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Summary

n-Butyrate deriving from bacterial fermentation in the mammalian intes-

tine is a key determinant in gastrointestinal homeostasis. We examined

the effects of this short-chain fatty acid and Toll-like receptor 2 (TLR)

and TLR4 engagement on inflammatory/immunity-associated genes, cyclo-

oxygenases (COXs), prostaglandins (PGs) and leukotrienes (LTs) in

human monocytes. Before RNA isolation, freshly isolated human mono-

cytes were co-incubated for different time-points with 1 mM n-butyrate

alone or in combination with bacterial stimuli. Based on a knowledge-

driven approach, a signature of 180 immunity/inflammation-associated

genes was picked and real-time PCR analysis was performed. Pathway

analysis was carried out using a web-based database analysing program.

Based on these gene expression studies the findings were evaluated at the

protein/mediator level by Western blot analysis, FACS and ELISA. Follow-

ing co-incubation with n-butyrate and lipopolysaccharide, key enzymes of

the eicosanoid pathway, like PTGS2 (COX-2), TXS, ALOX5, LTA4H and

LTC4S, were significantly up-regulated compared with stimulation with

lipopolysaccharide alone. Furthermore, release of the lipid mediators

PGE2, 15d-PGJ2, LTB4 and thromboxane B2 was increased by n-butyrate.

Regarding signalling, n-butyrate had no additional effect on mitogen-

activated protein kinase and interfered differently with early and late

phases of nuclear factor-jB signalling. Our results suggest that among

many other mediators of eicosanoid signalling n-butyrate massively

induces PGE2 production by increasing the expression of PTGS2 (COX-2)

in monocytes following TLR4 and TLR2 activation and induces secretion

of LTB4 and thromboxane B2. This underscores the role of n-butyrate as

a crucial mediator of gut-specific immunity.
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Introduction

Despite continuous exposure to antigens, gastrointestinal

immunity normally guarantees mucosal welfare, differen-

tiating between potential pathogens and the commensal

flora. In case of disturbance, intestinal homeostasis

becomes dysbalanced and, for example, inflammatory

bowel disease can ensue. The extensive and dynamic

interactions between the symbionts and the immune sys-

tem are key to colonic homeostasis and health, and

require tight regulation of pro-inflammatory and anti-

inflammatory immune reactions. Several types of immune

cells, as well as the inimitable specific environment are

involved in the establishment of this particular system;1

however, little is known about specific factors that guide

the establishment of this unique local environment.

Short-chain fatty acids (SCFAs), like acetate, propionate

or n-butyrate, are organic acids produced in the gut by

the resident colonic microflora through breakdown of

carbohydrates.1,2 The production of SCFAs by bacterial

fermentation also allows the supply of energy from die-

tary fibre that is not digested in the small intestine. It has

been estimated that SCFAs might contribute up to 15%

of the total caloric requirements of the human body. Fur-

thermore, SCFAs are pivotal for maintaining mucosal

homeostasis in the gastrointestinal tract.3–6 n-Butyrate
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exerts multiple biological effects on a variety of cell types

leading to immune modulation, cell cycle inhibition,

induction of programmed cell death and cellular differen-

tiation. It potently regulates inflammatory reactions by

modulating cytokine production, kinase activity and tran-

scription factors in various immune cell populations.7,8

Hence, it has been shown that n-butyrate differentially

affects pro-inflammatory and anti-inflammatory cytokine

production.8 Furthermore, n-butyrate prevents lipopoly-

saccharide (LPS) -induced maturation of dendritic cells,

resulting in a reduced capability to stimulate T cells.9

Many of the effects of n-butyrate are attributed to inhibi-

tion of histone deacetylation and of nuclear factor-jB
(NF-jB) transactivation; however, the complete spectrum

of the molecular mode of actions responsible for the

immunomodulatory effects of this SCFA is still not fully

elucidated.

Originally recognized for their potential to govern vas-

cular homeostasis and platelet aggregation, eicosanoids

like prostaglandins (PGs) and leukotrienes (LTs) have

also been implicated in several immunopathological pro-

cesses, like inflammation, allergy and autoimmune dis-

eases, as well as in cancer.10,11 Therefore, much interest

has focused on the effects of these lipid mediators with

antigen presenting cells, B cells and T cells.10,12,13 Despite

their unquestionable impact on functions of myeloid and

lymphoid cells of the innate and adaptive immune sys-

tem, little is known about the regulation of these impor-

tant mediators by particular local conditions in specific

organ systems.

