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Abstract
Free fatty acids are essential dietary components and 
recognized as important molecules in the maintenan
ce of cellular homeostasis. In the last decade, the 
molecular pathways for free fatty acid sensing in the 
gastrointestinal tract have been further elucidated by 
molecular identification and functional characterization 
of fatty acid binding receptors. These sensing molecules 
belong to the family of G proteincoupled receptors. In 
the intestine, four important receptors have been descri
bed so far. They differ in molecular structure, ligand 
specificity, expression pattern, and functional properties. 
In this review, an overview of intestinal fatty acid bind
ing receptors and their role in intestinal physiology and 
pathophysiology is given.
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INTRODUCTION
Free fatty acids (FFAs) and their derivatives show a 
high degree of  diversity in molecular structure and 
cellular function. Individual content and composition of  
FFAs depend on a number of  variables including the 
expression and activity of  the enzymes involved in their 
anabolic or catabolic metabolism. This diversity of  path 
ways for providing FFAs to the organism is thought to 
be of  considerable importance. The intrinsic pathway 
describes the de novo FA synthesis (lipogenesis) from 
glucose, which is preferentially established in lipogenic 
tissues like liver and white adipose tissue. Intestinal ab
sorption of  dietary FFAs and their utilization by paren
chymal organs are hallmarks of  the extrinsic pathway. 
There are several links and crossing points between these 
two metabolic routes including sensing of  FFAs with 
subsequent hormonal regulation of  metabolism, FFA
dependent direct regulation of  gene transcription, and 
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competitive modification of  enzyme activities or gene 
expression by FFAs.

In cellular systems, structural changes to FFAs are 
important in the initiation of  regulatory FFA effects. In
side cells, absorbed or de novo synthesized FFAs can be 
modified by several molecular mechanisms resulting in 
elongation, desaturation, peroxidation, and/or esterifica
tion. Synthesis of  acylCoA derivatives is one important 
mechanism for solubilization of  FFAs in an aqueous envi
ronment and for regulation of  FFA distribution in cellular 
systems. Subsequently, FFAs and FFA derivatives are able 
to activate metabolitesensitive transcription factors such 
as peroxisome proliferatoractivated receptors (PPARs), 
Sterol Regulatory Elementbinding Proteins (SREBPs), or 
FFA response elements[1,2]. In addition, it has been sug
gested that FFAs and their derivatives are able to act in 
a direct way without any cytoplasmic adapter molecule. 
Such mechanisms are utilized especially for FFAdepend
ent regulation of  gene transcription[3].

In multicellular organisms strong regulation and co 
ordination of  intrinsic and extrinsic metabolic FFA path
ways are necessary to establish cellular synergy and to 
provide energy homeostasis. One important mechanism 
for achieving the balance between the two FFA pathway 
components is the sensing of  FFAs entering the extrinsic 
metabolic pathway by several receptors and associated mo
lecular structures.

Important molecules in FFA sensing structures belong 
to the family of  G proteincoupled receptors (GPCRs). 
Aspects of  their molecular structure, tissue expression pat
tern as well as their role in tissue homeostasis or disease 
are detailed below.

MOLECULAR STRUCTURE OF FFARs 
AND GPR120
GPCRs constitute one of  the largest gene families yet iden
tified with several hundred characterized receptors and 
more than hundred human genes encoding proteins prob
ably belonging to this family, although the functional rel
evance and characteristics of  a number of  these receptors 
remain to be determined[4]. Consequently, these receptors 
with unknown function and ligands are referred to as or
phan GPCRs and considered as a potentially fruitful sou
rce for drug discovery because a high proportion of  all cli
nically available pharmaceuticals act on GPCRs. Unlike the 
monoamine or neuropeptide receptors, no clear GPCRs  
homologs have so far been identified in invertebrates in
cluding Drosophila melanogaster or Caenorhabditis elegans, sug
gesting a relatively recent evolutionary origin[5].

In recent decades several diverse strategies to characte
rize orphan GPCRs have been applied. These include 
PCRbased sequence alignments with welldefined recep
tors and the reverse pharmacology approach, which uses 
the cellular membranes of  GPCR transfectants as targets 
to test the binding abilities of  potential ligands. The low
stringency hybridization strategy has become the method 
of  choice to detect subtypes of  cloned GPCRs[6].

