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Butyrate suppresses colonic inflammation through HDAC1-dependent
Fas upregulation and Fas-mediated apoptosis of T cells. Am J Physiol
Gastrointest Liver Physiol 302: G1405-G1415, 2012. First published
April 19, 2012; doi:10.1152/ajpgi.00543.2011.—Butyrate, an intesti-
nal microbiota metabolite of dietary fiber, has been shown to exhibit
protective effects toward inflammatory diseases such as ulcerative
colitis (UC) and inflammation-mediated colorectal cancer. Recent
studies have shown that chronic IFN-y signaling plays an essential
role in inflammation-mediated colorectal cancer development in vivo,
whereas genome-wide association studies have linked human UC risk
loci to IFNG, the gene that encodes IFN-y. However, the molecular
mechanisms underlying the butyrate-IFN-vy-colonic inflammation axis
are not well defined. Here we showed that colonic mucosa from
patients with UC exhibit increased signal transducer and activator of
transcription 1 (STAT1) activation, and this STAT1 hyperactivation is
correlated with increased T cell infiltration. Butyrate treatment-in-
duced apoptosis of wild-type T cells but not Fas-deficient (Fas’”") or
FasL-deficient (Fasé’?) T cells, revealing a potential role of Fas-
mediated apoptosis of T cells as a mechanism of butyrate function.
Histone deacetylase 1 (HDAC1) was found to bind to the Fas
promoter in T cells, and butyrate inhibits HDACI activity to induce
Fas promoter hyperacetylation and Fas upregulation in T cells.
Knocking down gprl09a or sic5a8, the genes that encode for receptor
and transporter of butyrate, respectively, resulted in altered expression
of genes related to multiple inflammatory signaling pathways, includ-
ing inducible nitric oxide synthase (iNOS), in mouse colonic epithelial
cells in vivo. Butyrate effectively inhibited IFN-y-induced STAT1
activation, resulting in inhibition of iNOS upregulation in human
colon epithelial and carcinoma cells in vitro. Our data thus suggest
that butyrate delivers a double-hit: induction of T cell apoptosis to
eliminate the source of inflammation and suppression of IFN-y-
mediated inflammation in colonic epithelial cells, to suppress colonic
inflammation.

Fas promoter; histone deacetylase 1

COMPELLING DATA FROM BOTH human patients and animal model-
based studies have shown that aberrant host immune response
triggered by intestinal microbiota is a requisite for the onset of
inflammatory diseases such as ulcerative colitis (UC) and
colitis-associated colorectal cancer (15, 18, 47, 49). Although
the etiology of UC is still not clear and the role of the
proinflammatory cytokine IFN-vy in UC is controversial, recent
Meta analysis and genome-wide association studies of large
cohorts of human patients have surprisingly identified IFNG,
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the gene encoding for IFN-v, as a UC susceptibility locus in
humans (1, 30, 39).

IFN-v is a proinflammatory cytokine that exerts its inflam-
matory function through signal transducer and activator of
transcription 1 (STATI) to regulate the expression of inflam-
matory mediators such as inducible nitric oxide synthase
(AINOS) and cyclooxygenase 2 (COX2) in the colonic tissues
(18). It has been reported that IFN-vy secretion is elevated in the
peripheral blood (16) and IFN-y expression level is increased
in the inflamed colonic mucosa tissues in patients with UC
(46). The expression and activation level of STATI is also
significantly increased in colonic tissues of patients with UC
(37). These observations thus suggest that IFN-y might play a
key role in human UC pathogenesis (16, 46) and inflammation-
dependent spontaneous colorectal cancer development (2, 18).
IFN-v is secreted by activated T cells. Therefore, infiltration
and persistence of activated T cells in the colonic tissues might
be the source of IFN-y and thereby a cause of colonic inflam-
mation. Indeed, whereas IL-10 knockout (/I70~/~) mouse
exhibits intolerance to intestinal microbiota and goes on to
develop spontaneous colitis, 11/10~"~Rag2~’~ mouse fails to
develop colitis, suggesting that UC is a T cell-mediated in-
flammatory disorder (27, 47).

A promising class of agents with both preventive and ther-
apeutic potential to counteract inflammation-mediated UC and
colorectal cancer is short-chain fatty acids, most notably bu-
tyrate (10, 22, 43). Butyrate is a major metabolite in colonic
lumen arising from bacterial fermentation of dietary fiber and
has been shown to be a critical mediator of the colonic
inflammatory response (10, 21-22, 24, 40). One mechanism
underlying butyrate function in suppression of colonic inflam-
mation is inhibition of the IFN-y/STATI1 signaling pathways
(23, 40). Butyrate may exert its anti-inflammatory function
through acting as a histone deacetylase (HDAC) inhibitor
(10—11, 48); however, the specific molecular targets of bu-
tyrate as a HDAC inhibitor and molecular mechanisms of
inhibition are not well-defined.