In the present study we aimed to get further insight

into the regulation of eicosanoid metabolism by n-buty-

rate in human monocytes. Based on insights from a

multigene signature approach evaluating a broad range of

inflammation-related genes we focused here on the mod-

ulation of the expression of eicosanoid pathway-related

genes after microbial activation and concomitant interfer-

ence with n-butyrate. We found that in bacterially acti-

vated human monocytes activated by Toll-like receptor 2

(TLR2) and TLR4 ligation n-butyrate potentiated the

expression of cyclo-oxygenase 2 (COX-2) along with

increased PGE2 expression. The implications of these

findings are discussed.

Materials and methods

Media and reagents

RPMI-1640, supplemented with 2 mM L-glutamine,

100 lg/ml streptomycin, 100 U/ml penicillin and 10%

fetal calf serum were purchased from PAA (Pasching Aus-

tria). The sodium salt of n-butyric acid, TLR4 ligand LPS

from Escherichia coli 0111:B4 and TLR2 ligand Staphylo-

coccus aureus Cowan strain A cells were purchased from

Sigma (Deisenhofen, Germany). The dose of LPS used in

our assays was 100 ng/ml and the n-butyrate dose was

1 mM if not indicated differently.

Isolation of peripheral blood mononuclear cells

Human peripheral blood mononuclear cells were isolated

from buffy coats (provided by the Austrian Red Cross) by

density gradient centrifugation with Lymphoprep (Axis-

Shield PoC AS, Oslo, Norway). Subsequently, monocytes

were isolated from peripheral blood mononuclear cells by

magnetic cell sorting using anti-CD14-conjugated mag-

netic beads purchased from Miltenyi Biotec (Bergisch-

Gladbach, Germany). The purity of the monocytes was

verified via FACS analysis on a FACSCalibur. Purity of

isolated monocytes in all experiments was > 95% (data

not shown).

Multigene signature approach for real-time PCR-based
gene expression profiling

We here used a validated multigene signature approach

to investigate transcriptional programmes triggered by n-

butyrate and LPS alone or in combination. Based on the

knowledge-driven approach of innate immune cell biol-

ogy and inflammatory process data mining, a signature of

immunity/inflammation-associated genes was assembled.

TaqMan� array covering immunity/inflammation-related

genes (pre-designed; Applied Biosystems, La Jolla, CA)

were used as part of the self-designed 180-gene signature.

This signature contained targets involved in immune

response and inflammation, and included many upstream

signalling molecules (kinases and phosphatases in

hierarchical levels), transcription factors, and the down-

stream chemokines and cytokines. PTGS2 (also known as

COX-2), a key enzyme in the biosynthesis of prostanoids,

and other molecules central to eicosanoid signalling were

also included on the array. Additionally, the housekeeping

genes and internal standard (18S) were used as reference

genes to exclude potential inter-sample and inter-plate

variations.

Real-time PCR analysis, data visualization and pathway
analysis

Total RNA from pre-treated monocytes was isolated using

the RNA Miniprep Kit from Stratagene (La Jolla, CA),

according to the recommendations of the manufacturer.

One microgram of total RNA was reverse transcribed

using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, Foster City, CA) to generate cDNA.

To identify the housekeeping genes that maintain con-

stant expression levels in our experimental settings, the

expression stability of 32 housekeeping genes was pre-

evaluated using human TaqMan Gene Expression Endog-

enous Control Plate (Applied Biosystems). For both
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TaqMan Gene Expression Endogenous Control and Mul-

tigene TaqMan arrays the real-time PCR were performed

in the format of 96-well plates on ABI PRISM 7900HT

Fast Real-Time PCR System (Applied Biosystems). The

cDNA was amplified with TaqMan Universal PCR Master

Mix (Applied Biosystems) for 40 cycles using universal

cycling conditions (95° for 10 min followed by 40 cycles

at 95° for 15 seconds and 60° for 1 min). For profiling of

individual control genes such as tumour necrosis factor-a
(TNF-a) and interleukin-12p40 (IL-12p40), the primers

were designed using PRIMER EXPRESS 2.x software (Applied

Biosystems). Sequences of primers to detect TNF-a were

described previously,14the sequences of primers for

IL12p40 were forward: CTTCTTCATCAGGGACATCAT

CAA, reversed: GGGAGAAGTAGGAATGTGGAGTACTC,

probe: FAMCAGGTGGAGGTCAGCTGGGAGTACCC-

Tamra. For relative quantification, data were analysed by

the DDCT method using SDS 2�3. (Applied Biosystems)

and by DATA ASSIST v2�0. Expression levels of target genes

were normalized to the average of housekeeping genes.

