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Expression of the cathelicidin LL-37 is modulated by short
chain fatty acids in colonocytes: relevance of signalling
pathways
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Background and aims: Short chain fatty acids (SCFA) exert profound effects on the colonic mucosa.
In particular, SCFA modulate mucosal immune functions. The antimicrobial cathelicidin LL-37 is
expressed by colon epithelial cells. In the present study the effect of SCFA on LL-37 expression was
investigated.
Methods: LL-37 expression in vivo was assessed by immunohistochemistry. Real time quantitative
reverse transcription-polymerase chain reaction was employed to determine LL-37 expression in
colonocytes in vitro after treatment with various cytokines, SCFA, or flavone. LL-37 levels were corre-
lated to cell differentiation which was determined by alkaline phosphatase (AP) activity. In addition,
intracellular signalling pathways such as MEK-ERK (mitogen/extracellular signal protein kinase
(MEK)/extracellular signal regulated protein kinase (ERK)) and p38/mitogen activated protein (MAP)
kinase were explored.
Results: In vivo, LL-37 expression in healthy mucosa was restricted to differentiated epithelial cells in
human colon and ileum. In colonocytes, increased LL-37 expression associated with cell differentiation
was detected in vitro following treatment with butyrate, isobutyrate, propionate, and trichostatin A.
Flavone induced LL-37 transcription but did not affect AP activity while cytokines had no effect. To dis-
sect pathways mediating differentiation and LL-37 expression, specific inhibitors were applied. Inhibi-
tion of the protein kinase MEK enhanced butyrate induced AP activity while LL-37 expression in colon
epithelial cells was blocked. In contrast, inhibition of p38/MAP kinase blocked cell differentiation
without inhibiting LL-37 expression.
Conclusions: Expression of the cathelicidin LL-37 in colonocytes and cellular differentiation are sepa-
rately modulated by SCFA via distinct signalling pathways. These data may provide a rationale for
dietary modulation of mucosal defence mechanisms.

The single cell layer of the colonic epithelium is an active
barrier against the external environment and the enor-
mous load of intestinal bacteria. In addition to forming a

physical barrier, the epithelium is armed with an array of
effector molecules, including antimicrobial peptides.1 2 These
peptides can be considered as endogenous antibiotics and are
widespread in nature as immediate defence effectors. They
have been found in invertebrates, vertebrates, and plants, as
well as in bacteria, and several human antimicrobial peptides
have been characterised.3–5 They are mainly stored in vacuoles
of granulocytes ready for activation upon stimulation or
secreted directly onto mucosal surfaces by epithelial cells.

The cathelicidins constitute a family of precursor proteins
with a well conserved cathelin pro-region, followed by a highly
variable C terminal antimicrobial domain. The only human
cathelicidin gives rise to LL-37, a 37 residue mature
antimicrobial peptide, after cleavage from the cathelin
propart.6–8 LL-37 is present in neutrophils and lymphocytes.7 9

In addition, LL-37 is synthesised by bone marrow,6 keratino-
cytes of inflamed skin,10 lung epithelium,11 and squamous epi-
thelia of human mouth, tongue, oesophagus, cervix, and
vagina.12 Both purified and chemically synthesised LL-37 pep-
tides exhibit potent and comparable antimicrobial activities in
vitro.5 13

Antimicrobial peptides are active effector molecules in
intestinal mucosal defence and constitute an integral part of
immediate responses at epithelial barriers.10 14 15 Mice deficient
in the metalloproteinase matrilysin, which is responsible for
processing epithelial α- defensins (cryptdins) of the small

intestine, are more sensitive to orally administered bacteria.16

Furthermore, certain bacteria have evolved mechanisms to
overcome the antimicrobial peptide barrier in human colon;
Shigella bacteria downregulate LL-37 and HBD-1 expression in
the colon epithelium, as a potential invading mechanism.17 In
contrast, transgenic mice, expressing additional human
defensin in their Paneth cells, demonstrate increased survival
after challenge with Salmonella typhimurium.18 Taken together,
these results emphasise the importance of the peptides in the
barrier function of gut epithelia.

