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Abstract Short-chain fatty acids (SCFAs), 2–4 carbon

monocarboxylates including acetate, propionate and buty-

rate, are known to have a variety of physiological and

pathophysiological effects on the intestine. Previously, we

reported that the SCFA receptor, G-protein coupled

receptor 43 (GPR43), is expressed by enteroendocrine and

mucosal mast cells in the rat intestine. In the present study,

expression and localization of GPR43 were investigated

in the human large intestine. Gene and protein expression

of GPR43 in the human ascending colon was analyzed

by reverse transcriptase/polymerase chain reaction and

Western blotting, respectively. In addition, localization

of GPR43 was investigated by immunohistochemistry. In

RT-PCR analysis, GPR43 mRNA was detected in whole

wall mRNA samples. Western blotting analysis revealed

the expression of GPR43 protein in whole wall and scraped

mucosa protein samples, but not in muscle or submucosa.

GPR43 immunoreactivity was observed in the intracellu-

larly in enterocytes and in the peptide YY-immunoreactive

enteroendocrine cells. These results indicate that the short

chain fatty acid receptor, GPR43 is expressed by

enteroendocrine L cells containing peptide YY in the

human large intestine.
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Introduction

Short-chain fatty acids (SCFAs), specifically acetate, pro-

pionate and butyrate, are the major anions (present at about

100 mM) in the lumen of the large intestine. They are

produced by bacterial fermentation of undigested carbo-

hydrates. Luminal SCFAs are not only absorbed as

nutrients across the intestinal epithelium, but also influence

various physiological and pathophysiological functions of

the gastrointestinal (GI) tract (Cummings et al. 1995;

Topping and Clifton 2001; Andoh et al. 2003; Kles and

Chang 2006). For example, SCFAs stimulate colonic blood

flow (Mortensen and Hielsen 1995), fluid/electrolyte

uptake (Binder and Mehta 1989; Lutz and Scharrer 1991;

Vidyasagar and Ramakrishna 2002), smooth muscle

contraction (Yajima 1985; Mitsui et al. 2005a, b), trans-

epithelial chloride secretion (Yajima 1988; Hubel and Russ

1993; Diener et al. 1996), exert proliferative stimuli of

colonic epithelial cells (Sakata 1987; Kripke et al. 1989;

Scheppach et al. 1992), and prevent colorectal cancer

(D’Argenio et al. 1996). It is also known that the dietary

fiber and SCFAs are possible to have efficacy for the

inflammatory bowel disease (IBD), e.g. by inhibition of

proinflammatory cytokine-induced NF-jB activation (An-

doh et al. 2003; Galvez et al. 2005; Tedelind et al. 2007).

Thus, dietary fiber and SCFAs are considered to have much

potential for clinical use. In addition to their local effects,
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luminal SCFAs in the terminal ileum and colon have been

reported to reduce motility in proximal GI regions, an

inhibitory response probably mediated by peptide YY

(PYY) release from the mucosa, and frequently called

‘‘ileal brake’’ (Cuche and Malbert 1999; Cuche et al. 2000).

It is therefore important to investigate the mechanism for

SCFA-induced responses in the GI.

The effects of SCFAs in the intestinal lumen are con-

sidered to be induced via the activation of specific

receptors and/or via absorption in epithelial cells, however,

the sensing mechanism of SCFAs in the intestinal lumen is

currently unclear. In 2003, two different groups, Brown

et al. (2003) and Le Poul et al. (2003), simultaneously

reported that the SFCA receptors were identified from

orphan G-protein coupled receptors (GPCRs), specifically

GPR41 and GPR43. They also reported that both receptors

are coupled with Gq and Gi/o, and their activation induces

an increase in intracellular Ca2+ concentration and a

decrease in intracellular cyclic adenosine monophosphate

(cAMP). The potencies of respective SCFAs for the GPR41

and the GPR43 activation-induced decrease in intracellular

cAMP differ as follows: propionate [ butyrate [[ acetate

in GPR41 and acetate = propionate = butyrate in GPR43.

In addition, GPR41 and GPR43 have been reported to be

expressed in adipocytes and immune cells, respectively

(Brown et al. 2003).

We recently reported that GPR43 is expressed in the

rat intestine by PYY-containing enteroendocrine cells and

5-hydroxytryptamine (5-HT)-containing mucosal mast

cells (Karaki et al. 2006). This immunohistochemical evi-

dence suggests that SCFAs in the intestinal lumen activate

GPR43 SCFA receptor in enteroendocrine cells releasing

PYY and in mucosal mast cells releasing 5-HT, a result

consistent with physiological data mentioned above. As

there are no published data to date regarding GPR43

expression in the human intestine, in this study we inves-

tigate GPR43 SCFA receptor expression in the human

colon.