Network analysis

Ingenuity Pathway Analysis (IPA) software (http://www.

ingenuity.com) is a proprietary web-based database that

provides information on gene and protein interactions

based on the published literature. In this study, the data-

driven, n-butyrate-affected eicosanoid-associated gene

network was delineated using the IPA software; core analy-

sis was used to identify the most significantly affected

biological processes.

Flow cytometry/intracellular staining

For intracellular determination of COX-1 and COX-2 by

flow cytometry, stimulated monocytes were fixed with 2%

formaldehyde, permeabilized with 0�1% saponin, and

stained with anti-COX-1-FITC/anti-COX-2-phycoerythrin

(BD, San Jose, CA). For analysis of mitogen-activated

protein kinase (MAPK) activation cells were incubated

after fixation and permeabilization with antibodies to the

phosphorylated forms of the kinases: anti-p-p38 MAPK

(pT180/pY182) (BD Biosciences, Franklin Lakes, NJ),

anti-p-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), anti-p-

SAPK/JNK (Thr183/Tyr185), (both Cell Signaling Tech-

nology, Boston, MA). The cells were analysed on a

FACSCalibur (BD Biosciences).

Analysis of NF-jB signalling

A total amount of 5 9 106 monocytes (Western blot)

and 2 9 106 monocytes (DNA binding) per tube, were

pretreated for 1 hr with or without n-butyrate (1 mM)

and then stimulated for 5, 10 and 15 min (Western blot)

or 60 min (DNA binding) with LPS (30 and 100 ng/ml).

Extract preparation and Western blotting were per-

formed as described previously.15 Antibodies used for the

detection of particular signalling molecules were specific

for IjB-a (FL), p-IjB-a, NF-jB p-p50 (Ser 337) (all

Santa Cruz Biotechnology, Dallas, TX), NF-jB p-p65 (Ser

536), NF-jB p-p105 (Ser 933), pan-actin (all Cell Signal-

ing Technology).

The separation of cytosol and nucleus was executed

using a homemade lysis puffer (10 mM HEPES, 10 mM

NaCl, 3 mM MgCl2, 1 mM EGTA, 0,05% Nonidet P-40).

To protect the nuclei, a 10% sucrose solution was imme-

diately underlayed by the lysis puffer. After centrifugation

the cytosolic fraction was taken off and the nuclei were

broken with the Complete Nuclear Extraction Puffer from

Cayman Chemicals (Ann Arbor, MI). The binding activi-

ties of NF-jB p50 and NF-jB p65 were measured with

the Transcription Factor Kits for NF-jB p50 and p65

from Pierce Chemicals (Rockford, IL) following the

instruction manual. Measurements were made on a lumi-

nometer (Labsystem, Helsinki, Finland).

Determination of prostaglandins and leukotrienes by
enzyme immunoassay

Enzyme immunoassay kits were used for the quantification

of prostaglandins (PGE2, 15-d-PGJ2; Assay Designs, Enzo

Life Sciences, L€orrach, Germany) as well as LTB4 and

thromboxane B2 (Cayman Chemicals). Tests were per-

formed according to the manufacturers’ recommendations.

Statistics

Statistical analyses were performed using EXCEL and

SYSTAT12 programs. For Student’s t-tests, two-way analysis

of variance, and Mann–Whitney U-tests P-values � 0�05
were considered significant.

Results

Alterations in gene expression in response to
n-butyrate using inflammation/immunity-related
multigene signature

For a deeper insight into the impact of n-butyrate in

inflammation/immunity-related reactions we used a mul-

tigene signature approach to identify novel targets of this

SCFA. The response of human monocytes from peripheral

blood to the exposure of n-butyrate alone or in combina-

tion with LPS was investigated in vitro by real-time PCR

analysis using a pre-designed 180-gene signature (see Sup-

plementary material, Table S1). As specified in the Materi-

als and methods, the major focus was given to

inflammation/immunity-related genes. Upon pre-testing

of a set of housekeeping genes to identify the best

candidate, endogenous controls for normalization, three
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genes, namely TATA box binding protein (TBP), ubiquitin

C (UBC) and ribosomal protein S17 (RPS17), were found

to be most stable upon LPS � n-butyrate treatment and

were subsequently used for normalization. Gene expres-

sion analysis was performed from cells of two normal

donors (donor A and donor B). Our data demonstrated

that the reaction of monocytes to LPS � n-butyrate did

not vary substantially between the two individuals, as

reflected by the correlation in the results obtained for

donors A and B across all genes (conditions: unstimulated

r = 0�9838; n-butyrate alone 0�9854, LPS alone r = 0�9568;
LPS + n-butyrate r = 0�9518) (see Supplementary material,

Fig. S1). To formally prove that n-butyrate exerted anti-

inflammatory efficacy in the present experimental set-

ting8,9 we performed expression profiling of IL-12p40 and

TNF-a mRNAs (Fig 1a,b). As expected, LPS triggered up-

regulation of IL-12p40 and TNF-a, which was strongly

inhibited by n-butyrate. Additionally, we confirmed these

results on the protein level (data not shown).