We conducted an in-depth analysis of butyrate function in
both T cells and colonic epithelial cells and determined that
butyrate delivers a double-hit to inhibit inflammation: first,
butyrate inhibits IFN-y-induced STAT1 activation and iNOS
upregulation to suppress inflammation in colonic epithelial and
carcinoma cells; second and more importantly, butyrate inhib-
its Fas promoter-bound HDACT activity to induce Fas pro-
moter hyperacetylation and Fas upregulation to enhance Fas-
mediated apoptosis of T cells, resulting in termination of the
uncontrolled T cell activation, thereby, eliminating the source
of inflammation in the colonic tissue.
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MATERIALS AND METHODS

Mice and cells. BALB/c (H-2¢) mice were obtained from the
National Cancer Institute (NCI, Frederick, MD). C57BL/6J, Fas-
deficient (Fas”"), and FasL-deficient (Fas®/¢) mice were obtained from
the Jackson Laboratory (Bar Harbor, ME). sic5a8 '~ and gpri09a~"'~
mice were originally obtained from Dr. Thomas Boettger (Max-
Planck-Instituts fiir Herz, Lundgenforschung, Germany) and Dr. Ste-
fan Offermanns (University of Heidelberg, Heidelberg, Germany),
respectively. All mice were housed, maintained, and studied in accor-
dance with approved NIH and Georgia Health Sciences University
guidelines for animal use and handling. CCD-841 and T84 cells were
obtained from ATCC (Manassas, VA). CCD-841 and T84 cells were
obtained from American Type Culture Collection (ATCC) (Manassas,
VA). ATCC characterizes these cells by morphology, immunology,
DNA fingerprint, and cytogenetics.

Immunohistochemistry. The human colorectal cancer progression
tissue microarray (TMA) was obtained from the Cooperative Human
Tissue Network. Immunohistochemical staining was carried out by
the Georgia Pathology Service. CD3 antibody was obtained from
Dako (Carpinteria, CA). STAT1 antibody was obtained from BD
Biosciences (San Jose, CA).

Analysis of T cell activation. Twenty-four-well plates were coated
with anti-CD3 (clone 145-2C11; Biolegend, San Diego, CA) and
anti-CD28 (clone: 28.2, Biolegend) mAbs. Spleen cells (1 X 10°
cells/well) were then seeded in the mAb-coated plates. Cells were
collected and stained with PE-conjugated CD4, APC-conjugated
CD25, and FITC-conjugated CD69 mAbs (Biolegend) at different
time points and analyzed by flow cytometry.

Cell proliferation assay. To purify CD4* or CD8™ T cells, spleen
cells were incubated with anti-CD19, CD4 (for CD8 T cell purifica-
tion), CD8 (for CD4 purification), CD11b, and NK mAbs (all from
Biolegend) at 4°C for 20 min. Cells were washed twice with PBS and
then incubated with anti-mouse IgG-conjugated and anti-Rat IgG-
conjugated magnetic beads (Polysciences, Warrington, PA). The
bound cells were removed by a magnetic stand. Proliferation assay
was performed using the MTT proliferation kit (ATCC) according to
manufacturer’s instructions.

T cell apoptosis assay. Spleen cells were collected, and live cells
were isolated using the Lymphocyte Separation Medium (CellGrow).
Cells were then seeded in anti-CD3/CD28-coated 24-well plates,
along with butyrate, and incubated for 24 h. Cells were stained with
PE-conjugated anti-CD4 or FITC-conjugated anti-CD8a and Alexa
Fluor 647 Annexin V (Biolegend) and analyzed with flow cytometry.

Analysis of Fas protein. For mouse Fas analysis, cells were stained
with PE-conjugated anti-CD4 or PE-Cy5.5-conjugated anti-CDS8
(Biolegend) and FITC-conjugated anti-Fas (Biolegend). For human
Fas staining, cells were stained with anti-human Fas (clone DX2,
Biolegend), followed by incubation with FITC-conjugated anti-mouse
IgG. The stained cells were analyzed by flow cytometry.

Chromatin immunoprecipitation assay. Chromatin immunoprecipi-
tation (ChIP) assays were carried out essentially as previously de-
scribed (50). Immunoprecipitation was carried out using anti-acetyl-
H3KO9 (Cell Signaling, Beverly, MA), HDAC1, and HDAC2 (Santa
Cruz Biotechnology, Santa Cruz, CA) antibodies and agarose-protein
A beads (Millipore, Billerica, MA). The Fas promoter DNA was
detected by PCR using Fas promoter-specific primers (Table 1).

HDAC activity assay. HDAC activity assay was carried out essen-
tially as previously described (44). Briefly, recombinant human
HDACI1 and HDAC2 were assayed for their activity in vitro in the
absence or presence of butyrate using the HDAC assay kit (BioVision,
Mountain View, CA).

RT-PCR analysis. RT-PCR was performed essentially as previ-
ously described (50). Briefly, total RNA was isolated from cells or
tissues using Trizol (Invitrogen, San Diego, CA) according to the
manufacturer’s instructions and used for the first strand cDNA syn-
thesis using the MMLV reverse transcriptase (Promega, Madison,
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‘WI). The cDNA was then used as template for PCR amplification. The
sequences of primers are listed in Table 1.

