
Micheliolide, a new sesquiterpene lactone that inhibits
intestinal inflammation and colitis-associated cancer
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Inflammatory bowel diseases (IBD) are chronic inflammatory conditions of the gastrointestinal (GI) tract associated with
an increased risk of colorectal cancer (CRC). Current treatments for both IBD and colitis-associated CRC suffer from
numerous side effects. Parthenolide (PTL) is a sesquiterpene lactone with anti-inflammatory activity, and previous studies
have demonstrated that PTL is a potent inhibitor of the NF-kB pathway. Micheliolide (MCL), substantially more stable than
PTL in vivo, was recently developed, and this study aimed to decipher its suitability as therapeutic tool for IBD and IBD-
associated diseases. Similar to PTL, MCL inhibited NF-kB activation and subsequent pro-inflammatory pathways activation
in vitro. Pro-drug forms of both compounds inhibited the DSS-induced colitis when administrated intraperitoneally or
encapsulated in a polysaccharide gel designed to release drugs in the colon. Interestingly, MCL was found to attenuate
carcinogenesis in AOM/DSS-induced CRC, thus providing new candidate for the treatment of inflammatory bowel disease
and CRC.
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Inflammatory bowel diseases (IBD) are chronic inflammatory
conditions of the gastrointestinal (GI) tract. They affect about
1.4 million people in the United States and around 2.2 million
people in Europe.1,2 Two major clinical forms of IBD have
been extensively studied: Crohn’s disease (CD) and ulcerative
colitis (UC). In CD, inflammation can occur anywhere in the
GI tract but it primarily affects the ileum, whereas in UC, the
colonic mucosa is principally involved.3 However, both
diseases are thought to feature alterations in the immune
response to GI microbiota in individuals who are genetically
predisposed to IBD, which is characterized by intestinal
epithelial barrier disruption and an influx of immune cells.4

UC is also associated with an increased risk of colorectal
cancer (CRC), and the development of CRC in patients with
UC is one of the best clinically characterized examples of
association between inflammation and carcinogenesis.5 CRC is
one of the most commonly diagnosed cancers and is the
second- and third-leading cause of cancer death in males and
females, respectively, in developed countries.6 This link
between chronic inflammation and CRC development has
been extensively studied, but the contributing factors and the
underlying mechanisms are largely unknown.7–9

Parthenolide (PTL), originally isolated from the shoots of
feverfew (Tanacetum parthenium), is one of the major ses-
quiterpene lactones found in this medicinal plant. PTL has a
long history of use around the world for preventing migraine
headaches and treating rheumatoid arthritis, actions that
are attributable to its anti-inflammatory activity.10 Several
studies have demonstrated that PTL is a potent inhibitor of
nuclear factor-kappaB (NF-kB) activation and can inhibit the
expression of pro-inflammatory cytokines in cultured cells
and experimental animal models.11,12 One recent study
reported that PTL ameliorates dextran sulfate sodium
(DSS)-induced colitis in mice, at least in part, through inhi-
bition of NF-kB activity and downregulation of inflamma-
tory mediators.13 In the context of these interesting NF-kB-
inhibitory properties, this compound and its derivatives are
promising therapeutic agents for treating different inflam-
mation-linked disorders. It has also recently been reported
that PTL may inhibit proliferation and apoptosis, and
enhance the action of anticancer drugs in various human
cancer cells in vitro, including CRC, hepatoma, cholangiocar-
cinoma, breast cancer, or pancreatic cancer cells.14–18 However,
detailed molecular mechanisms of these anticancer effects of
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PTL are largely unknown. The water-soluble Michael adduct
of PTL, dimethylaminoparthenolide (DMAPT), shows improved
solubility and bioavailability compared with PTL and has
entered clinical trials for cancer therapy.19 DMAPT is the
pro-drug form of PTL, which is released from DMAPT in the
plasma at pH 7.4.20 It has been reported that DMAPT
promotes cell death by generating reactive oxygen species
as well as by inhibiting the NF-kB signaling pathway,21

and displays growth-inhibitory properties against tobacco-
associated cancer of the lung and bladder.22

Importantly, PTL is unstable in both acidic and basic
conditions,23 leading us to the development of the struc-
turally related compound, micheliolide (MCL). MCL is seven
times more stable than PTL in vitro, suggesting that it would
be more stable in vivo.20 MCL is a guaianolide sesquiterpene
lactone isolated from Michelia compressa and Michelia
champaca and can also be in vitro synthesized from PTL.24

The Michael adduct of MCL, dimethylaminomicheliolide
(DMAMCL), exhibits remarkable therapeutic efficacy in
murine models of acute myelogenous leukemia.20 In plasma,
DMAMCL and DMAPT are transformed into MCL and PTL,
respectively, but DMAPT is rapidly converted to PTL,
whereas DMAMCL releases MCL slowly but continuously.20

Accordingly, the half-life of DMAMCL is much longer,
indicating that DMAMCL has more interesting in vivo
pharmacokinetic properties than DMAPT as a pro-drug, an
advantage that might enhance its therapeutic potential.

To date, MCL and its water-soluble Michael adduct,
DMAMCL, have only been reported as inhibitors of acute
leukemic cells.25,26 The present study aimed to compare the
anti-inflammatory and NF-kB pathway-inhibitory effects of
MCL and PTL in vitro and the effect of DMAPTor DMAMCL
on DSS-induced colitis. As it is known that chronic colonic
inflammation can lead to colitis-associated cancer (CAC), we
investigated DMAMCL and DMAPT effects in an azoxy-
methane (AOM)/DSS model of CAC. Taken together, the
finding of this study provide experimental evidence that both
DMAPT and DMAMCL possess strong anti-inflammatory
properties when orally administrated and could be envisaged
as therapeutic agents for patients with IBD and CAC. This
is especially true for DMAMCL, which has a much longer
half-life and greater efficacy against CAC.

MATERIALS AND METHODS
MCL and DMAMCL Synthesis
PTL and DMAPT were purchased from Accendatech (Tianjin,
China).