Materials and methods

Human tissue preparation

Segments of human ascending colon were obtained (fol-

lowing informed consent) from 80-year old female, 58-year

old male and 76-year old female patients undergoing

colectomy for carcinoma. This study was approved by the

Institutional Review Board of Shizuoka General Hospital

and the University of Shizuoka. A nonpathological region

was cut from the surgical specimen, placed in ice-cold

Krebs-Ringer solution saturated with 95%O2–5%CO2, and

transported to the laboratory.

RT-PCR analysis

Small tissue sections (about 5 mg) of whole wall specimen

were immersed immediately in RNAlater RNA Stabiliza-

tion Reagent (Qiagen, Tokyo, Japan), transferred to new

2.0-ml Eppendorf tubes and then freeze-ground utilizing a

grinding mill (SK-100; Tokken Inc., Kashiwa, Japan).

Bullet-like crushers were put in the tubes with samples.

Three tubes were set in a holder, and frozen in liquid

nitrogen. Then, the holder was put in a pipe-like case, and

shaken to grind the samples. Total RNA was isolated by

RNeasy Micro Kit (Qiagen). Two sets of primers for

RT-PCR of human GPR43 (A and B, see Table 1) were

based on the partial human GPR43 mRNA sequence

(Genbank Accession No.: BC096200). RT-PCR was per-

formed by using the Qiagen OneStep RT-PCR Kit

(Qiagen). Reaction mixtures of the isolated RNA were first

incubated at 50�C for 30 min for reverse transcription

followed by initial PCR activation and reverse transcriptase

denaturing at 95�C for 15 min. PCR cycles consisted of

denaturing at 94�C for 1 min, annealing at 60�C for 1 min,

and extension at 72�C for 1 min. The reactions were

repeated for 35 cycles, followed by extension at 72�C for

10 min. Finally, amplification products were stored at

4�C until use. Amplification products and DNA ladder

(GeneRulerTM 100 bp DNA Ladder Plus, Fermentas,

Burlington, Ontario, Canada) were separated by electro-

phoresis on 1.7% agarose gel in 0.5 · TRIS-borate-EDTA

buffer and stained with ethidium bromide.

Western blot analysis

Segments of the human colonic specimen were cut and

divided into whole wall, mucosa, submucosa, and muscle

layer by a surgical knife. They were frozen in liquid

nitrogen, crushed into powder, and dissolved in a lysate

buffer consisting of 50 mM Tris–HCl pH 7.4, 150 mM

NaCl, 0.05% Triton X-100, and 1% protease inhibitor

cocktail (P8340, Sigma, St. Louis, MO, USA). Samples

were centrifuged at 10,000 rpm for 10 min at 4�C, and the

supernatant was taken. Protein concentrations were mea-

sured utilizing a Protein Assay kit (Bio-Rad Laboratories,

Hercules, CA, USA). The same amount of a 2· sample

buffer consisting of 4% sodium dodecyl sulfate (SDS),

Table 1 Primers for human GPR43

Primer A Forward 50-GCCTGGTGCTCTTCTTCATC-30

Reverse 50-AGGTGGGACACGTTGTAAGG-30

Primer B Forward 50-CGGCCTCTGTATGGAGTGAT-30

Reverse 50-GGGATGAAGAAGAGCACCAG-30
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12% b-mercaptoethanol, and 20% glycerol in 50 mM Tris–

HCl, pH 6.8, with a small amount of bromophenol blue

was added to each sample. Samples were incubated at 65�C

for 15 min and were stocked at –20�C.

Equal amounts of protein and pre-stained standards

(Bio-Rad Laboratories) were separated by electrophoresis

in 10% SDS-polyacrylamide gels. Separated proteins were

transferred onto polyvinylidene difluoride (PVDF) mem-

branes (Hybond-P, Amersham Biosciences, Piscataway,

NJ, USA). PVDF membranes were then incubated with

0.3% skim-milk in phosphate-buffered saline (PBS) con-

taining 0.1% Triton X-100 (T-PBS) for 1 h to suppress

non-specific binding of immunoglobulins. The pre-blocked

membranes were incubated with anti-GPR43 (RY1505)