The deorphanizing strategy has successfully identi
fied a cluster of  four GPCR genes in close proximity to 
the CD22 gene on chromosome 19q13.1, poorly related 
to other GPCR subfamilies[7]. The genes downstream 
of  CD22 named GPR40, GPR41, GPR42, and GPR43 
(GPR40 family receptors) were further characterized with 
molecular techniques and functionrelated strategies. The  
four members of  this subfamily share about 30% mini
mum sequence identity (Figure 1). However, GPR41 
shows amino acid identity of  98% with GPR42. It has 
been suggested that high sequence homology between 
these two genes could be the result of  a recent duplication 
event within a GPR42 pseudogene formation. In addi
tion, expression of  human GPR42 in yeast demonstrates 
that this receptor is not activated by carboxylate ligands[5]. 
Functionrelated mutagenesis studies have shown that 
amino acid 174 in extracellular loop 2 is of  high impor
tance for human GPCR signaling since conversion of  the 
positively charged arginine 174 in GPR41 to tryptophan 
174 as found in GPR42 (R174W) silences receptor activ
ity (equivalent position in rat R170W). The single amino 
acid change R174W in GPR42 is sufficient to restore pro
pionate responses[5]. Therefore, it is suggested that posi
tively charged R174 is essential to form a salt bridge with 
carboxylate ligands in order to sense FFAs. The working 
hypothesis that GPR42 could be an inactive pseudogene 
has been recently rejected because the coded six amino 
acid difference, including amino acid 174, was identified 
as polymorphism[8]. Mutations in GPR42 are assumed to 
be responsible for diminishing its ability to respond to 
carboxylate ions. However, experimental data concern
ing GPR42 function and a putative crosstalk with GPR41 
protein are not yet available. In humans, sequence analysis 
revealed an extensively diverged copy of  GPR40 between 
the GPR41 and GPR42 genes indicating that the GPR42 
generating duplication event has involved a DNA frag
ment that also contains GPR40. It has to be taken into 
account that, like GPR 40, the coding region of  GPR40 
family members lacks a typical intronstructure. Therefore, 
contaminating genomic DNA might give false positives in 
PCRbased expression analysis.

Transcription of  GPR40 family members is under the  
control of  several transcription factors. It has been re
cently shown that the transcription factor IPF1 (insulin 
promoter factor 1)/PDX1 (pancreatic duodenal homeo
box1) binds to an enhancer element within the 5’flank
ing region of  GPR40[9]. However, the IPF1/PDX1 activity 
on GPR40 varies in different regions of  the gastrointesti
nal tract. A conserved and strong IPF1/PDX1 activity is 
probably restricted for GPR40 expression in cells of  the 
gastric pylorus, duodenum, and pancreatic betacells.

The CD22 downstream GPCR genes are alternatively 
called free fatty acid receptor genes (FFARs) because their fun
damental functional relevance in sensing of  FFAs has been 
established[9]. Among the FFAR proteins ligand specificity 
differs remarkably. FFAR2 (GPR43) and FFAR3 (GPR41) 
are preferentially activated by shortchain FFAs (C2C6), 
whereas sensing of  medium and longchain FFAs (> C6) 
is processed by FFAR1 (GPR40). In addition to FFAR1, 
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another medium and longchain FFA sensing GPCR 
termed GPR120 has been identified[10,11]. In contrast to 
CD22-associated GPCR coding genes, the GPR120 gene 
is located on 10q23.33 and includes three exons. GPR120 
is a member of  the rhodopsin family of  GPCRs with al 
ternate splicing (BC101175 and NM_181745). In humans, 
a functional significance is assumed for the GPR120 splice 
variants[12]. 

A summary of  molecular and biochemical key features 
characterizing the discussed GPCRs is given in Table 1. 

INTESTINAL EXPRESSION PATTERN OF 
FFARs AND GPR120
In the following, the term FFAR is preferentially used in
stead of  GPR40, GPR41, and GPR43, because FFAR im
plicates a functional link and illustrates successful deorpha
nization which is not obvious from the term GP CR. In ge
neral, the intestinal mucosa is an important compartment 
for expression and synthesis of  FFARs and GPR120[13]. 
Mast cells are one lamina propria cell type expressing 

FFAR2 and FFAR3[14]. This observation is highly impor
tant because pharmacological studies have shown that 
smallchain FFAs directly affect 5HT and PYY release, 
probably mediated by FFARs.