Synthesis of MCL (Figure 1a): To a solution of p-tolue-
nesulfonic acid (43.7 g, 0.25 mol) in CH2Cl2 (15.8 kg) was
added dropwise a solution of PTL (1.75 kg, 7.06 mol) in
CH2Cl2 (3.5 kg) at 20 1C for 8 h. The resulting reaction
mixture was stirred at room temperature for 15 h. The
reaction was quenched with 9.1% NaHCO3 (550 g). The
organic layer was washed with saturated brine (2� 2 kg),
decolorized with activated carbon (100 g), and concentrated

under reduced pressure to give a crude residue, which was
recrystallized from acetone to yield a colorless needle, MCL
(1.58 kg, 90%). 1H NMR (CDCl3, 400MHz) d 6.20 (d, J¼
3.2Hz, 1H), 5.49 (d, J¼ 3.2Hz, 1H), 3.81 (t, J¼ 10.4Hz, 1H),
2.70 (d, J¼ 10.4Hz, 1H), 2.65–2.62 (m, 2H), 2.40–2.34
(m, 1H), 2.07–2.26 (m, 4H), 1.73–1.86 (m, 2H), 1.68 (s, 3H),
1.36–1.28 (m, 4H); 13C NMR (CDCl3, 100MHz) d 169.8,
138.7, 131.7, 130.8, 119.5, 84.1, 80.2, 58.5, 49.5, 38.2, 34.8,
30.0, 25.7, 23.9, 23.6.

Synthesis of DMAMCL (Figure 1b): A mixture of
Me2NH.HCl (1.5 g, 18mmol), K2CO3 (5.0 g, 36mmol), and
CH2Cl2 (100ml) was stirred at room temperature until
Me2NH.HCl was dissolved. The mixture was filtered as soon
as possible. The resulting solution was treated with MCL
(300mg, 1.2mmol) and stirred at room temperature for 3 h.
The reaction mixture was concentrated under reduced
pressure. The residue was dissolved in CH2Cl2, and then
washed with water. The organic layer was dried with Na2SO4,
concentrated under reduced pressure to give DMAMCL
(291mg, 82%): 1H NMR (CDCl3, 400MHz) d 3.76
(t, J¼ 10.0Hz, 1H), 2.96 (s, 1H), 2.49–2.67 (m, 3H), 2.28–
2.34 (m, 1H), 2.30–2.34 (m, 2H), 2.18 (s, 6H), 2.09 (br s,
2H), 1.96 (d, J¼ 11.2Hz, 1H) 1.67–1.73 (m, 2H), 1.60
(s, 3H), 1.22 (br s, 3H), 1.18 (br s, 2H); 13C NMR (CDCl3,
300MHz) d 177.0, 131.8, 131.3, 84.0, 80.2, 58.3, 58.1, 50.9,
46.0, 44.6,38.4, 35.3, 30.0, 27.2, 23.7, 22.8.

A mixture of DMAMCL (291mg), fumaric acid (114mg,
0.98mmol) and EtOAc (8ml) was refluxed for 5 h. The re-
sulting mixture was filtrated to give DMAMCL (369mg,
91%) as an amorphous solid. 1H NMR (dimethyl sulfoxide
(DMSO), 500MHz) d 6.58 (s, 2H), 3.80 (t, J¼ 10.3Hz, 1H),
2.64 (s, 3H), 2.49–2.53 (m, 3H), 2.26–2.27 (m, 1H), 2.23
(s, 6H), 1.96–2.10 (m, 6H), 1.60 (s, 3H), 1.57–1.59 (m, 2H),
1.23–1.25 (m, 1H), 1.15 (s, 3H); 13C NMR (DMSO,
125MHz) d 177.8, 167.6(2C), 135.2(2C), 133.7, 131.4, 83.4,

Figure 1 Synthesis of MCL and DMAMCL. (a) MCL was synthetized from

PTL. (b) DMAMCL was synthetized form MCL.
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80.31, 58.0, 57.1, 51.7, 45.2(2C), 43.6, 41.0, 35.3, 30.2, 27.0,
24.2, 23.2.

Cell Culture
RAW 264.7 cells or Caco-2BBE cells were cultured in order to
reach confluence in 75-cm2 flasks at 37 1C in a humidified
atmosphere containing 5% CO2. The culture medium used
was DMEM medium (Life Technologies, Grand Island, NY,
USA) supplemented with penicillin (100U/ml), streptomycin
(100U/ml), and heat-inactivated fetal bovine serum (10%)
(Atlanta Biologicals, Lawrenceville, GA, USA). For sub-
sequent experiments, 1.5� 105 RAW 264.7 cells per well were
plated in six-well plates. For enzyme-linked immunosorbent
assay (ELISA), the cells were incubated in the presence of
10 ng/ml of LPS (Sigma, St Louis, MO, USA) for 1 h and then
incubated with 1, 2, 5, or 10 mM of either PTL or MCL. After
8 h, the cell supernatants were collected. For RNA analysis,
cells were incubated 8 h with 1, 2, 5, or 10 mM of PTL or MCL
and then 1 h with 10 ng/ml of LPS. For western blot analysis,
the cells were incubated for 8 h with 5 mM of PTL or MCL
and then with 10 mg/ml of LPS for 0, 10, 20, 40, or 60min.

Cytotoxicity Test
To assess toxicity effect of PTL or MCL, a WST-1 assay was
performed. RAW 264.7 cells were seeded in 96-wells plate at a
density of 6� 103 cells per well and exposed to 0, 1, 2, 5, or
10 mM of PTL or MCL for 24 h. Triton X-100 (0.1%, v/v) was
used as a positive control of mortality; with the subsequent
value established as 0% of viability. The WST-1 assay
measures cleavage of the soluble red tetrazolium salt, WST-1
(4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate), by dehydrogenase present in intact
mitochondria, which leads to the formation of dark red
formazan crystals. WST-1 proliferation reagent (Roche) was
added to RAW 264.7 cells and incubated for 4 h at 37 1C, with
5% of CO2. The absorbance was measured at 440 nm.

Cell Transfection and Luciferase Assay
For transfection experiment, 1.5� 105 RAW 264.7 cells per
well were plated in six-well plates. After 16 h, transient
transfection of 2 mg/well of the pGL4.32[luc2P/NF-kB-RE/
Hygro] Vector (Promega, Madison, WI) was performed in
OPTI-MEM using Lipofectamin (Life Technologies). After
24 h transfection, cells were co-treated with LPS (100 ng/ml)
and different concentrations of PTL or MCL (1, 2, and
5 mM). After 8 h of incubation, cells were lysed by 1� lysis
buffer and the luciferase activity was read using Promega
assay system (Promega).

