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Summary

Free fatty acids (FFAs) are not only an important source of energy but they also play key roles in regulating
various physiological responses. FFAs including short-chain fatty acids (SCFAs) have recently been
demonstrated to act as ligands of several G-protein-coupled receptors (GPCRs) (FFA1, FFA2, FFA3, GPR84
and GPR120). FFA1 and GPR120 are activated by medium- and long chain fatty acids. GPR84 is activated by
mediam-chain, but not long chain FFAs. On the other hand, FFA2 and FFA3 are both activated by SCFAs.
Tissue distribution studies have indicated that FFA2 and FFA3 function as chemical sensors in the colon.
For the involvement of SCFAs in the regulation of colonic motility, propionate and butyrate concentration-
-dependently induced phasic and tonic contractions in rat colonic circular muscle. The responses were not
observed in mucosal free preparation. Thus, FFA2 and FFA3 are important molecular devices to monitor the
chemical composition in colonic lumen. For the local function of SCFAs, it should be stressed that individual
SCFA has different mode of actions on colonic smooth muscles. These different effects may be due to the
relative contribution of FFA2 and FFA3 on the control of intestinal muscle activity. In this article, we have
reviewed the expression and functions of these molecules, especially FFA2 and FFA3 on the regulation of
colonic motility.
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Review

colonic motility

The gastrointestinal (GI) mucosa comes in direct
contact with a vast majority of potentially beneficial
or harmful substances in the lumen and acts as a sen-
sory organ by detecting luminal components and
sending messages to the nervous system to initiate the
appropriate response of digestion and absorption of
nutrients or neutralization and expulsion of drugs,
toxins and microorganisms. Such physiological res-
ponse of the GI tract to incoming nutrient is very im-
portant to be coordinated to allow correct processing
of an ingested meal. Sensing of luminal content is also
important for food intake control via gut-to-brain
signaling pathways. This complex process of chemo-
sensory perception is regulated by different sensors,
including enteroendocrine cells, brush cells and neu-
ral pathways (8, 11, 17, 25). Since nerve terminals do
not reach the intestinal lumen and do not enter the
mucosal lining, enteroendocrine cells or specialized
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epithelial cells serve as the first level of integration of
information from the gut lumen. Despite its physio-
logical importance, the molecular recognition events
sensing the chemical composition of the luminal con-
tents of the GI tract have yet to be elucidated.

Recently, many G protein-coupled receptors
(GPCRs) have been deorphanized. Among them, free
fatty acid (FFA) receptors are identified as membrane
receptors and play significant roles in nutritional
regulation. Each of the FFA receptors is expressed
differentially, and they may play different functional
roles. This finding has prompted reevaluation of the
mechanism of actions of FFAs in health and disease.
FFA1 (originally termed GPR40) and GPR120 are
activated by medium- and long-chain FFAs, whereas
FFA2 (previously designated GPR43) and FFA3 (pre-
viously designated GPR41) are activated by short chain
fatty acids (SCFAs) (53). In this review, we will sum-
marize the recent knowledge on the roles of deorpha-
nized FFA receptors, especially, FFA2 and FFA3 and
their contributions for the regulation of colonic moti-
lity based on our studies.
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Production of FFA

The major components of both dietary and storage
fat consists of triacylglycerols. About 90% of the
dietary lipid is in the form of water insoluble triacyl-
glycerols containing mostly long-chain fatty acids (16
to 18 carbon atoms). In monogastric animals, the GI
tract breaks down ingested triacylglycerols into FFAs.
Both pancreatic lipase and bile salts are required for
the normal digestion and absorption of triacylglyce-
rols. Exogenous triacylglycerols from the diet are
absorbed as chylomicrons. Pancreatic lipase degrades
triacylglycerol to one monoglyceride and two FFA
molecules. These two digestion products are the form
in which fat enters the intestinal epithelium. FFAs are
composed of long carbon chains (14 to 24) with a car-
boxyl terminus, and they can be either saturated with
hydrogen atoms or unsaturated. From 30% to 40%
of plasma FFA molecules are oxidized. Once mono-
glycerides and free fatty acids enter the epithelial cells,
they are resynthesized to triacylglycerols by intracel-
lular enzyme systems. The newly synthesized triacyl-
glycerols are aggregated into droplets, which become
progressively larger during passage through the cells.

Table 1 presents the average basal concentrations of
the most important plasma lipids. Although FFAs cir-
culate at the lowest concentration, the concentration
of FFAs in the postabsorptive state is ~0.5 uM and
can be substantially increased after ingestion of a fatty
meal (19). The circulating FFAs are bound with serum
albumin such that the concentration of unbound FFAs
is in the micromolar range (50).

