energy balance. Critical to these regulatory mechanisms are the specialized

receptors present on taste buds on the tongue, on neurons in specialized centers in the brain, and on epithelial and

enteroendocrine cells in the intestinal mucosa. These receptors recognize nutrients and respond by inducing intracellular

signals that trigger release of bioactive compounds that influence other organs and help coordinate the response to the

meal. Components of dietary fat that are recognized by these receptors are the long-chain fatty acids that act as ligands for

2 G protein-coupled receptors, GPR40 and GPR120, and the fatty acid (FA) translocase/CD36. Recent evidence that

emphasizes the important role of CD36 in orosensory, intestinal, and neuronal sensing of FAs under physiologic conditions

is highlighted in the review. How this role intersects with that of GPR120 and GPR40 in the regulation of food preference

and energy balance is briefly discussed. J Nutr 2015;145:2195–200.
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Introduction

The homeostatic mechanisms that regulate energy balance and
body weight involve a complex network of nutrient-sensing
pathways thatbeginwith food ingestion.Taste receptors localized
on the taste bud cells (TBCs)6 of the lingual epithelium are
activated by tastants (salt, sour, sweet, bitter, umami, and fatty)
and transmit central signals via sensory afferent nerve fibers. This
initiates signaling mechanisms that trigger the cephalic phase of
digestion, which prepares the organism for nutrient absorption
and utilization and contributes to the regulation of satiation.
Remarkably, the chemosensory taste receptors present on the
tongue are also found in the gastrointestinal tract. The idea that
the gastrointestinal tract functions as a chemosensory organ was
first suggestedbyBayliss andStarling in1902 (1).Later, Fujita and
Kobayashi (2) proposed the intestinal sensor cell theory that
described existence of specialized nutrient-sensing bipolar cells in
the intestinal epithelium, including enterocytes and enteroendo-

crine cells (EECs). The EECs that were subsequently shown to
be the primary chemosensorsy cells are strategically stacked

betweenenterocytes that line theepitheliumandhavecytoplasmic
projections that extend to the lumen that enable direct access to
luminal contents. On activation the EECs mobilize secretory
granules localized in the basolateral portion of the cell to release
bioactive compounds that can relay signals via endocrine and/or

neural pathways.More than 20 different EECs are reported, and,
although they constitute <1% of the epithelial population, they
are the largest endocrineorgan that releases anarrayofhormones,
peptides, and bioactive amines in response to luminal nutrients
(3–5).Theprimarystimuli for the releaseofgutpeptidesare lipids,

although glucose produced from polysaccharides and disaccha-
rides by the action of intestinal digestive enzymes and products of
protein hydrolysis, peptones, and amino acids also stimulate
release of gut peptides, including glucagon-like peptides (GLP-1,
GLP-2), and cholecystokinin via different mechanisms (6).

The components of dietary fat that are sensed byTBCs and gut
EECs are long-chain FAs (LCFAs) released fromTGs by lipases in
the mouth (lingual lipase) or intestinal (pancreatic lipase) lumen.
LCFAsof chain length>12carbonsare considered themostpotent

stimulators; however, SCFAs and medium-chain FAs are also
capable of eliciting appreciable chemosensory responses (7, 8).
Sensing of LCFAs is mediated by the presence of membrane
receptors that include a number of G protein-coupled receptors
(GPRs) and the FA translocaseCD36.TheGPRsare a large family

of trans-membrane receptors that can initiate activation of signal
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transduction pathways on interactionwith FAs andother ligands.
In the gut, members of this class have varied distribution and
specificity for FA ligands that lead to release of different EEC
products, reviewed in (5). For example, GPR40 and GPR120
respond tomedium-chainFAsandLCFAs (9,10),whereasGPR41
and GPR43 are stimulated by SCFAs. GPR41 and GPR43 were
identified in peptide YY-positive rat endocrine cells and in
mucosal mast cells that secrete serotonin in the distal small
intestine and colon. GPR119 is expressed on rodent and human L
and K cells, and its ligand was identified as the endogenous FA
product, oleoylethanolamide (11), which stimulates release of
GLP-1 and gastric inhibitory peptide (GIP) (12, 13). GPR40 is
linked to incretin secretion and colocalizes with secreting K and L
cells that secreteGIPandGLP-1 located in the proximal anddistal
small intestine, respectively (9). GPR120 is abundantly expressed
inhumanandmouse intestine and in the in vitroEECmodel, STC-
1 cells, and its stimulation was shown to promote secretion of
GLP-1 (7). Although GPR40 and GPR120, which bind LCFAs,
were initially implicated in orosensory fat taste perception by
TBCs, recent reports suggest their influenceon fat taste perception
is indirect. As discussed in the next sections, GPR40 is not
expressed inTBCs, andGPR120, although presence in these cells,
is poorly responsive toFAs (14, 15).BothGPR40andGPR120are
involved in incretin secretionandas a result influence operationof
the ileal brake, a reflex response in which luminal contents of the
ileum elicit a feedback mechanism to delay gastric emptying and
thereby reduce nutrient delivery to distal segments (16).

