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Abstract
AIM: To investigate the effect of short-chain fatty ac-
ids (SCFAs) on production of prostaglandin E2 (PGE2), 
cytokines and chemokines in human monocytes.

METHODS: Human neutrophils and monocytes were 
isolated from human whole blood by using 1-Step 
Polymorph and RosetteSep Human Monocyte Enrich-
ment Cocktail, respectively. Human GPR41 and GPR43 
mRNA expression was examined by quantitative real-
time polymerase chain reaction. The calcium flux assay 
was used to examine the biological activities of SCFAs 
in human neutrophils and monocytes. The effect of 

SCFAs on human monocytes and peripheral blood 
mononuclear cells (PBMC) was studied by measuring 
PGE2, cytokines and chemokines in the supernatant. 
The effect of SCFAs in vivo  was examined by intraplan-
tar injection into rat paws.

RESULTS: Human GPR43 is highly expressed in hu-
man neutrophils and monocytes. SCFAs induce robust 
calcium flux in human neutrophils, but not in human 
monocytes. In this study, we show that SCFAs can in-
duce human monocyte release of PGE2 and that this 
effect can be enhanced in the presence of lipopolysac-
charide (LPS). In addition, we demonstrate that PGE2 
production induced by SCFA was inhibited by pertussis 
toxin, suggesting the involvement of a receptor-medi-
ated mechanism. Furthermore, SCFAs can specifically 
inhibit constitutive monocyte chemotactic protein-1 
(MCP-1) production and LPS-induced interleukin-10 
(IL-10) production in human monocytes without affect-
ing the secretion of other cytokines and chemokines 
examined. Similar activities were observed in human 
PBMC for the release of PGE2, MCP-1 and IL-10 after 
SCFA treatment. In addition, SCFAs inhibit LPS-induced 
production of tumor necrosis factor-α and interferon-γ 
in human PBMC. Finally, we show that SCFAs and LPS 
can induce PGE2 production in vivo  by intraplantar in-
jection into rat paws (P  < 0.01). 

CONCLUSION: SCFAs can have distinct antiinflamma-
tory activities due to their regulation of PGE2, cytokine 
and chemokine release from human immune cells.

© 2009 The WJG Press and Baishideng. All rights reserved.
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INTRODUCTION
The receptors for free fatty acids, including GPR40, 
GPR41, GPR42 and GPR43, constitute a subfamily 
of  recently deorphanized G-protein-coupled receptors 
(GPCRs) that are clustered on human chromosome 
19q13.1[1]. They exhibit 30%-40% homology to one 
another and have diverse tissue distributions, yet all are 
activated by various free fatty acids, which function as 
intercellular lipid mediators through GPCRs[2,3]. 

The free fatty acid receptors are functionally involved 
in both metabolism and the immune system. In contrast 
to GPR40 which is activated by medium- and long-chain 
fatty acids and abundantly expressed in the pancreatic is-
lets[4-7], GPR41 and GPR43 are functionally activated by 
short-chain fatty acids (SCFAs), including acetate, pro-
pionate and butyrate[8-10]. Although both receptors are 
activated by SCFAs, they have distinct tissue distribution 
profiles. GPR41 is preferentially expressed in adipose 
tissue, while GPR43 is highly expressed in hematopoietic 
tissues (such as spleen and bone marrow) and immune 
cells (particularly monocytes and neutrophils). Interest-
ingly, the murine ortholog of  GPR43 was initially identi-
fied as leukocyte-specific STAT-induced GPCR (LSSIG). 
It was reported that expression of  both murine LSSIG 
and human GPR43 is induced during the differentiation 
of  leukocyte progenitor cells to monocytes or neutro-
phils, suggesting their involvement in leukocyte function 
and host defense[11].