antibody diluted 1:30,000 in T-PBS containing 0.3% skim

milk at 4�C overnight, washed in T-PBS (3 · 10 min),

incubated with horseradish-peroxidase (HRP)-labeled sec-

ondary antibody (1:30,000; Santa Cruz Biotechnology,

Inc., Santa Cruz, CA, USA) in T-PBS containing 0.3%

skim-milk for 2 h at room temperature, and washed in

T-PBS (3 · 10 min). Bands of GPR43 proteins were

detected by Amersham ECL Plus Western Blotting

Detection System (GE Healthcare Bio-Sciences Corp.,

Piscataway, NJ, USA), and the images were taken by a

luminescent image analyzer (LAS-3000mini, Fuji Photo

Film Co., Ltd, Tokyo, Japan). Anti-GPR43 antiserum

(RY1505) was prepared by the investigators during a

previous study (Karaki et al. 2006).

To check the specificity of the anti-GPR43 antiserum, an

absorption test was performed. Antigen solution (1:1,000;

see Karaki et al. (2006)) and antiserum (1:30,000) were

mixed, and the PVDF membrane was stained using the

antiserum-antigen mixture.

Immunohistochemistry

Segments of the human colonic specimen were immersed

in Zamboni’s fixative (2% formaldehyde and 15%

saturated picric acid in 0.1 M phosphate buffer, pH 7.4) at

4�C overnight. Fixed tissues were washed in PBS

(3 · 10 min) and stored in PBS containing 0.1% sodium

azide at 4�C, the PBS being changed each day for 3 days.

After washing, the tissues were further stored in PBS

containing 30% sucrose and 0.1% sodium azide at 4�C for

cryoprotection. Cryoprotected tissues were rapidly fro-

zen with optimal cutting temperature (OCT) compound

(TissueTek, Sakura Finetechnical, Tokyo, Japan) in liquid

nitrogen, and stored at –80�C until use. Frozen blocks of

tissue were cut into 10-lm sections in a cryostat (CM1100,

Leica Microsystems, Wetzlar, Germany), and sections

were placed on glass slides and then dried. Sections were

washed in PBS (3 · 10 min) to remove OCT compound,

and incubated with 10% normal donkey serum and 0.3%

Trion-X 100 in PBS at room temperature for 30 min to

suppress non-specific binding of antibodies. Preblocked

sections were incubated with primary antibodies (Table 2)

with 0.3% Triton X-100 in PBS at 4�C overnight, washed

in PBS (3 · 10 min), and incubated with secondary

antibodies (Table 2) with 0.3% Triton X-100 and

40,6-Diamidino-2-phenylindole (DAPI) solution (1:200,

Dojindo Laboratories, Kumamoto, Japan) for 1 h at room

temperature. Sections were then washed in PBS

(3 · 10 min), and cover-slipped with a mounting medium

(DakoCytomation, Glostrup, Denmark). Immunoreactivity

was visualized and captured by using a fluorescence

microscope and a cooled charge-coupled device digital

camera system (BZ-8000, Keyence, Osaka, Japan). In

order to remove out-of focus fluorescence, captured images

were deconvoluted using image analyzing software (BZ

Analyzer, Keyence).

To check the specificity of secondary antibody, a section

incubated without primary antibody was stained by sec-

ondary antibodies as a negative control. Additionally, to

check the specificity of antiserum for GPR43, an absorp-

tion test was performed. Neat antigen solution (see Karaki

et al. (2006)) was mixed with neat anti-GPR43 serum 1:1,

the mixture equilibrated overnight at 4�C, and was then

Table 2 Antibodies

Primary antibody Host Dilution Source

Anti-GPR43 Rabbit 1:10,000 Own (RY1505)

Anti-5-HT Goat 1:4,000 ImmunoSter, Inc.

Anti-PYY Chicken 1:200 GenWay Biotech, Inc.

Secondary antibody Label

Donkey anti-rabbit IgG Alexa594 1:200 Molecular Probes, Inc.

Donkey anti-goat IgG Alexa488 1:200 Molecular Probes, Inc.

Donkey anti-chicken IgY FITC 1:100 Chemicon

FITC, fluorescein isothiocyanate
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diluted with PBS containing 0.3% Triton X-100 to a

working concentration of GPR43 (1:10,000). Sections were

incubated with this diluted mixture of antibody and antigen

in the immunohistochemistry procedure.

Results

RT-PCR analysis

Messenger RNA for GPR43 was detected in extract of

human ascending colon with both sets of primers (Fig. 1).