In addition, FFARs and GPR120 are expressed in ex
traintestinal tissues like adipose tissues, where high levels 
of  FFAR3 and FFAR2 are found. GPR120 is also found 
in rat taste buds. Polymorphonuclear cells, i.e. neutrophi
les, are one important extraintestinal location of  FFAR2 
expression, whereas FFAR1 is preferentially synthesized 
by pancreatic betacells. This tissue distribution implies 
that the FFAR group members and GPR120 play critical 
roles in maintenance of  physiological homeostasis in intes
tineassociated metabolic axes[15]. In this context, intesti
nal expression and tissue distribution of  the FFARs and 
GPR120 are detailed below.

Important intestinal and extraintestinal cell types ex
pressing FFARs or GPR120 are summarized in Table 2.

FFAR1 (GPR40)
As stated above, strong FFAR1 expression is found in 
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Figure 1  Alignment of free fatty acid receptor genes and GPR120. The amino acid sequences of human FFAR2, FFAR3, FFAR1, and GPR120 are aligned. There is 
no strong overlapping sequence homology, indicating differences in protein function. FFAR: free fatty acid receptor.



islets of  Langerhans, located in the insulinproducing be
tacells as well as in the islet alphacells where it may stimu
late glucagon release. In the intestine, FFAR1 expression 
and synthesis are much lower but clearly detectable[16]. 
Strong experimental evidence for intestinal FFAR1 expre 
ssion was given in a transgenic approach using a hete
rozygous knockin of  a lacZ gene into the FFAR1 gene 
(Gpr40+/lacZ). In this model, tissue and cell specific FFAR1 
expression can be monitored by distinct Xgal staining, 
revealing FFAR1 expression in hormone producing enter 
oendocrine cells of  the gastric pylorus as well as in small 
(i.e. duodenum, jejunum, and ileum) and large intestine (i.e. 
colon). Since enteroendocrine cells are wellknown sourc
es of  hormone expression, the aim was to characterize 
FFAR1 synthesizing enteroendocrine cells by their hor
mone coexpression. Several types of  secretory hormone 
activity and FFAR1 synthesis have been identified by this 
strategy. Coexpression of  FFAR1 and a panel of  ‘intesti
nal’ hormones vary between approximately 20% for PYY 
or serotonin and approximately 50% for gastrin, CCK, 
or the incretin hormones GLP1 and GIP. Although, FF
AR1expressing cells are more abundant in the pyloric 
region and duodenum than in the more distal intestinal 
segments, only approximately 20%55% of  the hormone 
expressing enteroendocrine cells also synthesize FFAR1. 
It can be speculated that this phenomenon could be of  
functional relevance or could possibly be associated with 
the maturation process of  enteroendocrine cells[16]. Using 
the Gpr40+/lacZ knockin mice, FFAR1 gene expression was 
not observed in liver, brain, muscle, and adipose tissue[16]. 
In rats, however, expression of  FFAR1 has been demon
strated in omental adipose depots but not in the perirenal 
depots[17]. Further evidence for speciesrelated difference 
in FFAR1 expression is given by FFAR1 detection in hu
man but not in rodent brain.

FFAR2 (GPR43)
In addition to extraintestinal locations, FFAR2 is found 
in mucosal cells of  the ileum and large intestine. The pat
tern and intensity of  FFAR2 expression varies along the 
intestine and probably between species, which parallels the 
FFAR1 findings as detailed above. Important sources of  
FFAR2 synthesis are enteroendocrine cells, some types of  

lamina propria cells including mast cells, neutrophiles, eo
sinophiles and colonic epithelium[14,18]. In enteroendocrine 
cells coexpression of  FFAR2 with PYY is found, which 
is suggested as a FFAR2 functionrelated profile[19]. How
ever, coincidence of  FFAR and PYY expression is additio
nally found for FFAR1. Paneth cells were constantly nega
tive for FFAR2[20].