SCFAs have long been known to modulate the im-
mune response. Acetate, propionate and butyrate rep-
resent the most often described SCFAs that are capable 
of  immune activation. SCFAs affect neutrophil function 
and migration[12-15], and inhibit tumor necrosis factor-α 
(TNF-α) or interleukin-1β (IL-1β)-induced vascular cell 
adhesion molecule-1 (and intercellular adhesion mol-
ecule-1) surface expression[16]. In addition, SCFAs reduce 
adherence of  monocytes or lymphocytes to cytokine-
stimulated human umbilical vein endothelial cells[17], 
and inhibit interferon-γ (IFN-γ) signaling[18,19], a possible 
regulator of  inflammation in inflammatory bowel disease 
(IBD). Although the molecular mechanisms of  the ef-
fects of  SCFAs remain to be elucidated, evidence in the 
literature indicates that SCFA-induced biological effects 
involve G-protein-mediated signaling[12,20]. GPR43, which 
is highly expressed in immune cells, could be the poten-
tial missing GPCR activated by SCFAs. GPR41 is also 
expressed in immune cells, but at lower levels compared 
to GPR43 and thus may play a lesser role[8-10]. As there 
are no well-validated specific drugs that can be used as 
tools to investigate the receptor, the emerging biology of  
these receptors is dependent on expression profiling. It is 

believed that GPR43 is likely the main receptor contrib-
uting to the effect of  SCFAs in immune cells. In human 
neutrophils, it was reported that SCFAs induced calcium 
flux and chemotaxis possibly through GPR43[9]. None-
theless, the precise role of  GPR43 in the effect of  SCFAs 
in neutrophils needs to be established with the generation 
of  a knockout model and specific small molecules. In ad-
dition, GPR43 is also highly expressed in monocytes and 
peripheral blood mononuclear cells (PBMC)[9], and the 
effects of  SCFAs in these important immune cells are of  
high interest, but are largely unknown. 

SCFAs are produced by microbial anaerobic fermenta-
tion in the hindgut in millimolar (mmol/L) concentrations; 
therefore, the physiological site of  GPR43 activation may 
be in the gut. Within the human colon, concentrations of  
acetate, propionate and butyrate were reported to be in the 
range of  20-43 mmol/L, 6-13 mmol/L and 6-15 mmol/L, 
respectively[21]. GPR43 has been reported to be expressed 
in human, mouse and rat colons[22-24]. Induction of  anti-
inflammatory activities by SCFAs in the colon may con-
tribute to the bacterial evasion of  the immune system[25]. 
GPR43-mediated activation may provide a link between 
the intestinal bacteria and the immune response in physi-
ological and pathophysiological conditions.

We report the identification of  new functional roles 
of  SCFAs in production of  prostaglandin E2 (PGE2), 
cytokines and chemokines in human monocytes and 
in PBMC. We speculate that the effect of  SCFAs is 
most likely through activation of  GPR43, a potential 
therapeutic target for the development of  an innovative 
treatment for colitis. 

MATERIALS AND METHODS
Isolation of human neutrophils, monocytes and PBMCs
Human neutrophils were isolated from human whole 
blood by using 1-Step Polymorph (Accurate Chemical 
& Scientific Corp., Westbury, NY) according to the 
manufacturer’s instructions. Human monocytes were 
isolated by RosetteSep Human Monocyte Enrichment 
Cocktail (StemCell Technologies, London, UK). 
Human PBMC were prepared by the Ficoll-Hypaque 
centrifugation method.

For the calcium flux assay, both human neutrophils 
and monocytes were treated with formate, acetate and 
propionate (Sigma, St. Louis, MO, USA) for 5-10 min. 
For measurement of  PGE2, cytokines and chemokines, 
human monocytes and PBMC cells were incubated with 
formate, acetate, propionate and butyrate (Sigma, St. 
Louis, MO, USA) overnight.