Protein Extraction and Western Blot Analysis
Cells were lysed in radioimmune precipitation assay buffer
(150mM NaCl, 0.5% sodium deoxycholate, 50mM Tris-HCl,
pH 8, 0.1% SDS, 0.1% Nonidet P-40) supplemented with
protease inhibitors (Roche Diagnostics) for 30min on ice.
Homogenates were centrifuged at 16 000 g for 20min at 4 1C.

Total cell lysates were resolved on polyacrylamide gels
and transferred to nitrocellulose membranes (Bio-Rad).
Membranes were then probed with relevant primary anti-
bodies: anti-IkBa (dilution 1:1000; Santa Cruz # sc-371,
Dallas, TX), anti-phospho (Ser32/36)-IkBa (dilution 1:400;
Cell Signaling # 9246, Danvers, MA), anti-NF-kB-p65
(dilution 1:1000; Cell Signaling # 8242), anti-phospho
(Ser536)-NF-kB-p65 (dilution 1:400; Cell signaling # 3033),
anti-CyclinD1 (dilution 1:250; Santa Cruz # sc-20044),
anti-PCNA (dilution 1:250; Santa Cruz # sc-56), and the
anti-b-actin (dilution 1:5000; Cell signaling # 3700). After
washes, membranes were incubated with appropriate horse-
radish peroxidase-conjugated secondary antibodies (Dilution
1:5000, GE Healthcare Biosciences, Pittsburgh, PA, USA),
and blots were detected using the Enhanced Chemilumines-
cence Detection kit (GE Healthcare Biosciences). Densito-
metry quantifications were performed using the software
Quantity One (Bio-Rad).

RNA Extraction and Real-Time RT-PCR
Total RNA were extracted from RAW 264.7 cells or from
colonic tissues using respectively TRIzol (Life Technologies)
or RNeasy mini Kit (Qiagen) according to the manufacturer’s
instructions. Colonic RNA were purified via precipitation
with lithium chloride.27 Yield and quality of RNA were
verified with a Synergy 2 plate reader (BioTek, Winooski, VT,
USA). cDNA were generated from the total RNA isolated
above using the Maxima first-strand cDNA synthesis kit
(Thermo Scientific, Lafayette, CO, USA). mRNA expres-
sion were quantified by quantitative real-time reverse
transcription-PCR (qRT-PCR) using Maxima SYBR green/
ROX (6-carboxyl-X-rhodamine) quantitative PCR (qPCR)
Master Mix (Thermo Scientific) and the following sense and
antisense primers: IL-1b 50-TCGCTCAGGGTCACAAGAAA-30

and 50-CATCAGAGGCAAGGAGGAAAAC-30; tumor necrosis
factor a (TNFa) 50-AGGCTGCCCCGACTACGT-30 and
50-GACTTTCTCCTGGTATGAGATAGCAAA-30; IL-6 50-ACA
AGTCGGAGGCTTAATTACACAT-30 and 50-TTGCCATTGC
ACAACTCTTTTC-30; TGF-b 50-TGCGCTTGCAGAGATTA
AAA-30 and 50-AGACAGCCACTCAGGCGTAT-30; 36B4
50-TCCAGGCTTTGGGCATCA-30 and 50-CTTTATCAGCT
GCACATCACTCAGA-30. Results were normalized by using
36B4 housekeeping gene.

Epithelium Resistance Measurement by Electric Cell
Substrate Impedance Sensing (ECIS)
For ECIS, cell-attachment assays were performed using ECIS
technology (Applied BioPhysics, Troy, NY, USA).28 The ECIS
model 1600R (Applied BioPhysics) was used for these experi-
ments. Measurement system consists of an 8-well culture
plate (ECIS 8W1E plate), the surface of which is seeded with
cells. Each well contains a small, active electrode (area¼
5.1024 cm2) and a large counter electrode (area¼ 0.15 cm2)
on the bottom of each well. A lock-in amplifier, with an
internal oscillator, relays a signal to switch between the
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different wells. Attachment and spreading of cells on the
electrode surface change the impedance in such a way that
morphological information about the attached cells can be
inferred. Caco2-BBE cells (1� 106/ml) were seeded in ECIS
8W1E plates in DMEM (Life Technologies) supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (Atlanta
Biologicals). Once cells reached confluence, the different
solutions were added at 0, 1, 2, and 5 mM. DMSO controls in
DMEM medium cell cultures were used. Basal resistance
measurements were performed at a frequency of 500Hz and a
voltage of 1 V.

Encapsulation of DMAPT or DMAMCL into Hydrogel
Chitosan powder was solubilized in acetic acid and then
neutralized by addition of NaOH (0.1mol/l) to give a final
concentration of 0.6% (wt/vol). Medium viscosity sodium
alginate was prepared in NaCl (0.15mol/l) 1.4% (wt/vol).
Alginate solution and chitosan solutions were mixed at a 1:1
ratio for a final concentration of 7 and 3 g/l, respectively. The
polymer suspension was homogenized for 24 h. The mole-
cules DMAPT or DMAMCL were added to obtain a 4mg/ml
concentration in hydrogel solution and stirred to disperse the
molecules throughout the polymer solution. A chelation
solution containing 70mmol/l of calcium chloride and
30mmol/l of sodium sulfate was prepared. The administra-
tion and the chelation of the hydrogel were realized using a
double gavage method as previously described.29

Immunofluorescence Detection of NF-jB-p65 Complex
Raw 264.7 macrophages were seeded in eight-chamber tissue
culture glass slide (BD Falcon, Bedford, MA, USA) at a
density of 2� 104 cells/well and incubated overnight. The
cells were incubated for 8 h with 5mM of PTL, MCL, or the
DMSO control and then induced by 10 mg/ml of LPS for
30min. After induction, the cells were fixed in 4% paraf-
ormaldehyde for 10min and permeabilized for 20min Triton
X-100 (0.1%, v/v). After blocking, the cells were incubated
with rabbit anti-NF-kB-p65 antibody (dilution 1:50; Cell
Signaling # 8242) and with anti-rabbit conjugated with Alexa
488 secondary antibody (dilution 1:50; Life Technologies).
Cells were covered with mounting medium containing 4-,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories;
H-1500) and cover slipped. Observations and acquisition
were performed with a Zeiss LSM 700 confocal microscope
with software Zen 2011 version 7.1.

Scanning Electron Microscopy
A drop of hydrogel was applied to glass coverslips, freeze-
dried and sputter coated with Au/Pd using a Denton desktop
sputter coater (Moorestown, NJ, USA). LEO 1450VP
microscope (New York, NY, USA) was used for analysis.

