
November 2015 | Volume 6 | Article 5541

Original research
published: 03 November 2015

doi: 10.3389/fimmu.2015.00554

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Abhay Satoskar,  

The Ohio State University, USA

Reviewed by: 
Ryo Inoue,  

Kyoto Prefectural University, Japan  
Narasimham L. Parinandi,  

The Ohio State University College of 
Medicine, USA

*Correspondence:
Karin Strijbis  

k.strijbis@uu.nl

Specialty section: 
This article was submitted to 

Microbial Immunology,  
a section of the journal  

Frontiers in Immunology

Received: 10 July 2015
Accepted: 16 October 2015

Published: 03 November 2015

Citation: 
Lin MY, de Zoete MR, 

van Putten JPM and Strijbis K (2015) 
Redirection of epithelial immune 

responses by short-chain fatty acids 
through inhibition of histone 

deacetylases.  
Front. Immunol. 6:554.  

doi: 10.3389/fimmu.2015.00554

redirection of epithelial immune 
responses by short-chain fatty acids 
through inhibition of histone 
deacetylases
May Young Lin , Marcel R. de Zoete , Jos P. M. van Putten and Karin Strijbis*

Department of Infectious Diseases and Immunology, Utrecht University, Utrecht, Netherlands

Short-chain fatty acids (SCFAs) are products of microbial fermentation that are important 
for intestinal epithelial health. Here, we describe that SCFAs have rapid and reversible 
effects on toll-like receptor (TLR) responses in epithelial cells. Incubation of HEK293 or 
HeLa epithelial cells with the SCFAs butyrate or propionate at physiological concentra-
tions enhanced NF-κB activation induced by TLR5, TLR2/1, TLR4, and TLR9 agonists. 
NF-κB activation in response to tumor necrosis factor α (TNFα) was also increased by 
SCFAs. Comparative transcript analysis of HT-29 colon epithelial cells revealed that 
SCFAs enhanced TLR5-induced transcription of TNFα but dampened or even abolished 
the TLR5-mediated induction of IL-8 and monocyte chemotactic protein 1. SCFAs are 
known inhibitors of histone deacetylases (HDACs). Butyrate or propionate caused a 
rapid increase in histone acetylation in epithelial cells, similar to the small molecule HDAC 
inhibitor trichostatin A (TSA). TSA also mimicked the effects of SCFAs on TLR–NF-κB 
responses. This study shows that bacterial SCFAs rapidly alter the epigenetic state of 
host cells resulting in redirection of the innate immune response and selective repro-
graming of cytokine/chemokine expression.

Keywords: scFas, butyrate, toll-like receptors, Tlr5, flagellin, nF-κB, histone acetylation, hDac

inTrODUcTiOn

The intestinal microbiota is essential for fermentation of complex carbohydrates. As a result of this 
process, the microbiota produces a multitude of metabolites that can easily cross the mucus bar-
rier and exert local and systemic regulatory functions. Such metabolites have been shown to play 
a role in the development of inflammatory bowel diseases (IBD) and even impact brain function 
(1). One group of bacterial metabolites with pleiotropic effects on host immune and energy state 
are short-chain fatty acids (SCFAs). SCFAs are the major end products of bacterial degradation 
of soluble fiber in the large intestine, with acetate (C2), propionate (C3), and butyrate (C4) as the 
main SCFAs produced during carbohydrate and amino acid fermentation (2). Butyrate serves as the 
major energy source for colonic epithelial cells, which metabolize 70–90% of total butyrate in the gut 
(3). The major butyrate-producing bacteria are a phylogenetically diverse group of Gram-positive 

Abbreviations: HDAC, histone deacetylase; IBD, inflammatory bowel disease; SCFA, short-chain fatty acids; TLR, toll-like 
receptors; TSA, trichostatin A.
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Firmicutes, in specific Clostridia spp. (4). The physiological 
concentrations of SCFAs in the lumen of the large intestine can 
range from 1 to 25 mM, while plasma concentrations are in the 
micrometer range (5, 6).

Short-chain fatty acids have important health-promoting 
effects, for example, by stimulating intestinal gluconeogenesis via 
gut–brain neuronal circuits resulting in metabolic benefits for 
the host (7). SCFAs also exert local anti-inflammatory effects and 
patients with colitis benefit from increased dietary fiber or SCFA 
intake, or butyrate enemas (8, 9). At the cellular level, SCFAs 
impact proliferation and immune responses in a cell-specific 
manner. For example, butyrate promotes proliferation and sur-
vival of normal epithelial cells, but induces apoptosis through G1 
or G2-M arrest in cancerous cells (10). In colonic epithelial cell 
lines, butyrate incubation reduces neutrophil migration toward 
Caco-2 cells but increases migration toward HT-29 cells (11). 
Because of their pleiotropic and cell-type-dependent effects, the 
mechanisms of action of SCFAs are poorly understood.

Toll-like receptors (TLRs) are abundantly expressed in the gut 
and regionally or spatially arranged according to their specific 
functions (12). TLR5 is highly expressed in the colon (13) where it 
recognizes flagellin of most motile bacteria and induces protective 
innate and adaptive immune responses (14). Other TLRs present 
in the intestine include TLR4 that recognizes Gram-negative 
lipopolysaccharides (LPS), and TLR2 that senses bacterial lipo-
proteins and lipoteichoic acid. Sensing of microbial components 
by TLRs induces activation of the pro-inflammatory transcrip-
tion factor NF-κB, the release of cytokines and chemokines, and 
activation of adaptive immune responses (15, 16).

Because both bacterial metabolites and TLR activation are 
important for intestinal homeostasis, we here assessed the com-
bined effect of SCFAs on the TLR response in intestinal epithe-
lial cells. Most of the previous studies, investigating the effects 
of SCFAs on cellular processes, focus on long-term effects, for 
example, overnight or 24 h after treatment. Since SCFAs have 
profound effects on cell differentiation and proliferation, and 
these effects could mask the direct effects that SCFAs may have 
on epithelial immune responses, we choose a short exposure 
to SCFAs in the majority of our studies. These conditions also 
more accurately mimic the rapidly increased SCFA levels that 
occur in the intestine after eating. Our data show that butyrate 
and propionate rapidly and reversibly redirect the nature of 
TLR-induced innate immune responses. We provide evidence 
that these effects are most likely caused by SCFA-induced 
alterations in histone acetylation through inhibition of histone 
deacetylase enzymes.

MaTerials anD MeThODs

cell culture
HEK293 cells, stably expressing TLR5, were provided by Dr. B. 
van der Burg (Hubrecht Laboratory Utrecht, The Netherlands). 
HeLa 57A cells stably transfected with a NF-κB-luciferase 
reporter system (17) were provided by Dr. R. T. Hay (Institute 
of Biomolecular Sciences, University of St. Andrews, Scotland). 