Tab. 1. Average lipid concentrations in postabsorptive plasma

mg/dl pmol/L

Ketoacids 10 0.1
Free fatty acids 10 0.4
Triglycerides 100 1.2
Cholesterol (Total) 185 4.8

Low density 120

High density 50

Very low density 15

(From Physiology 4 ed R. M. Bern, M. N. Levy, 1998)

The vast majority of food entering the small intestine
is cleared by the duodenum and jejunum. Only if there
is a problem with normal absorptive processes (such
as celiac disease and dumping syndrome) will signifi-
cant amounts of luminal nutrients reach the large inte-
stine. On the other hand, even in a normal situation,
undigestive carbohydrates such as dietary fibers and
starch not digested in the upper gut also enter the large
intestine. SCFAs, primarily acetate, propionate and
butyrate, are organic acids produced within the inte-
stinal lumen by bacterial fermentation of mainly un-
digested dietary carbohydrates, but also in a minor part
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Fig. 1. Overview of carbohydrate fermentation in the large
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Fig. 2. Overview of protein breakdown and amino acid fer-
mentation in the human large intestine

by dietary and endogenous proteins, such as mucus,
and sloughed epithelial cells (57). The principle meta-
bolic pathways in carbohydrate and protein fermenta-
tion are summarized in fig. 1 and 2. The production
of SCFAs allows the salvage of energy mainly from
carbon sources as dietary fiber that is not digested in
the small intestine. It has been estimated that SCFAs
can contribute to about 5-15% of the total caloric
requirements of humans (3). Total and relative molar
concentrations of the main SCFAs, acetate, propionate
and butyrate produced in the human intestine, depend
on the site of fermentation, diet and composition of
the intestinal microbiota (15). Absolute concentrations
of butyrate in human faeces were found to range from
11 to 25 mM (22, 60) and molar ratios of acetate to
propionate to butyrate varied between 48 : 29 : 23
and 70 : 15 : 15, respectively, with mean values of
approximately 60 : 20 : 20 (22, 57). However, the
in situ production of total colonic SCFAs is difficult
to determine because more than 90% of the SCFAs
are rapidly absorbed and metabolized by the host (57).
Recently, Bloemen et al. have done an excellent study
to measure SCFA concentrations in humans (11 fe-
males; 11 males). They have shown that portal con-
centrations of acetate, propionate and butyrate in over-
night fasting humans were 262.8 + 31.2, 30.3 + 5.6
and 30.1 £ 4.8 umol/l, respectively (4). They also
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measured the concentrations of arterial SCFA. Arte-
rial acetate, propionate and butyrate concentrations
were 172.9 + 19.1, 33.6 + 0.4 and 7.5 + 12 pmol/l,
respectively (n= 22 mean = SEM) (13). After release
SCFA into portal vein, propionate and butyrate are
metabolized by the liver and used for gluconeogenesis,
whereas acetate is a substrate for lipogenesis, chole-
sterol synthesis and is taken up by adipose and muscle
tissues (61). Micorbiota and diet influence the produc-
tion of SCFA in the colon. Indeed, Peters et al. reported
a rapid increase in SCFA concentrations in portal and
peripheral blood within 15-45 min after instillation of
lactulose, into the cecum (43). The result indicates that
the dietary content of carbohydrates, starches and
fibers influence SCFAs concentrations.

Tissue distribution of FFA receptors
and their physiological functions

During a search for novel galanin receptor sub-
types, a cluster of four GPCR genes, FFA1 (GPR40),
FFA2 (GPR43), FFA3 (GPR41) and GPR42 were
identified as tandemly encoded genes present on human
chromosome 19q13 (46) (fig. 3). FFA1l, FFA2 and
FFA3 represent a family of receptors because they are
more closely related to each other than any other known
GPCR. The member of this family shares 30-40% iden-
tities with each other. Although FFA3 and the predic-
ted GPR42 protein share near 98% homology, GPR42
is now generally thought to be an open reading frame
pseudogene (7). All three FFA receptors remained clas-
sified as orphans until 2003 when three articles that
identified a range of medium- and long-chain satura-
ted and unsaturated fatty acids as ligands for FFA1 are
published (5, 28, 32). At about the same time that long
chain fatty acids were reported to be agonists of FFA1,
SCFAs with chain length of less than six carbons were
described as the potential endogenous agonists for
FFA2 and FFA3 (6, 33, 40). Two years later, in addi-
tion to FFA1, GPR120 was also found to be a receptor
for unsaturated long-chain FFAs (24).

Human

19q13.1_’ _> _’_> _>

CD22 FFA1 FFA3 FFA3 FFA2
(GPR40)  (GPR41) (GPR42)  (GPR43)

Fig. 3. GPR40 family of receptors
GPR40 family of receptors are tandemly located downstream of
CD22 on chromosome 19

FFA1 (GPR40). FFA1l, FFA2 and FFA3 show
a family of receptor but the family exhibit relatively
limited similarity; 43% between FFA2 and FFA3 and
33 and 34% when FFA1 is compared with FFA2
and FFA3, respectively (6). While FFA2 and FFA3 are
activated by SCFAs, FFA1 is activated by medium-
and long- chain saturated and unsaturated FFAs (5, 28,
32). A variety of fatty acids were found to act as
agonists to FFA1 in the micromolar concentration range
(5). Interestingly, the potency of the saturated fatty acids
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was dependent on chain length, with pentadecanoic
acid (C15) and plamitic acid (C16) being the most
potent, whereas carbon chain length or degree of satu-
ration did not appear to correlate with potency among
unsaturated fatty acid (5).