Alterations of the colonic epithelial barrier may occur in
response to dietary changes, medical treatment, or disease.
Lack of dietary fibre can facilitate bacterial translocation from
the gut.19 Short chain fatty acids (SCFA)—namely, acetate,
propionate, and butyrate—are derived from bacterial fermen-
tation of undigested dietary fibre in the colon.20 Butyrate and
other SCFA exert profound effects on colonic physiology as
they affect fluid absorption, colonocyte metabolism, prolifera-
tion and differentiation, gut motility, and mucosal
inflammation.20 21

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Abbreviations: MEK, mitogen/extracellular signal protein kinase; ERK,
extracellular signal regulated protein kinase; MAP, mitogen activated
protein; SCFA, short chain fatty acids; AP, alkaline phosphatase; RT-PCR,
reverse transcription-polymerase chain reaction; FCS, fetal calf serum;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CBB, cold
binding buffer.

See end of article for
authors’ affiliations
. . . . . . . . . . . . . . . . . . . . . . .

Correspondence to:
Dr J Schauber,
Medizinische Klinik,
Schwerpunkt
Gastroenterologie,
Josef-Schneider-Str 2,
97080 Würzburg,
Germany;
j.schauber@medizin.
uni-wuerzburg.de

Accepted for publication
12 November 2002
. . . . . . . . . . . . . . . . . . . . . . .

735

www.gutjnl.com



Spontaneously differentiating colon epithelial cells and
cells treated with the differentiation inducing agent butyrate
expressed more LL-37 than untreated controls in a recently
published study.22 LL-37 was not upregulated in response to
stimulation with various proinflammatory mediators. There-
fore, the authors concluded that cell differentiation is the key
determinant of LL-37 expression in colon epithelial cells.22 In
the present study, regulation of LL-37 expression in human
intestinal epithelial cells was further characterised. We report
that the effect of SCFA on LL-37 expression is not strictly cou-
pled to the stage of cellular differentiation. Intracellular
signalling pathways are critical for SCFA modulated LL-37
expression in colon epithelial cells.

MATERIALS AND METHODS
Cells and stimulation experiments
The colon epithelial cell lines SW620 (ATCC CCL-227), SW480
(ATCC CCL-228), and HT-29 (ATCC HTB-38) were used for
expression studies. SW620 and SW480 cells were grown in
minimal essential medium with 10% fetal calf serum (FCS),
2 mmol/l L-glutamine, 100 U/ml penicillin, and 100 µg
streptomycin (Life Technologies, Karlsruhe, Germany). HT- 29
cells were cultured in RPMI medium (Life Technologies) sup-
plemented with 5% FCS and 2 mmol/l L-glutamine. In
addition, we used an epithelial cell line named Geki2 that was
developed in our laboratory and derived from a colon
adenoma of a 56 year old female. All cell lines were cultured in
75 cm2 flasks in a humidified atmosphere at 37°C in the pres-
ence of 5% CO2. Acetate (5 mmol/l), propionate (10 mmol/l),
butyrate (2 mmol/l, 4 mmol/l), isobutyrate (0.2 mmol/l,
2 mmol/l), lactate (0.2 mmol/l, 2 mmol/l), flavone (25–150
µmol/l) (all from Sigma-Aldrich, Steinheim, Germany), or tri-
chostatin A (400 ng/ml) (Calbiochem, California, USA) was
added to serum free medium and cells were incubated for up
to 48 hours.

Analyses of cell signalling pathways
To investigate the involvement of intracellular signalling path-
ways such as the MEK-ERK (mitogen/extracellular signal
protein kinase (MEK)-extracellular signal regulated protein
kinase (ERK)) pathway or the p38/mitogen activated protein
(MAP) kinase pathway in butyrate induced cell differentiation
and LL-37 expression, additional studies were performed.
SW620 and HT-29 colon cells were incubated with or without
the specific MEK inhibitor U0126 (20 µmol/l) (Cell Signalling,
Massachusetts, USA) for 30 minutes before butyrate (2
mmol/l) or trichostatin A (400 ng/ml) addition to the culture
medium, and cells were incubated for up to 48 hours. Further-
more, SW620 and HT-29 cells were treated with or without the
p38/MAP kinase inhibitor SB203580 (10 µmol/l) (Calbio-
chem) for 30 minutes prior to butyrate treatment.