The HT-29 cell line was purchased from American Type Culture 
Collection (ATCC, Rockville MD, USA). HEK293, HeLa 57A, 
and HT-29 cells were routinely propagated in T25 flasks in 
DMEM supplemented with 5%, 5%, and 10% FCS, respectively. 
All cell lines were cultured at 37oC and 5% CO2.

reagents
Ultrapure LPS and native flagellin from Salmonella enterica 
serovar Enteriditis strain 90-13-706 (S. enteriditis) were isolated 
as described previously (18). The synthetic tripalmitoylated 
lipopeptide Pam3CSK4 (N-Palmitoyl-S-[2,3-bis(palmitoyloxy)-
(2RS)-propyl]-[R]-cysteinyl-[S]-seryl-[S]-lysyl-[S]-lysyl-[S]-
lysyl-[S]-lysine trihydrochloride), and CpG ODN 2006 were 
purchased from Invivogen (Toulouse, France). The sodium 
salts of butyrate [sodium butyrate (Na-Bu)] and propionate 
[sodium propionate (Na-Pro)] and Trichostatin A (TSA) 
were purchased from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). Tumor necrosis factor α (TNFα) was purchased 
from BD Biosciences (Breda, The Netherlands). The expres-
sion plasmids pTracer-TLR1, pTracer-TLR2, pTracer-CD14, 
and pFlag-TLR5 were constructed as previously described (18, 
19). In every transfection, the pTK-LacZ vector was used for 
the normalization of transfection efficiency. The expression 
vectors pUNO-TLR4, pUNO-MD2, and pUNO-TLR9 were 
purchased from Invivogen. All TLRs and their co-receptors 
were of human origin.

cell Transfection and stimulation
HeLa 57A and HEK293 cells were grown in 48-well tissue culture 
plates (Corning, Schiphol-Rijk, The Netherlands) in culture 
medium up to 50–60% confluency. Transient transfection with 
the plasmids carrying the indicated genes was performed with 
FuGENE 6 (Roche Diagnostics, Almere, The Netherlands) or 
FuGENE HD (Promega, Leiden, The Netherlands) according 
to the manufacturer’s instructions. A 3:1 ratio of FuGENE:DNA 
was used. The total amount of plasmid DNA per transfection 
was 250  ng/well. For transfection of HT-29 cells, adherent 
HT-29 cells at a confluence of ~80–90% were trypsinized and 
re-plated in 48-well tissue culture plates. Directly after plating, 
cells were transiently transfected with ExGen 500 (Fermentas 
GmbH, Germany) according to the manufacturer’s instructions. 
A 6:1 ratio of ExGen 500:DNA was used. The total amount of 
DNA used per transfection was 500 ng/well. Forty-eight hours 
post-transfection, the medium was refreshed with new culture 
medium (including FCS). Cells were pre-treated for 30 min with 
10 mM Na-Bu, 10 mM Na-Pro or 2 μM TSA or left untreated. 
After the pre-incubation period, the medium was not refreshed 
prior to stimulation with the TLR agonists or TNFα unless indi-
cated otherwise. Pre-treated or untreated cells were stimulated for 
5 h with the TLR ligands or TNFα.

nF-κB-luciferase assays
The NF-κB-luciferase reporter system that was used to quantify 
the NF-κB activation following TLR stimulation was described 
previously (20). In brief, cells were washed twice with Dulbecco’s 
PBS and 100  μl of Reporter Lysis Buffer (Promega, Leiden, 
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The Netherlands) was added to each well after which the plate 
was stored o/n at −80oC. Luciferase activity was measured by 
mixing 50  μl of Luciferase Assay Reagent (Promega) to 20  μl 
of defrosted cell lysate followed by direct measurement in a 
luminometer (TD-20/20, Turner Designs, Sunnyvale, CA, USA). 
The β-galactosidase enzyme assay (Promega) was performed by 
adding 50  μl of cell lysate to 50  μl of 2× β-galactosidase assay 
buffer as indicated by the manufacturer’s instructions. Luciferase 
values were normalized against the β-galactosidase values to 
obtain relative luciferase units (RLU). Results are expressed as 
percentage of maximal response of TLR-transfected cells with 
its cognate ligand. In experiments that included TNFα, TNFα 
addition was considered the maximum response.

hDac assay
HDAC activity was measured using the HDAC-Glo assay 
(Promega) according to the manufacturer’s instructions. Cells 
were incubated with SCFA or TSA at the indicated concentrations 
for 30 min or 5 h, transferred to an eppendorf tube and lysed in 
assay buffer with 1% Triton X-100. In a separate experiment, SCFA 
and TSA were added to the assay mixture after cell lysis. The assay 
was performed in 96-well format. Protein lysate was added in the 
linear range of the assay together with 50 μl of assay reagent for a 
total reaction volume of 100 μl. The assay was incubated at room 
temperature for 20 min after which luminescence was measured 
using a Fluorostar plate reader (GE Healthcare).

rna isolation and Quantitative rT-Pcr
Total RNA was extracted from HT-29 cells with RNA-Bee (Bio-
Connect BV, Huissen, The Netherlands). Isolated RNA was treated 
with DNase I (Fermentas) to remove remaining DNA. RNA yield 
was quantified using a NanoDrop ND-1000 spectrophotometer 
(Thermo Scientific, Rockford, IL, USA). RNA transcript levels 
were assessed by quantitative real time PCR (qRT-PCR) using 
the Lightcycler 480 System (Roche, Woerden, The Netherlands). 
For quantitative RT-PCR of human IL-8 and β-actin, previously 
described probe and primer pairs were used (18). All primer 
sequences are listed in Table  1. Primers were labeled with the 
reporter dye 6-carboxy-fluorescein (FAM) and the quencher 
tetramethyl-6-carboxyrhodamine (TAMRA). The RT-PCR with 
probes was performed with the One Step RT-PCR Master-Mix 
kit for Probe Assays (Eurogentec) with 50 ng of RNA per reaction 
and 0.8 μM of primers and probes. Real-time cycler conditions 
were as follows: 30 min at 48oC, 10 min at 95oC followed by 40 
cycles of 15 s at 95oC, and 1 min at 60oC. Quantitative RT-PCR 
of TLR5, monocyte chemotactic protein 1 (MCP-1) and TNFα 
was performed using SYBR Green dye. Primer Express software 
version 2.0 (Abi Prism, Applied Biosystems) was used to design 
cytokine primer sets that amplify 50–80 bp fragments. The qRT-
PCR was performed with 500 ng of RNA, 1 μM of primers and 
the Brilliant III Ultra-Fast SYBR Green qRT-PCR kit (Agilent 
Technologies) according to the manufacturer’s instructions. 
Real-time cycler conditions were as follows: 10  min at 50°C, 
3 min at 95°C, and 45 cycles at 95°C for 5 s and 60°C for 10 s. 
Melting curves were produced by increasing the temperature to 
95°C for 5 s, then 1 min at 65°C followed by slowly increasing the 

temperature to 97°C. Transcript levels were corrected to β-actin, 
and fold expression levels of gene of interests were calculated 
by their Ct value. Unstimulated condition: ΔCt control  =  Ct 
target gene control  −  Ct β-actin control. Stimulated condi-
tion: ΔCt treated = Ct target gene treated − Ct β-actin treated. 
ΔCt(control) − ΔCt(treated) values = ΔΔCt, the fold change in 
mRNA = 2ΔΔCt (21).

immunoblotting
Cells were stimulated for 30 min or 5 h with butyrate, propion-
ate, or TSA, washed and lysed directly in Laemmli sample 
buffer (62  mM Tris/HCl pH 6.8; 2% SDS; 10% glycerol; 5% 
2-mercaptoethanol; 0.01% bromophenol blue). Cell lysates 
were briefly sonicated, separated on 15% SDS-polyacrylamide 
gels and transferred to Immobilon-P polyvinylidene difluoride 
(PVDF) transfer membranes (0.45  μm, Millipore, Amsterdam, 
The Netherlands). Blots were blocked with PBS/2% milk/0.1% 
Tween20 and immunostained o/n at 4°C with a polyclonal rab-
bit antibody against acetylated-lysines (#9441, Cell Signaling 
Technology, Bioké, Leiden, The Netherlands) at a 1:1,000 dilu-
tion. Other polyclonal antibodies used were directed against 
acetyl-H3K9 (Merck, 07-352), acetyl-H4K5 (Merck, 07-327), 
acetyl-H4K16 (Merck, 07-329), HDAC1 (Abcam, ab109411), 
HDAC2 (Abcam, ab124974) and HDAC3 (Abcam, ab16047). As 
a secondary antibody, HRP-conjugated goat anti-rabbit antibody 
(Santa Cruz Biotechnology, Heidelberg, Germany) was used. As 
a loading control, GAPDH antibody (Sigma-Aldrich) was used at 
1:10,000 dilution. Signal was visualized with the SuperSignal West 
Pico Chemiluminescent system (Thermo Scientific, Rockford, IL, 
USA) in a ChemiDoc MP (Biorad).

statistical analysis
Statistical analysis was performed by using a paired t-test in 
Graph Pad Prism 4 software. The t-test can be applied to our data 
because each value represents a set of individual measurements. 
All graphs depict mean and standard error of the mean (SEM) of 
three independent experiments. A p-value of <0.05 was consid-
ered significant.