All three initial reports on FFA1 showed high levels
of receptor mRNA in the pancreas (5, 28, 32). Expres-
sion analysis of FFA1 using RT-PCR, immunohisto-
chemistry, and in situ hybridization revealed high
expression in insulin-producing pancreatic islets in
human and rats (28, 48, 56). FFA1 was found to be
enriched 2- to 100-fold in pancreatic islets as com-
pared with whole pancreas (5). These results suggest
that FFA1 acts as the receptor for fatty acid-induced
insulin secretion. FFA1 expression has also been
detailed in various pancreas-derived cell lines, inclu-
ding MING6, B-TC-3, HIT-T15 and INS-1E (5, 28, 32,
48). Such prominent B cell expression was explained
by a recent study on the promoter region of FFA1 that
showed several highly conserved regions, one of which,
HR?2, is known to be a potent B cell-specific enhancer
of transcription (2, 45). FFA1 is also reported to pre-
sent in a-cells (14). Furthermore, FFA1 is expressed
in scattered enteroendocrine cells throughout the mouse
GI tract including stomach (12). FFA1 expressing
enteroendocrine cells are colocalized with gastrin, GIP,
GLP-1, ghrelin, CCK, PYY, secretin, serotonin, and
substance P (12). Outside the GI tract, FFA1 immuno-
reactivity was found in the central nervous system of
adult monekys (34).

FFAs are known to have pleiotropic effects on
pancreatic -cells. Steneberg et al. showed that FFA1
mediates both acute and chronic effects of FFAs using
FFA1 knockout and transgenic mice; although acute
administration of FFAs stimulates insulin release,
chronic exposure to high levels of FFAs results in the
impairment of B-cell function and secretory activity
(52). FFA1 (GPR40)-deficient B-cells secrete less
insulin in response to FFAs, and the loss of FFAI
protects mice from obesity-induced hyperinsulinermia,
hepatic stenosis, hypertriglyceridemia, increased
hepatic glucose output, hyperglycemia, and glucose
intolerance (52). Conversely, overexpression of FFA 1
in B-cells of mice leads to impaired B-cell function,
hyperinsulinemia, and diabetes (52). These results
suggest that FFA1 plays an important role in the chain
of events linking obesity and type 2 diabetes.

FFAs are recognized to play an important role in
both maintaining basal insulin secretion and potentia-
ting glucose-stimulated insulin secretion in the fasting
state in rodent and human islets (5, 10, 21, 51). Itoh
et al. revealed that long-chain fatty acids amplify
glucose-stimulated insulin secretion from pancreatic
B cells by activating FFA1 (28). When the expression
of FFA1 was inhibited by small interfering (si)RNA,
the increase in insulin secretion after fatty acid stimu-
lation was eliminated, clearly confirming the involve-
ment of FFA1 in this process.
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FFA1 has also been detected in the MCF-7 human
breast cell line (64) and has been implicated in control
of breast cancer cell growth by fatty acids (23).

FFA2 (GPR43) and FFA3 (GPR41). At the same
time of the discovery of FFA1, FFA2 and FFA3 are
found as the receptors for SCFAs (6, 33, 40). In original
papers, FFA2 mRNA can be detected in a variety of
tissues, but the highest expression is found in immune
cells including polymorphonuclear (PMN) cells (6, 33,
40). SCFAs are known to exert various cellular effects
on PMN cells such as altering cytoplasmic pH, cal-
cium concentration, patghogenesis, cell proliferation,
granulocyte motility and Chemotaxis (13, 47). These
results suggest that SCFAs might be involved in the
activation of leukocytes through FFA2 or FFA3.
Recently, Maslowski et al. have shown that (FFA2)
GPR43-deficient mice (Gpr43”) show exacerbated or
unresolving inflammation in models of colitis and
germ-free mice showed a similar certain inflammatory
responses (35). Furthermore, they have shown that
treatment of germ-free mice with 150 mM acetate in
the drinking water markedly improved inflammation.
These results indicate that the stimulation of FFA2
by SCFAs is necessary for the normal resolution of
certain inflammatory responses, because Gpr43”- mice
showed exacerbated or unresolving inflammation in
models of colitis, arthritis and asthma as mentioned
above.

FFA2 has also been reported in adipose tissue (18,
26), the breast cancer cell line, MCF-7 (64). Ge et al.
have recently reported that adipocytes treated with
FFA2 natural ligands, acetate and propionate, show
a reduction in lipolytic activity and the effect is
abolished in adipocytes isolated from FFA2 knockout
mouse (18). They further showed that the activation
of FFA2 by acetate results in the reduction in plasma
free fatty acid levels. These results suggest that FFA2
may implicate in the regulation of lipid homeostasis
through the inhibition of lipolysis. FFA2 and FFA3
are coupled to inositol 1,4,5-trisphosphate formation,
intracellular Ca*" release, ERK1/2 activation and
inhibition of cAMP accumulation (33).

