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mediated release of inflammatory cytokines from macrophages
and protects against disease pathology in dextran sulphate
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Introduction

Summary

Lipopolysaccharide (LPS) and inflammatory cytokines cause activation of
sphingomyelinases (SMases) and subsequent hydrolysis of sphingomyelin
(SM) to produce a lipid messenger ceramide. The design of SMase inhibi-
tors may offer new therapies for the treatment of LPS- and cytokine-related
inflammatory bowel disease. We synthesized a series of difluoromethylene
analogues of SM (SMAs). We report here the effects of the most potent
SMase inhibitor, SMA-7, on the LPS-mediated release of tumour necrosis
factor-o, interleukin-1§ and interleukin-6 from THP-1 macrophages and
the pathology of dextran sulphate sodium (DSS)-induced colitis in mice.
SMA-7 suppressed the LPS-induced cytokine release and nuclear factor-
kB activation. LPS stimulation caused a four-fold increase in acid SMase
activation, but little increase in neutral SMase activity. The presence of
10 pm SMA-7 caused acid SMase to remain at the control levels and reduced
the formation of ceramide. HT-29 cells had significantly decreased cell viabil-
ity when incubated with media from LPS-stimulated THP-1 macrophages.
However, incubating the colon cells in media from both SMA-7 and LPS-
treated macrophages caused little decrease in viability, suggesting that
ceramide has a role in the LPS-stimulated signalling that releases cytotoxic
factors against colon cells. Oral administration of SMA-7 to mice with 2%
DSS in the drinking water, for 10 or 21 consecutive days, reduced significantly
the cytokine levels in the colon and the severity of colonic injury. These findings
suggest a central role for acid SMase/ceramide signalling in the pathology of
DSS-induced colitis in mice, indicating a possible preventive or therapeutic
role for SMase inhibitor in inflammatory bowel disease.

Keywords: ceramide; inflammatory bowel disease; lipopolysaccharide;
nuclear factor-kB; sphingomyelinase

appear,"? indicating ongoing recruitment to the inflamed
bowel.>* The macrophages may contribute to intestinal

Ulcerative colitis and Crohn’s disease are chronic inflam-
matory disorders of the bowel that fall in the category of
inflammatory bowel disease (IBD). In the colons of
patients with IBD, the number of macrophages is abnor-
mally large and subpopulations of macrophages, not nor-
mally present in the lamina propria of the intestine,

damage by releasing oxyradicals® and by secreting inflam-
matory cytokines, such as interleukin-1 (IL-1), IL-2,
IL-6, tumour necrosis factor-o. (TNF-o) and interferon-y
(IFN-7).® Therapies for IBD target one or more of these
inflammatory mediators. Recent advances in drug devel-
opment for IBD have involved the use of monoclonal

Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium; DSS, dextran sulphate sodium; ELISA, enzyme-linked
immunosorbent assay; FBS, fetal bovine serum; HPBMC, human peripheral blood mononuclear cells; IBD, inflammatory
bowel disease; IFN, interferon; IL, interleukin; LC/MS, liquid chromatography/ion spray ionization mass spectrometry;

LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-xB, nuclear factor-kB; PBS, phosphate-buffered saline;
PMA, phorbol 12-myristate 13-acetate; SM, sphingomyelin; SMA, difluoromethylene analogue of sphingomyelin;

SMase, sphingomyelinase; TLR4, toll-like receptor 4; TNF, tumour necrosis factor.

54

© 2007 Blackwell Publishing Ltd, Immunology, 122, 54-64



antibodies to inhibit specific inflammatory cytokines such
as ILs, IFNs and TNF-o.”? In particular, the anti-TNF-o
antibodies, CDP571 and infliximab have been used clinic-
ally to treat Crohn’s disease with some success.”'’
Lipopolysaccharide (LPS) is the major constituent of
the outer membrane of Gram-negative bacteria; it plays a
beneficial role in the course of bacterial infection because
of its ability to stimulate the host immune response. LPS
also induces the release of inflammatory cytokines such
as IL-1B, IL-6, IL-8 and TNF-a from monocyte/macro-
phages'"'? via the mechanism of nuclear factor-kB
(NF-xB) activation.'*”
ceramide by activating sphingomyelinase (SMase) in
macrophages, similar to that seen upon IL-1f or TNF-a
treatment.'®'” Ceramide triggers mitogen-activated pro-
tein kinase (MAPK), which leads to the expression of a
variety of genes, resulting in inflammatory responses.'®

15 . .
LPS causes an increase in cellular

Thus, the role of cellular ceramide in signal transduction
may be important in treating Gram-negative bacteria-
induced sepsis syndrome or IBD.