Gene expression was analysed at two different time-

points (2�5 and 6 hr) after treatment with LPS (100 ng/

ml) alone or in combination with n-butyrate (1 mM). As

gene regulation was qualitatively similar after 2�5 and

6 hr and differed only with regard to the extent of

expression, subsequent results are shown only for the

longer stimulation period. Treatment with LPS � n-buty-

rate using the indicated concentrations had no influence

on cell viability (data not shown).

According to our results, 88% of genes were found to

be expressed in monocytes at detectable levels. Compared

with untreated cells, 37/27% of genes (donor A/donor B,

respectively) were modulated by n-butyrate alone on the

mRNA level with at least twofold change in their expres-

sion, 27/17% of which were up-regulated and 10/10%

were down-regulated upon n-butyrate treatment. Exis-

tence of n-butyrate-unresponsive genes, in turn, argues

for specific interference of n-butyrate with particular sig-

nalling pathway(s).

The top 10 up-regulated genes were PLCD1, ADRB1,

PTGS2/COX-2, PDE4B, IRF8, PARD6A, CREB3L4,

PIK3R2, GNA11 and MYL9 (up-regulated in the range of

6�0-fold to 19�3-fold) and the top 10 down-regulated

genes were PLA2G7, FN1, FAS, IL10, PPARG, PTGER3,

ACE, CTLA4, ANXA3 and ACACA (down-regulated in

the range of 0�02-fold to 0�32-fold). Furthermore, n-buty-

rate, when combined with LPS, was able to modulate the

LPS-triggered response in monocytes. Hence, after 6 hr of

treatment, expression levels of 31/29% of genes (donor A/

donor B) were enhanced and of 15/17% were down-regu-

lated. For these treatment conditions, PIK3R2, CD86,

LTA4H, ADRB1, LTB4R2, PIK3CD, IRF8, LIF, PLCD1,

PTGS2 and ANXA1 were among the most up-regulated

(in the range of 7�6-fold to 28�2-fold) and PLA2G7, ACE,

FASLG, ANXA3, BCL2L1, HPGD, PTGER3, PPARG and

MAP2K6 were among the most down-regulated (in the

range of 0�02-fold to 0�21-fold). Hence, enhanced expres-

sion of some genes (e.g. PLCD1) was modulated by the

action of n-butyrate alone, whereas for other genes (e.g

CD86, LTA4H, PTGS2) an additive effect between LPS

and n-butyrate was detected; PLA2G7 was found to be

the most deregulated.

As each gene might function as an integration point

for multiple intracellular signals leading in turn to a wide

variety of cellular processes, we used IPA software to delin-

eate the n-butyrate-affected pathways. Here, data analysis

revealed prostanoid and leukotriene biosynthetic path-

ways being among the most affected in human mono-

cytes. In addition to the eicosanoid pathway, other

canonical pathways namely ‘roles of macrophages’, ‘fibro-

blasts and endothelial cells in rheumatoid arthritis’,

‘CD40 signalling’, ‘RANK signalling in osteoclasts’ were

modulated in the presence of n-butyrate.
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Figure 1. Time kinetics of tumour necrosis factor-a (TNF-a) and interleukin-12 p40 (IL-12p40) expression in response to lipopolysaccharide

(LPS) � n-butyrate. Freshly isolated monocytes were stimulated with LPS (100 ng/ml) � n-butyrate (1 mM) for 2�5 and 6 hr. Expression profiles

were analysed using the DDCT method for relative quantification. Expression levels of TNF-a and IL-12p40 mRNAs were normalized to the aver-
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found in monocytes from the donor shown in Fig. 2. The same experiments were performed for another independent donor and showed similar

results (data not shown).
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Alterations in eicosanoid pathway-associated genes

The most affected up-regulated genes of the eicosanoid

pathway after 6 hr of incubation with n-butyrate alone

were found to be ALOX5AP, LTB4R, LTB4R2, PLCD1,

PTGS2 and TBXA2R. Following 6 hr co-incubation of

cells with LPS alone, the major induced genes were

ALOX12, LTB4R2, PLA2G4C, PLA2G7, PTGER2, PTGER3,

PTGIR, PTGS2, TBXA2R (Fig. 2a,b).