Mice
Eight-week old female C57BL/6 mice or FVB/NJ were
purchased from Jackson Laboratories. Mice were housed in

specific pathogen-free conditions and fed ad libitum. All the
experiments involving mice were approved by institutional
animal care and use committee (IACUC, Georgia State
University Atlanta, GA, USA), permit number A11027,
A11025 and A11023.

DSS-Induced Colitis and DMAMCL/DMAPT Treatment
Wild-type (WT) C57BL/6 mice were pre-treated by IP
injection or by double gavage in hydrogel for 5 days,
respectively, with 5mg/kg or 40mg/kg of body weight of
DMAMCL or DMAPT, or water administrated as control.
Appropriate water control mice were also used for this study.
After 5 days, in addition of the DMAMCL and DMAPT, mice
were administered DSS (MP Biomedicals, Solon, OH, USA)
at 1.5% in drinking water ad libitum for 7 days (five mice per
group). Control mice were given water only. During this
period, mice were weighed every day. After 7 days, mice were
bled via retro-orbital plexus and hemolysis-free serum was
collected by centrifugation using serum separator tubes
(BD Biosciences, Franklin Lakes, NJ, USA). Mice were
killed by CO2 euthanasia. Spleen and colon length were
measured. A small piece (50mg) of distal colon was taken for
MPO and RNAs analysis, and the remaining of the colon was
used for colonic culture supernatant and histopathological
analysis.

Colitis-Associated Cancer Induction and DMAMCL/
DMAPT Treatment
WT FVB/NJ mice were pre-treated during 5 days with 10mg/kg
of body weight of DMAMCL or DMAPT or water by IP
injection. After 5 days, in addition to the DMAMCL and
DMAPT, CAC was induced as previously described,30

with some modifications. Mice were IP injected with AOM
(10mg/kg body weight) and maintained on regular diet and
water for 5 days. Mice were then subjected to two cycles of
DSS treatment, in which each cycle consisted of 2.5% DSS for
7 days followed by a 14-day recovery period with regular
water. Colonic tumors were counted and measured using a
dissecting microscope.

H&E Staining of Colonic Tissue and Histopathologic
Analysis
Mouse colons were fixed in 10%-buffered formalin for 24 h at
room temperature and then embedded in paraffin. Tissues
were sectioned at 5-mm thickness and stained with hema-
toxylin & eosin (H&E) using standard protocols. Images were
acquired using a Zeiss Axioskop 2 plus microscope (Carl
Zeiss MicroImaging) equipped with an AxioCam MRc5 CCD
camera (Carl Zeiss). For the colitis model, each colon was
assigned four scores based on the degree of epithelial damage
and inflammatory infiltrate in the mucosa, submucosa,
and muscularis/serosa, as previously described.31 A slight
modification was made to this scoring system; each of the
four scores was multiplied by one if the change was focal, two
if it was patchy, and three if it was diffuse, as previously
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described.32 The four individual scores per colon were added,
resulting in a total scoring range of 0–36 per mouse. The
scores for each of five mice per treatment group were aver-
aged.

Colonic Myeloperoxidase (MPO) Assay
Neutrophil influx in colon was analyzed as marker of in-
flammation by assaying the enzymatic activity of MPO, a
neutrophils marker. Briefly, tissue (50mg/ml) was thoroughly
washed in PBS and homogenized in 0.5% hexadecyl-
trimethylammonium bromide (Sigma) in 50mM PBS, (pH
6.0), freeze-thawed three times, sonicated, and centrifuged.
MPO was assayed in the clear supernatant by adding 1mg/ml
of dianisidine dihydrochloride (Sigma) and 0.0005% H2O2

and the change in optical density measured at 450 nm. Hu-
man neutrophil MPO (Sigma) was used as standard. One
unit of MPO activity was defined as the amount that de-
graded 1mmol peroxidase per minute.

ELISA
TNFa levels were quantified in colonic culture supernatant
using TNFa RSG ELISA kit (eBiosciences, San Diego, CA,
USA) according to manufacturer’s instructions. IL-1b and IL-
6 were, respectively, quantified from colonic supernatant and

serum using Duoset cytokine ELISA kits (R&D Systems,
Minneapolis, MN, USA).

Statistics Analysis
Statistical analysis for significance (Po0.05) was determined
using ANOVA test followed by a Bonferroni post-test
(GraphPad Prism). Differences were noted as significant.
*Po0.05.

RESULTS
MCL is not Cytotoxic
In order to assess the cytotoxicity of MCL in comparison
with PTL, we tested these compounds at different con-
centrations (0, 1, 2, 5, and 10 mM) with the RAW 264.7
macrophage-like cell line using the cell proliferation reagent
WST-1 (Figure 2a and b). The value obtained with 0.1%
Triton X-100 (cytotoxicity-positive control) was used to es-
tablish 0% viability. After 8 h of treatment, cell viability of
RAW 264.7 was not altered by any concentration of PTL.
Although the cell viability was not at 100% after MCL
treatment, MCL does not present any significant cell toxicity
on RAW 264.7 cells. ECIS was then used as another method
for testing real-time toxicity. As shown in Figure 2c and d,
Caco2-BBE cells were attached to the electrode surface and

Figure 2 PTL and MCL do not induce cytotoxicity in macrophages or epithelial cells. The WST-1 reagent was used to assess the cytotoxicity of different

concentrations (0, 1, 2, 5, and 20 mM) of PTL (a) and MCL (b) in RAW 264.7 cells after a 24-h exposure. (c, d) ECIS was used to determine cell viability

after a long exposure (60 h) of Caco2-BBE cell monolayers to 1, 2, or 5 mM PTL (c) or MCL (d).
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allowed to form a confluent monolayer, which reached a
resistance of about 30 000O after 20 h. Different concentra-
tions of PTL and MCL (0, 1, 2, 5 mM) were added to the
confluent Caco2-BBE monolayer leading to a transient
increase in resistance. Thereafter, the resistance of Caco2-BBE
monolayers decreased sharply, returning to B30 000O after
30 h. Under all conditions, the resistance of the cell mono-
layer gradually decreased. However, neither PTL (Figure 2c)
nor MCL (Figure 2d) at any concentration altered the
resistance of the Caco2-BBE cell monolayer compared with
DMSO controls. Taken together with the results of WST-1
cell viability assays, these results confirm that MCL, just like
PTL, is not toxic in vitro.