RT-PCR and TaqMan real time RT-PCR assay
At each time point, total RNA was prepared from the attached
growing cell fraction using Trifast (Peqlab, Erlangen, Ger-
many) according to the manufacturer’s instructions. An RNA
clean up protocol was performed followed by treatment with
RNAse free DNAse (RNeasy; Quiagen, Hilden, Germany). All
RNA material was denatured at 94°C for five minutes and
chilled to 4°C. A semiquantitative reverse transcription-
polymerase chain reaction (RT-PCR) approach by PCR ampli-
fication with subsequent Southern blotting and hybridisation
was performed, as described previously.17

For quantification, expression of LL-37 and the housekeep-
ing gene glyceraldehyde-3- phosphate dehydrogenase
(GAPDH) were measured in triplicate from 2–5 independent
RNA extractions by real time quantitative RT-PCR using a PE
Applied Biosystems (ABI, Foster City, California, USA) PRISM
model 7700 sequence detection instrument. GAPDH tran-
script numbers were measured by PCR reactions using the

GAPDH-PDAR-Housekeeping Kit (ABI) which does not
amplify GAPDH pseudogenes. The sequences of forward and
reverse primers, as designed by Primer Express (ABI) for
quantification of LL-37 mRNA were 5′- ACC CAG CAG GGC
AAA TCT C-3′ and 5′-GAA GGA CGG GCT GGT GAA G-3′,
respectively. The TaqMan fluorogenic probe used for LL-37 was
5′-TGT TAT CCT TAT CAC AAC TGA T-3′ FAM label. A standard
curve was constructed from serial dilutions of cDNA
synthesised from a known quantity of total RNA from U937
monocytic cells (ACC5, DSMZ Braunschweig, Germany).
LL-37 and GAPDH starting transcript number values for the
standard curve were set arbitrarily. LL-37 and GAPDH values
in unknown samples were quantified by measuring Ct and
reading the corresponding value off the standard curve. LL-37
expression was then normalised to GAPDH expression and
LL-37 expression levels in medium treated control cells were
considered to be “1” in LL-37 expressing cells (HT-29, Geki-2
cells). Relative expression of LL-37 was calculated by relating
LL-37 expression in treated cells to control cells. SW620 and
SW480 did not express LL-37 transcripts at baseline and when
treated with the medium control. In order to quantify LL-37
expression in those cells, LL-37 expression after 24 h hours of
treatment with butyrate 2 mmol/l was considered to be “1”
and all other levels were correlated with this value.

Immunohistochemistry
Healthy colorectal mucosa and biopsy material of the distal
ileum obtained from patients during another study23 and from
patients undergoing routine colonoscopy were analysed. The
study was approved by the ethics committee at the Faculty of
Medicine, University of Würzburg. Biopsies were taken with a
standard tong and staining with a specific LL-37 polyclonal
rabbit antiserum was performed as described previously.17

Briefly, biopsies were fixed in 5% formaldehyde and embedded
in paraffin. Serial sections were stained with a 1/4000 dilution
of the specific LL-37 antiserum (2.5 µg/µl) according to a
standard procedure using a biotin-streptavidin detection sys-
tem (Multilink; BioGenex, California, USA). As a negative
control, the primary antibody was preabsorbed with excess
amounts of the synthetic LL-37 peptide, as previously
described.17

Apoptosis assays
Attached growing SW620 and HT-29 cells were treated with
butyrate or flavone, as described above, harvested and
dispensed to 106 cells/ml in cold binding buffer (CBB; 10
mmol/l Hepes, 150 mmol/l NaCl, 2.5 mmol/l CaCl2, 10 mmol/l
MgCl2, 20% bovine serum albumin). The cell suspension (495
µl) was placed into an Eppendorf microfuge tube and 5 µl of
annexin-V-fluoroisothiocyanate (Sigma-Aldrich) were added,
stored on ice for 13 minutes, and centrifuged (900 rpm, 4°C, 10
minutes). The pellet was diluted in 500 µl of CBB, and 5 µl of
propidium iodine (50 µg/ml; Sigma) were added to indicate
the integrity of the cell membrane and to differentiate early
(annexin V+/propidium iodine−) and late (annexin V+/
propidium iodine+) apoptotic cells. Cells were washed and
resuspended in 500 µl of CBB for analysis by FACScan (Becton
Dickinson, Mannheim, Germany). After excitation at 488 nm,
emission of FITC and propidium iodine was recorded through
specific band pass filters: 530 (30) nm for FITC (FL-1), 675
(22) nm for propidium iodine (FL-3), and appropriate
electronic compensations were adjusted. Analyses was per-
formed by WIN.MDI 2.8 (Joseph Trotter, © 1993–1998). For
further measurement of late apoptosis, cells (250 000
cells/slide) were cultured on chamber slides and treated with
butyrate as described above. After fixation, apoptosis was
quantified using a commercial kit by counts of cells stained
positive after the TUNEL reaction (Roche, Mannheim,
Germany).
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Differentiation assay
Alkaline phosphatase (AP) activity was used to measure
differentiation of the investigated cells. AP activity is one of a
number of accepted surrogate markers of colon cell
differentiation.22 24–27 For the assay, attached growing cells were
washed with cold phosphate buffered saline, scraped, soni-
cated (2×20 seconds), and centrifuged at 5000 rpm for 10
minutes at 4°C. AP activity in the supernatant was measured
by hydrolysis of p- nitrophenyl phosphate at pH 9.8 and 25°C
(Modular; Roche Diagnostics). Cellular protein was deter-
mined by a modified Lowry assay using a commercially avail-
able kit (Biorad, Hercules, California, USA). Enzyme activity
was expressed as mU per mg of protein, where one unit repre-
sents the enzyme activity hydrolysing 1 µmol of substrate per
minute.