Expected sizes of PCR products utilizing primer sets A and

B are 172 and 209 base pair (bp), respectively. Detected

bands were consistent with said expectation thereby indi-

cating that the GPR43 gene is expressed in the human

colon.

Western blot analysis

A band of about 25 kD considered to be GPR43 protein

was detected in extracts of whole wall and in the separated

mucosa from the human ascending colon, but was not

present in extracts of submucosa and muscle layers

(Fig. 2A). Although the same amounts of proteins were

found in the various samples, the band density of the

separated mucosa sample was clearly higher than that of

whole tissue samples. In the absorption test, the single band

thought to be GPR43 protein was almost completely

abolished (Fig. 2B). It is therefore suggested that the single

band is specific for GPR43 protein.

Immunohistochemistry

GPR43-immunoreactivities were observed as dotted stain-

ing in the cytoplasm of almost all enterocytes (Figs. 3A

and 4A), and also in many lamina proprial cells (Fig. 3A).

This staining by anti GPR43 antibody was stronger at

surface epithelium than at the bottom of the crypt (Fig. 3

A). Apical membranes of enterocytes were only slightly

stained by anti-GPR43 antibody. In negative control

staining utilizing secondary antibody alone (Fig. 3B) and

in absorption control (Fig. 3C), such staining was not

observed. However, many lamina proprial cells were

stained in absorption control. Thus, staining in the en-

terocytes was specific for GPR43, but almost all staining of

lamina proprial cells seemed to be non-specific.

GPR43-immunoreactive (IR) enteroendocrine cells were

found in the crypt (Fig. 4B) and were open-type ente-

roendocrine cells, with thin cell bodies that extended to the

lumen surface. In rat intestine, GPR-IR enteroendocrine

cells often have processes that extend from their bases and

run beneath adjacent epithelial cells (Karaki et al. 2006),

but such is not the case in human ascending colon.

Our previous immunohistological study of GPR43 in rat

intestine found complete co-localization of immunoreac-

tivity for GPR43 and PYY (Karaki et al. 2006). In

the present study for the human colon, all GPR43-IR

enteroendocrine cells were PYY-IR, and vice-versa

(Fig. 5A–C). Moreover, GPR43 immunoreactivity was not

colocalized with 5-HT (Fig. 5D–F) as was demonstrated in

our previous study in the rat intestine (Karaki et al. 2006).

Discussion

The current study is the first to demonstrate expression and

localization of the SCFA receptor, GPR43 in the human

ascending colon. RT-PCR analysis detected GPR43 mRNA

(Fig. 1) as did Western blot analysis where GPR43 protein

was detected in mucosal preparation, but not muscle nor

submucosal layers (Fig. 2). In immunohistochemistry,

spotted GPR43-immunoreactivity was observed in cyto-

plasm looking like endoplasmic reticulum or Golgi

apparatus (Figs. 3A and 4A), and flat cytoplasmic staining

was observed in a few open-type enteroendocrine cells

(Fig. 4B). The colocalization study demonstrated that

GPR43-immunoreactive enteroendocrine L cells contained

PYY-, but were not colocalized with 5-HT (Fig. 5).

The presence of SCFAs in the colonic lumen is reported

to induce inhibition of upper gastrointestinal motility

mediated by PYY, (sometimes described as ‘‘colonic

brake’’ (Ropert et al. 1996)) as well as ileal brake. The

present morphological data further supports the previously

reported physiological study (Ropert et al. 1996). There-

fore, colonic brake induced by SCFAs in the colonic lumen

seems to be mediated by the activation of SCFA receptor,

GPR43 expressed in enteroendocrine L cells. PYY is also

known to be an important appetite control hormone,

inhibiting food intake by as a satiety signal (Wren and

RT

209 bp

172 bp

+ - -+

A B

200

300

400

Ladder

(bp)

Fig. 1 Analysis of GPR43 mRNA expression in the human colon by

RT-PCR. Two sets of primers (A and B) for human GPR43 were used

(see Table 1). Arrows indicate the expected sizes of PCR products.

RT+ or – indicate whether reverse transcription was completed or not
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Bloom 2007). Furthermore, it has been reported that

SCFAs stimulate leptin expression in adipocytes (Xiong

et al. 2004). Leptin is known as an anorexigenic hormone

inhibiting food intake through the receptors in the brain

(Cohen et al. 2001). Therefore, it is considered that SCFAs

may influence appetite control by several mechanisms.