Western blot analysis. Western blotting analysis was performed
essentially as previously described (50). The blot was probed with
anti-pSTAT1 antibody (BD Biosciences), followed by reprobing with
anti-3-actin antibody (Sigma, St. Louis, MO).

Sodium bisulfite treatment and genomic DNA sequencing. CD4™
and CD8" T cells were purified as described and used to isolate
genomic DNA. The genomic DNA modification was performed as
previously described (29). The bisulfite-modified genomic DNA was
used as template for PCR amplification of the slc5a8 and gpri09a
promoter regions. The primer sequences are listed in Table 1. The
amplified DNA fragments were purified and cloned to PCR2.1 vector
(Invitrogen). Individual clones were then sequenced.

Statistical analysis. All statistical analysis was performed using
SAS 9.2, and statistical significance was assessed using an a-level of
0.05.

RESULTS

STATI hyperactivation is linked to T cell accumulation in
colonic tissues in UC. A TMA slide containing normal colon
tissues from patients with colorectal cancer and colon tissues
from patients with UC was stained for CD3 and STAT1 protein
levels. As expected, CD3™ T cells were present in the mucosa
(Fig. 1A, al and a2). However, five of the six UC colon tissue
specimens showed greater T cell infiltration than the normal
colon tissues (Fig. 1A, bl and b2). Statistical analysis deter-
mined that the UC colon tissues have a significantly higher
mean number of T cells than the normal colon tissue group
(Fig. 1C). Less than 10% of normal colonic epithelial cells
expressed detectable cytoplasmic STATI (cSTATI), and a
slightly higher percentage of them expressed nuclear STAT1
(nSTAT1) (Fig. 1B). Mucosal tissues from patients with UC
exhibited higher percentages of both cSTATI and nSTATI
than the normal mucosal tissues (Fig. 1B), and the differences
were statistically significant (Fig. 1C). The intensity of
nSTATI in mucosal epithelial cells from patients with UC is
also significantly higher than that of normal mucosal epithelial
cells (data not shown). Spearman rank correlation analysis
revealed a statistically significant moderate and positive cor-
relation between number of CD3™ T cells and the percentages
of both cSTAT1- and nSTAT1-positive colonic epithelial cells
(data not shown). These observations thus indicate that activa-
tion of the IFN-v signaling pathway in the colonic mucosa is
linked to accumulation of T cells in human patients with UC.