In comparison, ALOX12, LTB4R2, PLA2G4C, PTGER2,

TBXA2R and massively PTGS2 were found to be further

up-regulated after 6 hr co-incubation with LPS and n-

butyrate (Fig. 2a,b).

Up-regulation of COX-2 by n-butyrate and bacterial
activation

To further substantiate alterations in gene expression we

first assessed the influence of n-butyrate on the expression

of the key enzyme of eicosanoid metabolism COX-2

(PTGS2) at the protein level. Monocytes were incubated

with LPS � n-butyrate for different time periods and

expression of COX-1 and COX-2 was assessed by intracel-

lular staining as specified in the Materials and methods.

COX-1 was constitutively expressed and not affected by

n-butyrate (data not shown). In contrast, expression of

COX-2 was up-regulated by LPS. Furthermore, we

observed an even more pronounced expression of COX-2

after co-incubation with n-butyrate after between 4 and

8 hr of treatment with the maximum detected after 6 hr

(Fig. 3). To find out whether the potent enhancement of

COX-2 expression was specific for the TLR4 pathway we

investigated the effect of n-butyrate also for TLR2 ligation

by S. aureus cells. In this experimental setting we also

found a significant up-regulation of COX-2 as verified by

Western blot (see Supplementary material, Fig. S2).

Alteration of prostaglandin secretion upon
co-incubation of n-butyrate and LPS

Based on these findings we next elucidated whether

enhanced COX-2 expression is accompanied by altera-

tions in the production of mediators related to the eicos-

anoid pathway downstream of COX-2. To answer this,

release of PGE2 and 15d-PGJ2, two prostaglandins with

well-known immunomodulatory effects, was analysed

after n-butyrate co-treatment with LPS or with S. aureus

cells to trigger TLR4 or TLR2, respectively. Release of

PGE2 and 15d-PGJ2 was induced after LPS as well as

S. aureus cell stimulation (Fig. 4a,b) and was substantially

up-regulated after co-incubation with n-butyrate in both

cases. Akin to monocytes we found an increased release

of prostaglandins following TLR2 and TLR4 activation

and co-incubation with n-butyrate into the supernatants

of monocyte-derived dendritic cells (data not shown).
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Effects of n-butyrate and LPS stimulation on
leukotriene secretion

Profound up-regulation of genes encoding the key leukotri-

ene synthesizing enzymes was also recorded (Fig. 2a,b), so

we next evaluated the impact of n-butyrate on the release

of leukotrienes. Here we found that LTB4 and thrombox-

ane B2, both key members of the lipoxygenase pathway,

were significantly up-regulated following n-butyrate treat-

ment and LPS activation when compared with LPS stimu-

lation alone (Fig. 5a,b).

LP
S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t
LP

S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t
LP

S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t

LP
S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t

SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t

SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t
SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t
SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t

SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t
SAC

co
nt

ro
l

SAC +
 n

-b
ut

n-
bu

t

LP
S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t
LP

S

co
nt

ro
l

LP
S +

 n
-b

ut

n-
bu

t

P
G

E
-2

 (
pg

/m
l)

15
d-

P
G

J-
2 

(p
g/

m
l)

15
d-

P
G

J-
2 

(p
g/

m
l)

15
d-

P
G

J-
2 

(p
g/

m
l)

15
d-

P
G

J-
2 

(p
g/

m
l)

20 000

12 hr 16 hr 24 hr

12 hr

12 hr

1500

1000
15

d-
P

G
J-

2 
(p

g/
m

l)

15
d-

P
G

J-
2 

(p
g/

m
l)

1000

2000

3000

500

0

1500

1000

1000

800

600

400

200

0

500

0

0

50

100

150

0

16 hr

16 hr

24 hr

24 hr

12 hr 16 hr 24 hr

15 000

10 000

5000

0

P
G

E
-2

 (
pg

/m
l)

P
G

E
-2

 (
pg

/m
l)

P
G

E
-2

 (
pg

/m
l)

20 000

15 000

10 000

5000

400

300

200

100

0

0

20 000

25 000

15 000

10 000

5000

8000

6000

4000

2000

00

P
G

E
-2

 (
pg

/m
l)

20 000

15 000

10 000

5000

0

P
G

E
-2

 (
pg

/m
l)

30 000

20 000

10 000

0

* *

*

(a)

(b)