Statistical analyses
All statistical analyses were performed using SigmaStat 2.03
(SPSS Inc., San Rafael, California, USA). The Komolgorov-
Smirnov test was used to test the data for normal distribution.
The Student’s t test was used to calculate statistical
differences.

RESULTS
Butyrate induces LL-37 expression in colon epithelial
cells but also AP activity, a marker of colon cell
differentiation
RT-PCR analyses of SW620 or SW480 colon cells showed no
expression of LL-37 while Geki2 and HT-29 colon epithelial
cells showed a basal level of LL-37 expression. Following incu-
bation with butyrate, LL-37 transcripts were detected after six
hours in SW620 and SW480 cells and prolonged incubation
with butyrate resulted in a time and dose dependent induction
of LL-37 expression (fig 1, fig 3A). Geki2 colon cells incubated
with butyrate (2 mmol/l) showed 126-fold (mean) induction
of LL-37 expression after 48 hours which was further
enhanced with increasing butyrate concentrations (fig 1,
fig 3A). In butyrate treated HT-29 cells, similar results were
observed (fig 1). In parallel, induction of LL-37 expression was
detected in butyrate treated short term cultures of freshly iso-
lated colorectal epithelial cells (data not shown). Simultane-
ously, butyrate induced differentiation in the investigated cells
as measured by AP activity in HT-29, SW620, SW480, and
Geki2 colon cells. In untreated Geki2 cells, AP activity was
higher than in the other investigated cell lines and increased
significantly after 48 hours of incubation with butyrate (fig 2).
Stimulation with inflammation mediators, including tumour
necrosis factor α, interleukin 1α, interleukin 6, interferon γ,
interferon α, and lipopolysaccharide had no effect on LL-37
expression in untreated or butyrate pretreated colon epithelial
cells (data not shown).

Induction of LL-37 transcription in colon epithelial cells
by additional dietary compounds
To evaluate if induction of LL-37 transcription in colon epithe-
lial cells is specific for butyrate, the effects of other SCFA and
distinct colon luminal factors were investigated. Incubation of

Figure 1 Expression of LL-37 in SW620 colon cells detected by
reverse transcription-polymerase chain reaction (RT-PCR) and
Southern hybridisation during butyrate (2 mmol/l) treatment (A).
Quantitative real time RT-PCR analyses of LL-37 expression in
SW620 colon cells (B). Cells were incubated with butyrate (2
mmol/l) and real time RT-PCR analyses using a TaqMan system were
performed. No LL-37 transcripts were detected in medium control
treated SW620 cells at any time point. LL-37 expression levels are
therefore displayed as “fold induction” relative to induction after
incubation with butyrate 2 mmol/l for 24 hours. **p<0.01;
***p<0.001. Similar results were obtained in SW480 cells (data
not shown). Induction of LL-37 transcription in Geki2 (left) and HT-29
(right) colon cells incubated with butyrate 2 or 4 mmol/l is displayed
as “fold induction” relative to medium treated control Geki2 cells
and HT-29 cells, respectively (C). *p<0.05; ***p<0.001.
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Figure 2 Effect of butyrate on alkaline phosphatase (AP) activity of
SW620, HT-29, and Geki2 colon epithelial cells. Cells were
incubated with butyrate 2 mmol/l or medium alone and AP activity
was measured. Values are expressed as mU of AP activity per mg of
cellular protein and are means (SD). **p<0.01; ***p<0.001.
Similar results were obtained in SW480 cells (data not shown).
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SW620 cells with isobutyrate and propionate resulted in a sig-
nificant induction of LL-37 transcription after 24 hours, while
48 hours of incubation did not result in further induction.
Equivalent doses (2 mmol/l) of butyrate and isobutyrate had
similar effects (fig 3A) and again, LL-37 induction was paral-
leled by increased AP activity (fig 3B). The effect of isobutyrate
and propionate on cell differentiation however was signifi-
cantly lower than the effect of butyrate (p<0.001). In contrast,
incubation with acetate or lactate for 48 hours did not affect
LL-37 expression or AP activity in the investigated colon cells
(fig 3).