CD36 is a heavily glycosylated trans-membrane protein that
was reported to be involved in cellular LCFA uptake on the basis
of affinity labelingwith reactive FAderivatives (17). In addition to
LCFA CD36 recognizes a broad spectrum of ligands that include
native and oxidized lipoproteins, thrombospondin-1, amyloid B,
collagen, and malaria-infected erythrocytes (18, 19). CD36 has
signal transduction ability triggered by binding of its ligands and
mediated by partner kinases that interact with the C terminus of
the protein. It is fairly ubiquitous, abundantly expressed in the
heart, adipose tissue, skeletal muscle, taste buds, and small
intestine. There is now a wealth of evidence to document a
prominent role for gutCD36 in fat perceptionandabsorption and
in overall regulation of lipid metabolism (Figure 1), recently
reviewed elsewhere (18). This review focuses on the role of CD36
inorosensory fatperceptionand in thechemosensorymechanisms
operational in the gut that initiate signaling-mediated regulation
of absorption and energy balance.

CD36 Mediates Orosensory Perception

of Fat

In the mouth, the FAs released from dietary TGs by lingual lipase
interact with the FA receptors on TBCs. The FA receptors
expressed in TBCs are GPR120 and CD36, but a primary role for
CD36 in fat tasteperception is suggestedby recent studies (15,23–
29, 53). Although GPR40 was initially thought to be involved
(21), several studies failed to detect its expression in TBCs (18).
CD36 in TBCs functions at low FA concentrations to induce
calcium signaling andneurotransmitter release,whereasGPR120
is poorly responsive even at high FA concentrations (15). In
addition, the absence of GPR120 in the oral cavity is not
associatedwith altered preference for oily and LCFA solutions on
the basis of a combination of behavioral and functional studies
(14). Interestingly, although not essential for oral fat preference,
GPR40 and GPR120 were recently shown to play a critical role
after ingestion in the oral stimulation of appetite by fat acting

elsewhere in the gut. Compared with control mice, GPR40- and
GPR120-double knockout mice consumed less of a flavored
solution that was paired with intragastric oil infusions (22).

CD36 is present on the apical surface of circumvallate and
foliate papillae in the tongue of rodents (23, 24) and humans (24,
25), and its deletion inmice eliminates fat taste perception and the
early cephalic phase of digestion (24) (Figure 1). The cephalic
phase triggered by fat on the tongue precedes fat ingestion and
involves modest pancreatobiliary and intestinal TG secretions
that serve to prime the body�s mechanisms that regulate fat
absorption and satiety. Substantially blunted fat preference is also
observed inmicewithCD36 haploinsufficiency, heterozygous for
CD36 deletion, and with CD36 expression that averaged 50%of
controls (26).

The blunted fat preference of CD36-null mice can be reversed
by experience, likely involving food-related cues other than taste
perception. For example, although naive CD36-null mice do not
display spontaneous preference for fat, they acquire this prefer-
ence after repeated exposure to fat.However, theCD36-nullmice
continue to have lower intakes of high-oil emulsions, indicating
persistence of a reduced acceptance of dietary lipid. The cause of
the reduced intake might reflect postingestive effects related to
altered fat handling or nutrient sensing by the small intestine (27).