Figure 4. Prostaglandin release by monocytes after bacterial stimulation in response to n-butyrate. Monocytes were stimulated with (a) lipopoly-

saccharide (LPS; 100 ng/ml) or (b) Staphylococcus aureus cells (SAC; 7�5 lg/ml) and co-incubated with n-butyrate (1 mM) for varying times, and

levels of prostaglandins (PGE2 and 15d-PGJ2) were determined in culture supernatants by ELISA. Results are expressed as mean � SEM of five

independent experiments each performed in duplicate. * P � 0�05 (paired Student’s t-test)
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n-Butyrate has no additional effect on MAPK
activation

Recent studies have indicated that COX-2 expression

depended on MAPK signalling including extracellular sig-

nal-regulated kinase 1/2 and p3816–18 and therefore we

next investigated the impact of n-butyrate on the activa-

tion of these crucial signalling pathways. We, therefore,

performed a time kinetics study for MAPK activation

after bacterial challenge of monocytes in the presence or

absence of n-butyrate. Phosphorylation of extracellular

signal-regulated kinase 1/2 and p38 could be demon-

strated after 30 min stimulation with LPS whereas Jun

N-terminal kinase was not affected. Addition of n-buty-

rate to LPS did not lead to a further up-regulation of any

MAPK activation pathways (Fig. 6a, same results after 5

and 15 min). Addition of the specific MAPK/ERK kinase

(MEK)1/2 inhibitor UO126 as well as p38 inhibitors

SB203580 and SK86002 blocked phosphorylation of the

respective MAPK after stimulation with LPS and after

stimulation with LPS plus n-butyrate (data not shown).

Similar results were obtained, when MAPK activation was

assessed by intracellular staining and Western blotting

(data not shown).

n-Butyrate has differential effects on NF-jB signalling

Since COX-2 expression also largely depends on NF-jB
signalling19–21 we elucidated the impact of n-butyrate on

several components of this pathway after LPS activation.

We, therefore performed Western blot analyses for NF-jB
activation after bacterial challenge of monocytes in the

presence or absence of n-butyrate. Results of these experi-

ments clearly showed that phosphorylation and degrada-

tion of IjB, as well as phosphorylation of p50 and p65,

after stimulation with different concentrations of LPS was

unaffected by n-butyrate (Fig. 6b). We next assessed

DNA binding activity of NF-jB p50 and NF-jB p65 after

stimulation with LPS in the presence or absence of

n-butyrate and found that n-butyrate treatment had an

inhibitory effect on DNA binding in monocytes (Fig. 6c).

Interestingly, phosphorylation of p105, a marker for alter-

native NF-jB pathway activation, was also unaffected by

n-butyrate (Fig. 6b). These findings indicate that n-buty-

rate appears to differently interfere with early and late

phases of NF-jB signalling and might even have the con-

verse effect on different NF-jB signalling pathways.

Discussion

Many recent studies highlight the immunomodulatory

potential of the SCFA n-butyrate in various immune cell

populations like monocytes, dendritic cells, T cells and

mast cells as well as epithelial cells.5,8–10,12,13,22–25 As its

presence is largely restricted to the gastrointestinal tract

and immunological features of this region have striking

similarities to the effects brought about by this physiolog-

ically occurring substance there is great interest in its

molecular mode of action, which, so far has been poorly

understood.

In this study, we show that the bacterial metabolite n-

butyrate substantially influences the monocytic gene regu-

lation of several members of the eicosanoid pathway and

potentiates the release of prominent prostaglandins and

leukotrienes. Following co-incubation with n-butyrate

and LPS key enzymes of the eicosanoid pathway like

PTGS2 (COX-2), ALOX5, LTA4H and LTC4S were sig-

nificantly up-regulated compared with stimulation with

LPS alone. Similarly, mRNA levels coding for leukotriene

receptors LTB4R2 and CYSLTR and functional prosta-

glandin receptors TBXAR2 and PTGER2 were increased

by n-butyrate. In accordance with the up-regulation in

enzyme expression, release of the lipid mediators PGE2,

15d-PGJ2, LTB4 and thromboxane B2 was increased by

n-butyrate. Eicosanoids exert their effects via binding to

their respective receptors, which are expressed on various
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Figure 5. Release of leukotriene B4 and thromboxane B2 in response to n-butyrate after stimulation with lipopolysaccharide (LPS). Monocytes
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immune and endothelial cells. All of these receptors

belong to the group of G-coupled receptors and trigger

increase or decrease in the rate of second messengers

cAMP and Ca2+.26,27 These proximal signals activate

downstream kinase cascades, which leads to alterations in

cellular activities, ranging from changes in motility to

transcriptional activation.12,28

Previous studies have resulted in highly divergent

results depending on the experimental setup, so our

major concern was to test the impact of n-butyrate in a

model using primary human monocytes stimulated with

TLR2 and TLR4 agonists, which resembles the stimulatory

conditions in the gastrointestinal tract. Previously it has

been shown on the one hand that this bacterial fermenta-

tion product inhibits COX-2 activation in HT-29 and

other colon cancer cell lines.29,30 On the other hand, it

has been found that n-butyrate potentiates LPS-induced

COX-2-induced gene expression at the transcriptional

level in murine macrophages.31 Furthermore Iida et al.