Quantitative real-time polymerase chain reaction (PCR) 
analysis
TaqMan primers and probes were designed with Primer 
Express software and purchased from ABI (Applied 
Biosystems, Foster City, CA, USA). The sequences of  
the human primers and probes for GPR41 and GPR43 
are shown in Table 1. Quantitative real-time PCR was 
carried out with an ABI Prism 7900HT Sequence 
Detection System. The PCR reactions were prepared 
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using the components from the iScript Custom One-
Step RT-PCR Kit with ROX and assembled according 
to the manufacturer’s instructions (Bio-Rad, Hercules, 
CA, USA). The final concentrations of  the primers 
and probe in the PCR reactions were 200 nmol/L and 
100 nmol/L, respectively. The fluorogenic probes were 
labeled with 6-carboxyfluorescein as the reporter and 
6-carboxy-4,7,2,7’-tetramethylrhodamine as a quencher. 
Each 10 μL PCR reaction contained 10 ng of  total RNA. 
The RT-PCR reactions were performed in triplicate in a 
384-well plate according to the following protocol: one 
cycle for 10 min at 50℃, followed by one 5 min cycle 
at 95℃, followed by 40 cycles at 95℃ for 15 s and 60℃ 
for 1 min. A eukaryotic 18S rRNA endogenous control 
probe/primer set (ABI) was used as an internal control 
for RNA quality.

The PCR data were quantified, based on a 12-point 
standard curve generated using 4-fold serial dilutions 
of  a cDNA containing the gene of  interest. The 4-fold 
dilutions began at 20 000 fg. This procedure provides an 
absolute quantification of  the amounts of  GPR41 and 
GPR43 mRNA in a given sample. 

Calcium flux assay
Intracellular Ca2+ assays were carried out as previously 
described with modifications[26]. Freshly isolated human 
neutrophils were resuspended at 1 × 106 cells/mL in cell 
culture medium (RPMI 1640 with 2 mmol/L GlutaMAX 
and 5% fetal bovine serum) and incubated at 37℃,  
50 mL/L CO2, for 1 h. Cells were spun and resuspended 
at 1 × 106 cells/mL in a 1:1 mixture of  cell culture medium 
and Calcium-4 no wash dye (Molecular Devices, Sunnyvale, 
CA, USA) containing a final concentration of  5 mmol/L 
probenecid (Sigma). The cells were seeded (50 000/well) 
into poly-D-lysine-coated 384-well, black-wall, clear 
bottom microtiter plates (Becton Dickinson). Cells were 
sedimented in plates by spinning down briefly at low speed 
with no brake then incubated at 37℃, 50 mL/L CO2, for 
1 h before assaying on a FLIPR-384 (Molecular Devices). 
Freshly isolated human monocytes were resuspended at 
1 × 109 cells/L in a 1:1 mixture of  cell culture medium and 
Calcium-3 no wash dye containing a final concentration of  
2.5 mmol/L probenecid. The cells were seeded (50 000/
well) into poly-D-lysine coated 384-well plates. Cells were 
dye loaded for 45 min at 37℃, 50 mL/L CO2, before 
assaying on a FLIPR-384.

Formate, acetate, propionate and butyrate (Sigma) were 
prepared in Hank’s balanced salt solution, 25 mmol/L 
Hepes, and 0.1% bovine serum albumin. The maximum 
change in fluorescence over baseline was used to determine 
agonist response. The dose-response curves and EC50 
values were obtained by nonlinear regression (Prism 4; 
Graph Pad Software, San Diego, CA, USA).

Measurement of PGE2, cytokines and chemokines
PGE2 was measured by ELISA kit from Assay Designs 
(Ann Arbor, MI, USA). Cytokines and chemokines were 
measured by MesoScale ELISA (MesoScale Discovery, 
Gaithersburg, MD, USA) according to the manufacturer’s  
instructions. To generate the conditioned media, 1 ×  
106 cells per mL were resuspended in RPMI 1640 medium 
supplemented with 10% fetal bovine serum, 1 mmol/L 
L-glutamine, 10 mmol/L Hepes, 50 000 U/L penicillin and 
50 μg/mL streptomycin.; and seeded in 24-well plates for 
stimulation with SCFAs and/or incubation with selective 
inhibitors (Cayman Chemical, Ann Arbor, MI, USA), 
including MLnFP (methyl α-linolenyl fluorophosphonate), 
a phospholipase inhibitor; 1400W, a selective iNOS 
inhibitor; SC-560, a selective cyclooxygenase-1 (COX-1) 
inhibitor; CAY10404, a selective COX-2 inhibitor; 
PTX, pertussis toxin. The tested concentrations of  each 
inhibitor (except PTX) was chosen to be about 100 times 
of  its IC50 as reported in the data sheet provided by the 
manufacturer.