We wished to investigate new methods of inhibiting
the inflammatory actions of these macrophage-produced
cytokines on bowel tissues and to do so in an animal
model of IBD. Blocking ceramide production by inhibit-
ing SMase activity is expected to be an available method,
because ceramide is the common signal transducer of at
least LPS, IL-1B and TNF-0.'%'” Two SMases, neutral and
acid SMases, are activated in response to many extracellu-
lar stimuli. Despite extensive studies, their precise cellular
functions and mechanisms of regulation are not well
understood. We have previously designed and synthesized
difluoromethylene analogue of sphingomyelin (SMAs)
which inhibit neutral SMase in bovine brain microsomes
with 50% inhibitory concentrations (ICs,) values of 3-3—
377 um.'”* Our SMAs also showed the same inhibitory
effect on acid SMase in the brain.'” The object of this
study was to use the most potent SMA-7 with an ICsq
value of 3-3 uMm to evaluate the role of SMase in LPS-
stimulated macrophages and the therapeutic effects of
SMA-7 in intestinal inflammation. Here we show that
SMA-7 suppresses acid SMase-catalysed ceramide produc-
tion, NF-xB activation, and the inflammatory cytokine
release from macrophages caused by LPS. The SMase
inhibitor reduced dextran sulphate sodium (DSS)-induced
intestinal inflammation in mice. To our knowledge this is
the first demonstration that inhibition of acid SMase may
have significant potential to treat patients with colitis.

Materials and methods

Reagents

The following reagents were obtained commercially: phor-
bol 12-myristate 13-acetate (PMA) from Wako Pure
Chemicals, Osaka, Japan; RPMI-1640 from Nikken Bio
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Medical Laboratory, Tokyo, Japan; Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS)
from Gibco BRL (Grand Island, NY); Escherichia coli LPS
(purified by ion-exchange chromatography: protein < 1%;
RNA <1%) from Sigma (St. Louis, MO); recombinant
human TNF-a from Strathmann Biotec AG, Hanover, Ger-
many; DSS (MW 40 000) from ICN Biomedicals, Inc., Aur-
ora, OH; and lactacystin from CalBiochem, San Diego, CA.

SMA-7 used in this study

We used the SM analogue SMA-7 in this study. Figure 1
gives the chemical structure. The long alkenyl chain and
the phosphodiester moiety of SM are replaced by a phe-
nyl and an isosteric difluoromethylenephosphonic acid,
respectively.'”” SMA-7 inhibits neutral SMase in bovine
brain microsomes in a non-competitive manner: the ICs,
value is 3-3 um.2’ While the compound has no effect on
the activity of neutral SMase isolated from Bacillus cereus
and ceramide synthase in bovine liver microsomes, it does
inhibit acid SMase in bovine brain lysosomes with the
same potency as the neutral SMase.'**

Cell cultures and differentiation

The monocytic cell line THP-1 was purchased from Dai-
nippon Pharmaceutical Co., Osaka, Japan. Stock cultures
of THP-1 cells were maintained in 10 mm HEPES-buf-
fered RPMI-1640, supplemented with 10% FBS, 50 U/ml
penicillin and 50 pg/ml streptomycin at 37° in a humid-
ified 5% CO, atmosphere. Before experiments, the grow-
ing cells were seeded in six-well culture plates (3 x 10°
cells/well) in the above medium supplemented with PMA
(10 ng/ml) to induce differentiation into macrophage-like
cells. After a 48-hr incubation, the macrophages were
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Figure 1. The chemical structures of SM and SMA-7.
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extensively washed with RPMI-1640 alone. Incubation fol-
lowed for 12 hr in medium containing FBS.

The human peripheral blood mononuclear cells
(HPBMC) line was obtained from BioWhittaker, Walkers-
ville, MD. HPBMC were maintained in RPMI-1640, sup-
plemented with 10% FBS, 50 U/ml penicillin, 50 pg/ml
streptomycin and 0-05 mM 2-mercaptoethanol at 37° in a
humidified 5% CO, atmosphere. Before experiments, the
cells were seeded in six-well culture plates (3 x 10° cells/
well) in the medium.

The colon cell line HT-29 was obtained from Dainip-
pon Pharmaceutical Co. HT-29 cells were maintained in
DMEM supplemented with 10% FBS, 50 U/ml penicillin
and 50 pg/ml streptomycin at 37° in a humidified 5%
CO, atmosphere. Before experiments, the cells were
seeded in 96-well culture plates (5 X 10° cells/well). Incu-
bation followed for 48 hr in medium containing FBS.

Measurement of cytokine release from macrophages

THP-1 macrophages in six-well plates were incubated in
10 mm HEPES-buffered RPMI-1640, supplemented with
10% FBS, 50 U/ml penicillin and 50 pg/ml streptomycin
for 24 hr with 1 pg/ml of LPS alone or LPS plus 0-1-
10 um SMA-7 or 20 um lactacystin. Levels of human
TNF-0, IL-1B and IL-6 in the culture media were meas-
ured using enzyme-linked immunosorbent assay (ELISA)
kits (Pierce-Endogen, Rockford, IL), according to the
manufacturer’s instructions.