have shown that butyric acid increases expression of

COX-1 and COX-2 in rat osteoblasts and induces PGE2
production.32

Prostaglandins exert a broad range of functions in pain

and inflammation, and are effective in modulating the

induction of adaptive immune responses. Previous results

reveal that these mediators and their receptors exert pro-

inflammatory and anti-inflammatory activities, having

both immune activating and inhibitory properties.33

Interestingly, Scher et al. indicated that PGE2, the classic

representative of a pro-inflammatory lipid mediator, also

has anti-inflammatory properties similar to the classical

anti-inflammatory prostaglandin 15d-PGJ2.
34 The impact

of PGE2 on dendritic cell biology seems to vary, depend-

ing on the stage of maturation, and ranges from

suppression of differentiation when present during early

stages of development35 to promotion of maturation in
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Figure 6. Impact of n-butyrate on mitogen-activated protein kinase (MAPK) and nuclear factor-jB (NF-jB) signalling. (a) Freshly isolated
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already developed dendritic cells.36–38 Moreover, it has

recently been shown that PGE2 and COX-2 are able to

redirect the differentiation of human dendritic cells

towards stable myeloid-derived suppressor cells.39

Prostaglandin E2-induced inhibition of dendritic cell

differentiation and function seems to be also a key mech-

anism implicated in cancer-associated immunosuppressive

mechanisms.40 Other lines of evidence show that eicosa-

noids, in particular PGE2, also regulate macrophage

inflammatory function. In a zymosan-stimulated mouse

macrophage model it has been demonstrated that PGE2
down-regulates TNF-a production and up-regulates anti-

inflammatory IL-10 through prostaglandin receptor sig-

nalling.41 Recent data even indicate a role of PGE2 and

SOCS1 as an intestinal immune tolerance mechanism dis-

tinct from IL-10 and regulatory T cells.42 It has been

shown in mice by Nataraj et al. that ligation of EP2, the

receptor for PGE2 encoded by the gene PTGER2 directly

inhibits T-cell proliferation, thereby regulating the cellular

immune response.43 Another study by Bryn et al. showed

that COX-2-derived PGE2 suppresses the T-cell-mediated

immune response by inducing Foxp3+ T regulatory

cells.44 Further evidence for its inhibitory effect on T-cell

activation comes from recent studies identifying PGE2 as

a T-cell stop signal antagonist.45

Moreover, PGE2 appears also to regulate B-cell prolifera-

tion and associated malignancies involving tumour sup-

pressor PTGER4.46 In autoimmune disease, it is suggested

that PGE2 affects the release of autoantibodies via inhibit-

ing T suppressor cells.12 Prostaglandin E2 acts in an inhibi-

tory manner on immature and developing B cells47 but in

contrast, it seems that PGE2 enhances the proliferation of

mature B cells.48 Furthermore, PGE2 induces immature B-

cell apoptosis, but does not induce cell death in mature B

cells. The PGE2 regulates the activity of mature B cells by

enhancing immunoglobulin-class switching and modulates

the activation of B cells and stimulates the production of

IgG1 and IgE in LPS-stimulated and IL-4-stimulated B cells

by a cAMP-dependent mechanism, thereby inducing T

helper type 2 responses.

The same complexity and multifunctionality as observed

for prostaglandins was shown for leukotrienes.49 These

mediators play prominent roles in the pathogenesis of vari-

ous inflammatory diseases, mainly in asthma, irritable

bowel disease and rheumatoid arthritis.50 Their impact on

the cardiovascular and neuroendocrine system as well as on

leucocyte activation (LTB4) and bronchoconstriction

(LTC4 and LTD4) is well established.26,27,51,52 In various

animal models it has been shown that leukotrienes can

influence the peristaltic action of the intestine. Leukotri-

enes are key immunomodulators mediating the cross-talk

between different cell types in inflammation and cancer.