Butyrate inhibits T cells activation. To determine the T cell
activation kinetics, total mouse spleen cells were cultured in
anti-CD3 and anti-CD28 mAb-coated plates. Cells were then
collected overtime and stained for cell surface CD4, CD69, and
CD25. CD4™ cells were then gated and analyzed for CD25 and
CD69 mean fluorescence intensity and percentage of positive
cells. Analysis of CD69* and CD25" cells among the CD4"
cell population indicated that T cell activation plateaus at ~24
h, with more than 70% of T cells being activated (Fig. 2A).
Next, spleen cells were stimulated with anti-CD3 and anti-
CD28 mAbs in the presence of butyrate for 24 h and examined
for CD4™ T cell activation. Butyrate at concentrations up to 3
mM did not inhibit the early activation marker CD69 expres-
sion intensity on CD4" T cells nor the percentage of CD69™*
CD4* T cells (Fig. 2B). However, higher concentrations of
butyrate (5 mM) did decrease CD69 level (Fig. 2B). The
expression level of the late activation marker CD25 was
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Table 1. PCR primers
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Primer Forward Reverse
PTGS2 5'-CATCAAACAAAGGGGTCCAAGTTC-3’ 5'-AAGACAGAGCAGCACGGGC-3’
iNOS 5'-CCAGAGGACCCAGAGACAAGC-3’ 5'-GGCAGCACATCAAAGCGGC-3’
STATI 5'-CTTCTTCCTGAACCCCCCG-3' 5'-CCCATCATTCCAGAGGCACAG-3’
STAT2 5'-TCTGGCACCTTCCTACTGCG-3’ 5'-CAATGGCAACTCCTGGTCGTG-3’
STAT3 5'-CGAGAGCAGCAAAGAAGGAGGG-3' 5'-GGGACATCGGCAGGTCAATG-3'
STAT4 5'-GATGGTCACCTCACCTGGGC-3’ 5'-TTGTGGCTCCGTGGAATCG-3’
STAT5a 5'-GCACCATAAGCCCCATTGG-3" 5'-CGTAGATAAGGTAGTTCAGGTCCCC-3'
STATS5b 5'-TCGGGGGCATCACCATTG-3’ 5'-CCATCGGTATCAAGGACGGAG-3’
STAT6 5'-CGTCTGGATGAAGTCCTGCG-3' 5'-TGGCGTTGTTGTCTTGGTTACC-3’
IRF1 5'-TAACTCCAGCACTGTCACCGTG-3' 5'-TATGCCTATCCCAATGTCCCC-3’
IRF2 5'-GCTGCCCTTATCCGAACGAC-3' 5'-GCGTAGGAAGACACAGGAGAAATC-3'
IRF3 5'-CACGCTACACTCTGTGGTTCTGC-3' 5'-GCTGGCTGTTGGAGATGTGC-3'
IRF4 5'-CCACGGACACACCTATGATGTTAG-3’ 5'-AGAATGACGGAGGGAGCGG-3’
IRF5 5'-CCATCCGTCTGTGCCAGTGTAAG-3' 5'-AACATCTCCAGCAGCAACCG-3'
IRF6 5'-TGGCTACACAGAGATTCCAAACG-3’ 5'-TGGGGGATGTCACACACTTGATAG-3'
IRF7 5'-CCCCAGCAGTAAGAACTTCAGAGC-3’ 5'-TAGTGTGGTGACCCTTGCCGCCTC-3'
IRF8 5'-CGTGGAAGACGAGGTTACGCTG-3' 5'-GCTGAATGGTGTGTGTCATAGGC-3'
IRF9 5'-CATCCCCATCTCCTGGAATGC-3’ 5'-GGTGACTGCTCTGTGTGCTGTAAC-3'
TGFB1 5'-CCGCAACAACGCCATCTATG-3' 5'-TATCAGTGGGGGTCAGCAGCCG-3’
Smadl 5'-AGCAGCACCTACCCTCACTCCC-3’ 5'-GAACGCTTCACCCACACGG-3’
Smad2 5'-AGCAAAAACAGCACTTGAGGTCTC-3' 5'-CAATACTGGGTCTGGACACATTACC-3’
Smad3 5'-CAGGAGACAGACAGTGACCAGCAC-3' 5'-GTTGAGTGGAATCGGTGTTCTTTG-3'
Smad4 5'-TGGGTCCGTGGGTGGAATAG-3’ 5'-CCTGGAAATGGTTAGGGCGTC-3'
Smad5 5'-CCTATGAGGAGCCCAAACACTG-3’ 5'-TCTGAACAAAGATGCTGCTGTCAC-3'
Smad6 5'-GCATTTTCTACGACCTACCTCAGG-3' 5'-GAACACCTTGATGGAGTAACCCG-3'
Smad7 5'-GCTGTGTTGCTGTGAATCTTACGG-3' 5'-CACCACGCACCAGTGTGACC-3'
3-actin 5'-ATTGTTACCAACTGGGACGACATG-3' 5'-CTTCATGAGGTAGTCTGTCAGGTC-3'
SOCS1 5'-TCCGCTCCCACTCCGATTAC-3' 5'-AACCACTCCCTCCGACCCAG-3'
SOCS2 5'-CACGGAATGGGACTGTTCACC-3’ 5'-CCTCTGGGTTCTCTTTCACATAGC-3'
SOCS3 5'-AAGGAGCCAAACACAGCCAATAG-3' 5'-AAAAAAGCCACCCCAACACAC-3’
SOCS4 5'-AACGACACACTGTTCCTATGAGTCC-3' 5'-CTGGGCTTATTCCTTTTTCTGGAG-3'
SOCS5 5'-CCTTTTCCTGCTGGCTCGG-3’ 5'-TGTGTATTTGTGCGTTGGGAGG-3’
SOCS6 5'-CCCATCCGCTCCACATCAC-3’ 5'-GCACATCCCGTCATCTAAAGGC-3’
SOCS7 5'-TGTCCCTTCCCACTTCATCTACC-3' 5'-TGCCTTGTTTTCCCTATCTGTCTC-3'
GPRI109A 5'-TGAGGCAGAGACAGATGGACAGAC-3' 5'-AGAAGTTGGGGAAAGATGGGC-3’
SLC5A8 5'-CTTGTGAAGCATCTCCAGGGC-3’ 5'-ACTCCAGGATAGCATCAATCAACC-3'
SLC5a8-BS 5'-ATTTGGATTGTGAATTGGAAAG-3’ 5'-CCCCTAACACCCTAAAACCC-3'
GPR109a-BS 5'-TATGTTTATAATTGGGATTGGAGGT-3’ 5'-AAACCCCACAAAAAACAAAAAATA-3'
ChIP-Fas-P 5'-GAACTTTCTCGCAACCCTTGG-3’ 5'-GGCACGCACAAACCGCTTC-3’
hiNOS 5'-ACATCACCACACCCCCAACC-3’ 5'-GAAAGCAGGAAGCCAGCAGAC-3’

BS: PCR primers for amplifying Bisulfite-modified genomic DNA for cloning and sequencing. ChIP-Fas-P: Primers for PCR amplification of the Fas promoter
DNA immunoprecipitated in chromatin immunoprecipation (ChIP). iNOS, inducible nitric oxide synthase; STAT, signal transducer and activator of transcription;

IRF, IFN regulatory factor; SOCS, suppressor of cytokine signaling.

inhibited by butyrate in a dose-dependent manner (Fig. 2B).
Taken together, our data suggest that butyrate partially inhibits
CD4* T cell activation.