Electrophoretic mobility shift assay

The DNA-protein binding assays were carried out using
nuclear extracts from THP-1 macrophages treated with
1 pg/ml of LPS alone or LPS plus 10 um SMA-7 or 20 pm
lactacystin. Synthetic complementary oligonucleotides were
3'-biotinylated using a biotin 3’-end DNA labelling kit
(Pierce, Rockford, IL) according to the manufacture’s
instructions and annealed for 1 hr at room temperature.
The sequences of the oligonucleotides used were 5'-AGT
TGA GGG GAC TTT CCC AGG C-3' and 3’-TCA ACT
CCC CTG AAA GGG TCC G-5' containing a putative
binding site for NF-kB. Binding reactions were carried out
for 20 min at room temperature in the presence of
50 ng/pl poly (dI-dC) in 1 X binding buffer (LightShift
chemiluminescent EMSA Kkit, Pierce) using 20 fmol of bio-
tin end-labelled target DNA and 10 pl of the nuclear
extract. The DNA-protein complexes were subjected to a
6% native polyacrylamide gel electrophoresis and trans-
ferred to a nylon membrane (Biodyne B membrane,
Pierce). Transferred DNAs were cross-linked to the mem-
brane for 10 min under a hand-held UV lamp with 254 nm
bulbs and detected wusing horseradish peroxidase-
conjugated streptavidin (LightShift chemiluminescent EMSA
kit, Pierce) according to the manufacturer’s instructions.
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Measurement of ceramide

The amounts of ceramide in THP-1 macrophages
(5 x 10° cells) were measured as the quantity of Cje-
ceramide, using the liquid chromatography/ion spray ioniza-
tion mass spectrometry (LC/MS) procedure that we have
previously developed.?' Briefly, the harvested cells were
centrifuged and pelleted, and the resulting pellets were
suspended in 250 ul RPMI-1640. The suspension was
vigorously mixed with 4 ml chloroform/methanol (2 : 1,
v/v) for 1 min. After the addition of 1 ml water, the sam-
ple was vortexed and centrifuged. The lower layer was
collected, and the chloroform was allowed to evaporate.
The residue was dissolved in a solvent and subjected
to LC/MS analysis. High-performance liquid chromato-
graphy was performed using a Gulliver 1500 series
system (JASCO, Tokyo, Japan) equipped with a Develosil
ODS HG-5 reverse-phase column (35 mm X 2-:0 mm
inner diameter, 5 pm, Nomura Chemical, Nagoya, Japan).
The mobile phases were as follows: A, 5 mM ammonium
formate/methanol/tetrahydrofuran (5:2:3, v/v); B,
5mmM ammonium formate/methanol/tetrahydrofuran
(1:2:7,v/v) containing 0-01% formic acid. Elution was
performed at a flow rate of 0-2 ml/min with 70% of
mobile phase A and 100% of mobile phase B in a linear
gradient mode for 6-3 min. LC/MS analyses were per-
formed with an electrospray ionization mass spectrometer
(Finnigan-LCQ) and Navigator (Finnigan, Waltham,
MA). Retention time (min) and mass charge ratio (m/z)
of inner standards were as follows. for Cg-ceramide
(Sigma), 7-20 and 426-1; for C,4-ceramide (Sigma), 10-35
and 538-2. For the Cjs-dihydroceramide (Sigma), they
were 10-55 and 540-4.

Measurement of the activities of acid and neutral
SMases

The activities of acid and neutral SMases were measured
with an Amplex Red Sphingomyelinase Assay Kit
(Molecular Probes Inc., Eugene, OR). Briefly, THP-1
macrophages in six-well plates (3 x 10° cells) were incu-
bated at 37° for set periods ranging from 0 hr to 24 hr in
10 mm HEPES-buffered RPMI-1640 supplemented with
10% FBS, 50 U/ml penicillin and 50 pg/ml streptomycin
in the presence or absence of LPS (1 pg/ml) or TNF-o
(20 ng/ml). The cell layers were washed twice with ice-
cold phosphate-buffered saline (PBS) and harvested. The
cells were pelleted by centrifugation, and extraction fol-
lowed for 60 min on ice in 1 ml of a lysis buffer, 20 mm
Tris—HCl buffer (pH 7-4) containing 1% Triton X-100,
1 pg/ml aprotinin, 1 mMm ethylenediaminetetraacetic acid,
and 100 pg/ml phenylmethylsulphonyl fluoride, for neut-
ral SMase or a lysis buffer for acid SMase, it was 50 mm
sodium acetate buffer (pH 5-4) containing the above
components. After centrifugation at 17 000 g for 10 min
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at 4°, the resulting supernatants and pellets were assayed,
following the manufacturer’s instructions. In this study,
the supernatants (adjusted to pH 5-4) and the pellets
(pH 7-4) were used for the assays of acid and neutral
SMases, respectively. The assay mixture contained the fol-
lowing components in a total volume of 200 pl: 2 U/ml
horseradish peroxidase, 0-2 U/ml choline oxidase, 8 U/ml
alkaline phosphatase, 0-5 mmM sphingomyelin (SM) and
100 pl of the enzyme source. Assay mixtures were incuba-
ted at 37° for 30 min, and the fluorescence was measured
with a CytoFluor Series 4000 fluorophotometer (PerSep-
tive Biosystems, Framingham, MA) with excitation at
563 nm and emission at 587 nm.