However, the roles of these eicosanoids in such processes

and the mechanisms beyond seem to be diverse and

complex. This diversity is a result of their variability in

occurrence, composition, targets and G-protein-coupled

signalling.11,28,53 Their specific action is considered tissue-

specific and organ-specific and depends on the cell-type-

specific expression of their receptors as well as their local

production. The exact role of leukotrienes in the intestine,

however, remains to be elucidated.49 In the gut, LTB4 is

considered to function as a neutrophil chemoattractant

and to enhance their adherence to the endothelium,54 while

LTD4 has been reported to have a proliferative effect, and

to increase mucus production and vascular permeability.55

Leukotrienes are synthesized in response to a large spec-

trum of various infectious agents and enhance the capacity

of macrophages and other immune cells to ingest and kill

microbes and to produce antimicrobial mediators. In ani-

mal models of infection, genetic or pharmacological inter-

ference with leukotriene synthesis or signalling massively

impairs local microbial clearance.56 In summary, these data

imply that certain levels of leukotrienes are indispensable

to control microbial invaders and to maintain local

immune reactivity not only in the lung but also in the gas-

trointestinal tract.

Similar to prostanoids, the SCFA n-butyrate brings

about interference with immune cell activation at key

stages of immune cell activation inhibiting dendritic cell

maturation and consequent T-cell actions. Previous stud-

ies demonstrated that pre-treatment of human peripheral

blood mononuclear cells or monocytes as well as mono-

cyte-derived dendritic cells with this agent resulted in a

dose- and time-dependent down-regulation of their capa-

bility to stimulate T-cell responses.8,9,22,56–61 Therefore, it

is tempting to speculate that n-butyrate itself, or through

induction of mediators like eicosanoids, may contribute

to the generation of an anti-inflammatory immune

responsiveness. As the presence of n-butyrate is largely

restricted to the gastrointestinal tract and immunological

features of this region have striking similarities to the

effects brought about by this physiologically occurring

substance, further elucidation of the underlying principles

appears promising.

There are several potential transcriptional regulatory

elements in the promotor region of the COX-2 gene

including a peroxisome proliferator response element,

two cAMP response elements, a sterol response element,

two NF-jB sites, an SP1 site, a CAAT enhancer binding

protein motif, two AP-2 sites, an E-box, and a Tata

box.62 Previous studies have shown that cAMP response

element-binding protein (CREB) and NF-jB are particu-

larly important in LPS-induced COX-2 transcription indi-

cating that p65/p50 heterodimer together with CREB is

required for an early phase of rapid induction and the

p50 homodimer together with CREB is crucial during

later phases.63 Testing the impact of n-butyrate treatment

on LPS triggering, we found that the early phase of

NF-jB signalling including IjB phosphorylation, IjB deg-

radation and phosphorylation of p65 and p50 was com-
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pletely unaffected. The late phase of the classical NF-jB
pathway, as indicated by p65/p50 DNA binding, however,

was profoundly inhibited. These finding are in agreement

with previous studies25,64–66 showing inhibition of NF-jB
signalling by n-butyrate. Furthermore, we were able to

demonstrate that phosporylation of p105, the precursor

for the formation of p50 homodimer, was also sustained.

We therefore show that the classical NF-jB pathway is

inhibited by n-butyrate whereas the alternative way, using

p105 activation, might still be active. As COX-2 expres-

sion crucially depends on p50 homodimer binding to dis-

tinct promotor sites,19–21 this pathway might also be

responsible for up-regulation of COX-2 expression under

the conditions used in the present study. Further investi-

gations will have to elucidate the exact molecular mecha-

nisms leading to this potential converse effect of

n-butyrate on different NF-jB signalling pathways.

In conclusion, we have demonstrated that n-butyrate

potently up-regulates expression of key enzymes and

receptors of the eicosanoid pathway when activated via

bacterial stimulation, leading to an increased release of

PGE2, 15d-PGJ2, LTB4 and thromboxane B2. Through

selective induction of several eicosanoid mediators and

up-regulation of its receptors we speculate that such

effects of SCFAs might contribute to the generation of

the gut intrinsic milieu, thereby specifically regulating the

local gastrointestinal immune response.
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Table S1. Names of investigated genes.

Figure S1. Correlation of gene expression for lipopoly-

saccharide (LPS) activated CD14 monocytes from donor

A and B.

Figure S2. n-Butyrate up-regulates cyclo-oxygenase 2

(COX-2) expression in monocytes after both lipopolysac-

charide (LPS) and Staphylococcus aureus cell (SAC) stimu-

lation as demonstrated by Western blot. Results are

representative of four independent experiments.
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