Flavone, another dietary compound which regulates colon
cell differentiation,28 induced LL-37 expression after 24 hours
but no further induction was observed after 48 hours of incu-

bation (fig 3A). Despite this significant effect on LL-37
expression, incubation with flavone did not result in a
significant increase in AP activity in SW620 and HT-29 cells
(fig 3B).

LL-37 regulation by SCFA might involve core protein
modulation
Many of the effects of butyrate are attributed to reversible
inhibition of histone deacetylases resulting in modulation of
core histone and non-histone proteins and subsequent gene
activation or suppression.29 In our studies, trichostatin A, a
synthetic inhibitor of histone deacetylases, also induced LL-37
expression in HT-29 and SW620 cells, suggesting involvement
of this mechanism (fig 3).

Figure 3 (A) Comparison of LL-37 induction by different short chain fatty acids, lactate, flavone, and trichostatin A in SW620 colon cells.
LL-37 expression was analysed by quantitative real time reverse transcription-polymerase chain reaction analyses, as described. **p<0.01;
***p<0.001. (B) Effect of assorted luminal factors on alkaline phosphatase (AP) activity as a surrogate marker of colon epithelial cell
differentiation. SW620 cells were incubated with the indicated substrates and AP activity was measured. Values are expressed as mU of AP
activity per mg cellular protein and are means (SD). *p<0.05; ***p<0.001.
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Butyrate induced LL-37 expression does not correlate
with increased cell death
As butyrate and flavone are potent inducers of apoptosis, we
wanted to exclude the fact that induction of LL-37 expression
is associated with increased cell death. Therefore, analyses
were performed to detect apoptotic cells among the attached
growing cell fraction which was used in our expression stud-
ies. FACS analyses of positive stained cells for propidium
iodine and annexin V revealed no differences when comparing
butyrate treated and control cells. After 24 hours of butyrate
treatment, 0.1% (mean) of HT-29 cells stained positive for
annexin V and negative for propidium iodine as a sign of early
apoptosis compared with 0.3% in controls. Positive stained
cells for propidium iodine and annexin V (late apoptosis) were
shown for 0.2% of butyrate treated cells and 1.5% of controls.
After 48 hours, no differences between butyrate treated and
control cells were detected for early (0.1% v 0.1%) or late (0.8%
v 0.9%) apoptosis. Similar results were observed for SW620
colon cells (data not shown). TUNEL assays for the detection
of late apoptotic cells confirmed these results and revealed no
significant difference between butyrate treated and untreated
cells (data not shown). No difference in the number of early or
late apoptotic cells was observed when comparing flavone
treated SW620 and control cells (data not shown). Incubation
with flavone 25–100 µmol/l did not result in significant apop-
tosis induction in HT-29 cells. However, in attached growing
HT-29 cells treated with flavone 150 µmol/l, early apoptosis
was detected in 9.1% (mean) after 24 hours and in 5.5% after
48 hours, which was a significant (p<0.05) increase compared
with control cells.

The presence of LL-37 in biopsies of the intestinal
mucosa is restricted to differentiated epithelial cells
To determine whether expression of LL-37 in differentiating
colon epithelial cell lines and short term cultures represents
the expression pattern in vivo, sections of adult human colon
and human ileum were immunostained with the LL-37
specific polyclonal antibody. A gradient of the LL-37 peptide
was detected along the colonic crypt with the most prominent
staining in the differentiated colonocytes at the epithelial sur-
face while no sign of LL-37 was observed at the base of the
crypt (fig 4). Immunohistochemical analyses of distal small
intestinum revealed a similar staining pattern; LL-37 peptide
was predominantly expressed in the surface epithelium of the

villus and only weak or no staining was detected in the deeper
crypt epithelium (fig 4).