Measurement of cell viability

HT-29 cells in 100 I DMEM supplemented with 10%
FBS, 50 U/ml penicillin and 50 pg/ml streptomycin were
seeded in each well of 96-well plates (5 x 10° cells/well)
and incubated at 37° for 48 hr. After being washed with
DMEM, the cell layers were incubated for 24 hr in 100 pl
of one of the media in which THP-1 macrophages had
been incubated for 24 hr with 1 pg/ml LPS alone, 1 or
10 pm SMA-7 alone or LPS plus SMA-7. Cell viability
was assayed with a Cell Counting Kit-8 (Dojindo, Kuma-
moto, Japan), following the manufacturer’s instructions.

Fluorometric assay for caspase-3 activity

The activity of caspase-3 in HT-29 cells was measured by
using a Caspase3/CPP32 Fluorometric Protease Assay kit
(MBL, Inc., Nagoya, Japan). HT-29 cells (2 x 10° cells/
well) were incubated at 37° for set periods ranging from
0 hr to 24 hr in the medium in which THP-1 macroph-
ages in six-well plates (3 x 10° cells) were incubated at
37° for 24 hr with 1 pg/ml LPS alone or LPS plus 1 or
10 pM SMA-7. They were harvested and centrifuged. The
cell pellets were washed with ice-cold PBS and suspended
in 50 pl of the cell lysis buffer for 10 min on ice. The
assay mixture contained the following components in a
total volume of 105 pl: 50 pl cell lysate, 50 pl reaction
buffer containing 10 mM dithiothreitol and 5 pl Asp-Glu-
Val-Asp (DEVD)-AFC substrate. Incubation followed at
37° for 1 hr. The released 7-amino-4-trifluoromethyl cou-
marin (AFC) was measured by a fluorometric platereader
with excitation at 400 nm and emission at 505 nm.

Animal experiments

Male BALB/c mice (5 weeks of age) were purchased from
Crea Japan Inc., Tokyo, Japan. They were housed in a
light-controlled room (light on 07.00-19.00 hr) at a room
temperature of 24 + 1° and a humidity of 60 * 10% with
food and water ad libitum. Animal treatment followed the
animal care guidelines in Japanese Government Law no.
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105 and Notification no. 6. Acute colitis was induced by
giving 2% DSS orally in drinking water for 10 or 21 days
ad libitum. SMA-7 was dissolved in water or vehicle and
concomitantly administered to mice (100 mg/kg/day,
orally). The daily dose was chosen by referring the admin-
istration dose (100 mg/kg) of scyphostatin,®* a neutral
SMase inhibitor isolated from Trichopeziza mollissima, to
carrageenin-induced paw oedema in rats. The animals
were killed on day 10 or 21, the colons were removed and
the distal parts were subjected to histochemical analysis
and measurement of cytokines. The tissue samples were
fixed in the Carnoy’s solution. After fixation, these speci-
mens were embedded in paraffin wax and cut into 5 mm
sections by routine procedures. The sections were stained
with haematoxylin & eosin (H&E) and examined under a
light microscope to determine colonic mucosal damage.

Histology

Histological quantification was performed blinded using a
scoring system as described previously.”® The three inde-
pendent parameters measured were severity of inflamma-
tion (0-3: none, slight, moderate, severe), extent of injury
(0-3: none, mucosal, mucosal and submucosal, transmu-
ral), crypt damage (0—4: none, basal one-third damaged,
basal two-thirds damaged, only surface epithelium intact,
entire crypt and epithelium lost). These changes were quan-
tified by the percentage involvement by the disease process:
(1) 1-25%; (2) 26-50%; (3) 51-75%; (4) 76-100%.

Measurement of cytokines in mouse colon tissues

The levels of TNF-a, IL-1f and IL-6 in mouse colon tissue
homogenates were determined with a mouse TNF-or ELISA
kit, a mouse IL-1p ELISA kit and a mouse IL-6 ELISA kit
(Amersham Biosciences, Tokyo, Japan), respectively.

Statistical analysis

All values are expressed as the mean = SD or the mean +
SE and the significance levels between groups were
assessed by Student’s t-test. P < 0-05 was considered sta-
tistically significant.