Intraplantar injection of SCFAs into rat paws
Sprague-Dawley male rats from Charles River Laborato-
ries, 4 per group and approximately 200 g body weight, 
were anesthetized with isoflurane gas and the subplantar 
space of  the paw injected with 0.1 mL of  100 mmol/L 
solutions of  the SCFAs, either formate, acetate, propio-
nate or butyrate prepared fresh in 0.9% saline. Lipopoly-
saccharide (LPS), Escherichia coli 0127:B8 (Sigma) was also 
injected at 3 μg in saline either alone or in combination 
with 0.1 mL of  200 mmol/L sodium butyrate. Rats in the 
normal group were not injected. At 3 h post-injection, 
the rats were humanely euthanized and a uniform punch 
biopsy of  the injected site was taken from each rat. The 
punch biopsies were immediately placed in PMSF (phenyl-
methanesulphonyl fluoride) buffer containing 10 g/L of  
indomethacin and frozen at -20℃. The tissues were ho-
mogenized in this collection buffer and assayed for PGE2. 

All statistical analysis was performed by Mann-Whit-
ney U test using GraphPad Instat version 3.06 for Win-
dows XP (GraphPad Software, San Diego, CA, USA). All 
studies in animals were performed in accordance with the 
regulations specified by the National Institutes of  Health 
Principles of  Laboratory Animal Care (1985 revised ver-
sion) and the Schering-Plough Research Institute Animal 
Care and Use Committee.

RESULTS
GPR43 is highly expressed in human neutrophils and 
monocytes
Both GPR43 and GPR41 are activated by SCFAs and 

Table 1  Real-time polymerase chain reaction primers and probes designed for the detection and quantification of human GPR41 
and GPR43

Gene RefSeq ID Forward primer Reverse primer Probe

GPR41 NM_005304 GCTTTGGGCCCTACAACGT CCATGCCGGGCTTTCA TCCCATGTCGTGGGCTATATCTGCG
GPR43  NM_005306 GGCTTTCCCCGTGCAGTAC ACCAGAGCTGCAATCACTCCAT AGCTCTCCCGCCGGCCTCTG
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reported to be expressed in immune cells. To examine 
the role of  GPR43 and GPR41 in human immune cells, 
we initially quantified their expression levels in human 
neutrophils and monocytes by Taqman analysis. Hu-
man neutrophils and monocytes were each isolated 
from human donors to 95% purity. Some of  them were 
stimulated with LPS. RNAs were isolated and analyzed 
for GPR43 and GPR41 expression by Taqman. Figure 1 
shows that GPR43 is expressed in both human neutro-
phils and monocytes at a much higher level than GPR41. 
It also appears that LPS stimulation did not affect their 
expression levels. 

SCFAs induce robust calcium flux in human neutrophils, 
but not in human monocytes
To investigate the biological activities of  SCFAs, both 
purified human neutrophils and monocytes were exposed 
to various concentrations of  SCFAs (formate, acetate 
and propionate) in a calcium flux assay. Formate was 
used as a negative control for the SCFAs. In addition, 
IL-8 was included as a positive control for neutrophil 
activation, while monocyte chemotactic protein-1 
(MCP-1) and ATP were used as the positive controls 
for monocyte activation. Since GPR41 couples to Gi/o 

only, SCFAs should not cause a calcium flux through 
this receptor, which was confirmed in a recombinant 
cell line expressing GPR41 (data not shown). Indeed, 
the agonist potency profile of  the calcium response in 
human neutrophils (Figure 2A) was consistent with the 
GPR43 receptor response that has been described[9]. 
From 8 human donors, acetate had an average EC50 of  
58.25 ± 12.44 μmol/L (n = 8), and propionate had an 
EC50 of  200.6 ± 42.42 μmol/L (n = 8). Formate was 
inactive and IL-8 had an EC50 about 1-2 nmol/L in 
human neutrophils. Acetate and propionate achieved 
the same maximal activation response as IL-8 in human 
neutrophils using this calcium flux assay. 