MCL Displays the Same Anti-Inflammatory Effect as PTL
in RAW 264.7 Macrophages
We then activated pro-inflammatory pathways using LPS,
which is recognized by Toll-like receptor 4, and analyzed pro-
inflammatory gene expression by quantitative real-time
reverse transcription-polymerase chain reaction (qRT-PCR).
For this purpose, RAW 264.7 cells were stimulated with LPS
at a concentration of 10 ng/ml, and then co-stimulated with
different concentrations of PTL or MCL. As shown in
Figure 3a and b, LPS induced the synthesis and secretion of
the pro-inflammatory cytokines interleukin (IL)-6 and IL-1b
by RAW 264.7. Interestingly, co-treatment with MCL, like
PTL, inhibited the synthesis of IL-6 and IL-1b in a con-
centration-dependent manner. At a concentration of 1 mM,
these compounds restored pro-inflammatory gene expression

to non-stimulated levels; at higher concentrations, they
produced even more dramatic effects, reducing IL-6 and
IL-1b expression to levels lower than those in unstimulated
control cells. Interestingly, similar results were obtained for
TNFa expression. TNFa is a major pro-inflammatory cyto-
kine, primarily secreted by macrophages and dendritic cells,
whose production is regulated, amongt others, by the NF-kB
pathway. We demonstrated that MCL effectively inhibited the
expression of TNFa by RAW 264.7 cells, as assessed by qRT-
PCR (Figure 3c), and its accumulation in the cell culture
supernatant, as investigated by ELISAs (Figure 3d). As shown
in Figure 3d, LPS stimulation induced almost 10-fold increase
in the secretion of TNFa into the culture supernatant. Co-
treatment with either PTL or MCL induced a concentration-
dependent decrease in LPS-induced accumulation of TNFa,
reducing TNFa levels by 1.5-fold at a concentration of 1 mM
and producing maximum inhibition at 10 mM. Collectively,
these data demonstrate that MCL display strong anti-
inflammatory effects as PTL, in a macrophage cell line.

MCL Inhibits LPS-Induced NF-jB Activation
In order to determine whether MCL directly inhibit the
NF-kB pathway, RAW 264.7 cells were cotransfected with the
luciferase reporter construct, pNF-kB-RE-LUC, containing a
NF-kB-responsive element upstream of a luciferase reporter
gene, together with a CMV Renilla luciferase plasmid, control
for transfection efficiency. Cells were then treated with LPS in
the presence of PTL or MCL (1–5 mM). LPS stimulation
induced a 1.5-fold increase in NF-kB-dependent luciferase

Figure 3 PTL and MCL inhibit LPS-induced cytokine secretion by macrophages in a concentration-dependent manner. (a–c) RAW 264.7 cells were

treated with 0, 1, 2, 5, or 10 mM PTL or MCL for 8 h and then stimulated with LPS (10 ng/ml). Total RNA was extracted and purified, and the expression

of IL-1b (a), IL-6 (b), and TNFa (c) were quantified by qRT-PCR. (d) RAW 264.7 cells were stimulated with LPS (10 ng/ml) for 1 h and then treated with 0,

1, 2, 5, or 10 mM PTL or MCL for 8 h. TNFa secreted into the supernatant was assayed by ELISA. *Po0.05 compared with cells stimulated with LPS-only.
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Figure 4 PTL and MCL inhibit the NF-kB pathway. (a) RAW 264.7 cells were transfected with the luciferase reporter construct, pNF-kB-RE-LUC, and
treated with LPS (100 ng/ml) in combination with 0, 1, 2, or 5 mM PTL or MCL. Cells were lysed and luciferase activity was assessed. *Po0.01 compared

with cells stimulated with LPS-only. (b) RAW 264.7 cells were treated with 5 mM PTL or MCL for 8 h and then stimulated for 0, 10, 20, 40, or 60min with

10 mg/ml of LPS. Activation of the NF-kB pathway was analyzed by quantifying total and phosphorylated NF-kB and total and phosphorylated IkBa
proteins using western blotting. Bar graph represents densitometric quantifications of phosphorylated-NFkBa western blot normalized to b-actin. Values
represent means±s.e.m. of three blots from independent experiments. (c) The translocation of NF-kB-p65 to the nucleus was assessed by

immunofluorescence. RAW 264.7 were incubated for 8 h with 5 mM of PTL, MCL, or the DMSO control and then induced by 10 mg/ml of LPS for 30min.

RAW 264.7 were immunostained using anti-NF-kB-p65 and cell nuclei were stained using DAPI, scale bars¼ 20 mm. (d), The percentage of NF-kB-p65
translocation to the nuclei was determined.
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reporter activity, indicative of LPS-induced NF-kB activa-
tion. As shown in Figure 4a, both PTL and MCL inhibited
LPS-induced NF-kB-dependent luciferase expression in a
concentration-dependent manner. In order to confirm the
inhibition of the NF-kB pathway by PTL and MCL, we ex-
amined whether these compounds interfered with activation
of NF-kB pathway actors in RAW 264.7 cells. Cells were pre-
treated with 5 mM PTL or MCL for 8 h and then stimulated
with LPS for 0 to 60min. Accumulation of total and phos-
phorylated forms of the NF-kB complex component p65
(NF-kB-p65) as well as levels of the NF-kB inhibitor IkB,
both phosphorylated and total, was investigated by western
blot. Upon activation, NF-kB-p65 is phosphorylated and
migrates to the nucleus, where it stimulates the transcription
of target genes. Activation of the NF-kB pathway goes
through proteasome-dependent degradation of the phos-
phorylated form of the NF-kB inhibitor, IkB. As shown in
Figure 4b and Supplementary Figure S1, LPS-induced
phosphorylation of IkB was detectable within 10min of sti-
mulation. This phosphorylation resulted in the degradation
of IkB, as evidenced by the decreased accumulation of total
IkB observed at 40min of LPS treatment. In parallel, the
accumulation of the phosphorylated form of NF-kB-p65 was
increased after 20min of LPS activation, without any change
in total NF-kB-p65. Notably, the treatment of cells with PTL
and MCL reduced the LPS-dependent IkB phosphorylation
and degradation, respectively, from 60 and 10min post sti-
mulation (Supplementary Figure S1). Likewise, PTL and
MCL reduced the LPS-induced NFkB-p65 phosphorylation
20min post stimulation, with a more durable effect observed
for MCL molecule (Figure 4b). Translocation of NF-kB-p65
to the nucleus was observed by immunofluorescence
(Figure 4c). Upon LPS activation, the p65 complex migrated
to the nucleus with a percentage of translocation of 93%
(Figure 4c and d). Treatment with PTL and MCL, respec-
tively, totally (1.3%) and partially (17%) inhibited the
translocation of the p65 unit to the nucleus. Thus, activation
of the NF-kB pathway by LPS was inhibited by PTL and
MCL, as demonstrated by measuring changes in the expres-
sion of pro-inflammatory cytokines, NF-kB-p65-dependent
luciferase activity, level/phosphorylation status of NF-kB
pathway actors and translocation of p65 to the nucleus.