Results

The effect of SMA-7 on the LPS-induced release
of TNF-0, IL-1P and IL-6 from macrophages and
HPBMC

LPS induces the release of inflammatory cytokines, such
as IL-1B, IL-6, IL-8 and TNF-a, from monocyte/macro-
phages'"'? and causes an increase in cellular ceramide in
macrophages, similar to that seen with IL-1B or TNF-a
treatment.'®'” These findings suggest that SM hydrolysis
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plays an important role in the LPS-induced release of
these cytokines. To investigate the role of SMase in the
release of inflammatory cytokines from THP-1 macroph-
ages and HPBMC, both types of cells were treated for
24 hr with 1 pg/ml LPS in the presence or absence of
0-1-10 pm SMA-7. As shown in Fig. 2, SMA-7 suppressed
the LPS-induced releases of TNF-a, IL-1B and IL-6 from
the macrophages and that of TNF-o from HPBMC in a
concentration-dependent manner. The result suggests that
activation of SMase(s) is an underlying mechanism of the
LPS-induced release of these cytokines from macrophages.
The data also show that lactacystin, an NF-kB inhibitor,
decreases the LPS-induced cytokine release. Figure 3
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(Control)
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Figure 3. The effect of SMA-7 on the LPS-induced ceramide accu-
mulation in macrophages. Cells were incubated for 3 hr with LPS
alone or with LPS plus SMA-7. Total cellular C,4-ceramide
was measured by using the LC/MS procedure as described in the
Materials and methods. ***P < 0-005, compared to the control.
##%p < 0-005, compared to LPS alone.
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shows the ceramide content in the macrophages 3 hr after
incubation with LPS (1 pg/ml) alone or LPS plus 10 um
SMA-7. LPS treatment caused a 6-4-fold increase in cer-
amide accumulation, compared to the control. However,
the co-presence of 10 um SMA-7 caused ceramide levels
to remain low. LPS is known to activate NF-xB in macro-
phages.'®'7?* We next examined the effects of SMA-7
and lactacystin on the LPS-induced activation of NF-kB
in macrophages. As shown in Fig. 4 (lane 2), incubating
the cells with LPS (1 pg/ml) for 3 hr significantly
increased the nuclear levels of NF-kB. However, lacta-
cystin treatment reduced the NF-xB levels to that of the
control (lane 5). Co-treatment of macrophages with 1 or
10 uM SMA-7 reduced the NF-kB levels in a concentra-

1 2 3 4 5

NF-xB re L]
LPS (1 pg/ml) - + + + +
SMA-7 (um) - - 1 10 -
LC (um) - - - - 20

(Control)

Figure 4. The effects of SMA-7 and lactacystin (LC) on the LPS-
induced activation of NF-kB in macrophages. Cells were incubated
for 3 hr with LPS alone or with LPS plus SMA-7 or LC. Nuclear
extracts were prepared and subjected to the electrophoretic mobility
shift assay of NF-«kB described in the Materials and methods. Similar
results were obtained in two independent experiments.
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tion-dependent manner (lanes 3 and 4 in Fig. 4). Cer-
amide production following LPS-induced SM hydrolysis
may trigger the activation of NF-«xB in nuclei. Therefore,
SMase inhibition by SMA-7 may reduce the cytokine
secretion by reducing nuclear NF-xB levels.

The effect of SMA-7 on the SMase activities
in LPS-treated macrophages

To date, acid SMase and neutral SMase are candidates for
those enzymes that respond to apoptotic and other stimu-
lation, causing SM hydrolysis and subsequent ceramide
generation.”>*® However, the precise cellular functions of
the two SMases in inflammation are not well understood.

To confirm the origin of the accumulated ceramide in
LPS-treated macrophages, we assessed the acid and neut-
ral SMase activities in the cells and SMA’s effects. As
shown in Fig. 5(a), LPS treatment for 3 hr increased
acid SMase activity approximately 4-0-fold over that in
the control cells. The enzyme activity peaked at 6 hr
(a 4-3-fold increase), and the activation of acid SMase
was sustained up to 18 hr. The presence of 10 um SMA-7
suppressed the increase in acid SMase activity. On
the other hand, neutral SMase activity in the cells was

(a) acid SMase
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& 5f . .
[0}
c
o 3t
(9]
=
§ 2}
[0}
o o4t
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S 5|
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g
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(]
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Q
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0 1 1 1 1 J

0 3 6 9 24
Time (hr)

Figure 5. The effect of SMA-7 on the acid (a) and neutral (b) SMase
activities in macrophages treated with LPS. Cells were incubated at
37° for set periods ranging from 0 hr to 24 hr in serum-rich med-
ium with LPS (1 pg/ml) alone or with LPS plus 10 pm SMA-7. Each
bar represents the mean + SD of three independent experiments.
*P < 0-05, compared to the control. *P < 0-05; **P < 0-005, com-
pared to LPS alone.
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unaffected by LPS treatment (Fig. 5b). These results sug-
gest that acid SMase activation plays an important role in
LPS inflammatory signalling in macrophages.