FFA3 has a more widespread expression pattern than
FFA2 (33). High levels of expression were observed
in adipose tissues, pancreas, spleen, lymph nodes, bone
marrow, and peripheral blood mononuclear cells (33).
However, there is some debate about the expression
of FFA3 in adipocytes; Hong et al were unable to
detect FFA3 expression in human adipose tissue, in
cultured preadipocytes or adipocytes, or in 3T3-L1
cells, despite using the same probes as original papers
for receptor mRNA (26). The discrepancy of FFA3
expression in these studies is yet to be resolved.

As mentioned above, a physiological relevant site
of FFA receptor activation is the gut because a large
amount of SCFAs is constantly existing in the large
intestine. However, the mechanisms by which intra-
luminal SCFAs are sensed are not known (27, 36, 37,
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62, 63). From our and other physiological studies,
we hypothesized that FFA2 and FFA3 functioned as
chemical sensors to modify colonic function including
motility and/or ion transport. Therefore, we started
to explore the expression of FFA2 and FFA3 using
antisera raised against FFA2 and FFA3. Messenger
RNA for FFA2 was detected in extracts of whole wall
and separated mucosa from the rat distal ileum and
colon (29). By western blotting, FFA2 protein was
detected in the mucosa and whole wall but not in
muscle plus submucosal layers, both from the rat distal
ileum and colon. In the human ascending colon, nRNA
for FFA2 was also detected in extracts of whole wall
and FFA2 protein was detected in extracts of whole
wall and in the separated mucosa but not in extracts of
submucosa and muscle layer (30). These results indi-
cate that FFA2 is expressed by cells in the mucosa, but
not by enteric neurons or smooth muscle. Until 2009,
there have been no reports of FFA3 being expressed in
the gut (53). Recently we found that FFA3 protein and
mRNA are expressed in human colonic mucosa (55).
Protein expression levels were higher in colonic mucosa
than submucosa or muscle similar to that of FFA2.

To identify the cellular distribution of FFA2 in rat
and human colon, immunohistochemical staining was
performed by using anti-FFA2 serum. Immunoreacti-
vity for FFA2 occurred at a low level in enterocytes
within mucosa both in rat and human colon. FFA2
immunoreactivity was also found in a population of
enteroendocrine cells and small cells in the lamina pro-
pria in human ascending colon. FFA2-immunreactive
cells in the epithelia had the morphology of entero-
endocrine cells as shown in fig. 4. Immunoreactivity
for FFA2 in rat ileum and colon showed similar pat-
tern to those of human colon. FFA2 immunoreactive
enteroendocrine cells in human ascending colon were
open type enteroendocrine cells, which extended their
cell body to the luminal surface (fig. 4).

Fig. 4. Immunohistochemistry of FFA2 (GPR43) in the hu-
man colon
Bar =50 uM
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Until recently, there was no report for the
tissue localization of FFA3 in the intestine
as mentioned above, so we examined cellular
distribution of FFA3 using human colonic tis-
sues. FFA3 immunoreactivity in human colon
was observed as dotted staining in apical cyto-
plasm of enterocytes, enteroendocrine cells.
FFA3-immunoreactive enteroendocrine cells
were also open type with thin cell bodies exten-
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ding to the luminal surface (55). However,
number of FFA3 immunoreactive enteroendo-
crine cells were fewer than those of FFA2 cells.
Furthermore, double-immunostaining for FFA2
and FFA3 revealed that these were not colocalized in
each other.

Previous physiological studies reported that SCFAs
modify rat colonic motility through 5-hydroxytrypta-
mine (5-HT) and PYY release (9, 16). Thus, we per-
formed double-staining for FFA2 and 5-HT and FFA2
and PYY, respectively. No FFA2-immunoreactive
enteroendocrine cells exhibited 5-HT, whereas FFA2
immunoreactive enteroendocrine cells were colocalized
with PYY in both human and rat colon which is con-
sistent with physiological data showing that SCFAs
stimulate the release of PYY (9) and 5-HT (16) from
rat ileum and colon. We have also performed double-
staining for FFA3 and 5-HT or PYY. FFA3 immuno-
reactive enteroendocrine cells in human colon were
also colocalized with PYY similar to those of FFA2
but not 5-HT (55). FFA2 and FFA3 were not coloca-
lized in the same enteroendocrine cells.