TaBle 1 | Quantitative rT-Pcr primers and probes used in this study.

gene Primer/probe sequence 5′–3′a

β-actin Forward ACCGAGCGCGGCTACAG

Reverse CTTAATGTCACGCACGATTTCC

Probe (FAM)-TTCACCACCACGGCCGAGC-(TAMRA)

IL-8 Forward CTGGCCGTGGCTCTCTTG

Reverse CCTTGGCAAAACTGCACCTT

Probe (FAM)-
CAGCCTTCCTGATTTCTGCAGCTCTGTGT-
(TAMRA)

MCP-1 Forward CAAGCAGAAGTGGGTTCAGGAT

Reverse CAAGCAGAAGTGGGTTCAGGAT

TLR5 Forward GCACTTTTATCAATTGGCTTAATCAC

Reverse AACGAGTCAGGGTACACACAATATATG

TNFα Forward GCAGGTCTACTTTGGGATCATTG

Reverse GCGTTTGGGAAGGTTGGA

aFAM, 6-carboxy-fluorescein; TAMRA, tetramethyl-6-carboxyrhodamine.
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resUlTs

scFas Modulate Tlr5-Mediated nF-κB 
activation
We set out to determine the effects of SCFAs in kidney-derived 
HEK293 and cervical HeLa epithelial cells because they allow 
efficient transfection with TLR expression and NF-κB reporter 
constructs. Cells were transfected with the TLR5 gene and an 
NF-κB dependent luciferase reporter construct and incubated 
with 10 mM butyrate or propionate for 30 min followed by stimu-
lation with the TLR5 agonist flagellin for 5 h. NF-κB responses 
were significantly increased in HEK293-TLR5 cells pre-incubated 
with either butyrate or propionate (Figure 1A). In HeLa 57A cells, 
butyrate enhanced TLR5-induced NF-κB activation, while propi-
onate significantly diminished the TLR5 response (Figure 1B). 
Administration of SCFAs alone (without TLR agonist) did not 
influence baseline NF-κB-luciferase values. The physiological 
concentrations of SCFAs in the gut range from 1 to 25 mM (5, 
6). Therefore, we next tested different concentrations of butyrate 
or propionate to determine the dose-dependency of the observed 
SCFA effects. In HEK293 cells, butyrate most strongly enhanced 
the TLR5-mediated NF-κB activation at a concentration of 

10 mM (Figures 1C,D). The enhancing effect of propionate was 
most pronounced between 1 and 10 mM (Figure 1C). Propionate 
dampened the TLR5 response in HeLa 57A cells irrespective of the 
tested SCFA concentration (Figure 1D); only a non-physiological 
SCFAs concentration of 100 mM reduced the flagellin-induced 
NF-κB activity, likely due to cytotoxicity. Incubation with SCFAs 
for 30 min followed by removal of the metabolites prior to stimu-
lation with bacterial flagellin yielded NF-κB activity levels similar 
to those of flagellin alone for butyrate-treated cells (Figures 1E,F). 
For propionate-treated cells, a minor enhancement rather than an 
inhibition of the NF-κB response was observed (Figures 1E,F). 
These results indicate that the SCFAs need to be continuously 
present to elicit the enhanced TLR response.

Kinetics of the scFas Modulatory effects
We next determined the kinetics of the effects of SCFAs on TLR 
activation. Butyrate or propionate was added to HEK293-TLR5 
or HeLa-TLR5 cells at different time points before or after the 
addition of flagellin. In HEK293-TLR5 cells, the strongest 
enhancement of TLR5 signaling was observed when butyrate 
or propionate was added 2  h before stimulation with flagellin 
(Figure  1G). In HeLa-TLR5 cells, addition of butyrate 16  h 

(Figure 1). To assess whether the effect of SCFAs was limited to 
cell-surface exposed TLRs (TLR5, TLR2/1, and TLR4), a similar 
assay was performed with TLR9 that is located and functional 
in an intracellular compartment (22, 23). While both butyrate 
and propionate treatment showed a trend toward enhancing 
the NF-kB response in response to the TLR9 agonist ODN2006 
in HEK293 cells, these differences did not reach statistical sig-
nificance (Figure 2E). Overall, we conclude that incubation with 
SCFAs for the relatively short period of 30 min in general leads to 
enhancement of TLR–NF-κB activation.

scFas enhance nF-κB activation in 
response to TnFα
To investigate whether the effect of SCFAs was restricted to 
TLR responses, we determined their effects on the cytokine 
TNFα-induced NF-κB activation. In the absence of SCFAs, 
TNFα (5  ng/ml) activated NF-κB in both HEK293 and HeLa 
57A cells. Treatment of the cells with SCFAs (10 mM) prior to 
TNFα incubation enhanced NF-κB responses by two- to four-
fold compared to TNFα alone (Figures  2F,G). The addition of 

FigUre 2 | scFas enhance Tlr and TnFα responses in epithelial cells. TLR–NF-κB assays in HEK293 or HeLa 57A expressing indicated TLR constructs 
and a NFκB-luciferase reporter. Cells were incubated with 10 mM Na-Butyrate or Na-Propionate for 30 min followed by stimulation with the respective TLR ligands 
for 5 h. (a,B) TLR2/1-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs in response to stimulation with TLR2/1 ligand 
Pam3CSK4. (c,D) TLR4-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs in response to stimulation with TLR4 
ligand LPS. (e) TLR9-mediated NF-κB activation in HEK293 cells in the presence and absence of SCFAs in response to stimulation with TLR9 ligand ODN2006. 
(F,g) TNFα-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs. Bars depict mean and SEM of three independent 
experiments. p < 0.05 (*), p < 0.01 (**), p < 0.005 (***).

FigUre 1 | scFas enhance Tlr5-nF-κB responses in epithelial cells. (a,B) TLR5-NF-κB assay in HEK293 or HeLa 57A expressing TLR5 and a NF-κB-
luciferase reporter. Cells were incubated with 10 mM sodium butyrate (Na-Bu) or sodium propionate (Na-Pro) for 30 min followed by stimulation with Salmonella 
enteriditis flagellin for 5 h. (c,D) TLR5-NF-κB assay in HEK293 or HeLa 57A cells as described above with SCFA concentrations ranging from 0 to 100 mM. (e,F) 
Reversibility of the immunomodulatory effect of SCFAs. TLR5-NF-κB assay in HEK293 or HeLa 57A cells incubated with 10 mM Na-Bu or Na-Pro for 30 min after 
which SCFAs of selected groups were removed by washing. (g,h) TLR5-NF-κB assay to investigate pre- and post-incubation effects of SCFAs. Na-Bu or Na-Pro 
was added to HEK293 or HeLa 57A cells 16 h–30 min prior or 1–2 h after addition of flagellin. Bars depict mean and SEM of three independent experiments. p < 
0.05 (*), p < 0.01 (**), p < 0.005 (***).
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prior to flagellin stimulation led to the strongest enhancement of 
TLR5-mediated NF-κB activation, while addition of propionate 
completely abolished NF-κB activation in response to flagellin. 
The addition of butyrate or propionate after initiation of TLR5 
signaling only moderately affected NF-κB activation in both cell 
types (Figure 1H).