On the other hand, Figure 2B shows that acetate and 
propionate, up to 100 mmol/L, did not induce significant 
calcium flux in human monocytes, while MCP-1 and ATP 
were able to induce robust calcium flux in the human 
monocyte preparation. It appears that the response of  
GPR43 to SCFAs for calcium flux is dependent either 
on cell type or on the state of  differentiation of  the cells. 
Indeed, it has been reported that propionic acid induced 
calcium mobilization in human neutrophils, but not in 
monocytes, platelets and lymphocytes[12].

SCFAs strongly induce PGE2 production in human 
monocytes and the effect is receptor-mediated
To further explore the biological effects of  SCFAs, 
human monocytes were isolated and incubated overnight 
with various concentrations of  SCFAs in the presence 
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Figure 1  GPR43 is highly expressed in human neutrophils and monocytes. 
Human neutrophils and monocytes were isolated from human whole blood as 
described in Materials and Methods. Isolated human neutrophils or monocytes 
were stimulated with 100 ng/mL of lipopolysaccharide (LPS) for 3 h. RNAs were 
isolated and evaluated by Taqman analysis for absolute quantities of GPR43 and 
GPR41 mRNA molecules.

Figure 2  Short-chain fatty acids (SCFAs) induce robust calcium flux in 
human neutrophils, but not in human monocytes. Human neutrophils (A) 
and monocytes (B) were isolated and exposed to the indicated concentrations 
of formate, acetate and propionate for a calcium flux assay as described in 
Materials and Methods. Interleukin-8 (IL-8) is included as a positive control for 
human neutrophils, and monocyte chemotactic protein-1 (MCP-1) and ATP for 
human monocytes. The dose-response curves and EC50 values were obtained 
by nonlinear regression using Graph Pad Prism 4 software.
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or absence of  LPS (100 ng/mL) as a proinflammatory 
stimulus. The supernatants were assayed for lipid 
mediators such as PGE2, proinflammatory cytokines and 
chemokines by either ELISA or Meso Scale Multi-Spot 
Discovery Technology. Dexamethasone was included in 
the experiment as a positive control for the induction of  
inhibition. Figure 3A shows that SCFAs alone strongly 
enhanced PGE2 production in human monocytes 
across a panel of  10 human donors in a concentration-
dependent manner. Furthermore, SCFAs synergistically 
enhanced the PGE2 production induced by LPS in human 
monocytes (10 human donors), as shown in Figure 3B. 
The rank order of  potency was butyrate > propionate > 
acetate, while formate was inactive. Dexamethasone at  
100 nmol/L potently inhibited basal PGE2 and LPS-
induced PGE2 production (Figure 3A and B). Similar 
results were obtained from 10 human donors. The culture 
supernatants were also assayed for PGI2, leukotriene 
B4 (LTB4) and thromboxane B2 (TXB2). SCFAs had no 
significant effect on these lipid mediators (data not shown), 
suggesting its effect on PGE2 production is specific. 

To examine possible mechanisms of  PGE2 production 
induced by SCFAs, human monocytes were preincubated 
with several inhibitors and then added to culture with 
butyrate and/or LPS. Figure 3C and D show that the 

PGE2 production induced by butyrate is inhibited by 
pretreatment with PTX, COX-1 and phospholipase 
inhibitors either in the absence or presence of  LPS. In 
contrast, COX-2 and iNOS inhibitors had no effect on 
PGE2 production induced by butyrate. The sensitivity to 
PTX suggests PGE2 production induced by butyrate is 
receptor-mediated.