Butyrate inhibits T cell proliferation. To determine whether
the above-observed partial inhibition of T cell activation by
butyrate is accompanied by inhibition of T cell proliferation,
we purified both CD4* and CD8™ T cells. The purified T cells
were activated with anti-CD3/CD28 mAbs for 3 days in the
presence of various concentrations of butyrate and analyzed for
proliferation by MTT assay. Low concentrations of butyrate
(<1 mM) did not exhibit a significant inhibitory effect on
CD4* T cells, but high concentrations of butyrate (>3 mM)
significantly inhibited proliferation of both CD4* and CD8" T
cells in vitro (Fig. 3, A and B).

Butyrate enhances activation-induced cell death of T cells.
To determine whether the above-observed inhibition of prolif-
eration is due to increased cell death, we activated T cells in the
presence of butyrate and analyzed T cell apoptosis. Flow
cytometry analysis indicated that butyrate increased apoptosis
of resting CD4 ™" T cells (Fig. 3C) and CD8" T cells (Fig. 3D)

in a dose-dependent manner. Butyrate also significantly in-
creased apoptosis of activated CD4™ T cells (Fig. 3C) and
CD8* T cells (Fig. 3D) in a dose-dependent manner. In
summary, our data suggest that butyrate is a potent apoptosis
inducer of CD4" and CD8* T cells.

Induction of apoptosis by butyrate in T cells is Fas-dependent.
Termination of an immune response after clearance of
pathogen-infected or diseased cells is primarily through
elimination of effector T cells through Fas-FasL interaction
to induce Fas-mediated apoptosis under physiological con-
ditions (25). To determine whether butyrate-induced apo-
ptosis is Fas-dependent, we examined the effects of butyrate
on T cells isolated from FasL-deficient (Fas®’¢) and Fas-
deficient (Fas””) mice. As observed above, butyrate en-
hanced wild-type (WT) CD4" and CD8" T cell apoptosis
(Fig. 4A). However, CD4" and CD8* T cells derived from
Fas®? and Fas’”” mice were resistant to butyrate-induced
apoptosis (Fig. 4A). Our results thus indicate that butyrate
induces apoptosis in T cells through the Fas-mediated apop-
tosis pathway.
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Fig. 1. Signal transducer and activator of transcription 1 (STAT1) hyperactivation is linked to T cell accumulation in the colonic mucosa of human ulcerative
colitis (UC) specimens. Immunohistochemical staining of CD3* T cells (A), and cytoplasmic (cSTAT1) and nuclear (pSTAT1) protein (B) in normal colon tissues
and colonic tissue specimens of human patients with UC. CD3 and STAT1 immunoreactivity is shown as the brown color, whereas cells that are unreactive are
indicated by the blue counterstain. Shown are representative images. a and ¢: Normal colon tissues from patients with colon cancer b and d: colon tissues from
human patients with UC. /: Image of entire tissue microarray (TMA) tissue disc; 2: high magnification of /. C: quantification of the number of CD3* T cells
and STAT -positive cells in the colon tissues. The number of CD3* T cells in each specimen printed on the TMA was counted, and cSTAT1 and nSTAT1 were
scored. Left: difference in the number of T cells between normal (n = 7) and UC (n = 6) colon tissues. Middle: difference in the percentage of cSTAT1-positive
colonic epithelial cells between normal and UC colon tissues. Right: difference in the percent of nSTAT1-positive colonic epithelial cells between normal and

UC colon tissues.

Butyrate inhibits HDACI activity to induce Fas promoter
hyperacetylation and Fas upregulation. To determine the ef-
fects of butyrate on Fas expression in T cells, spleen cells were
stimulated with anti-CD3/CD28 mAbs in the presence of
butyrate. Fas protein levels on CD4* and CD8™ T cell surfaces
were analyzed by flow cytometry. Low doses of butyrate
significantly increased Fas protein levels in both CD4™ and
CD8" T cells. High-dose (3 mM) butyrate, however, exhibited
minimal effects on Fas protein level (Fig. 4B), possibly attrib-
utable to protein degradation in the dying cells (Fig. 3).

To determine whether Fas expression is regulated by histone
acetylation, we examined the association of HDACs with the
Fas promoter in T cells. Mouse T cells were stimulated with
anti-CD3/CD28 antibody-conjugated magnetic beads and sub-
jected to ChIP using HDAC1- and HDAC2-specific antibodies.
PCR amplification of the immunoprecipitated genomic DNA
revealed that HDACI1 but not HDAC?2 is physically associated
with the Fas promoter region in the activated T cells in the
absence and presence of butyrate (Fig. 4C). In vitro assays with
purified HDACI indicated that butyrate inhibits HDACI1 ac-

tivity (Fig. 4D). Next, we sought to determine whether bu-
tyrate-mediated inhibition of HDACI leads to an increase in
Fas promoter histone acetylation. ChIP assay using an acetyl-
H3-Lys9-specific antibody revealed that butyrate induces hy-
peracetylation of H3 in the Fas promoter region (Fig. 4C).
Taken together, our data suggest that butyrate inhibits the Fas
promoter-bound HDACI activity to hyperacetylate the Fas pro-
moter, consequently resulting in the upregulation of Fas expres-
sion in T cells.