Tlr2/1, Tlr4, and Tlr9 responses are 
affected by scFas
To investigate whether the effects of SCFAs were specific to TLR5, 
we characterized TLR2/1 and TLR4 responses in the presence of 
butyrate and propionate using HEK293 and HeLa cells, expressing 
the NF-κB-luciferase reporter and different TLRs. Incubation with 
10 mM butyrate for 30 min enhanced Pam3CSK4-mediated acti-
vation of the TLR2/1 complex (Figures 2A,B) and LPS-induced 
activation of TLR4 (Figures 2C,D) in both cell types. Propionate 
enhanced both responses in HEK293 cells (Figures 2A,C), but in 
HeLa cells these effects on the TLR2/1 and TLR4 responses were 
weak to absent (Figures 2B,D). This was surprising, as propion-
ate strongly reduced NF-κB responses after stimulation of TLR5 

(Figure 1). To assess whether the effect of SCFAs was limited to 
cell-surface exposed TLRs (TLR5, TLR2/1, and TLR4), a similar 
assay was performed with TLR9 that is located and functional 
in an intracellular compartment (22, 23). While both butyrate 
and propionate treatment showed a trend toward enhancing 
the NF-kB response in response to the TLR9 agonist ODN2006 
in HEK293 cells, these differences did not reach statistical sig-
nificance (Figure 2E). Overall, we conclude that incubation with 
SCFAs for the relatively short period of 30 min in general leads to 
enhancement of TLR–NF-κB activation.

scFas enhance nF-κB activation in 
response to TnFα
To investigate whether the effect of SCFAs was restricted to 
TLR responses, we determined their effects on the cytokine 
TNFα-induced NF-κB activation. In the absence of SCFAs, 
TNFα (5  ng/ml) activated NF-κB in both HEK293 and HeLa 
57A cells. Treatment of the cells with SCFAs (10 mM) prior to 
TNFα incubation enhanced NF-κB responses by two- to four-
fold compared to TNFα alone (Figures  2F,G). The addition of 

FigUre 2 | scFas enhance Tlr and TnFα responses in epithelial cells. TLR–NF-κB assays in HEK293 or HeLa 57A expressing indicated TLR constructs 
and a NFκB-luciferase reporter. Cells were incubated with 10 mM Na-Butyrate or Na-Propionate for 30 min followed by stimulation with the respective TLR ligands 
for 5 h. (a,B) TLR2/1-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs in response to stimulation with TLR2/1 ligand 
Pam3CSK4. (c,D) TLR4-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs in response to stimulation with TLR4 
ligand LPS. (e) TLR9-mediated NF-κB activation in HEK293 cells in the presence and absence of SCFAs in response to stimulation with TLR9 ligand ODN2006. 
(F,g) TNFα-mediated NF-κB activation in HEK293 or HeLa 57A cells in the presence and absence of SCFAs. Bars depict mean and SEM of three independent 
experiments. p < 0.05 (*), p < 0.01 (**), p < 0.005 (***).

FigUre 1 | scFas enhance Tlr5-nF-κB responses in epithelial cells. (a,B) TLR5-NF-κB assay in HEK293 or HeLa 57A expressing TLR5 and a NF-κB-
luciferase reporter. Cells were incubated with 10 mM sodium butyrate (Na-Bu) or sodium propionate (Na-Pro) for 30 min followed by stimulation with Salmonella 
enteriditis flagellin for 5 h. (c,D) TLR5-NF-κB assay in HEK293 or HeLa 57A cells as described above with SCFA concentrations ranging from 0 to 100 mM. (e,F) 
Reversibility of the immunomodulatory effect of SCFAs. TLR5-NF-κB assay in HEK293 or HeLa 57A cells incubated with 10 mM Na-Bu or Na-Pro for 30 min after 
which SCFAs of selected groups were removed by washing. (g,h) TLR5-NF-κB assay to investigate pre- and post-incubation effects of SCFAs. Na-Bu or Na-Pro 
was added to HEK293 or HeLa 57A cells 16 h–30 min prior or 1–2 h after addition of flagellin. Bars depict mean and SEM of three independent experiments. p < 
0.05 (*), p < 0.01 (**), p < 0.005 (***).

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org


FigUre 3 | Modulation of cytokine expression by scFas. Quantitative RT-PCR of colonic epithelial HT-29 cells incubated with 10 mM Na-Butyrate or 
Na-Propionate for 30 min and stimulated with flagellin for 5 h. (a) mRNA levels of the pro-inflammatory cytokine TNFα. (B) mRNA levels of neutrophil chemotactic 
factor (IL-8). (c) mRNA levels of monocyte chemotactic protein 1 (MCP-1). Bars depict mean and SEM of three independent experiments. p < 0.05 (*), p < 0.01 (**), 
p < 0.005 (***).
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propionate to HeLa 57A cells failed to modulate TNFα-induced 
NF-κB levels, consistent with the results for TLR2/1 and TLR4 in 
these cells. Overall, these experiments show that SCFAs modulate 
the responses of multiple TLRs and TNFα, suggesting that the 
metabolites influence a common step in these inflammatory 
signaling cascades.

redirection of cytokine  
responses by scFas
To learn more about the downstream effects of SCFAs on 
intestinal TLR responses, we incubated colon epithelial HT-29 
cells that endogenously express functional TLR5 with butyrate 
or propionate (10 mM, 30 min pre-incubation) and bacterial 
flagellin (200  ng/ml, 5  h incubation). qRT-PCR was used to 
determine changes in transcript levels for TLR5, TNFα, and 
the chemokines interleukin 8 (IL-8) and MCP-1 (also know as 
CCL2). Exposure to flagellin alone induced a strong increase 
in TNFα, IL-8, and MCP-1 transcript levels compared to non-
stimulated cells (Figures  3A–C) and TLR5 gene expression 
itself was not altered by presence of the SCFAs and/or the 
addition of flagellin (data not shown). TNFα transcript levels 
were higher in the presence of butyrate and propionate, but 
SCFA administration dampened flagellin-induced IL-8 tran-
script levels and even completely abolished the upregulation 
of MCP-1 (Figures 3A–C). These results indicate that SCFAs 
can differentially alter TLR-induced inflammatory gene expres-
sion and, thus, can modulate the nature of the innate immune 
response.