In non-ruminant mammals, the physiological impor-
tance of SCFAs has been highlighted only recently.
A possible direct influence of SCFAs on intestinal
motility in monogastric animals was first suggest by
Yajima, who recorded a tonic contraction of rat colonic
muscle strips in response to propionate, butyrate or
valerate in vitro (62). The concentration-dependent
contractile effect occurred only when SCFAs were
applied on the mucosal side and disappeared when
the mucosa was removed, suggesting the presence of
sensory mechanisms near the epithelium. As indicated
above, FFA2 and FFA3-immunoreactive intestinal cells
were found both in rat and human colon (29, 30, 55).
Therefore, we investigated the contribution of FFA2
and FFA3 on the regulation of colonic motility using
in vitro animal models.

Circular muscle. When recorded intestinal motility
mechanically, in vitro and in vivo colonic motor
activity in most species, including mice and rats, is
characterized by two distinct types of contraction: (1)
rhythmic phasic contractions, and (2) spontaneous
contractions, which are also termed giant contractions
(GCs) by Gonzalez and Sarna (20). We have shown
that propionate increases the frequency and decreases
the mean amplitude of spontaneous GCs (38). How-
ever, acetate and butyrate had no such effects. GCs of
colonic circular muscle layer are thought to enhance

From: Mitsui (2005) Neurogastroenterol Motil 17:585-594

Fig. 5. Propionate-induced phasic and tonic contractions in rat colonic
circular muscle

the propulsion of luminal contents because at least part
of these contractions propagates in anal direction
(44). Thus the stimulatory effect of propionate on the
frequency of GCs seems to be important for the pro-
pulsion of feces in the colon.

SCFAs also affect basal circular muscle activity;
propionate evoked phasic and tonic muscle contr-
actions in rat distal colon (36-38, 41, 42). Propionate
and butyrate concentration-dependently (10 uM-10 mM)
induced rapid, large amplitude phasic contractions
followed by tonic contraction in strips of the circular
muscle in rat distal colon. However, acetate itself had
no effect on basal muscle activity. The propionate-
-induced phasic and tonic contractions were not
observed in the mucosal-free preparations as shown
in fig. 5. The results suggest that propionate does
not directly act on circular muscle. We have further
analyzed the propionate-induced circular muscle
contractions then found that the propionate-induced
circular muscle contraction was attenuated by atropine,
tetrodotoxin (TTX) and 5-HT, receptor antagonist,
SB204070 (37). Taken together, these results suggest
that propionate acts on SCFA receptors, FFA2 or FFA3
expressed in the mucosa causing release of 5-HT from
the enterochromaffin cells containing 5-HT. Then,
released 5-HT may act 5-HT, receptors on the endings
of intrinsic primary afferent neurons that in turn
activate cholinergic motor neurons that contract the
circular muscle. On the other hand, the tonic contr-
action was attenuated by the non-selective COX
inhibitor, piroxicam or COX-1 inhibitor, SC-560 (37).
Therefore, propionate probably induces release of
COX products to cause the tonic contractions. For the
involvement of FFAs to SCFAs-induced circular muscle
contractions, the rank order potency of the SCFAs
correspond to that seen for activation of FFA3. Thus,
propionate-induced circular muscle contractions might
be involved in FFA3.

Since SCFAs are produced by bacterial fermenta-
tion of the carbohydrates of dietary fiber in the large
intestinal lumen as mentioned above, the presence of
SCFAs or individual ratio of SCFAs in the colonic
lumen reflect the activity of luminal bacterial flora
and SCFA receptors possibly monitor the activity of
bacteria to maintain the colonic health. Indeed, FFA2
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and FFA3 have been reported to highly express by cells
of the immune defense system including PMN cells
(FFA2 and FFA3), monocytes (FFA2) and dendritic
cells (FFA3). Our previous study also showed that the
mucosal mast cells expressed FFA2 (29). PMN cells,
moncytes (macrophages in the tissue), and dendritic
cells are the phagocytes for non-selective antigens
involved in the innate immunity. Therefore, the
evidence seems to support a hypothesis that one of the
role of FFA2 and FFA3 in the intestinal mucosa may
be concerned with host defense mechanisms including
innate immunity.

Longitudinal muscle. In comparison with circular
muscle, the contribution of longitudinal smooth
muscle to colonic propulsion has been less studied.
However, longitudinal as well as circular muscle
layers are also important during peristalsis because
GCs are observed not only in circular muscle layer,
but also in longitudinal muscle layer of the colon (44).
Therefore, we have investigated the spontaneous
longitudinal muscle contractions induced by SCFAs.
At more than 1 mM of SCFAs (mixture of acetate, pro-
pionate and butyrate), they concentration-dependently
decreased the frequency of spontaneous longitudinal
muscle contractions and reached a maximum at 5 mM
(41). However, the SCFAs did not affect the amplitude
or duration of spontaneous longitudinal muscle contr-
actions. Among individual SCFAs, only acetate decre-
ases the frequency of spontaneous contractions in
longitudinal strips of the rat distal colon. Thus, it is
suggested that acetate appears to be a substantial
stimulus of SCFA-induced inhibitory response in rat
distal colon. TTX and the combination of nicotinic
receptor blockade, hexamethonium and 5-HT, receptor
antagonist, granisetron abolished SCFA-induced
inhibitory response (41). The results suggest that the
inhibitory response induced by acetate is mediated by
enteric nervous system including nicotinic and 5-HT
receptors. For the involvement of FFA2 or FFA3
receptors on acetate-induced inhibitory response, FFA2
receptor seems to be involved in the response because
the potency orders of each SCFA for FFA3 is propio-
nate > butyrate >> acetate, whereas FFA2 is equal sen-
sitive to SCFA and acetate is more selective for FFA2.