Butyrate transporter and receptor expression and function.
Butyrate can enter mammalian cells through the Na™-coupled
transporter, slc5a8, via a Na*-dependent electrogenic process
(31). However, the expression of slc5a8 is often silenced in
colon cancer cells (26). Butyrate can also elicit its biological
effects on colonic epithelial cells without transportation into
cells, via the G protein-coupled butyrate receptor, gprl09a
(44). To determine whether butyrate exerts its apoptosis-induc-
ing function through the transporter, slc5a8, or the receptor,
gpr109a, we examined the expression and functions of slc5a8
and gprl09a in T cells. The —3,000 to +1,000 region of the
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mouse slc5a8 promoter region contains two typical CpG is-
lands (Fig. 5A), whereas, that same region of the gpri09a
promoter contains a nontypical (>60% GC content) CpG
island (Fig. 5A). DNA sequence analysis of the bisulfite-
modified genomic DNA isolated from mouse CD4 " and CD8"
T cells revealed that the slc5a8 promoter region is only
sporadically methylated in CD4* and CD8™ T cells, whereas
the gpri09a promoter region is heavily methylated in both
CD4" and CD8™ T cells (Fig. 5B). However, despite the fact
that the slc5a8 promoter is partially methylated and the
gprl09a promoter is heavily methylated, RT-PCR analysis
indicated that both slc5a8 and gpri09a are expressed in T
cells, albeit at low level (Fig. 5C).

To determine whether slc5a8 or gpr109a mediates butyrate
function in T cells, we stimulated T cells derived from WT,

0.'25 d.5 1 3 5'
NaB (mM)

sle5a8-null (slc5a8'7), and gpr109a-null (gpr109a~'~) mice
with anti-CD3/CD28 mAbs in the absence and presence of
butyrate and analyzed T cell apoptosis. We observed that
CD4% and CD8% T cells isolated from slc5a8~/~ and
gpr109a—'~ mice were still sensitive to butyrate-induced apo-
ptosis (Fig. 5D), suggesting that GPR109A and SLC5A8 might
compensate for each other’s functions in T cells.

GPRI109A and SLC5A8 mediate expression of inflammation-
related genes in colonic tissue. The above observations suggest
that SLC5A8 and GPR109A might compensate for butyrate
function in T cells. Because butyrate functions to inhibit
colonic inflammation, we reasoned that deletion of slc5a8 or
gpr109a alters the expression of inflammation-related genes in
the colonic mucosa. Therefore, we collected colon mucosal
tissues from conventional WT, slc5a8'~, and gpri09a—'~
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Fig. 3. Butyrate induces T cell apoptosis. Purified CD4* (A) and CD8" (B) T cells were cultured in anti-CD3/CD28 mAb-coated plates for 24 h. Butyrate was
then added to the culture for another 24 h. Cellular proliferation/survival was analyzed using MTT assays. Cellular proliferation in the absence of butyrate was
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mice and analyzed the expression levels of sets of genes with
known functions in colonic inflammation. RT-PCR analysis
revealed that iNOS, a marker of inflammation, is dramatically
upregulated in colonic mucosa from slc5a8~'~ mice. The
expression levels of several genes of the IFN-y and TGF-f3
signaling pathways, namely STATI1, STAT2, IFN regulatory
factor (IRF)4, IRFS, suppressor of cytokine signaling (SOCS)I,
and SMAD, are upregulated in the colonic mucosa from slc5a8 ™/~
mice (Fig. 6). STAT4, IRF4, IRF5, SMADG6, and SMAD7 are
upregulated in the colonic mucosa from gprl09a~'~ mice
(Fig. 6). Taken together, these observations suggest that
slc5a8 and gpr109a mediate expression of distinct genes that
are involved in inflammatory response in colonic epithelial
cells in vivo.

Butyrate inhibits IFN-vy signaling but not proliferation in
human colonic epithelial cells. To functionally determine
whether butyrate mediates inflammatory response in colonic
epithelial cells, we examined the effects of butyrate on prolif-

eration, Fas expression, and IFN-vy signaling in the normal
human colonic epithelial cell line CCD-841 in vitro. Flow
cytometry analysis of cell surface Fas protein level indicated
that exposure to butyrate resulted in no significant alteration in
Fas receptor level. MTT assay revealed that, in contrast to what
was observed in T cells, butyrate did not inhibit CCD-841 cell
proliferation at a concentration as high as 10 mM (data not
shown). IFN-yR is expressed on CCD841 cells (Fig. 7A). IFN-y
treatment in vitro induced STAT1 phosphorylation (pSTATI),
and butyrate inhibited this IFN-y-induced STAT]1 activation (Fig.
7B). Because iNOS is not expressed in CCD-841 cells and IFN-y
plus LPS did not induce iNOS expression in CCD-841 cells, we
used colon carcinoma cell line T84 to determine the effects of
butyrate on iNOS induction. IFN-y and LPS induced a high level
of iNOS expression, and butyrate effectively inhibited iNOS
induction (Fig. 7C). Taken together, our data suggest that butyrate
suppresses colonic inflammation at least in part through inhibiting
iNOS upregulation in human colonic epithelial cells.
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DISCUSSION