LCFAs that bind to CD36 in TBCs induce a rise in cytosolic
calcium that ultimately result in release of neurotransmitters
(Figure2), such as 5-hydroxytryptamine andnoradrenalin,which
are implicated in signaling fat perception to the central nervous
system (28). The mechanism that mediates LCFAs that signal in
taste buds involves the production of lipid mediators (Figure 2)

FIGURE 1 CD36 regulation of multiple steps involved in the

processing of a meal. A: Dietary fat is composed mainly of TGs, but

the nutrient sensed by TBCs on the tongue is the FAs released from

TG digestion by lingual lipase. The FAs interact with CD36 on TBCs in

the circumvallate and fungiform papillae (back and sides of the tongue,

respectively) to induce an increase in intracellular Ca2+. This ultimately

results in neurotransmitter release and signal transmission to brain

centers. In the brain, CD36 is important for calcium signaling by

hypothalamic neurons, and its depletion prevents fat inhibition of food

intake and results in abnormal glucose tolerance (20). B: In the liver,

CD36 depletion reduces VLDL output, and this reflects in part increased

production of prostaglandins, reviewed in (18). In the pancreas CD36

was shown to mediate the effect of long-chain FAs to induce insulin

secretion. In the small intestine CD36 is expressed both on enterocytes

and on enteroendocrine cells. It functions in facilitating chylomicron

formation and mediating FA-induced release of CCK and secretin and the

production of OEA from oleic acid, reviewed in (18). CCK, cholecysto-

kinin; OEA, oleoylethanolamide; TBC, taste bud cell.
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such as inositol-1, 4, 5-triphosphate (IP3) and diacylglycerol that
are generated by the hydrolysis of phosphatidylinositol-4,5-
bisphosphate by the action of phospholipase C. IP3 binds to IP3
receptors on the endoplasmic reticulum (ER), leading to ER
release ofCa2+ (28).Depletion of ERCa2+ stores activates plasma
membrane Ca2+ channels, called store-operated Ca2+ and conse-
quently Ca2+ influx into the cell. Rapid increases in cytosolic Ca2+

in the TBCs associate with neurotransmitter release toward the
afferent nerve fibers that transmit signals of fat taste perception to
the brain, initiating the cephalic phase of digestion and appetite
regulatory mechanisms.

CD36 expression on TBCs is downregulated by dietary fat
whereas that of GPR120 is not, and the reduction in CD36 is
paralleled by a decrease of fat preference (26). LCFA-triggered
increases in cytosolic Ca2+ are also blunted in CD36-expressing
TBCs from obese compared with lean mice (15, 29), thereby
altering the lipid-sensing mechanisms that mediate oral fat
perception. This blunting reflects a reduction in total CD36
protein content in fungiform TBCs of obese mice together with
diminution of CD36 amounts in rafts, the membrane domains
that operate as signaling centers (15).

Role of CD36 in Intestinal FA Sensing

In thegutCD36isabundant intheproximalsmall intestine,expressed
on enterocytes (30, 31). Enterocyte CD36 contributes to LCFA and
cholesterol uptake and to processes that optimize chylomicron
formation. CD36 binds FAwith high affinity, meaning at concentra-
tions (lownanomolar)well belowthehigh luminalFAconcentrations
that are likely to drive passive cellular entry of FA. Thus, in the gut

CD36 is most relevant during the early stages of digestion when
luminal FA amounts are low and when CD36-mediated signaling
functions to initiate FA incorporation into TGs destined for chylo-
microns. Lipids in the intestinal lumen induce CD36-dependent
upregulationof keyproteins of chylomicron formation, including the
microsomal TG transfer protein and apoprotein B (32). In addition,
CD36 is present in the ER prechylomicron transport vesicle complex
and is important for prechylomicron transport vesicle exit from the
ER to theGolgiwhere additional apoproteins and lipids are added to
the particle (33). CD36-deficient mice have impaired chylomicron
production with increased formation of smaller remnant-like chylo-
micron particles (34).