FFAR3 (GPR41)
In small and large intestinal mucosa, the FFAR3 expres
sion pattern is similar to that of  FFAR2. Intestinal FFAR3 
tissue distribution is not homogenous and probably varies 
between species. Highest FFAR3 levels are found in the 
distal small intestine (ileum) and (proximal) colon[21]. In 
such locations, FFAR3 is found in enteroendocrine cells 
and, occasionally, in the apical cytoplasm of  surface lin
ing enterocytes. Using antiFFAR3 immunostaining, the 
protein is mainly detectable in Golgi apparatus and endo
plasmic reticulum, but not in outer cellular membranes. In 
comparison with surface lining enterocytes, FFAR3 expre
ssion is weak in crypt lining epithelia. As stressed above, 
the FFAR3 protein is found abundantly in enteroendo
crine cells, but the proportion of  antiFFAR3 immuno 
stained enteroendocrine cells (about 0.01 cells/crypt) is 
less than for antiFFAR2 stained cells (about 0.33 cells/ 
crypt). At present, coexpression of  FFAR2 and FFAR3 
protein in enteroendocrine cells has not been demonstrat
ed. Using a qRTPCR approach, intraepithelial lymphocytes 
were found not to express appreciable levels of  FFAR3[22].  
FFAR3 immunoreactive enteroendocrine cells are regularly  
positive for PYY, but not vice versa, and arenegative for 
5HT. FFAR3 is also localized to NeuroD or Neuro 
genin3producing enteroendocrine subpopulations[22]. Ex
perimental data are given which suggest FFAR3 protein 
modifications including Nlinked glycosylation in the sec
ond extracellular loop (N166), one PKC site (S216), two 
 combined PKA/PKC phosphorylation sites (T328, T329), 
and one palmitoylation site in the Cterminus (C295)[7,21].

GPR120
Functional deorphanization has revealed the GPR120 pro
tein as a receptor for FFAs with abundant expression in 
intestinal cells. Colocalization of  GPR120 and GLP1 in 
intraepithelial endocrine cells of  intestinal mucosa, parti
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Table 1  Molecular and biochemical characteristics of free fatty 
acid receptors and GPR120

Receptor Localization Ligand Signaling

FFAR1 19q13.1 > C6; medium to long chain Insulin, GLP-1, GIP
FFAR2 19q13.1 C2-C6; acetate, propionate, 

butyrate
PYY, 5-HT

FFAR3 19q13.1 C2-C6; propionate > 
butyrate > acetate

Leptin, PYY

GPR120 10q23.33 Medium and long chain; 
alpha-linolenic acid, 

docosa- hexadienic acid, 
palmitoleic acid

GLP-1, CKK

FFAR: free fatty acid receptor.

Table 2  Important cell types expressing free fatty acid 
receptors or GPR120

FFAR1 FFAR2 FFAR3 GPR120

Enteroendocrine cells ++ +++ ++ ++
Enterocytes (+) (+)
Mast cells + ++
Adipocytes (+) + + +
Neutrophiles ++
Eosinophiles +
Beta-cells +++
Alpha-cells +

FFAR: free fatty acid receptor.



cularly the colon, has been demonstrated by in situ hybri
dization experiments[11]. In duodenal and jejunal epithelia, 
GPR120 and FFAR1 mRNAs are expressed in GIP syn
thesizing K cells[23].

FFARs AND GPR120 IN TISSUE 
HOMEOSTASIS AND DISEASE
The energy homeostasis/balance of  vertebrates is strongly 
influenced by effective food digestion based on the syner
gy between the activity of  enzymes encoded by the verte
brate genome and enzymes provided by the intestinal mi
crobiome, a term describing the population of  microbes 
that reside in the bowel. The synthesis of  glycoside hy
drolases, which are needed to digest complex dietary plant 
polysaccharides, is very limited in the intestinal mucosa, 
but a plethora of  these enzymes is synthesized by the mi 
crobiome and supports digestion and absorption pro 
cesses[24]. Complex dietary carbohydrates are processed by 
microbiomeencoded enzymes to shortchain FFAs, par
ticularly acetate, propionate, and butyrate. In contrast to 
complex carbohydrates, the uptake of  shortchain FFAs 
by the intestinal mucosa is very efficient and is achieved by 
passive diffusion and monocarboxylic acid transporters. 
The most important roles of  intestinal shortchain FFAs 
are as an energy source, in signaling, and in the induction 
of  colonic motility[18,2527]. Butyrate is adopted as the pre
ferred energy source for colorectal enterocytes, whereas 
hepatocytes consume most of  the absorbed propionate 
for gluconeogenesis. Acetate can be used as substrate in 
lipogenesis, a pathway primarily located in hepatocytes 
and adipocytes, but additionally found in colorectal entero
cytes[21]. FFARs are expressed and synthesized by several 
intestinal cell types, and functional data argue for impor
tant roles of  such receptors in nutrition regulation and 
energy homeostasis[18,28].