SCFAs specifically inhibit LPS-induced IL-10 production 
and constitutive MCP-1 expression in human monocytes
The same culture supernatants described above were also 
analyzed for 8 proinflammatory cytokines including 
IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, IFN-γ, TNF-α 
(Meso Scale Multi-Spot Discovery Technology). In the 
absence of  LPS, SCFAs had no effect on the level of  any 
of  the 8 cytokines including IL-10, as shown in Figure 4A. 
In contrast, SCFAs specifically inhibited IL-10 production 
stimulated with LPS (Figure 4B), but had no effect on the 
other 7 cytokines with LPS stimulation (including LPS-
induced production of  IL-1β and TNF-α. The effect of  
dexamethasone on the cytokine profile is consistent with 
what has been previously described; briefly, it inhibited 
LPS-induced production of  IL-1β, IL-10 and TNF-α.

It is consistently observed that isolated human 
monocytes produce high levels of  MCP-1 in the culture 
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Figure 3  SCFAs strongly induce PGE2 production in human monocytes and the effect is receptor-mediated. Freshly isolated human monocytes (1 × 109 cells/L) 
were incubated with the indicated concentrations of SCFAs or 100 nmol/L dexamethasone (Dex), and then cultured for 22 h without (A) or with (B) 100 ng/mL LPS. In 
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supernatants without stimulation. Figure 4C and D show 
that SCFAs inhibited this constitutive MCP-1 produc-
tion in a concentration-dependent manner either in the 
absence or presence of  LPS. SCFAs did not inhibit the 
constitutive high levels of  eotaxin-3, macrophage-de-
rived chemokine and macrophage inflammatory protein-
3β in the cultures, suggesting that the effect of  SCFAs 
on MCP-1 production is specific. In this experiment, 
20 mmol/L formate showed some inhibition, which is 
likely the result of  a nonspecific effect.

SCFAs inhibit LPS-induced production of TNF-α and 
IFN-γ in human PBMCs in a concentration-dependent 
manner
To further confirm the effect of  SCFAs, human PBMC 
were isolated by Ficoll-Hypaque centrifugation procedure 
and incubated with SCFAs and/or LPS. The culture 
supernatants were analyzed as before for PGE2, cytokines 
and chemokines. The effects of  SCFAs on PGE2, MCP-1 
and IL-10 production were similar to that observed in 
the isolated human monocytes. However, as shown in 
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Figure 5, SCFAs inhibited LPS-induced production of  
TNF-α and IFN-γ in human PBMC in a concentration-
dependent manner, an effect not observed in isolated 
human monocytes where IFN-γ production was low and 
not stimulated by LPS addition. In the human PBMC 
experiment, dexamethasone inhibited LPS-induced 
production of  IL-1β, IL-10, IFN-γ and TNF-α.

SCFAs induce PGE2 production by intraplantar injection 
into rat paws
To demonstrate the effect of  SCFAs in vivo, SCFAs and 
LPS alone or in combination were injected by the in-
traplantar route into a rat paw. This was done to initiate 
an inflammatory response and determine what effect 
the butyrate would have on lipid mediator and cytokine 
induction. In the representative experiment shown in 
Figure 6, acetate, propionate and butyrate alone could in-
duce PGE2 production in rat paw. Formate was inactive 
and the level of  PGE2 was equivalent to that extracted 
from a normal (not injected) paw. In addition, subopti-
mal LPS also induced PGE2 production and the com-
bination of  LPS and butyrate strongly enhanced PGE2 
production in a synergistic manner (P < 0.01). These 
in vivo data, although preliminary in nature, support the 
effects of  SCFAs on PGE2 production observed in hu-
man monocytes and PBMC. Cytokine analysis was per-
formed on the tissue homogenates but no clear pattern 
emerged that was similar to that obtained in the human 
monocytes and PBMC in vitro experiments. Sodium bu-
tyrate is extremely labile with a very high diffusion rate. 
Maintenance of  a sufficient concentration in the paw 
subcutaneous space was a significant problem in these 
experiments.