The effect of SMA-7 on the SMase activities
and IL-1f release in TNF-a-treated macrophages

TNEF-o plays a key role in many autoimmune and chronic
inflammatory disorders, and seems to be a central medi-
ator of the inflammatory process in IBD.*>*° As shown in
Fig. 2, LPS induced the release of TNF-a from THP-1
macrophages. We examined the effect of SMA-7 on SMase
activity in THP-1 macrophages treated with TNF-a
(20 ng/ml). As shown in Fig. 6(a), the acid SMase activity
in TNF-a-treated macrophages peaked at 3 hr (a 6-5-fold
increase), and decreased to a level near the control cell
level at 9 hr. The presence of 10 um SMA-7 caused the
enzyme activity to remain at the level seen in the control
cells. The neutral SMase in macrophages was not activated
by TNF-a (Fig. 6b) and was unaffected by LPS (Fig. 5b).
We next investigated whether the released TNF-o acts
on the macrophages as an autocrine mechanism. Incuba-
tion of macrophages with TNF-a (20 ng/ml) for 24 hr
resulted in no enhancement of the release of other

(a) acid SMase

7 -
—e— Control (Medium alone)
Z6r —o— plus TNF-o. (20 ng/ml)
"é 5L —t— plus TNF-o & SMA-7 (10 um)
(9]
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### ##t
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(b) neutral SMase
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€ 4l
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2,
<
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Figure 6. The effect of SMA-7 on the acid (a) and neutral (b) SMase
activities in macrophages treated with TNF-o. Cells were incubated
at 37° for set periods ranging from 0 hr to 24 hr in serum-rich
medium with TNF-o (20 ng/ml) alone or with TNF-o plus 10 pm
SMA-7. Each bar represents the mean + SD of three independent
experiments. **P < 0-01; ***P < 0-005, compared to the control.
#p < 0.01; **P < 0-005, compared to TNF-o alone.
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inflammatory cytokines such as IL-1p and IL-6 (data not
shown). Additionally, treatment of the cells with TNF-o
(20 ng/ml) for 3 hr did not activate NF-xB (data not
shown). Thus, the LPS-released TNF-o may exert an
additive effect on the LPS-induced activation of acid
SMase and subsequent generation of ceramide in macro-
phages. However, TNF-a does not induce the release
of other inflammatory cytokines via the mechanism of
NF-xB activation.

The viability of HT-29 cells cultured in the media
from LPS-treated macrophages

The intestinal epithelium serves as a barrier to numerous
toxins and micro-organisms, and plays a major role in
the immune system of the gut. In IBD, increased produc-
tion of inflammatory cytokines causes the death of intes-
tinal epithelial cells.”’ Thus, we next examined the effect
of humoral factors in the medium from LPS-treated
macrophages on the viability of HT-29 intestinal epithe-
lial cells. Before this experiment, THP-1 macrophages
were incubated for 24 hr with LPS alone or LPS plus
SMA-7, and media were collected. Figure 7(a) shows the
viabilities of HT-29 cells cultured for 24 hr in the collec-
ted media. When compared to the control HT-29 cells,
which were incubated in the medium from LPS-untreated
macrophages, 57% of epithelial cells survived in the med-
ium from LPS-treated macrophages. In the media in
which macrophages had been cultured with LPS and
SMA-7, cell viability increased in a concentration-depend-
ent manner with SMA-7: 74 and 92% of cells survived at
1 and 10 pwM, respectively. These data suggest that SMA-7
can suppress macrophage activation and the secretion of
various cytotoxic factors via the inactivation of acid
SMase. Figure 7(b) shows the effects of these media on
the caspase-3 activity in HT-29 cells after 24 hr. The
activity of caspase-3 in HT-29 cells incubated in the
media from LPS-treated macrophages was approximately
twice that in cells incubated in the media from LPS-
untreated macrophages (control). The increased caspase-3
activity was unchanged in cells incubated in the media
from both LPS-treated and SMA-7-treated macrophages.
The result suggests that the cytotoxic factors present in
the media from LPS-treated macrophages cause, in part, a
caspase-3-dependent apoptosis, while other cytotoxic fac-
tors that induce caspase-3-independent cell death (necro-
sis) may be present in the media, and SMA-7 treatment
can suppress their secretion.