A paradigm in FFAR activation is coupling to inositol 
1, 4, 5triphosphate formation, intracellular Ca2+ release, 
ERK1/2 activation, and inhibition of  cAMP accumula
tion. However, there is diversity among FFARs in cou
pling to G proteins which is of  high importance for the 
regulation of  associated pathways. For example, FFAR2 
displays a dual coupling through Pertussis toxinsensitive 
Gi/o family members and toxininsensitive Gq proteins, 
whereas FFAR3 couples exclusively through Gi/o

[4]. It has 
been shown that intracellular FFAR1 signaling is associat
ed with Gq and phospholipase C as well as Gi coupling[17]. 
In FFARs, however, the long Nterminal extracellular do
mains that are characteristic of  proteaseactivated recep
tors are not found, suggesting an aberrant mechanism of  
receptor activation[5].

The sensitivity of  FFAR3 to shortchain FFAs declines 
from propionate to butyrate and acetate, whereas FFAR2 
is equally sensitive to each shortchain FFA. However, 
acetate is more selective for FFAR2 than FFAR3. Long
chain FFAs are able to reduce ghrelin blood secretion, 
whereas cholecystokinin (CCK) levels are increased by me
dium to longchain FFAs[29]. 

FFAR1 (GPR40)
In order to study FFAR1 functions several strategies for 
creating transgenic or knockout mice have been adopt
ed[17]. Transgenic mice characterized by a betacell specific 
overexpression of  FFAR1 were normal at birth, but then 
developed glucose intolerance, followed by impaired firth
phase insulin secretion and finally leading to diabetes. The 
pathophysiological findings were paralleled by an abnor
mal distribution pattern of  alpha and betacells within the 
islets of  Langerhans and reduced insulin content. FFAR1 
-/- mice were healthy, fertile, and showed no distinctive 
metabolic phenotype under normal dietary conditions. On 
a high fat diet, however, knockout animals were more glu
cose tolerant than appropriate WT (+/+) animals. Both 
groups became equally obese, whereas knockout mice 
were more protected against hyperinsulinaemia, glucose
intolerance, and insulinresistance[30].

It has been suggested that FFAR1 expression in entero
endocrine cells could indirectly stimulate the glucosesti
mulated insulin secretion (GSIS) by pancreatic betacells 
through modulating the secretion of  incretin hormones 
GIP and GLP1 in response to FFAs provided in the gut 
lumen[31]. These findings have been further substantiated 
by experiments in FFAR1 -/- mice demonstrating im
paired secretion of  both GIP and GLP1 in response to 
oral dietary fat administration with a concomitant reduc
tion in insulin secretion and glucose clearance[16]. The data 
suggest that FFAR1 is directly responsible for the acute 
stimulatory effects of  fatty acids on GSIS and provide 
strong evidence for FFAR1 involvement in FFAdepen
dent stimulation of  incretin secretion. At present, there is 
no functional evidence for FFAR1 activity in the secretory 
process of  the gut hormones ghrelin (putative appetite 
hormone) and CCK (putative satiety hormone).

The FFAR1 experiments in mice demonstrate that 
the role of  FFAR1 either as part of  the betacell com 
pensation for insulin resistance or in driving hyperinsu
linaemia and liver insulin resistance/glucose intolerance 
depends on a tissuespecific FFAR1 expression level. 
In addition to intestinal mucosa, FFAR1 is expressed in  
rat omental adipose depots, but not in epididymal or  
perirenal depots, which may merit further studies of  the  
possible functional role of  omental adipose depots in the 
metabolic syndrome[17,25,27]. In summary, the functional data 
argue for FFAR1 as an attractive drug target for agonists  
or antagonists especially in treatment of  diabetes type 2.