scFas regulate the epigenetic state  
of host cells
How do SCFAs exert their effects on epithelial cells? It was 
previously shown that SCFAs can inhibit HDACs that are 
involved in removal of acetyl groups from histones (24–26). 
Interestingly, HDAC1, HDAC2, and HDAC3 were previously 
shown to be negative regulators of TLR-mediated NF-κB acti-
vation (27). We performed an HDAC activity assay to directly 

determine the inhibitory effects of SCFAs on HDACs. HDAC 
activity was measured in a HeLa cell lysate without SCFAs or in 
the presence of butyrate (10 mM), propionate (10 mM), or the 
potent pan-HDAC inhibitor TSA (2 μM). All three compounds 
had pronounced inhibitory effects on HDAC activity; TSA led 
to a very strong reduction to <1% of the original activity, while 
incubation with butyrate resulted in 10 and 30% remaining 
HDAC activity, respectively (Figure 4A). Next, we determined 
histone acetylation levels in HEK293 and HeLa cells pre-
incubated with butyrate, propionate, or TSA. Cell lysates were 
analyzed by immunoblot with an anti-acetyl-lysine antibody. 
In both cell types, incubation with butyrate, propionate, or 
TSA led to a marked increase of histone acetylation levels, 
even after a short incubation of 30 min (Figure 4B). Histone 
acetylation levels were further increased after a 5-h incubation 
with the compounds. Overall, HDAC protein levels remained 
unchanged (HDAC1 and HDAC2) or slightly decreased after 
incubation with TSA (HDAC3) (Figure  4B). Each histone 
has several lysines that can be modified by acetylation. We 
hypothesized that butyrate, propionate, and TSA may exert 
differential effects on individual HDACs, resulting in a differ-
ence in acetylation of specific histone residues. To investigate 
this, we performed immunoblot analysis using antibodies 
specific for acetylation of histone 3 lysine 9 (H3K9), histone 
4 lysine 5 (H4K5), and histone 3 lysine 9 (H4K16). A similar 
increase in acetylation was observed for H3K9, H4K5, and 
H4K16 in response to butyrate, propionate, and TSA (data 
not shown). The acetylation patterns were comparable to 
the result observed with the general acetyl-lysine antibody 
(Figure  4B). Together these results convincingly show that 
SCFAs have rapid and profound effects on host epigenetics by 
inhibition of HDACs.

effect of hDac inhibition on Tlr 
responses
To ascertain that HDAC inhibition can contribute to the observed 
modulation of the TLR response by SCFAs, we compared TLR5 
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FigUre 4 | immunomodulatory effects of scFas are mimicked by the histone deacetylase inhibitor Tsa. (a) HDAC activity in HeLa lysates in the 
presence of 10 mM Na-butyrate, Na-propionate or 2 μM TSA. (B) Immunoblots of HEK293 and HeLa 57A incubated with 10 mM Na-Bu, 10 mM Na-Pro or 2 μM 
TSA for 30 min or 5 h analyzed with anti-acetyl-lysine antibody to visualize total histone acetylation and anti-HDAC1, HDAC2, HDAC3, and GAPDH antibodies. 
(c,D). Immunomodulatory effects of SCFAs are mimics by histone deacetylase inhibitor TSA. TLR5-NF-κB assays of HEK293 or HeLa 57A expressing TLR5 and an 
NF-κB-luciferase reporter. Cells were incubated with 10 mM Na-Bu, 10 mM Na-Pro or 2 μM TSA for 30 min followed by stimulation with S. enteriditis flagellin for 5 h. 
(e) TLR4-NF-κB assays of HEK293 or HeLa 57A expressing TLR4 and an NF-κB-luciferase reporter incubated with SCFA and LPS. Bars depict mean and SEM of 
three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.005 (***).
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responses in the presence of SCFAs with the effect of TSA. In 
HEK293-TLR5 cells, TSA enhanced the flagellin-induced 
NF-κB activation to a comparable level as butyrate (Figure 4C). 
In HeLa–TLR5 and HeLa–TLR4 cells, TSA induced a very 
strong NF-κB response after stimulation with flagellin or LPS. 
Surprisingly, TSA by itself (in the absence of TLR ligands) was 
capable of inducing a significantly higher level of NF-κB acti-
vation (Figures  4D,E). Overall, these results show that SCFAs 
and the HDAC inhibitor TSA have similar immunomodulatory 
effects on TLR responses.

DiscUssiOn

Short-chain fatty acids are produced in the intestinal lumen during 
the bacterial fermentation of dietary fibers and are a major cel-
lular energy source for intestinal epithelial cells. Here, we provide 
evidence that SCFAs also redirect epithelial immune responses. 
The SCFAs butyrate and propionate enhanced NF-κB reporter 
activation after stimulation with various TLR ligands as well as 
TNFα. The modulatory effect of the SCFAs was accompanied by 
a change in histone acetylation and could be mimicked by the 

known HDAC inhibitor TSA. In colonic epithelial cells, butyrate 
and propionate selectively altered TNFα, IL-8, and MCP-1 gene 
transcription in response to stimulation with TLR ligands. In 
the presence of SCFAs, the pro-inflammatory cytokine TNFα is 
upregulated, but chemotactic chemokines IL-8 and MCP-1 are 
downregulated. Therefore SCFA may contribute to local contain-
ment of the intestinal inflammatory response. We conclude that 
bacterial SCFAs inhibit host HDAC enzymes, resulting in altered 
immune responses (Figure 5A).

The physiological concentrations of SCFAs in the gut lumen 
are 1–25 mM (5, 6). Most of our experiments were performed 
with a 10 mM SCFA concentration, well within the physiological 
concentration. By addition of SCFAs 30 min before TLR stimula-
tion, we mimicked the temporal spike of SCFA levels after a meal. 
The direct, rapid effects on TLR signaling and cytokine production 
that we observe, therefore, differ from the well-studied long-term 
effects of Na-Bu on cell proliferation and differentiation. These 
long-term effects are generally observed after more than 24  h 
exposure to SCFAs. Our results suggest that transient changes in 
SCFA concentrations in the gut can also redirect the nature of the 
innate immune response.
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FigUre 5 | The effect of scFas on hDacs and Tlr responses. (a) Model of immunomodulation of host epithelial cells by bacterial SCFAs. SCFAs are 
produced by microbiota from complex carbohydrates. SCFAs can inhibit HDACs in the cytosol or nucleus. Inhibition of HDACs leads to increased acetylation of 
histones and changes in DNA transcription. In addition, HDAC inhibition may directly impact the NF-κB pathway as the p65 subunit is also regulated by acetylation. 
(B) Structures of SCFAs sodium butyrate and sodium propionate. (c) The effect of SCFA on histone acetylation and chromatin structure. Top: DNA and histones in a 
closed chromatin structure with low levels of transcription. Acetylation by histone acetyl transferases (HATs) induces a open chromatin structure and active 
transcription (bottom). Histone deacetylases remove acetyl groups. Inhibition of HDACs by SCFAs leaves chromatin in the open, transcriptionally active state.
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The pleiotropic effects of SCFAs have been under intense 
investigation since the 1970s when several groups reported 
effects of Na-Bu on cell proliferation, differentiation, and gene 
expression. Following these observations, it was established that 
butyrate inhibits HDACs, resulting in increased histone acetyla-
tion (24–26) (Figure 5C). SCFAs such as butyrate and propionate 
are non-competitive pan-HDAC inhibitors (28). The crystal 
structure of an HDAC-like protein with the HDAC inhibitor 
TSA demonstrates that TSA occupies a hydrophobic cleft on the 
surface of the enzyme away from the substrate-binding site (29). 
The binding site of butyrate on an HDAC enzyme is still not iden-
tified, but it is possible that two molecules of butyrate may bind 
the same hydrophobic cleft (30). Considering the potent effects of 
butyrate on HDACs and histone acetylation, it is surprising that 
the expression of as little as 2% of mammalian genes is affected in 
the presence of butyrate (31, 32).