GPR84 and GPR120. GPR84 and GPR120 have
recently been shown to be activated by FFAs (24, 58,
59). The GPR84 responds to medium-chain FFA (C9-
-C14) and is expressed in the leukocytes (59). The func-
tional analysis using GPR84-deficient mice revealed
that GPR84 has a functional role in the regulation of
early IL-4 gene expression in activated T cells (56).
Like FFA1, GPR120 is a receptor for both saturated
(C14-C18) and unsaturated (C16-C22) FFAs (24).
GPR120 is highly expressed in the human and mouse
intestinal tract and mouse enteroendocrine cell line,
STC-1 (24, 39, 54). STC-1 cell line is known to release
of CCK and GLP-1 by FFAs (24, 49). GPR120 pro-
motes the secretion of the GLP-1 from enteroendocrine
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L cells (24); unsaturated long-chain FFAs (such as
a-linolenic acid) evoke the GLP-secretion via GPR120
in STC-1 enteroendocrine cells (1, 24). In addition,
FFAs were found to inhibit serum-deprivation-indu-
ced apoptosis through GPR120 in the murine entero-
endocrine cell line STC-1 (31). Oral administration of
FFA and direct administration to the colon also increase
circulating GLP-1 and insulin levels in mice (24).
Immunoreactivity for GPR120 was abundant in the
mouse large intestine, lung, and adipose tissue (39). In
the lung, the GPR120 protein was expressed in the
areas that were positive for the Clara cell marker
protein CC10. This observation may indicate that the
FFA receptor GPR120 is involved in the function of
Clara cells. In adipose tissues, GPR120 was found to
be highly and widely expressed on the plasma mem-
brane surface of mature mouse adipocytes (39).

Conclusion

Recently, multiple GPCR have been deorphanized
as FFA receptors of FFAs. FFA receptors belong to
the nutrient-sensing receptors, which directly monitor
the levels of nutrients in the gut lumen and mediate
the secretion or production of gut hormones. We have
briefly reviewed the role of FFA receptors and the
SCFAs-induced muscle contractions based on our
recent studies and others. SCFA receptors, FFA2 and
FFA3 are located in mucosal enteroendocrine cells
containing PY'Y related to energy balance. Thus, FFA2
and FFA3 are important molecular devices to monitor
the chemical composition in colonic lumen. For the
local function of SCFAs, it should be stressed that
individual SCFA have different mode of actions on
colonic smooth muscles. These different effects may
be due to the relative contribution of FFA2 and FFA3
on the control of intestinal muscle activity. For the
remote effects of FFA2 or FFA3 on the whole body
energy balance, FFA2 or FFA3 may be contributed
through the release of gastrointestinal hormones related
to feeding and satiety control including PYY and
GLP-1. Although further studies are needed to identify
the precise roles of FFA receptors, the functional
analysis of these FFA receptors should be valuable for
understanding nutrient metabolism in the body.
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Karaki S.-l., Kuwahara A.
Receptory wolnych kwasow tluszczowych i ich rola w okreznicy

Streszczenie

Wolne kwasy tluszczowe (FFA) sa nie tylko waznym zrodlem energii, ale r6wniez monitoruja sklad
chemiczny §wiatla okreznicy. FFA dzialaja jako ligandy dla receptoréw sprze¢zonych z biatlkami G (RSBG),
takich jak: FFA2, FFA3, GPR84 i GPR120. Sposr6d wymienionych receptorow kwasy thuszczowe Srednio-
(MCFA) i dlugotancuchowe (LCFA) aktywuja receptory FFA1 i GPR120. Receptory GPR84 pobudzane s3
wylacznie przez MCFA. Natomiast zarowno receptory FFA2, jak i FFA3 wystepujace w okreznicy,
aktywowane sg przez krétkolancuchowe kwasy tluszczowe (SCFA) i uczestniczag w regulacji motoryki
mig$niowki okreznej. Propionian i maslan, w sposéb zalezny od stezenia wzbudzaja fazowe (okresowe)
i toniczne (ciggle) skurcze mig$niowki okreznej okreznicy szczura. Kazdy SCFA odmiennie odbierany jest
przez te receptory i odmiennie dziala na wzory motoryczne okreznicy.