DMAMCL Ameliorates Colitis Symptoms in a Mouse
Model of DSS-Induced Colitis
To test the physiological relevance of MCL-induced inhibi-
tion of NF-kB activation in vivo, we used a DSS-induced
murine model of colitis. The pro-drugs, DMAPT and
DMAMCL, display longer half-lives than the respective active
drugs, PTL and MCL, and are progressively released in vivo in
mouse plasma.20 We thus used DMAPT and DMAMCL for
all subsequent in vivo studies. The pro-drugs DMAPT and
DMAMCL were administered daily by IP at a dose of 5 mg/g
of body weight for 5 days prior to initiating DSS treatment.
After this pre-treatment, mice were simultaneously given DSS

and DMAPT or DMAMCL treatment, diluted to 1.5% in
drinking water, in addition to DMAPT and DMAMCL. As
shown in Figure 5, administration of DSS induced classic
colitis symptoms, including increased spleen weight
(Figure 5a) and decreased colon length (Figure 5b). DMAPT
and DMAMCL treatment significantly reduced the severity of
DSS-induced colitis, as reflected in reduced spleen weight
(Figure 5a) and colon length (Figure 5b). Indeed, spleen
weights and colon lengths in DSS-treated mice co-treated
with DMAPT or DMAMCL were comparable to those of the
water-only control group.

Colon sections in mice from the water-only control group
showed an intact epithelium, well-defined crypt length, no
neutrophil-infiltrated edema in mucosa or submucosa, and
no sign of erosions (Figure 5c). In contrast, colon tissue from
DSS-treated mice showed severe inflammatory lesions
throughout the mucosa, infiltration of immune cells,
including neutrophils, and lymphocytes, in the lamina pro-
pria (arrows) and crypt erosion (arrowheads) (Figure 5c).
Histological scoring revealed that the severity of colitis
was lessened in DMAPT- and DMAMCL-treated group
compared with the DSS-alone group, exhibiting minimal
lymphocyte infiltration and a few, small areas of erosion
(Figure 5c and d).

Neutrophil recruitment was assessed by measuring MPO
activity in the distal colon. As shown in Figure 5e, MPO
activity levels were highly increased in mice with DSS-
induced colitis and were significantly reduced in mice
co-treated with DMAPT or DMAMCL, which reduced MPO
activity levels by 1.8- and 2.1-fold, respectively, compared
with the DSS-only group.

Pro-inflammatory mediators have central roles in the
pathogenesis of IBD. Enhanced intestinal permeability and
consequent immune cell infiltration are thought to increase
mucosal production of pro-inflammatory cytokines, both by
epithelial and immune cells. Using ELISA, we measured the
levels of IL-6 (synthetized in response to classical NF-kB
pathway activation) in serum (Figure 6a) and secretion of
IL-1b (synthetized through activation of the inflammasome
and cleavage of pro-IL-1b to mature IL-1b) by the colonic
mucosa (Figure 6b). DSS considerably increased the level of
IL-6 in serum and in the colonic mucosa, as measured by
ELISA (Figure 6a) and qRT-PCR (Figure 6c), respectively.
It also induced a substantial increase in IL1-b in the
colonic mucosa, as measured by ELISA (Figure 6b) and
by qRT-PCR (Figure 6d). Treatment with DMAPT or
DMAMCL significantly reduced DSS-induced secretion of
these pro-inflammatory cytokines (Figure 6a–d). Im-
portantly, TNFa expression in the colon, assessed by qRT-
PCR (Figure 6e), was decreased in the DMAPT- and
DMAMCL-treatment groups compared with the DSS-only
group. Taken together, these results show that both DMAPT
and DMAMCL exert efficient anti-inflammatory effects
in vivo and are able to inhibit experimentally induced in-
testinal inflammation.
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Orally Administered DMAPT and DMAMCL in Hydrogel,
Efficiently Attenuate DSS-Induced Colitis
The biological properties of polysaccharides have been
exploited for decades for their use in applications, such as
wound healing, cell encapsulation, or as oral delivery
vehicles.33,34 We used a polysaccharide gel containing two
polymers, alginate and chitosan, as a delivery vector for
DMAPT and DMAMCL.35 Chitosan is a biocompatible and

biodegradable polymer.36,37 Alginate and chitosan form gels
that chelate with calcium or sulfate in solution, respectively.38

The combination of alginate and chitosan chelation main-
tains the three-dimensional shape of the scaffold. Chitosan
also has therapeutic effects on inflammatory cells.38,39

Notably, chitosan oligosaccharides have a stimulatory effect
on macrophages and are chemoattractants for neutrophils
both in vitro and in vivo; this neutrophil infiltration being an

Figure 5 DMAPT and DMAMCL decrease colitis severity in a DSS-induced colitis model. WT mice were subjected to 5 days of DMAPT or DMAMCL pre-

treatment followed by 7 days of simultaneous addition of DMAPT and DMAMCL and DSS. Spleen weights (a) and colon lengths (b) were measured.