Multiple recent Meta analysis and genome-wide association
studies of large cohorts of human patients have linked IFNG,
the gene encoding for the proinflammatory cytokine IFN-vy, to
human UC susceptibility (1, 30, 39). These findings firmly
established a role of IFN-vy in the promotion of UC in humans.
These data are consistent with several previous observations
that increased mucosal expression of the IFN-y gene, elevated
secretion of IFN-y protein, and increased levels of STATI
expression and activation are associated with UC pathogenesis
in human patients with UC (16, 37, 46). It has also been shown
that treatment of mice with TNBS-induced colitis with IFN-y
neutralizing antibody can at least partially achieve reversal of
colitis-associated weight loss (14). However, other studies
indicated that IFN-y signaling is not activated in colonic
tissues of patients with UC (32). Furthermore, IFN-v signaling
might play a suppressive role against colonic inflammation and
UC in an experimental colitis mouse model (32, 38). These
contrasting observations might be due to the different experi-

Butyrate (uM)

mental systems used in these studies. It is well-known that the
host gut microbiota and immune cells are critical players in UC
pathogenesis. The different composition of host gut microbiota
may lead to different immune responses in different experi-
mental system or human patients, thereby resulting in different
immune cell and cytokine profiles in the gut. In addition, it is
known that acute IFN-v signaling facilitates the clearance of
infection and pathogens (13), whereas chronic IFN-y signaling
mediates chronic inflammation and inflammation-associated
diseases, including UC and colorectal cancer (18, 37). There-
fore, it is very likely that acute IFN-vy production may suppress
UC (38), whereas it is the sustained/chronic T cell activation
that causes sustained IFN-y signaling, leading to IFN-y-depen-
dent and inflammation-mediated diseases.

IFN-v is produced primarily by activated T cells and NK
cells. Therefore, the increase in IFN-y/pSTAT1 is most likely
due to the increase in infiltrating T cells in the colonic mucosa
(20). Our results indicate that colonic mucosa from patients
with UC harbor significantly more T cells than the normal
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colon tissues. This observation is consistent with human clin-
ical data and animal-based studies that show a critical role of
T cells in UC pathogenesis (67, 35, 49). Therefore, it is very
likely that one of the mechanisms underlying UC pathogenesis
is persistence and accumulation of activated T cells in the
colonic mucosa that leads to overproduction of IFN-y. Over-
production of IFN-vy leads to sustained IFN-vy signaling and
STATI1 hyperactivation. IFN-y-induced STAT1 activation is
usually transient under normal physiological conditions. In con-
trast, overexpressed IFN-y-induced STAT1 hyperactivation may
result in altered expression patterns of [FN-y-regulated genes such
as iNOS that promotes chronic inflammation in the colonic mu-
cosa to promote UC and colorectal cancer (18).

Butyrate is primarily derived from dietary fiber by anaerobic
bacterial fermentation in the colon and exhibits potent anti-
inflammatory activity (11, 48). In this study, we carried out a
proof-of-concept study with mouse T cells and observed that
butyrate enhances T cell apoptosis. T cells are typically acti-
vated in response to normal stimuli followed by elimination
after clearance of the antigen. This is crucial for avoiding
autoimmunity and uncontrolled immune responses. Because of
the persistent exposure to a diverse number of antigens en-
countered in the gastrointestinal tract, gut lamina propria T
Ilymphocyte (T-LPL) numbers are controlled by induction of

i
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Fas-mediated apoptosis (12). T-LPL often express high levels
of Fas (12, 19); however, in cases of inflammatory bowel
disease, Fas expression levels in T-LPL as well as T-LPL
sensitivity to Fas-mediated apoptosis are often decreased (3, 5,
41, 42). In the functional level, it was reported that mice with
Fas deficiency in the colon tissues are hypersensitive to DSS-
induced colitis (34), whereas mice lacking FasL exhibited
more severe and persistent colitis than control WT mice (36).
Furthermore, treatment with anti-IL-12 mAb resulted in in-
creased Fas-mediated apoptosis of T cells and reversal of
colitis (14). These studies thus indicate that the Fas-mediated
apoptosis pathway in both colonic epithelial cells and T cells
plays a critical role in prevention of colitis in mouse models in
vivo. Therefore, one mechanism underlying colitis pathogen-
esis might be increased resistance to Fas-mediated apoptosis in
both colonic epithelial cells and T cells. Thus butyrate may
function to inhibit colonic inflammation through increasing T
cell sensitivity to apoptosis to eliminate the source of inflam-
mation. Butyrate functioning as an apoptosis promoter has
been reported in tumor cells. Several studies have shown that
butyrate either directly induces solid tumor cell apoptosis
through its transporter slc5a8 and receptor gpr109a (44 —45) or
through sensitizing the tumor cells to Fas-mediated apoptosis
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(8, 33). Our results thus extend the function of butyrate in
apoptosis induction from tumor cells to T cells.