Pierwszym poziomem integracji informacji pochodzacej ze Swiatla jelit sa komoérki enteroendokrynne
i wyspecjalizowane komoérki nablonka enterocytow. Na ich blonach komérkowych sa zaréwno receptory
FFA1 (poczatkowo okreslane jako GPR40) i GPR120 aktywowane przez $rednio- (MCFT) i dlugo- (LCFA)
lancuchowe kwasy tluszczowe, jak i receptory FFA2 (GPR43) i FFA3 (GPR41) aktywowane przez SCFA.
W opracowaniu sumarycznie przyblizono wyniki badan wlasnych oraz aktualng wiedz¢ nt. specyficznej
roli w regulacji motoryki okreznicy réznych form receptoréw kwasow thuszczowych (FFAs), szczegodlnie zas
receptorow FFA2 i FFA3, dotychczas uwazanych za ,sieroce”, tj. pozbawione specyficznego dzialania
w przekaznictwie nerwowym.

Zrodlem SCFA w jelicie grubym sg procesy fermentacyjne niestrawionych weglowodanéw, glownie wiokna
i skrobi, a takze, przy zaburzeniach wchlaniania (choroba trzewna, zespol popositkowy — dumping syndrom),
weglowodany wymykajace si¢ z jelit cienkich. Powstaja one rowniez w niewielkim zakresie z bakteryjnej
fermentacji bialek endogennych (zluszczony nablonek, $luz) i paszowych (ryc. 11i2). Calo$ciowe i relatywne
stezenia molarne gléwnych SCFA w jelitach czlowieka: octanu, propionianu i maslanu przecigtnie wynosza
60:20:20, zaleza jednak od miejsca fermentacji, rodzaju pokarmu i skladu jelitowego mikrobiotu. Ze wzgledu
na szybkie wchlanianie okolo 90% SCFA i metabolizacj¢ trudno jest uchwyci¢ tempo ich wytwarzania.

Receptory FFAR zostaly odkryte podczas poszukiwan nowych podtypow receptora galaninowego, jako
zbiorowisko czterech tandemowych genéw GPCR: FFA1 (GPR40), FFA2 (GPR43), FFA3 (GPR41) i GPR42,
rozmieszczonych na ludzkim chromosomie 19q13 (ryc. 3). GPR42 jest pseudogenem z otwarta ramka odczytu.
Agonistami receptorow FFA1 sa LCFA, a SCFA o dlugosci lancucha ponizej szesciu wegli sa endogennymi
agonistami receptoréw FFA2 i FFA3. Nienasycone kwasy tluszczowe (NSFA) pobudzajj receptor GPR120.
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Receptor FFA1 aktywowany jest przez nasycone (SFA) i nienasycone (NSFA) kwasy MCFA i LCFA. Sila
pobudzania tego receptora zalezy od dlugosci lancucha nasyconych kwaséw tluszczowych (SFA),
z najsilniejszym dzialaniem kwasu pentadekanowego (C15) i palmitynowego (C16). W przypadku NSFA
ani dlugo$¢ lancucha, ani tez stopien nasycenia nie koreluja z ich sila pobudzajaca. Najwigksza ekspresja
FFA1 u ludzi i szczuréw wystepuje zar6wno na poziomie mRNA, jak i bialka, w insulinowych wysepkach
trzustkowych. W stanie glodzenia u ludzi i gryzoni FFAs odgrywaja wazng rol¢ w zachowaniu zaréwno
podstawowego, jak i pobudzanego glukoza wydzielania insuliny.

Receptory FFA2 (GPR43) i FFA3 (GPR41) sa pobudzane przez SCFA. Najwigksza ekspresja FFA2 znajduje
si¢ na komodrkach immunologicznych, w tym na komérkach z polimorficznym jadrem (PMN). Wykazano,
ze stymulacja FFA2 przez SCFA Kkonieczna jest do normalnego rozwiazania pewnych odpowiedzi zapalnych.
Wystepowanie receptorow FFA2 w tkance tluszczowej powoduje, Ze w obecnosci ich ligandéw (octanu
i propionianu) obniza si¢ aktywnos$¢ lipolityczna. Wysoki poziom ekspresji receptora FFA3 rozpoznano
w trzustce, Sledzionie, wezlach chltonnych, szpiku kostnym, obwodowych komoérkach mononuklearnych krwi
oraz przypuszczalnie w tkance thuszczowej. Ze wzgledu na duzg ilo§¢ SCFA w jelicie grubym, fizjologicznie
wlasciwym miejscem aktywacji receptorow FFA jest jelito. Autorzy tego opracowania po przygotowaniu
przeciwcial przeciw FFA2 i FFA3 przesledzili ekspresje FFA2 i FFA3 w okr¢znicy. Immunoreaktywnos¢
w stosunku do receptoré6w FFA2 wykazano w enterocytach §luzéwki okreznicy szczuréw i ludzi, w komérkach
enteroendokrynnych oraz malych komorkach blaszki wlasciwej (ryc. 4). FFA3 wystepuja w iloSci mniejszej
od FFA2 w okre¢znicy czlowieka jako punktowe plamki w szczytowej czeSci enterocytow i komorek
enteroendokrynnych (KEE). Ponadto oba typy receptoréw nie wystepuja w kolokalizacji. Okazalo si¢, ze
SCFA modyfikuja motoryke okreznicy przez wplyw na uwalnianie S -hydroksytryptaminy (5-HT, serotoniny)
i PYY.