The effect of orally administered SMA-7 on
DSS-induced colitis in mice

We next assessed the anti-inflammatory effects of SMA-7
in vivo by orally administering it into mice with DSS-
induced colitis at a dose of 100 mg/kg per day. As shown
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Figure 7. The effect of SMA-7 on the viability (a) and the caspase-3
activity (b) of HT-29 cells cultured in the media from LPS-treated
macrophages. Macrophages were incubated for 24 hr with 1 pg/ml
LPS alone or with LPS plus 1 or 10 um SMA-7, and the media were
collected. HT-29 cells were cultured for 24 hr in the collected media.
Each bar represents the mean + SD of three independent experi-
ments. *P < 0-05; ***P < 0-005, compared to the control medium
###p < 0-005, compared to the
medium from LPS-treated macrophages.

from LPS-untreated macrophages.

in Fig. 8(a)—(c), the colon tissue levels of TNF-a, IL-1B
and IL-6 were significantly increased in DSS-treated mice
compared with the control animals. The mice treated
with SMA-7 for 10 and 21 days had significantly lower
tissue levels of TNF-o. compared with the animals treated
with DSS alone. The levels of IL-1f and IL-6 were not
reduced significantly on day 10, but were reduced signifi-
cantly on day 21.

Histopathological evaluation of the colons in mice trea-
ted with DSS alone or with DSS plus SMA-7 is shown in
Fig. 9. The left photographs (vehicle alone) show normal
colonic architecture. Colon structure on day 21 (the mid-
dle photographs) after the beginning of 2% DSS adminis-
tration was characterized by severe disintegration of tissue
architecture, oedema and a massive, mixed immune cell
infiltrate with ulcerations and large areas of complete epi-
thelial denudation and muscular thickening. Conversely,
in animals treated with SMA-7, alterations in mucosal
architecture and damage to the colonic mucosal layer
were minimal (the right-hand photographs). The histol-
ogy scores indicate that administration of SMA-7 for
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Figure 8. The effect of orally administered SMA-7 on the DSS-
induced increase in TNF-a (a), IL-1B (b) and IL-6 (c) levels in mouse
colon tissues. Antigen levels in colon tissue homogenates were deter-
mined by ELISA. Each bar represents the mean + SE of three to five
independent experiments. *P < 0-05 and **P < 0-01, compared to the
vehicle alone; *P < 0-05 and **P < 0-01, compared to DSS alone.
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Figure 9. The effect of orally administered
SMA-7 on the DSS-induced colonic damage in
mice. The tissue slices were stained with haem-
atoxylin & eosin. The data are the results from
three to five individual mice in each group.
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21 days in DSS-treated mice significantly reduces the
colonic inflammation (Fig. 10). The present data are pre-
liminary but suggest, for the first time, that inhibition of
acid SMase in macrophages has a beneficial effect on
intestinal inflammation damage.

Discussion

IBD is multifactorial in origin and affects at least 1 in
1000 people in Western countries.”>*®> Multiple lines of
evidence suggest that macrophages have a critical role in
the disease pathology of IBD. The macrophages produce
various inflammatory cytokines such as TNF-o, IL-1p,
and IL-6.° These cytokines can stimulate the hydrolysis of
SM, generating ceramide and phosphorylcholine.?>™*®
Ceramide production triggers MAPK activation, thereby
leading to the expression of a variety of genes involved in
inflammatory responses.'® Therefore, a drug that counter-
acts the action of ceramide would be expected to attenu-
ate local inflammation. Resident intestinal macrophages
are located close to the basal membrane of the intestinal
epithelium and represent the first line of defence by
immune cells. They do not normally express the LPS
receptor CD14.** However, macrophages in resected
intestinal segments from patients with IBD express a
unique phenotype with unusually high levels of CD14%
and are primed for the production of TNF-o, IL-1f and
IL-6. These cytokines can directly or indirectly affect epi-
thelial function, altering transport and barrier characteris-
tics.”® The object of this study was to use our synthesized
SMA-7'% to evaluate the roles of the SMase-ceramide
signalling pathway in activated macrophages and in an
animal model of IBD.

We show that LPS stimulates the release of TNF-o,
IL-1f and IL-6 from macrophages (THP-1 cells) and
monocytes (HPBMC) via the mechanism of NF-«xB acti-
vation. We found that LPS can specifically activate acid
SMase in THP-1 macrophages. That an acid SMase inhibitor,
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SMA-7, can prevent inflammatory cytokine release,
NF-kB activation, and rapid ceramide formation in acti-
vated macrophages is a new finding. In this study, incu-
bation of macrophages with TNF-a (20 ng/ml) resulted
in no enhancement of the release of other inflammatory
cytokines, although TNF-o increases cellular ceramide,
which can trigger the transcription of inflammatory genes
and cytokine production. The concentration (20 ng/ml)
of TNF-a used in this experiment corresponded to that
of TNF-a released from LPS-treated macrophages. Higher
concentrations of TNF-o may exhibit an autocrine mech-
anism for the cytokine release. We next demonstrated
that the humoral factors released from LPS-treated macro-
phages cause the death of intestinal epithelial (HT-29)
cells and that the release of the cytotoxic factors is sup-
pressed by the treatment of macrophages with SMA-7.
What the cytotoxic factors are and how they interfere
with the function of epithelial cells remain unknown.
However, these in vitro results suggest that therapeutic
inhibition of acid SMase in activated macrophages may
prove useful for treating IBD involving ulcerative colitis
and Crohn’s disease. Recently, anti-TNF-o therapy using
the anti-TNF-o antibody, infliximab in Crohn’s disease
has been highlighted.”' In patients responding to this
anticytokine therapy, rapid and thorough healing of the
bowel has been demonstrated both endoscopically and