In addition to enterocytes, CD36 is present on EECs in the
small intestinal epithelium (35). LCFAs released from fat diges-
tion in the lumen influence secretion of a number of EEC peptides
that affect the absorptive process and satiety.CD36was identified
ona subpopulationof secretin and cholecystokinin-positiveEECs
(35) and on serotonin-expressing cells (S Sundaresan, unpub-
lished results, 2013). Secretin andcholecystokininhaveprosatiety
effects (36,37)andparticipate in fatabsorption.Secretin, released
by S cells in the duodenumand jejunum (38, 39), stimulateswater
and bicarbonate secretion that serves to buffer the acidic chyme
entering the duodenum (40). Cholecystokinin, secreted by I cells
found in the proximal small intestine and ileum (41), is a key
peptide involved in fat digestion that plays critical roles in gastric
emptying, gallbladder contraction, pancreatic secretion, and
intestinal motility (42). CD362/2 mice have significantly lower
amounts of plasma secretin and cholecystokinin amounts in
response to an oral lipid load, independent of gastric emptying
effects. Studies in the EEC model STC-1 showed that the role of

FIGURE 2 CD36-mediated FA signaling for fat

taste perception in TBCs. Long-chain FAs

(mainly unsaturated) that bind to CD36 on TBCs

activate phospholipase C to generate IP3, which

interacts with its receptors on the ER to release

Ca2+. ER Ca2+ depletion is sensed by STIM1,

which activates membrane SOC influx. Gilbert-

son and Khan (28) provided evidence that the

FAs also induce membrane depolarization by

activating inward sodium flux via TRPM5 (and

possibly inhibition of DRK-mediated potassium

efflux), resulting in VGC influx. The sustained

rise in cytosolic Ca2+ culminates in neurotrans-

mitter release and relay of fat taste perception

to brain centers (28). The 2 FA receptors

identified on TBCs in rodents and humans are

CD36 and GPR120. CD36 is the physiologically

functional receptor (15). GPR120 might be

important for release of GLP-1 and for amplifying

signaling at high FA amounts. DRK, delayed

rectifying K+ channel; ER, endoplasmic reticulum;

GLP, glucagon-like peptide; GPR, G protein-

coupled receptor; IP3, inositol-1,4,5-triphosphate;

PIP2, phosphatidylinositol-4,5-bisphosphate; PLC,

phospholipase C; SOC, store-operated Ca2+;

STIM1, stromal interaction molecule 1; TBC,

taste bud cell; TRMP5: transient receptor potential

M5; VGC, voltage-gated Ca2+. Adapted from

reference 18 with permission.
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CD36 in release of the above-mentioned peptides is mediated via
increases in intracellular cAMP and calcium, involving both
protein kinase A-dependent and -independent mechanisms (35).

In addition to CD36, GPR40 is expressed on cholecystokinin-
secreting EECs in the proximal intestine and is shown to mediate
FA-induced cholecystokinin release (43). Thus, CD36 and GPR40
appear to contribute the main part of FA-induced cholecystokinin
release during fat absorption. Both GPR40 and GPR120 mediate
releaseof the incretins,GLP-1andGIP, inresponse toFAs (9,44,45),
whereasCD36doesnotappeartobedirectly involvedinthisprocess.
However, in the CD36-null mouse, secretion of both GIP andGLP-
1 is enhancedas a result of the delayed fat absorption (S Sundaresan,
FNassir, andNAAbumrad, unpublished results, 2015) and ofmore
dietary fat that reachesGPR40andGPR120 in the ileumwhereboth
receptors are well expressed (9, 46). Abundance of CD36 in the
proximal intestine is consistent with its involvement in fat absorp-
tion, which occurs predominantly in the jejunum and with its
mediation of FA-induced release of secretin and cholecystokinin,
peptides that play a role in facilitating fat absorption in the upper
intestine. Overall, FA-induced signaling in the small intestine
whether mediated by CD36, GPR40, or GPR120would contribute
to fat-induced effects on satiety by stimulating release of intestinal
peptides such as cholecystokinin (GPR40, CD36), secretin (CD36),
and the incretins (GPR40 andGPR120). Further research is needed
on how high-fat intake influences the function of these receptors on
EECs and how this affects the EEC response to fat intake.

In addition to secretion of gut peptides, CD36 is important for
production by enterocytes of the proximal small intestine of the
bioactive lipidmessenger oleoylethanolamide,which is generated
from internalized dietary oleic acid (47). Oleoylethanolamide
mediates fat-induced satiety via the afferent sensory fibers of the
vagusnerve.Generationofoleoylethanolamide fromdietaryoleic
acid and fat-induced satiety are abrogated in CD36-deficient
mice. Satiety effects of oleoylethanolamide are attributed to its
activation of PPAR-a (47) and to its induction ofGLP-1 release as
observed in intestinal L cell models, including murine GLUTag,
human (h) NCI-H716, and primary fetal rat intestinal L cell
consequent to its interaction with GPR119 (13).