*Po0.05 compared with mice treated with DSS only. (c) Representative H&E-stained colons. Scale bar¼ 100 mm. (d) Histological scores determined from

H&E-stained colons. (e) Colonic MPO activity was quantified in the distal colon. *Po0.05 compared with mice treated with DSS only.
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early event essential for accelerated wound healing.39 Thus,
this property can be an additional advantage in using
hydrogels to administer anti-inflammatory drugs. The micro-
scopic structure of hydrogels was examined using scanning
electronic microscopy (Supplementary Figure S2). The pro-
drugs DMAPT and DMAMCL were administrated by double
gavage (alginate/chitosan hydrogel containing the drugs fol-
lowed by a calcium solution) at a concentration of 40 mg/g of
body weight daily for 5 days before DSS treatment. After this
pre-treatment, mice were co-treated with DSS (diluted to
1.5% in drinking water) and DMAPT, DMAMCL, or hydro-
gel alone. DSS-induced experimental colitis was assessed by
measuring spleen weight and colon length. As expected,
administration of DSS induced an increase in spleen weight
(Figure 7a) and a decrease in colon length (Figure 7b), albeit

to a lesser extent than previously observed (Figure 5),
probably reflecting a decrease in water consumption owing to
the water brought in with hydrogel treatment. Co-treatment
of DSS-treated mice with DMAPT or DMAMCL normalized
spleen weights and restored colon lengths to a size compar-
able to that in the water-only control group. Histological
analyses and scoring revealed that the severity of colitis was
greatly attenuated in DMAPT- and DMAMCL-treated groups
compared with the DSS-only group, showing minimal
lymphocyte infiltration and an absence of crypt erosion
(Figure 7c and d). As shown in Figure 7e, MPO activity
levels were increased in mice with DSS-induced colitis
and were significantly lowered in mice treated with DMAPT
or DMAMCL. qRT-PCR analyses of the expression levels of
pro-inflammatory cytokines encoding genes revealed that

Figure 6 DMAPT and DMAMCL inhibit the expression of DSS-induced pro-inflammatory markers. (a and b) IL-6 was quantified in serum (a), and IL-1b
was quantified in the colonic supernatant (b). (c–e) Colonic mRNA levels of IL-6 (c) IL1-b (d) and TNFa (e) were quantified by qRT-PCR and normalized

to mRNA levels for the ribosomal protein 36B4. *Po0.05 compared with mice treated with DSS only.
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DSS-induced IL-1b, TNFa and IL-6 expression were
profoundly reduced by co-treatment with DMAPT or
DMAMCL.

Collectively, these data demonstrate that orally adminis-
tered DMAPT or DMAMCL encapsulated in hydrogels effi-
ciently minimize DSS-induced colitis. These results show that

Figure 7 Oral administration of hydrogel-encapsulated DMAPT or DMAMCL inhibits DSS-induced colitis. WT mice were orally administered hydrogel-

encapsulated DMAPT or DMAMCL daily for 5 days followed by 7 days of DSS treatment. Spleen weights (a) and colon lengths (b) were measured.

(c) Representative H&E-stained colons. Scale bar¼ 100 mm. (d) Histological scores determined from H&E-stained colons. (e) Colonic MPO activity was

quantified in the distal colon. (f) Colonic mRNA levels of IL1-b, TNFa, and IL-6 were quantified by qRT-PCR and normalized to mRNA levels for the

ribosomal protein 36B4. *Po0.05 compared with mice treated with DSS only.
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the beneficial effects of both DMAPT and DMAMCL were
maintained with oral administration in a hydrogel, suggest-
ing the potential therapeutic use of these two drugs in human
therapy for IBD.

DMAMCL is More Efficient than DMAPT in Reducing CAC
Development in Mice
The important inhibitory effects of DMAPT and DMAMCL
on activation of pro-inflammatory pathways, as revealed
using the DSS-induced model of colitis, prompted us to
investigate the impact of these two compounds on inflam-
mation-associated tumorigenesis using a mouse model of
CAC. WTmice were IP injected with the procarcinogen AOM
followed by two cycles of 2.5% DSS administration. The pro-
drug DMAPT and DMAMCL were IP-administrated daily at
a concentration of 10 mg/g of body weight for 5 days before
the start of the AOM/DSS protocol, and on a daily basis in
parallel with the AOM/DSS protocol.

Consistent with previous studies using this model,30 AOM/
DSS-treated mice developed tumors in the middle to distal
portion of the colon (Figure 8a). DMAMCL treatment sig-
nificantly and consistently decreased the number of tumors
per mouse (Figure 8a and b) and reduced average tumor size
and total tumor area compared with treatment with AOM/
DSS alone (Figure 8c and d). Treatment with DMAPT pro-
duced a similar trend towards decreased numbers of tumors
per mouse, tumor size, and total tumor area, although these
differences failed to reach statistical significance owing to
substantial inter-individual variability (Figure 8a–d). DMAPT
and DMAMCL also showed a trend toward attenuating the
weight loss associated with AOM/DSS treatment, an effect
that also fell short of statistical significance (Supplementary
Figure S3).

Histological examinations consistently showed large ade-
nomas with major inflammatory cell infiltration in colonic
sections from AOM/DSS-treated mice (Figure 8e). The size
of the adenomas and the area of the inflammatory cell
infiltration were decreased in both DMAPT- and DMAMCL-
treated groups compared with the AOM/DSS-only group.
Colonic MPO activity was increased in the AOM/DSS-
treated group compared with that in the water-only control
group (Figure 8f). Importantly, DMAPT and DMAMCL
treatment significantly reduced AOM/DSS-induced MPO
activity.

In addition, expression of genes encoding the pro-inflam-
matory cytokines IL-1b, TNFa, and IL-6, which can increase
owing to the tumor development but can also promote their
growth,5 was highly induced in the AOM/DSS-treated group
compared with the water-only control group (Figure 9a).
Treatment with DMAPTor DMAMCL significantly decreased
the expression of IL-1b, TNFa, and IL-6 encoding genes.
Importantly, DMAMCL strongly inhibited IL-6 expression,
reducing its expression nearly to water-only control group
levels. We therefore examined the effects of DMAPT and
DMAMCL on the proliferation markers cyclin D1 and PCNA

(proliferating cell nuclear antigen). As shown in Figure 9b,
AOM/DSS-induced accumulation of cyclin D1 and PCNA
was inhibited by treatment with DMAPT or DMAMCL.
Interestingly, the inhibitory effects of DMAMCL on both
cyclin D1 and PCNA were greater than those of DMAPT. In
order to demonstrate that daily administration of DMAPTor
DMAMCL did not deleteriously affect the intestinal barrier
or cause organ damage, we IP injected WT mice daily with
water, DMAPT, or DMAMCL for 47 days. Intestinal barrier
function was analyzed using a FITC-labeled dextran method,
as described in Materials and Methods. Mice were adminis-
tered FITC-dextran by gavage, and fluorescence was quanti-
fied in the serum 5 h later. As shown in Supplementary Figure
S4, the Dextran-FITC concentration in serum was decreased
in mice in the DMAPT and DMAMCL group compared with
those in the water control group, suggesting that DMAPT or
DMAMCL treatment effectively decreases intestinal perme-
ability. In addition, spleen weight, colon length, and colon
weight were unaffected by daily IP injection of DMAPT or
DMAMCL (Supplementary Figure S5A). Histology examina-
tion of the H&E-stained colon, liver, spleen, and kidney
showed no morphological differences between water-, DMAPT-,
or DMAMCL-treated groups (Supplementary Figure S5B).
Taken together, these data indicate that DMAPTand DMAMCL
improve intestinal barrier function without causing any
deleterious effects, and support the conclusion that both
DMAMCL and DMAPT, but especially DMAMCL, reduce
CAC development in mice.