FFAR2 (GPR43)
FFAR2 is thought to have roles in immune cell function, 
hematopoiesis, and mast cell activity. Moreover, FFAR2 
signaling has been correlated with an increase in adipo
genesis[32]. As demonstrated in FFAR2 -/- mice, lipolytic 
activity of  adipocytes is diminished after acetate treatment 
and results in reduced plasma levels of  free fatty acids[33]. 
These data argue for a potential role of  FFAR2 in regulat
ing plasma lipid profiles, including aspects of  metabolic 
syndrome, and an interdependency with other FFARs 
such as FFAR1. In the intestine, phasic and tonic motility 
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might be attributable to the activation of  shortchain fatty 
acid receptors. Among others, intestinal FFAR2 has been 
suggested as a candidate receptor in fatty acid sensing and 
regulation of  colonic motility probably mediated by the 
release of  PYY and subsequently 5HT[14]. At present, an 
indepthanalysis correlating intestinal FFAR2 expression 
and bowel disorders like irritable bowel syndrome or mal
nutrition is not available. However, it could be speculated 
that FFARs are involved in the complex 5HTassociated 
pathogenesis as suggested for such diseases[34,35].

FFAR3 (GPR41)
FFAR3 was shown to induce apoptosis via a p53/Bax path
way in an ischemia/reperfusion setting[36]. Using FFAR3  
-/- mice it has been shown that the receptor is essential 
for microbiomeinduced increases in host adiposity, im
plying a role in regulating leptin production[22]. In addition, 
the efficiency of  caloric extraction from the diet depends 
on FFAR3 expression. PYY, another anorexigenic hor
mone, is also a regulator of  gut motility characterized by 
doserelated inhibition of  transit rate along the length of  
the gut[37]. In FFAR3 -/- mice, a microbiotadependent 
increase in intestinal transit rate associated with higher 
cecal propionate and acetate concentrations has been 
recorded[22]. In such animals, reduced expression of  fatty 
acid synthase in the liver was found, which was not attri
butable to alterations in hepatic expression of  genes in
volved in longchain fattyacid transport, trafficking, or re
esterification.

The FFAR3 system is probably not the firstline feed
back system of  the host to regulate microbiome coloniza
tion and species diversity. In FFAR3 -/- mice, levels of  
microbiotic colonization of  the proximal colon were not 
significantly affected by receptor absence when compared 
to their WT (+/+) littermates[22]. However, bacterial colo
nization has the power to reduce FFAR1 mRNA expres
sion, whereas FFAR3 absence does not affect FFAR1, 
FFAR2, and GPR120 expression.

GPR120
Physiological functions associated with intestinal GPR120 
expression are related to GLP1 release and CCK secre
tion. In mouse enteroendocrine STC1 cultured cells, acti
vation of  GPR120 by alphalinolenic acid, docosahexaoi
enic, or palmitoleic acid promotes GLP1 secretion[11]. 
Initial experimental evidence indicates that (unsaturated 
longchain) FFAinduced apoptosis inhibition is mediated 
through GPR120[38]. In addition, GPR120 has been sug
gested to mediate FFAstimulated secretion of  the GLP1 
from Lcells[11]. These liganddependent activities (me
dium to longchain FFAs) are similar to FFAR1 related 
functions despite the fact that human GPR120 shares only 
10% amino acid identity with FFAR1[13]. In order to dis
sect GPR120 and FFAR1related intestinal activities phar
macological strategies are being developed using GPR120
selective agonists like gliforin derivatives[39].

CONCLUSION
Intestinal FFA sensing is one important mechanism in 

multisystemic communication. As an important source of  
FFARs and GPR120 expression and synthesis, enteroendo
crine cells are strategically positioned for sensing and trans
ducing information about the nutrient milieu of  the gut 
and microbiome metabolic activity to the host. Intestinal 
receptor activities are determined by ligand specificity for 
FFAs and regulate total energy homeostasis and intesti
nal motility. FFAR1 and GPR120 signaling mediates the 
secretion of  longchain FFAstimulated incretins, such as 
GLP1. The release of  PYY by shortchain FFAs is con
trolled by FFAR2 and FFAR3. From a pharmacological 
point of  view, the development and characterization of  
drugs as well as probiotics modifying FFAR activities are 
of  high interest.
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