Future Studies: FA Sensing by CD36, Food

Intake, and Obesity

The previous sections described how dietary LCFAs induce
CD36-mediated signaling for release of neurotransmitters that
mediate fat taste perception, the cephalic phase of digestion, and
the secretion of various intestinal factors (cholecystokinin,
secretin, oleoylethanolamide) that influence the digestive process
and satiety.CD36 signalingmight also directly influence neuronal
activity in particular brain centers. A growing body of evidence,
since the first report byOomura et al. (48) that neurons can sense
FAs, has established the importance of brain FA sensing in the
regulation of food intake (49, 50). Recently, Le Foll et al. (20, 51)
reported that CD36 contributes to FA sensing by ventromedial
hypothalamic neurons and that CD36-depletion in the ventro-
medial hypothalamus of rats prevents fat-induced suppression of
food intake, increases subcutaneous fat deposition, andassociates
with abnormal glucose tolerance. The role of CD36 in hypotha-
lamic FA sensing and regulation of energy balance is a promising
area of future investigation.

Emerging evidence supports the concept that obesity associates
with disruption of nutrient sensing that reduces activity of brain
reward systems, resulting in compensatory overeating behavior
(52).Thisdisruptioncould reflectat least inpart abnormal function

of FA receptors. Humans that carry common genetic variants that
associate with reduced CD36 amounts have several fold lower
thresholds for sensing oleic acid, indicating reduced sensitivity to
fat taste perception (53). How the reduced sensitivity affects fat
intake is difficult to predict on the basis of the data available so far,
but there is somepreliminaryevidence that itmight inducemore fat
consumption by increasing the fat satiation threshold. When
individualswithageneticvariant that reducesCD36amountswere
exposed to salad dressing samples, which contain fat concentra-
tions well above detection thresholds, they reported liking more
added fats (54). Furthermore, recent findings show that obese
individualshave lower fatdetectionthresholds,andthisdiminished
orosensitivity associates with higher fat consumption on the basis
of analysis of dietary habits in addition to abnormalities of the
cephalic response (55), suggesting that abnormalities of CD36
functionmight also occur in obese humans. As alreadymentioned
obesemicehave reducedoral fat sensitivity (15, 29)associatedwith
reduced TBC CD36 protein amounts (15).

CD36signaling in the small intestine facilitates releaseof satiety
signals (e.g., cholecystokinin, oleoylethanolamide, secretin) that
act in the brain to affect feeding behavior. FA sensing in the small
intestine isattenuated insubjectswithreducedoralFAsensitivityor
after high-fat feeding (56). Obesity alters the intestinal cholecys-
tokinin response to food, and administration of nondegradable
cholecystokinin to high fat-fed mice improves the metabolic
phenotype (57). High-fat diet-induced obesity also suppresses
production of gut oleoylethanolamide which results in diminished
activity of the brain reward dopaminergic circuits, a diminution
thought to trigger compensatory overeating. The reduced dopa-
minergic activity is restored byoleoylethanolamide administration
(58). Together these findings suggest that the alteration of cellular
CD36 amount and localization that were shown to accompany
high-fat feeding in TBCs (15) if they occur in other cells where
CD36 signaling is active (enterocytes, EECs, neurons) would be
predicted to alter nutrient signaling, disturbing the normal gut-
brain crosstalk that regulates food intake and energy homeostasis.

In humans, CD36 variants are linked to the risk of themetabolic
syndrome, and genetic variants that result in reduced protein
expression in monocytes (59) associate with diminished oral FA
sensitivity (53), but their potential to alter the cephalic phase of
digestionor activity of brain reward centers is not unexplored.Total
CD36 deficiency (;2–3% in populations of Asian and African
ancestry) alters chylomicron production in humans as in rodents
(60). Chylomicron formation is facilitated by CD36 signaling, and
humans with partial or total CD36 deficiency might display
alteration of other gut lipid-sensing mechanisms. Additional inves-
tigation of the role of CD36 and GPRs in the pathways underlying
gut-brain communication in health and disease could provide novel
strategies to prevent or alleviate metabolic pathologies.
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