DISCUSSION
In the present study, we compared the anti-inflammatory and
NF-kB pathway-inhibitory effects of MCL and PTL in vitro,
and found that MCL, like PTL, inhibited the LPS-induced
inflammatory response, which is linked to strong NF-kB
activation. We investigated the effect of IP injection of
DMAPT or DMAMCL in a murine model of DSS-induced
colitis, and showed that both DMAPT and DMAMCL atte-
nuated this chemically induced colitis. As it is known that
chronic colonic inflammation can lead to CAC, we investi-
gated DMAMCL and DMAPT effects in an AOM/DSS model
of CAC, and observed that DMAMCL more effectively atte-
nuated tumor lesions than did DMAPT. We next investigated
the efficacy of orally administered DMAPT and DMAMCL
encapsulated in hydrogel, and demonstrated that hydrogel-
encapsulated DMAPT and DMAMCL attenuated colitis in
the DSS-mouse model. Taken together, these data provide
experimental evidence that both DMAPT and DMAMCL
possess strong anti-inflammatory properties when orally
administrated and could be envisaged as therapeutic agents
for patients with IBD or CAC.

Based on in vitro test, we demonstrated that the molecular
mechanism of action of MCL is similar to that of PTL, and
beneficial effects are attributable to inhibition of NF-kB
pathway activation and downregulation of major inflam-
matory mediator expression such as TNFa and IL-1b. Our
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in vitro results attest the efficiency of PTL and MCL as NF-kB
inhibitors, particularly with respect to the main downstream
actor in the NF-kB pathway, TNFa, showing that both of
these compounds very efficiently inhibited its secretion.

We also demonstrated a drastic inhibitory effect of DMAPT
and DMAMCL on TNFa expression in vivo using two dif-
ferent mouse models (DSS and AOM/DSS) and two routes of
administration (IP and oral).

Figure 8 DMAPT and DMAMCL reduce colonic tumorigenesis in a mouse model of CAC. Mice were IP injected with AOM (10mg/kg body weight) and

maintained for 7 days, then subjected to two-cycle DSS treatment (7 days of 2.5% DSS and 14 days of H2O). (a) Representative colons obtained at the

end of the CAC protocol. (b) Number of tumors per mouse. (c and d) Tumor size (c) was determined using a dissecting microscope, and total tumor

area per mouse (d) was calculated. (e) Representative H&E-stained colonic tumors at the end of the CAC protocol. Scale bars¼ 100 mm. (f) Colonic MPO

activity was quantified in the distal colon. *Po0.05 compared with mice treated with AOM/DSS only.
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TNFa is known to have a pivotal role in the pathogenesis
of IBD.40 When released by active macrophages and T
lymphocytes, TNFa initiates multiple biological processes,
modulating immune cell function, driving adaptive immune
responses, triggering epithelial cell apoptosis, disrupting the
epithelial barrier, and inducing endothelial expression of
adhesion molecules. Clinical studies have shown that TNFa
protein and mRNA levels are elevated in serum, intestinal
tissue and stools of patients with active IBD, and correlate
with disease activity.40–43 Clinical inhibition of TNFa activity
has been linked to disease remission, improved life quality
and relapse prevention; conversely, failure of clinical treat-
ment of IBD has been attributed to early reactivation of
TNFa-secretory capacity by immune cells.44,45 Thus, TNFa
activity is critical for disease development, and inhibiting
TNFa production in inflamed mucosa is one of the main
goals in IBD management. Neutralization of TNFa by
monoclonal antibodies has been shown to be an effective
approach for treating IBD. One such monoclonal anti-TNFa
antibody, Infliximab, has been used to treat IBD since 1998.45

However, Infliximab must be administered systemically and
its use is limited owing to serious side effects, including acute
or delayed infusion reactions, leukopenia, serious infection,

antichimeric antibody formation, increased risk of malig-
nancy and lymphoma as well as psoriasis.46–53 Thus, there is
an unmet need for a carrier system capable of specifically and
exclusively delivering drugs to the inflamed regions for a
prolonged period of time. Such a system could significantly
reduce side effects of existing, otherwise effective, treatments.
The strong TNFa-inhibitory effect of orally delivered DMAPT
and DMAMCL suggests that these compounds could be
alternatives and/or complement approach to Infliximab. PTL
has a long history of medicinal use from ancient times to the
present in a number of countries and is known to possess a
variety of beneficial pharmacological properties, including
anti-inflammatory, antitumor, and anti-infectious activities.
Numerous clinical trials as well as animal studies have shown
that PTL treatment is associated with only few toxic or side
effects. Moreover, the PTL derivate, MCL is not cytotoxic
in vivo.20 It is therefore reasonable to expect that PTL and
MCL might be safe and useful therapeutic drugs for the
treatment of IBD.

It is widely recognized that inflammation can contribute to
tumor formation and growth;8,9 the strongest example of this
association is colon carcinogenesis arising in IBD patients.7

This study provides the first demonstration of the beneficial

Figure 9 DMAPT and DMAMCL inhibit the AOM/DSS-induced increase in pro-inflammatory markers. (a) Colonic mRNA levels of IL-1b, TNFa, and IL-6

were quantified by qRT-PCR and normalized to mRNA levels for the ribosomal protein 36B4. *Po0.05 compared with mice treated with AOM/DSS only.

(b) Cyclin D1, PCNA, and b-actin proteins in mice treated with AOM/DSS and DMAPT, DMAMCL, or water only (control) were analyzed by western

blotting. Bar graph represents the densitometric quantification of Cyclin D1 and PCNA normalized to b-actin. *Po0.05 compared with mice treated

with AOM/DSS only.
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effects of DMAPT and DMAML on CAC, and further shows
that amelioration of CAC is more striking and consistent
with DMAMCL, the pro-drug for MCL. It is then reasonable
to expect that MCL could move forward to clinical trials,
where it could ultimately prove to be a useful therapeutic
agent for the treatment of IBD as well as subsequent CAC.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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