62

histologically. However, the major drawbacks of the new
protein therapy are the narrow spectrum of inflammatory
mediator that it regulates, the high cost of production,
in vivo instability, limited routes of administration and
immunogenicity. TNF-o binding to the 55000 MW
receptor signals an apoptotic response.”® This receptor
contains a C-terminal death domain which appears to be
required for transmission of the apoptotic signal. The
death domain is conserved in CD95 (Fas), a TNF receptor
homologue that mediates apoptosis in lymphocytes.’’
Activation of this domain system in the 55 000 MW
TNF-a and CD95 receptors has been shown to be related
to acid SMase.”®?® It is stherefore suggested that inhibi-
tion of acid SMase by SMA-7 exerts infliximab-like effects
on downstream cellular apoptotic signalling.

The toll-like receptor 4 (TLR4), a transmembrane
receptor for LPS, plays an important immunological role
in the in vivo response of humans to inhaled LPS. LPS-
induced signalling through TLR4 rapidly leads to NF-«xB
activation and cytokine expression in monocytes.*’ In
patients with IBD, TLR4 in monocyte/macrophages is
strongly up-regulated and sensitive to LPS.*' Because
monocyte/macrophages in IBD evoke epithelial dysfunc-
tion®® we investigated whether the influence of LPS-
activated macrophages on intestinal epithelial cells can be
altered by SMA-7 treatment of the macrophages. The
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result demonstrated that LPS-stimulated THP-1 macro-
phages release cytotoxic factors, which lead to HT-29
colonic cell death, and that SMA-7 treatment reduces the
release of these humoral factors in a dose-dependent
manner. Our data suggest the possibility that suppression
of ceramide signalling in inflamed macrophages can con-
tribute to the improvement of pathology in IBD. LPS-
TLR4 signalling pathways include both MAPK and NF-«xB
activation pathways. The classical pathway leading to NF-
kB activation after binding of LPS to TLR4 is not
dependent on MAPK, but occurs via MYD88, IRAK,
TRAF6, NIK and IKK complexes.***> However, it is
reported that ceramide can induce activation of TAKI, a
member of the MAPK family, in COS7 cells, which leads
to IKK complex formation and subsequent activation
of NF-kB.** Therefore, it is tempting to speculate that
ceramide induces NF-kB activation by acting on TAKI.
Further studies are needed to clarify this possibility.
Determining the effects of SMA-7 on these pathways may
add important insight into the mechanisms by which
SMase interacts with LPS-induced signalling pathways in
this system.

To evaluate the in vivo effects of SMA-7 in intestinal
inflammation, we administered the acid SMase inhibitor
(100 mg/kg/day, orally) for 10 or 21 days in mice with
DSS-induced colitis. DSS induces an acute colitis in
BALB/c mice. In the colonic inflammation, NF-kB activ-
ity and its dependent cytokines, IL-1B, IL-6 and TNF-o,
are up-regulated.*” Additionally, this acute colitis model
increases the expression of TLR4.***” We demonstrated
that SMA-7 can significantly suppress the NF-kB-depend-
ent cytokine production. Histopathological evaluation of
the colons in mice treated with DSS alone or plus SMA-7
showed that SMA-7 treatment clearly reduces DSS-
induced alterations in mucosal architecture and colonic
damage. Our results provide the first evidence that cer-
amide produced by the activation of acid SMase plays a
critical role in the development of acute DSS-induced
colitis and that acid SMase inhibitor may have a thera-
peutic value in IBD treatment, as well as affecting IBD
targets such as TNF-a, IFNs and ILs. The dose of SMA-7
is based on that of scyphostatin in carrageenin-induced
paw oedema in rats.’? Scyphostatin is a neutral SMase
inhibitor that has a mild inhibitory effect on acid SMase,
while SMA-7 has the ability to inhibit both acid and
neutral SMases at the same level of effectiveness.'”*° Con-
sidering that acid SMase plays a key role in the carragee-
nin-induced paw oedema, reduction of the SMA-7 dose
administered will be possible in our animal experiments.
However, we have data showing that treatment of HT-29
colonic epithelial cells with LPS activates cellular neutral
SMase but not acid SMase. Co-presence of SMA-7
reduced the activation of neutral SMase and the release of
IL-8 (unpublished results). What is the role of each

© 2007 Blackwell Publishing Ltd, Immunology, 122, 54-64
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SMase in cell regulation? This should be the object of
future studies.
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