We show that a short incubation with SCFAs is sufficient 
to sensitize NF-κB activation by TLR5, TLR2/1, TLR4, and 
TLR9. In addition, SCFAs also increased NF-κB activation in 
response to incubation with TNFα. Surprisingly, SCFAs even 
induce low-level NF-κB activation in absence of TLR ligands 
(Figures 1H and 2G). Together these data indicate that SCFAs 
most likely modify a common target in the NF-κB pathway 
rather than modulate a particular signaling component. We 
hypothesized that SCFAs exert their effects on NF-kB signaling 
by inhibition of HDACs and altering chromatin structure. We 
tested this hypothesis by comparing the effects of SCFAs and the 
strong HDAC inhibitor TSA on histone acetylation and NF-κB 
activation in response to TLR ligands (Figure  4). Incubation 
with butyrate, propionate, and TSA lead to rapid changes in 
histone acetylation (Figure 4B). These results are in line with the 
reported effects of these compounds in other systems (33, 34). 
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In addition, TSA was very potent at sensitizing TLR responses 
and NF-κB was even activated in the absence of TLR ligand 
(Figures  4C–E). These data convincingly show that HDAC 
inhibition leads to sensitization of NF-κB responses. The rapid 
increase in SCFA-induced histone acetylation (30 min) corrobo-
rates the rapid alterations in TLR responses (Figures 1–3). These 
results together strongly support the notion that the observed 
effects of SCFAs on epithelial immune responses are caused by 
inhibition of HDAC enzymes, resulting in changes in histone 
acetylation.

The structures of Na-Bu (C4) and Na-Pro (C3) are very simi-
lar, but it is well established that HDAC inhibition by butyrate 
is stronger than inhibition by propionate (Figures 5B,C). The 
HDAC assay that we performed also shows that TSA is the 
strongest HDAC inhibitor, followed by butyrate and propion-
ate (Figure  4A). These differences in HDAC inhibition are 
nicely recapitulated in a TLR–NF-κB activation assay, where 
TSA has the strongest sensitizing effect followed by butyrate 
and propionate (Figures 4C–E). The effect of butyrate is con-
sistently stronger than the effect of propionate (for example, 
Figures 1A,D and 2B). Interestingly, we observed that butyrate 
and propionate have completely opposite effects in a time course 
of SCFA–TLR ligand addition in HeLa but not in HEK293 
cells (Figures  1G,H). Incubation with butyrate enhanced 
NF-κB responses, while propionate completely dampened the 
response. SCFA specificity or different levels of HDAC expres-
sion or accessibility may cause these opposite effects. The human 
HDAC family consists of 11 proteins with distinct expression 
patterns, subcellular localization, target proteins, and protein 
sites. Protein expression of HDAC1, HDAC2, and HDAC3 was 
comparable after incubation with butyrate and propionate, while 
expression of HDAC3 was reduced after incubation with TSA 
(Figure 4B). It is conceivable that butyrate, propionate, and TSA 
inhibit the individual HDACs to a different extent, resulting in 
tailored epigenetic regulation.

Our results fit well with a body of work that establishes class 
I histone deacetylase enzymes HDAC1, HDAC2, and HDAC3 as 
negative regulators of TLR pathways [reviewed by Shakespear 
et  al. and Falkenberg and Johnstone (27, 35). For example, 
HDAC1 inhibits pro-inflammatory gene promoters of IL-12p40, 
Cox-2, and Ifn-β (36–38). Activating transcription factor 3 
(ATF3) and metastatic tumor antigen 1 (MTA1) are downstream 
targets of TLR signaling, which are regulated by HDAC1 and 
HDAC2, respectively (39, 40). Regulation of MTA1 by HDAC2 
prevents activation of inflammatory cytokine genes TNFα and 
IL-1β (40). HDAC1, HDAC2, and HDAC3 are well expressed in 
our epithelial cell lines (Figure 3B). It is, therefore, conceivable 
that the immunomodulatory effects of the SCFAs in our study 
are caused by inhibition of these three enzymes. Besides histone 
targets, HDACs also deacetylate other proteins. The p65 subunit 
of NF-κB itself is acetylated and p65 deacetylation by HDAC3 
leads to association with Iκβa, nuclear export, and dampening 
of the NF-κB response (41). It is, therefore, possible that in addi-
tion to histone modification, SCFAs alter acetylation of NF-κB 
subunits themselves. It remains to be established whether the 
effects of SCFAs on epithelial immune responses are caused by 

changes in histone acetylation, direct modification of NF-κB 
subunits, or both.

Little is known about the role of individual HDACs in dea-
cetylation of specific lysines in histones. It was shown that HDAC 
inhibition by Na-Bu leads to an increase in acetylation of lysine 
9 of histone 3 (H3K9) in mouse subventricular cells (42). Mouse 
embryo HDAC1 knockout cells show an increase in acetylation 
of lysine 5 of histone 4 (H4K5) (43). Acetylation of lysine 9 of 
histone 3 (H4K16) is a very specific acetylation event that is 
regulated by class III HDACs, also known as Sirtuins (44). We 
investigated the impact of SCFAs on H3K9, H4K5, and H4K16 
histone acetylation with acetylation-specific antibodies. To our 
surprise, H3K9, H4K5, and H4K16 acetylation patterns were 
comparable to the pattern observed with the general acetyl-lysine 
antibody (Figure 4B, data not shown). These results indicate that 
SCFAs and TSA have a general HDAC inhibitory effect on all 
HDACs involved in deacetylation of H3K9, H4K5, and H4K16 
and differences in acetylation might be too subtle to detect with 
this method.

One of our most striking observations is that a 30-min incu-
bation with butyrate or propionate enhanced the TLR-induced 
TNFα expression but dampened or even abolished IL-8 and 
MCP-1 transcription in colonic HT-29 cells (Figure  3). The 
pro-inflammatory cytokine TNFα is an essential mediator of 
inflammation in the intestine. IL-8, also known as neutrophil 
chemotactic factor, and MCP-1 are important in the recruitment 
of immune cells to the site of activation. Our results, therefore, 
indicate that SCFAs enhance local pro-inflammatory responses, 
but dampen the recruitment of inflammatory cells to the site 
of infection. Modulation of the epithelial cytokine response by 
SCFAs seems to be cell type and condition dependent, as it was 
previously shown that neutrophil migration toward Caco-2 is 
decreased after overnight incubation with SCFAs and increased 
toward HT-29 (11). In addition, butyrate enhances IL-8 secre-
tion by Caco-2 cells in response to IL-1β and LPS (45). SCFAs 
also have anti-inflammatory effects on cytokine secretion by 
endothelial cells, macrophage and neutrophils (46). Because of 
the complex time and cell-type-dependent effects of SCFAs, it 
is not possible to draw a general conclusion about the impact 
of SCFAs on cytokine responses. However, the tuning of the 
local TLR response by SCFAs, resulting in containment of 
inflammatory response, seems in line with the supposed gener-
ally anti-inflammatory role of SCFAs. For example, butyrate 
has been demonstrated to dampen the NF-κB pathway in 
intestinal biopsy samples and to decrease the production of 
pro-inflammatory cytokines by peripheral blood mononuclear 
cells (PBMCs) (47). Based on our results, we pose that bacte-
rial SCFAs sensitize local epithelial TLR responses and prevent 
large-scale inflammation by selective epigenetic modification of 
innate immune genes.