Miesniowka okreznicy, tak in vivo, jak i in vitro, u wigkszosci gatunkow odznacza si¢ dwoma oddzielnymi
typami skurczéw: rytmicznymi skurczami fazowymi i skurczami spontanicznymi, okre§lanymi jako skurcze
masowe (giant contractions, GCs). Wedlug Kuwahary i wsp., tylko propionian zwi¢ksza czestos$¢ i zmniejsza
$rednia amplitude skurczéw GCs. Stymulujacy efekt propionianu odnos$nie do czestosci GCs wazny jest
wigc dla przesuwania mas kalowych w okreznicy.

SCFA oddzialujg réwniez na podstawowa aktywno$¢ skurczowa mige$niowki okreznej. Propionian i maslan
w sposéb zalezny od stezenia (10 pM — 10 mM) wzbudzaja fazowe skurcze o duzej amplitudzie, po czym
pojawiaja si¢ skurcze toniczne. Toniczne i fazowe skurcze nie wystegpowaly w skrawkach okreznicy
pozbawionych §luzéwki (ryc. 5). Propionian nie dziala wigc bezposrednio na mie$niéwke okrezna.
Pobudzajacy, skurczowy efekt w mig$niéwce okreznej propionianu atenuuje atropina, tetrodotoksyna (TTX)
i antagonista receptora 5-HT, (SB204070). Propionian dziala na Sluzowkowe receptory FFA2 albo FFA3,
powodujac uwalnianie 5S-HT z komoérek enterochromochlonnych. Aktywacja przez S-HT receptorow 5-HT,
znajdujacych si¢ na zakonczeniach pierwotnych neuronéw aferentnych, zwrotnie aktywuje motoryczne
neurony cholinergiczne kurczace migsniowke okrezna. Atenuacja skurczow tonicznych zaréwno przez
nieselektywny inhibitor COX, piroksikam, jak i selektywny inhibitor COX-1 (SC-560) najwyrazniej wskazuje,
Ze propionian wzbudza réwniez uwalnianie produktéw COX powodujacych skurcze toniczne. Wydaje sie,
ze skurcze mig$niowki okreznej wzbudzane propionianem odbywaja si¢ z udzialem receptoréw FFA3.
Ponadto receptory FFAs sg ekspresjonowane przez komorki obronne ukladu immunologicznego i sq przez
to zaangazowane w mechanizmy obronne zwigzane z odpornoscig wrodzong.

Migsnidowka podluzna ma male znaczenie w przesuwaniu tresci pokarmowej. Pojedynczo tylko octan,
uwazany za znaczacy bodziec, obniza cz¢sto$¢ skurczow spontanicznych w migsniowce podluznej okreznicy
dalszej szczura. Ta odpowiedz hamujaca znoszona jest przez TTX i kombinacyjng blokade¢ receptora
nikotynowego przez heksametonium i antagoniste receptora 5-HT,, granisetron. Odpowiedz hamujaca
wzbudzana octanem zachodzi zatem za poSrednictwem neurondéw enterycznego ukladu nerwowego (EUN)
i receptoréw nikotynowych oraz 5-HT,. Wydaje si¢, Zze odpowiedzi hamujgce octanu zachodzg przy udziale
receptorow FFA2.

Bialko GPR84 jest wprawdzie receptorem dla MCFA, ale wi¢ksza role¢ niz w przewodzie pokarmowym
odgrywa w sygnalizacji aktywujacej komorek T do wytwarzania IL-4. Natomiast zblizone do FFA1 bialko
GPR120 odbiera sygnalizacj¢ pochodzaca od SFA (C14-C18) i USFA (C16-C22), wystepujacych w przewodzie
pokarmowym.

Z pewnej czeSci dotychczas sierocych receptorow sprzezonych z bialkkami G wyodrebniono w okre¢znicy
grupe receptorow FFAs aktywowanych przez wolne kwasy tluszczowe (FFA). Receptory FFAs, jako sen-
sory skladnikéw pokarmowych w jelitach, bezposrednio monitorujg ich poziom w Swietle jelit i posrednicza,
z jednej strony, w wytwarzaniu oraz sekrecji hormonéw jelitowych, z drugiej — w aktywnoS$ci motorycznej.
Poszczegolne SCFA réznie aktywuja FFAs, a odpowiedzi motoryczne uzaleznione sg od relatywnego poziomu
receptorow FFA2 i FFA3.

Stowa kluczowe: G receptor sprzezony z bialkiem G, krotkolancuchowy kwas tluszezowy, FFA2, FFA3,
okreznica czlowieka, okreznica szczura, motoryka okreznicy