Figure 4 Expression of LL-37 peptide in epithelial cells in human colon and ileum. LL-37 expression was detected in colorectal (A) and ileal
(B) biopsy specimens from healthy individuals by staining serial sections with the polyclonal antibody for LL-37. Sections are shown at 100×
and 250× magnifications. As a negative control, the primary antibody was preabsorbed with the synthetic LL-37 peptide (displayed on the
right panel).

Figure 5 Effect of specific kinase inhibitors on butyrate induced
alkaline phosphatase (AP) activity and LL-37 expression. SW620
colon cells were incubated with butyrate or trichostatin A (TSA) after
preincubation with or without the MEK inhibitor U0126 or the
p38/MAP kinase inhibitor SB203580, and LL-37 expression was
analysed by quantitative reverse transcription-polymerase chain
reaction (A). (B) Influence of the inhibitors on butyrate or trichostatin
A induced AP activity as a surrogate marker for differentiation.
*p<0.05; ***p<0.001.
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Influence of MEK/ERK and p38/MAP kinase signalling
pathways on modulation of butyrate/trichostatin A
induced AP activity and LL-37 expression in colon
epithelial cells
To determine if butyrate regulated LL-37 expression and AP
activity share common signal transduction pathways, we uti-
lised the specific MEK inihibitor U0126 and the p38/MAP
kinase inhibitor SB203580. In SW620 cells, butyrate induced
LL-37 transcription was blocked by U0126, suggesting
involvement of the MEK-ERK pathway (fig 5). In addition,
trichostatin A induction of LL-37 expression was blocked by
inhibition of the MEK-ERK pathway. In contrast, AP activity
was clearly enhanced in SW620 cells when U0126 was added
prior to butyrate treatment. However, incubation with U0126
prior to trichostatin A treatment did not affect AP activity in
SW620 cells (fig 5).

In HT-29 colon cells, butyrate incubation for 24 hours (48
hours) resulted in a 20-fold (65- fold) increase in LL-37 tran-
scripts relative to control HT-29 cells. U0126 blocked this
induction after 24 hours (p=0.002) and 48 hours (p=0.004) of
incubation (data not shown). Again, MEK-ERK blockage
enhanced butyrate induced AP activity fivefold in HT-29 cells
after 24 hours (p=0.017) and approximately sevenfold after
48 hours (p=0.002) in HT-29 colon cells (data not shown).

Blocking the p38/MAP kinase pathway with SB203580 had
divergent effects on butyrate induced LL-37 transcription in
SW620 cells; LL-37 induction was not affected after 24 hours,
however after 48 hours a rather supportive effect was
observed. In contrast, butyrate induced AP activity in SW620
cells was totally blocked by SB203580 after 24 and 48 hours
(fig 5).

DISCUSSION
Epithelium derived antimicrobial peptides (peptide antibiot-
ics) are important components of host defence at mucosal
surfaces.1 2 Several antimicrobial peptides have been charac-
terised in humans, including the defensins and one cathelici-
din that liberates the LL-37 peptide.5 30 Peptide antibiotics have
been investigated in distinct pathological conditions and the
results emphasise their importance in innate defence.10 17 31–35

However, comprehensive knowledge of their expression and
regulation is still lacking. In the present study, expression of
the cathelicidin LL-37 in human colon epithelium was inves-
tigated to elucidate the regulatory pathways of antimicrobial
defences in gut epithelia.