FUnDing

KS is funded by the People Programme (Marie Curie Actions) 
of the European Union’s Seventh Framework Programme FP7 
under REA grant PIIF-GA-2013-623967.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org


November 2015 | Volume 6 | Article 55410

Lin et al. Modulation of innate immune responses by SCFAs

Frontiers in Immunology | www.frontiersin.org

reFerences

1. Mayer EA, Savidge T, Shulman RJ. Brain-gut microbiome interactions 
and functional bowel disorders. Gastroenterology (2014) 146:1500–12. 
doi:10.1053/j.gastro.2014.02.037 

2. Macfarlane GT, Gibson GR, Cummings JH. Comparison of fermentation 
reactions in different regions of the human colon. J Appl Bacteriol (1992) 
72:57–64. doi:10.1111/j.1365-2672.1992.tb05187.x 

3. Cook SI, Sellin JH. Review article: short chain fatty acids in 
health and disease. Aliment Pharmacol Ther (1998) 12:499–507. 
doi:10.1046/j.1365-2036.1998.00337.x 

4. Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production. 
Proc Nutr Soc (2003) 62:67–72. doi:10.1079/PNS2002207 

5. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short 
chain fatty acids in human large intestine, portal, hepatic and venous blood. 
Gut (1987) 28:1221–7. doi:10.1136/gut.28.10.1221 

6. Topping DL, Clifton PM. Short-chain fatty acids and human colonic function: 
roles of resistant starch and nonstarch polysaccharides. Physiol Rev (2001) 
81:1031–64. 

7. De Vadder F, Kovatcheva-Datchary P, Goncalves D, Vinera J, Zitoun C, 
Duchampt A, et  al. Microbiota-generated metabolites promote metabolic 
benefits via gut-brain neural circuits. Cell (2014) 156:84–96. doi:10.1016/j.
cell.2013.12.016 

8. Scheppach W, Sommer H, Kirchner T, Paganelli GM, Bartram P, Christl S, 
et  al. Effect of butyrate enemas on the colonic mucosa in distal ulcerative 
colitis. Gastroenterology (1992) 103:51–6. 

9. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation 
of inflammatory responses by gut microbiota and chemoattractant receptor 
GPR43. Nature (2009) 461:1282–6. doi:10.1038/nature08530 

10. Heerdt BG, Houston MA, Augenlicht LH. Potentiation by specific short-chain 
fatty acids of differentiation and apoptosis in human colonic carcinoma cell 
lines. Cancer Res (1994) 54:3288–93. 

11. Bocker U, Nebe T, Herweck F, Holt L, Panja A, Jobin C, et  al. Butyrate 
modulates intestinal epithelial cell-mediated neutrophil migration. Clin Exp 
Immunol (2003) 131:53–60. doi:10.1046/j.1365-2249.2003.02056.x 

12. Abreu MT. Toll-like receptor signalling in the intestinal epithelium: how 
bacterial recognition shapes intestinal function. Nat Rev Immunol (2010) 
10:131–44. doi:10.1038/nri2707 

13. Cario E, Podolsky DK. Differential alteration in intestinal epithelial 
cell expression of toll-like receptor 3 (TLR3) and TLR4 in inflam-
matory bowel disease. Infect Immun (2000) 68:7010–7. doi:10.1128/
IAI.68.12.7010-7017.2000 

14. Cullender TC, Chassaing B, Janzon A, Kumar K, Muller CE, Werner JJ, 
et al. Innate and adaptive immunity interact to quench microbiome flagellar 
motility in the gut. Cell Host Microbe (2013) 14:571–81. doi:10.1016/j.
chom.2013.10.009 

15. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: 
update on toll-like receptors. Nat Immunol (2010) 11:373–84. doi:10.1038/
ni.1863 

16. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell 
(2010) 140:805–20. doi:10.1016/j.cell.2010.01.022 

17. Rodriguez MS, Thompson J, Hay RT, Dargemont C. Nuclear retention of 
IkappaBalpha protects it from signal-induced degradation and inhibits nuclear 
factor kappaB transcriptional activation. J Biol Chem (1999) 274:9108–15. 
doi:10.1074/jbc.274.13.9108 

18. Keestra AM, De Zoete MR, Van Aubel RA, Van Putten JP. Functional char-
acterization of chicken TLR5 reveals species-specific recognition of flagellin. 
Mol Immunol (2008) 45:1298–307. doi:10.1016/j.molimm.2007.09.013 

19. Keestra AM, De Zoete MR, Van Aubel RA, Van Putten JP. The central leu-
cine-rich repeat region of chicken TLR16 dictates unique ligand specificity 
and species-specific interaction with TLR2. J Immunol (2007) 178:7110–9. 
doi:10.4049/jimmunol.178.11.7110 

20. van Aubel RA, Keestra AM, Krooshoop DJ, Van Eden W, Van Putten JP. 
Ligand-induced differential cross-regulation of toll-like receptors 2, 4 and 5 
in intestinal epithelial cells. Mol Immunol (2007) 44:3702–14. doi:10.1016/j.
molimm.2007.04.001 

21. Wosten MM, Van Dijk L, Parker CT, Guilhabert MR, Van Der Meer-Janssen 
YP, Wagenaar JA, et  al. Growth phase-dependent activation of the DccRS 

regulon of Campylobacter jejuni. J Bacteriol (2010) 192:2729–36. doi:10.1128/
JB.00024-10 

22. Barton GM, Kagan JC. A cell biological view of toll-like receptor function: 
regulation through compartmentalization. Nat Rev Immunol (2009) 9:535–42. 
doi:10.1038/nri2587 

23. Keestra AM, De Zoete MR, Bouwman LI, Van Putten JP. Chicken TLR21 is an 
innate CpG DNA receptor distinct from mammalian TLR9. J Immunol (2010) 
185:460–7. doi:10.4049/jimmunol.0901921 

24. Boffa LC, Vidali G, Mann RS, Allfrey VG. Suppression of histone deacetylation 
in vivo and in vitro by sodium butyrate. J Biol Chem (1978) 253:3364–6. 

25. Candido EP, Reeves R, Davie JR. Sodium butyrate inhibits histone deacetylation 
in cultured cells. Cell (1978) 14:105–13. doi:10.1016/0092-8674(78)90305-7 

26. Sealy L, Chalkley R. The effect of sodium butyrate on histone modification. 
Cell (1978) 14:115–21. doi:10.1016/0092-8674(78)90306-9 

27. Shakespear MR, Halili MA, Irvine KM, Fairlie DP, Sweet MJ. Histone deacety-
lases as regulators of inflammation and immunity. Trends Immunol (2011) 
32:335–43. doi:10.1016/j.it.2011.04.001 

28. Cousens LS, Gallwitz D, Alberts BM. Different accessibilities in chromatin to 
histone acetylase. J Biol Chem (1979) 254:1716–23. 

29. Finnin MS, Donigian JR, Cohen A, Richon VM, Rifkind RA, Marks PA, et al. 
Structures of a histone deacetylase homologue bound to the TSA and SAHA 
inhibitors. Nature (1999) 401:188–93. doi:10.1038/43710 

30. Davie JR. Inhibition of histone deacetylase activity by butyrate. J Nutr (2003) 
133:2485S–93S. 

31. Van Lint C, Emiliani S, Verdin E. The expression of a small fraction of cellular 
genes is changed in response to histone hyperacetylation. Gene Expr (1996) 
5:245–53. 

32. Mariadason JM, Corner GA, Augenlicht LH. Genetic reprogramming in 
pathways of colonic cell maturation induced by short chain fatty acids: 
comparison with trichostatin A, sulindac, and curcumin and implications for 
chemoprevention of colon cancer. Cancer Res (2000) 60:4561–72. 

33. Kruh J. Effects of sodium butyrate, a new pharmacological agent, on cells in 
culture. Mol Cell Biochem (1982) 42:65–82. 