DISCUSSION
In this study, we have shown that SCFAs can induce 
either robust PGE2 production alone or in synergy 
with LPS in human monocytes and PBMC. Since LPS 
stimulation did not affect the mRNA level of  GPR43 
and GPR41, the synergy is likely from 2 independent 
signaling pathways. This effect on PGE2 production is 
specific, since other lipid mediators including PGI2, LTB4 
and TXB2, were not affected by SCFAs. Furthermore, 
this effect is receptor-mediated since it is sensitive to 
PTX. 

Interestingly, we showed that SCFAs induced robust 
calcium flux in human neutrophils, but not in human 
monocytes. Our finding is consistent with the previous 
report that propionic acid induced calcium mobilization 
in human neutrophils, but not in monocytes, platelets 
and lymphocytes[12]. It is likely that SCFAs activate 
neutrophils and monocytes for the immune response 
through different signaling pathways that would be 
consistent with the different temporal roles of  these cells 
in an inflammatory response. SCFAs induce calcium flux 
and chemotaxis in neutrophils which arrive early in an 
inflammatory response, while they regulate production 
of  PGE2, cytokines and chemokines in monocytes which 
are also present in the inflammatory site but mature into 
macrophages during extravasation and remain at the site 
of  inflammation until resolution.

This in vitro effect of  SCFAs on human monocytes may 
have relevance to human diseases that target the intestinal 
tract. Among various prostanoids, PGE2, in particular, 
seems to play a critical role in inflammatory bowel disease 
(IBD) via the EP4 receptor, one of  the four PGE2 receptor 
subtypes(EP1-4)[27-31]. Among 8 prostanoid receptor-
deficient mice, only EP4-deficient mice developed severe 
colitis with 3% dextran sodium sulphate (DSS) treatment. 
It is suggested that EP4 maintains intestinal homeostasis 
by maintaining mucosal integrity and downregulating the 
immune response[32]. Therefore, it is possible that SCFAs 
induce production of  PGE2 and play a protective role via 
the GPR43-expressing cells of  the colon. Furthermore, we 
demonstrate that PGE2 production induced by SCFAs was 
inhibited by a COX-1 inhibitor, but not a COX-2 inhibitor. 
This is consistent with the notion that in DSS-induced 
colitis, the significant reduction in PGE2 resulted from 
decreased expression of  COX-1, but not COX-2[33].

In human monocytes, SCFAs specifically inhibited 
constitutive MCP-1 production and LPS-induced IL-10 
production out of  the total 16 cytokines and chemokines 
examined. The activities of  SCFAs in our human mono-
cyte cultures were all confirmed in human PBMC, which 
contain both monocytes and lymphocytes. We made the 
additional observation in these PBMC cultures that SC-
FAs would inhibit LPS-induced TNF-α and IFN-γ pro-
duction. 

This unique effect of  SCFAs on the production of  
cytokines and chemokines in monocytes and PBMC is 
relevant to the design of  new therapies for colitis. Intesti-
nal inflammation present in inflammatory bowel disease 
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Figure 6  SCFAs induce PGE2 production by intraplantar injection into 
rat paws. The paw of male Sprague-Dawley rats was injected intraplantarly 
with 0.1 mL of 100 mmol/L formate, acetate, propionate or butyrate. Three 
micrograms of LPS in saline was also injected alone or in combination with 0.1 mL 
of 200 mmol/L butyrate. There were 4 rats per group. The normal group was 
not injected. Three hours post injection, rat paws were punched and fluids were 
collected in phenylmethanesulphonyl fluoride buffer with indomethacin. All punch 
fluids were assayed for PGE2 by ELISA. P < 0.01 for butyrate + LPS group vs 
normal group, Mann-Whitney U test.
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is driven by the production of  cytokines, chemokines and 
growth factors that draw in immune cells to the mucosa. 
It has been shown that MCP-1, IL-10, IFN-γ and TNF-α 
were significantly upregulated in experimental colitis 
models[34,35]. Furthermore, the increased production of  
SCFAs from dietary fiber supplementation or probiotics 
administration inhibited the production of  proinflamma-
tory mediators and recovered damaged colonic mucosa in 
colitic animals[36,37]. These experiments show that SCFAs 
can inhibit multiple inflammatory mediators which may 
control intestinal inflammation. Clinical trial evidence for 
this use of  SCFAs is still not widely available or accepted 
as a mainstream therapy.