Butyrate elicits its apoptosis-inducing activity through its
transporter SLC5A8 and receptor GPR109A in colon carci-
noma cells (9, 31, 44—45). However, whereas knocking down
either slc5a8 or gpri09a leads to altered expression of several
inflammation-related genes in the colonic tissues, neither
SLC5A8 nor GPRI109A is essential for butyrate-mediated
apoptosis in T cells, suggesting that the underlying molecular
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Fig. 7. Butyrate inhibits IFN-y-induced STAT1 activation and iNOS induction
in human colonic epithelial cells in vitro. A: IFN-yR level on CCD-841 cells.
CCD-841 cells were stained with IFN-yR-specific mAb and analyzed by flow
cytometry. Shaded area: IgG isotype control, solid line: IFN-yR-specific
staining. B: butyrate inhibits IFN-y signaling. CCD-841 cells were cultured in
the presence of butyrate at the indicated concentrations for 2 h. IFN-y (100
U/ml) was then added and cultured for 24 h. The cells were analyzed by Western
blotting with pSTAT1- and {3-actin-specific mAbs, sequentially. C: colon carci-
noma cell line T84 cells were cultured in the absence or presence of IFN-y (100
U/ml) and LPS (10 pg/ml) or IFN-y, LPS and butyrate (3 mM) for ~20 h, and
analyzed for iNOS transcript level by RT-PCR.

mechanisms of butyrate function in T cells might be different
from that in colonic epithelial cells, and that SLC5A8 and
GPR109A might compensate for each other in T cells. How-
ever, it should be noted that, in addition to GPR109A and
SLC5AS, butyrate also has other transporters and receptors,
including monocarboxylate transporter 1, GPR41, and GPR43
4, 17, 28). Nevertheless, SLC5A8 and GPR109A mediate
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Fig. 8. Model of butyrate function. Butyrate delivers a double-hit to suppress
colonic inflammation: first, butyrate inhibits STAT1 hyperactivation in colonic
epithelial cells to inhibit IFN-y-mediated chronic inflammation; second, bu-
tyrate inhibits Fas promoter-bound HDACI activity to induce Fas promoter
hyperacetylation and Fas upregulation, resulting in enhanced apoptosis of T
cells, which leads to decreased accumulation of T cells in the inflamed colonic
mucosa and consequently elimination of the source of inflammation. IBD,
inflammatory bowel disease; CRC, colorectal cancer.
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expression of distinct genes, including iNOS, in the colonic
epithelial cells in vivo. These genes are known to play key
roles in inflammation in vivo (Fig. 6).

We observed that butyrate directly inhibits HDACI enzy-
matic activity. We also demonstrated that HDAC] is bound to
the Fas promoter in T cells. Therefore, it is reasonable to
assume that hyperacetylation of the Fas promoter is a conse-
quence of butyrate-mediated inhibition of HDACI activity at
the Fas promoter region. Hyperacetylation leads to Fas recep-
tor upregulation and consequently increased sensitivity of T
cells to activation-induced cell death. Our results thus identify
HDACT as a molecular target of butyrate and demonstrate that
butyrate regulates the death receptor Fas expression to regulate
T cell apoptosis.

Although the end effects of butyrate are readily observable,
questions still remain, however, on how exactly butyrate is
utilized by the cell, the role of the SLC5a8 transporter and
GPR109a receptor, and the manner in which butyrate interacts
with HDACI1. Our data suggest that butyrate has beneficial
effects on two fronts: eliminating the source of inflammation
by increasing Fas-mediated apoptosis of T cells and reducing
the expression of proinflammatory transcription factor, STAT1, in
colonic epithelial cells. Based on these findings, we propose a
model to illustrate the preventive and therapeutic roles of
butyrate in UC. We propose that butyrate delivers a double-hit
to suppress colonic inflammation: first, butyrate inhibits STAT1
hyperactivation in colonic epithelial cells to inhibit IFN-y-medi-
ated chronic inflammation; second, butyrate inhibits Fas promot-
er-bound HDACI activity to induce Fas promoter hyperacetyla-
tion and Fas upregulation, resulting in enhanced apoptosis of T cells
and thus decreased accumulation of T cells in the inflamed colonic
mucosa (Fig. 8). Therefore, targeting the butyrate-HDAC1-Fas axis
may offer an effective novel approach to eliminate the overreactive T
cells in the treatment of inflammatory disease and inflammation-
mediated colorectal cancer (35).
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