34. Hinnebusch BF, Meng S, Wu JT, Archer SY, Hodin RA. The effects of short-
chain fatty acids on human colon cancer cell phenotype are associated with 
histone hyperacetylation. J Nutr (2002) 132:1012–7. 

35. Falkenberg KJ, Johnstone RW. Histone deacetylases and their inhibitors in 
cancer, neurological diseases and immune disorders. Nat Rev Drug Discov 
(2014) 13:673–91. doi:10.1038/nrd4360 

36. Deng WG, Zhu Y, Wu KK. Role of p300 and PCAF in regulating cycloox-
ygenase-2 promoter activation by inflammatory mediators. Blood (2004) 
103:2135–42. doi:10.1182/blood-2003-09-3131 

37. Lu J, Sun H, Wang X, Liu C, Xu X, Li F, et al. Interleukin-12 p40 promoter 
activity is regulated by the reversible acetylation mediated by HDAC1 and 
p300. Cytokine (2005) 31:46–51. doi:10.1016/j.cyto.2005.03.001 

38. Nusinzon I, Horvath CM. Positive and negative regulation of the innate 
antiviral response and beta interferon gene expression by deacetylation. Mol 
Cell Biol (2006) 26:3106–13. doi:10.1128/MCB.26.8.3106-3113.2006 

39. Gilchrist M, Thorsson V, Li B, Rust AG, Korb M, Roach JC, et  al. Systems 
biology approaches identify ATF3 as a negative regulator of toll-like receptor 
4. Nature (2006) 441:173–8. doi:10.1038/nature04768 

40. Pakala SB, Bui-Nguyen TM, Reddy SD, Li DQ, Peng S, Rayala SK, et  al. 
Regulation of NF-kappaB circuitry by a component of the nucleosome remod-
eling and deacetylase complex controls inflammatory response homeostasis. J 
Biol Chem (2010) 285:23590–7. doi:10.1074/jbc.M110.139469 

41. Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB 
action regulated by reversible acetylation. Science (2001) 293:1653–7. 
doi:10.1126/science.1062374 

42. Zhou Q, Dalgard CL, Wynder C, Doughty ML. Histone deacetylase inhibitors 
SAHA and sodium butyrate block G1-to-S cell cycle progression in neuro-
sphere formation by adult subventricular cells. BMC Neurosci (2011) 12:50. 
doi:10.1186/1471-2202-12-50 

43. Ma P, Schultz RM. Histone deacetylase 1 (HDAC1) regulates histone acetyla-
tion, development, and gene expression in preimplantation mouse embryos. 
Dev Biol (2008) 319:110–20. doi:10.1016/j.ydbio.2008.04.011 

44. Vaquero A, Sternglanz R, Reinberg D. NAD+-dependent deacetylation of 
H4 lysine 16 by class III HDACs. Oncogene (2007) 26:5505–20. doi:10.1038/
sj.onc.1210617 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1053/j.gastro.2014.02.037
http://dx.doi.org/10.1111/j.1365-2672.1992.tb05187.x
http://dx.doi.org/10.1046/j.1365-2036.1998.00337.x
http://dx.doi.org/10.1079/PNS2002207
http://dx.doi.org/10.1136/gut.28.10.1221
http://dx.doi.org/10.1016/j.cell.2013.12.016
http://dx.doi.org/10.1016/j.cell.2013.12.016
http://dx.doi.org/10.1038/nature08530
http://dx.doi.org/10.1046/j.1365-2249.2003.02056.x
http://dx.doi.org/10.1038/nri2707
http://dx.doi.org/10.1128/IAI.68.12.7010-7017.2000
http://dx.doi.org/10.1128/IAI.68.12.7010-7017.2000
http://dx.doi.org/10.1016/j.chom.2013.10.009
http://dx.doi.org/10.1016/j.chom.2013.10.009
http://dx.doi.org/10.1038/ni.1863
http://dx.doi.org/10.1038/ni.1863
http://dx.doi.org/10.1016/j.cell.2010.01.022
http://dx.doi.org/10.1074/jbc.274.13.9108
http://dx.doi.org/10.1016/j.molimm.2007.09.013
http://dx.doi.org/10.4049/jimmunol.178.11.7110
http://dx.doi.org/10.1016/j.molimm.2007.04.001
http://dx.doi.org/10.1016/j.molimm.2007.04.001
http://dx.doi.org/10.1128/JB.00024-10
http://dx.doi.org/10.1128/JB.00024-10
http://dx.doi.org/10.1038/nri2587
http://dx.doi.org/10.4049/jimmunol.0901921
http://dx.doi.org/10.1016/0092-8674(78)90305-7
http://dx.doi.org/10.1016/0092-8674(78)90306-9
http://dx.doi.org/10.1016/j.it.2011.04.001
http://dx.doi.org/10.1038/43710
http://dx.doi.org/10.1038/nrd4360
http://dx.doi.org/10.1182/blood-2003-09-3131
http://dx.doi.org/10.1016/j.cyto.2005.03.001
http://dx.doi.org/10.1128/MCB.26.8.3106-3113.2006
http://dx.doi.org/10.1038/nature04768
http://dx.doi.org/10.1074/jbc.M110.139469
http://dx.doi.org/10.1126/science.1062374
http://dx.doi.org/10.1186/1471-2202-12-50
http://dx.doi.org/10.1016/j.ydbio.2008.04.011
http://dx.doi.org/10.1038/sj.onc.1210617
http://dx.doi.org/10.1038/sj.onc.1210617


November 2015 | Volume 6 | Article 55411

Lin et al. Modulation of innate immune responses by SCFAs

Frontiers in Immunology | www.frontiersin.org

45. Fusunyan RD, Quinn JJ, Ohno Y, Macdermott RP, Sanderson IR. Butyrate 
enhances interleukin (IL)-8 secretion by intestinal epithelial cells in 
response to IL-1beta and lipopolysaccharide. Pediatr Res (1998) 43:84–90. 
doi:10.1203/00006450-199804001-00501 

46. Vinolo MA, Rodrigues HG, Nachbar RT, Curi R. Regulation of inflam-
mation by short chain fatty acids. Nutrients (2011) 3:858–76. doi:10.3390/
nu3100858 

47. Segain JP, Raingeard De La Bletiere D, Bourreille A, Leray V, Gervois N, 
Rosales C, et al. Butyrate inhibits inflammatory responses through NFkappaB 
inhibition: implications for Crohn’s disease. Gut (2000) 47:397–403. 
doi:10.1136/gut.47.3.397 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2015 Lin, de Zoete, van Putten and Strijbis. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original pub-
lication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1203/00006450-199804001-00501
http://dx.doi.org/10.3390/nu3100858
http://dx.doi.org/10.3390/nu3100858
http://dx.doi.org/10.1136/gut.47.3.397
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Redirection of epithelial immune responses by short-chain fatty acids through inhibition of histone deacetylases
	Introduction
	Materials and Methods
	Cell Culture
	Reagents
	Cell Transfection and Stimulation
	NF-κB-Luciferase Assays
	HDAC Assay
	RNA Isolation and Quantitative RT-PCR
	Immunoblotting
	Statistical Analysis

	Results
	SCFAs Modulate TLR5-Mediated NF-κB Activation
	Kinetics of the SCFAs Modulatory Effects
	TLR2/1, TLR4, and TLR9 Responses are Affected by SCFAs
	SCFAs Enhance NF-κB Activation in Response to TNFα
	Redirection of Cytokine 
Responses by SCFAs
	SCFAs Regulate the Epigenetic State 
of Host Cells
	Effect of HDAC Inhibition on TLR Responses

	Discussion
	Funding
	References