We tried to design a model system in vivo to duplicate 
our in vitro findings. We present the results of  a model 
system using the intraplantar space in the rat paw, a space 
from which there was limited diffusion of  the injected 
SCFAs. We had previously tried injecting SCFAs into 
the pleural cavity and into the peritoneal cavity to induce 
an inflammatory response with and without suboptimal 
inflammatory stimuli such as LPS. However, SCFAs 
are extremely labile with a very high diffusion rate and 
require high concentrations to achieve their effect in vivo. 
Maintenance of  a sufficient concentration of  SCFAs at 
a local site or tissue space (such as the colon) has been 
a major challenge to obtain clear cytokine profiles and 
in vivo efficacy. Therefore, better pharmacological tools, 
such as GPR43 specific small molecules[38], are needed to 
confirm our in vitro findings and further elucidate their 
biology. We were able to utilize the intraplantar space of  
the paw to illustrate the ability of  SCFAs to synergize 
with LPS and induce mediator production but there was 
significant variability in this response.

The present findings of  antiinflammatory activities 
of  SCFAs in immune cells expand the database on these 
fatty acids as lipid mediators and may help explain the 
known beneficial effects of  SCFAs in the colon and 
on colitis. Future studies are needed in knockout mice 
and with specific small molecules (both agonists and 
antagonists) to prove the exact molecular target for these 
effects of  SCFAs.
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Short-chain fatty acids (SCFAs) are produced by bacterial fermentation of 
dietary fiber in the hindgut in millimolar concentrations. They have long been 
known to modulate the immune response and have a beneficial effect in the 
colon and on colitis.
Research frontiers
The molecular mechanism for the effect of SCFAs in immune cells of the 
gastrointestinal tract has not been characterized. Recently, a free fatty acid 
receptor GPR43 was found to be highly expressed in both neutrophils and 

monocytes and identified to be activated by SCFAs. In neutrophils, SCFAs 
induce calcium flux and chemotaxis. However, the effect of SCFAs in 
monocytes is of high interest, but is largely unknown.
Innovations and breakthroughs
This study showed that SCFAs can induce specific and robust prostaglandin E2 
(PGE2) production either alone or in synergy with lipopolysaccharide in human 
monocytes and peripheral blood mononuclear cells (PBMC). Furthermore, 
SCFAs can specifically regulate production of monocyte chemotactic protein-1, 
interleukin-10, tumor necrosis factor-α and interferon-γ in human monocytes 
and/or PBMC. Finally, we showed that SCFAs can induce PGE2 production in vivo 
by intraplantar injection into rat paws. 
Applications
The present findings of antiinflammatory activities of SCFAs in immune cells 
expand the database on these fatty acids and may help explain the known 
beneficial effects of SCFAs in the colon and on colitis. Future studies are needed 
in knockout mice and with specific small molecules to prove the exact molecular 
target for these effects of SCFAs. The authors speculate that the action of SCFAs 
is most likely through activation of the free fatty acid receptor GPR43, a potential 
therapeutic target for the development of an innovative treatment of colitis.
Peer review
This is a study in an important area of inflammatory activities of SCFAs and 
its effects on the related cytokines and chemokines. In the present paper, the 
authors examined the inflammatory activities of SCFAs and the production of 
the related receptors and analyzed the mechanisms. The experiments were 
well organized.
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