The human colon harbours a total population of approxi-
mately 1014 bacteria from up to 400 different species.36 A suffi-
cient bactericidal defence barrier is therefore essential for host
defence. The single cell layer of the colon epithelium
maintains this barrier and produces an array of immune
mediators, including antimicrobial peptides. Indeed, these
peptides were prophetically suggested to be key regulators of
the natural flora in the gut over a decade ago37 and current
research data support the validity of this suggestion.
Consequently, human β-defensin-2 has been shown to be
upregulated in response to bacterial presence and proinflam-
matory mediators in colon epithelium.15 In contrast, the anti-
microbial peptides LL- 37 and β-defensin-1 are constitutively
expressed in colon epithelial cells and a recent report claimed
cell differentiation to be the key determinant for LL-37
expression in the colon.22

The results of our study confirm certain observations of this
earlier work. In addition, various stimulators and inhibitors
were used in order to evaluate regulatory pathways and to
discriminate between differentiation and LL-37 transcription.
Prominent epithelial staining was detected at the top of the
colonic crypt which is in accordance with the recycling model
of the colon epithelial cells; stem cells at the base of the colonic
crypts divide and migrate along the crypt to the epithelial sur-
face and undergo differentiation at the same time.38 In

addition, we detected a similar staining pattern of LL-37
expression in the human distal small intestine. Again, differ-
entiated enterocytes at the top of the villus showed prominent
intracellular staining for LL-37, while in the cells of the deeper
crypt epithelium LL-37 was not detected (fig 5).

SCFA serve as primary substrates for colonocyte metabo-
lism and are well known inducers of differentiation in
colorectal cancer cells.24 28 Butyrate, isobutyrate, and propion-
ate induced differentiation, as measured by AP activity in the
investigated cells, and simultaneously LL-37 expression
increased in a time and dose dependent manner. This
observation was further complemented with results obtained
in a more differentiated adenoma derived cell line, Geki2,
which showed approximately 10-fold higher basal AP activity
than the other colon cell lines examined. However, in Geki2
colon cells the more differentiated status at baseline was not
associated with higher LL-37 expression. Furthermore, in
contrast with SCFA, stimulation with flavone had no effect on
differentiation but induced LL-37 expression significantly.
These results suggest distinct pathways for induction of the
genes involved in differentiation on the one hand and expres-
sion of the gene encoding LL-37 on the other. The expression
pattern of LL-37 in the colon crypt implies that these
pathways are activated simultaneously in vivo.

Butyrate induced differentiation in human colon cells is
associated with alterations of the MEK-ERK signal transduc-
tion pathway.25 26 Inhibition of MEK-ERK activation has been
shown to enhance the differentiating effect of butyrate on
colon epithelial cells.25 Accordingly, in our study, the MEK
inhibitor U0126 enhanced butyrate induced AP activity in the
investigated colon cells but blocked butyrate induced LL-37
expression. In contrast, blocking of the MAP kinase p38
resulted in inhibition of butyrate induced differentiation while
LL-37 expression was not affected. Thus our data suggest that
SCFA induced differentiation and the effect on LL-37 expres-
sion in colon epithelial cells are dependent on distinct
intracellular pathways. Butyrate stimulation seems to activate
different MAP kinases; while ERK enhances LL-37 transcrip-
tion via activation of MEK, p38 activates induction of
differentiation. Interestingly, the MEK-ERK pathway is also
critical for LL-37 regulation in leucocytes such as monocytic
cells (Schauber et al, unpublished results). These data
underscore the importance of signalling pathways in the
regulation of distinct effectors in innate immunity.

At present, only one pathogenic condition involving the
human colon has been studied with respect to LL-37
expression.17 During Shigella infection, LL-37 transcription is
turned off in the colonic epithelium. The LL-37 peptide cannot
be detected in colon epithelial cells during active disease in
vivo. Interestingly, Rabbani et al observed clinical improvement
in rabbits with experimental shigellosis when the animals
were treated with SCFA.39 Whether this observation can be
linked to enhanced expression of epithelial antimicrobial pep-
tides remains to be determined. From this angle, Shigella
might be able to promote inhibition of the MEK kinase.
Indeed, MAP kinases have recently entered the spotlight as
targets for viral and bacterial pathogens.40 41

Notably, nothing is known of the consequences of increased
antimicrobial peptide expression on the commensal intestinal
flora, which is critical for protection of the mucosa against
enteropathogenic microbes. A pathological increase in the
activity of endogenous antibiotics would not then be
beneficial to the host but might have deleterious conse-
quences.

In summary, this study gives new insights into the regula-
tion of the antimicrobial cathelicidin LL-37 in human colon
mucosa and may provide the basis for therapeutic manipu-
lation of LL-37 expression. However, it remains to be
elucidated if butyrate and other dietary substrates can
strengthen the epithelial defence barrier by upregulating
LL-37 and other effectors of innate immunity in vivo.
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