The function of GPR43 expressed in the cytoplasm in a

dotted manner is not clear, but might initiate in the Golgi-

apparatus prior to transport to apical sites. GPR43 has

been reported to couple with Gq and Gi/o proteins to

increase intracellular Ca2+ and to decrease cAMP con-

centrations (Brown et al. 2003; Le Poul et al. 2003). Both

intracellular Ca2+ and cAMP are known to function as

second messengers to induce synergistic fluid secretion

(Karaki and Kuwahara 2004). Therefore, under certain

conditions such as when GPR43 is present on the apical

membrane, it is possible that SCFAs modulate colonic

secretory function with GPR43 functioning as a luminal

chemical stimuli. However to clarify the hypothesis, it is

necessary to perform more precise study, e.g., using

endoplasmic reticulum and/or Golgi apparatus markers. In

addition, it has been reported that SCFAs induce acute

phosphorylation of the p38 mitogen-activated protein

kinase (MAPK)/heat shock protein 27 pathway via GPR43

in the MCF-7 human breast cancer cell line (Yonezawa

et al. 2007). Therefore, SCFAs may play a role of stress

management in the epithelial cells.

We previously reported that consumption of a fiber-free

diet induces changes in neural and muscular functions and

decreases the amount of 5-HT-containing enterochromaffin

(EC) cells in the rat colon (Mitsui et al 2006). In this study,

it has been demonstrated that the animal group fed with a

fermented fiber, guar gum-containing diet demonstrates

partially prevent such changes of the neural and muscular

functions, and loss of 5-HT-containing EC cells. This

suggests that chemical stimulation by SCFAs, as well as

mechanical stimuli caused by fecal bulk (the cellulose-fed

group in that study), are important for maintenance of

intestinal integrity. The present study suggests that the

several responses induced by SCFAs are possibly due to

the presence of GPR43 SCFA receptors. However, Dass

et al. (2007) have recently shown that SCFAs inhibit the

electrical field stimulation (EFS)-induced contraction of

circular muscle in the mouse colon consistent with activity

at the GPR43, but the effect is not altered in GPR43 gene

knockout mice. Moreover, they have shown that the SCFA-

induced inhibitory effect on the contraction by EFS is

independent of the presence and absence of mucosa.

Therefore, they concluded that these effects are not

involved in the activation of GPR43. On the other hand,

although the effect is consistent with activity at GPR41

rather than GPR43, Mitsui et al. (2005b) have reported that

propionate increases the frequency of spontaneous con-

tractions in the rat longitudinal muscle strip with mucosa,

but not without mucosa. Ono et al. (2004) have also

reported that acetate, which can activate GPR43 without

GPR41, decreases the frequency of spontaneous contrac-

tions. Therefore, luminal SCFAs may modulate the

frequency of spontaneous contractions through the activa-

tion of mucosal GPR43 and/or GPR41, though further
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Fig. 2 Analysis of expression

of GPR43 protein in the human

colon by Western blots probed

with anti-GPR43 antiserum. The

same volumes of extracted

proteins were separated by

SDS-PAGE, and transferred to

PVDF membrane. Pre-blocked

PVDF membranes were stained

by anti-GPR43 (1:30,000) (A),

by anti-GPR43 (1:30,000) and

antigen (1:1,000) mixture as

absorption control (B)
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study is necessary to clarify the physiological role of

GPR43 and/or GPR41 expressed in enterocytes.

In conclusion, the present study of SCFA receptor

expression in human colon may prove to be clinically

significant in the area of functional and inflammatory

bowel disease prevention and the appetite control.
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Fig. 3 Immunohistochemistry for GPR43 in the human colon.

Sections (10 lm-thick) of human colon were stained with rabbit

anti-GPR43 antiserum as primary antibody, Alexa594-labeled anti-

rabbit IgG antibody as secondary antibody (red), and DAPI indicating

nuclei (blue). (A): Specific GPR43 immunoreactivity was observed in

enterocyte cytoplasm. The staining of many cells in lamina propria

seemed to be non-specific since they were observed also by negative

control (C). (B): Negative control without anti-GPR43 antiserum. (C):

Absorption control using the mixture of anti-GPR43 anti-serum and

the antigen

Fig. 4 Morphology of GPR43-IR cells. (A): GPR43-IR enterocytes.

Dotted GPR43 immunoreactivities (red) were observed in the

cytoplasm at the upper site of the nucleus (blue) in enterocytes.

(B): GPR43-IR enteroendocrine cell. Immunostaining (red) indicates

GPR43 immunoreactivity, and DAPI (blue) indicates nuclei
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