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1. Introduction

AMP-activated protein kinase (AMPK), a heterotrimeric protein
composed of a, b and g subunits, is an energy sensor that controls
energy homeostasis at both cellular and whole-body levels [1]. In
response to increased ADP/ATP ratio or increased intracellular
calcium concentration ([Ca2+]i), AMPK activity is enhanced through
phosphorylation at threonine-172 (Thr-172) of AMPK-a subunit by

liver kinase B1 (LKB1) or calcium/calmodulin-dependent protein
kinase kinase b (CaMKKb), respectively [1]. Upon its activation,
AMPK phosphorylates target proteins and modulates their func-
tional activities, leading to stimulation of energy-production
processes and inhibition of energy-utilizing processes [1].

Apart from its role in controlling energy balance, AMPK
regulates epithelial functions including tight junction assembly
and ion transport [2–4]. For instance, AMPK promotes an
assembly of tight junction proteins to apical junctional complexes
in epithelial cells [5,6]. In addition, AMPK phosphorylates CFTR
Cl� channel, leading to suppression of CFTR channel activity
[7]. Located in the apical membrane of intestinal epithelial cells
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A B S T R A C T

Chitosan oligosaccharide (COS), a biomaterial derived from chitin, is absorbed by intestinal epithelia

without degradation and has diverse biological activities including intestinal epithelial function.

However, the mode of action is still unclear. This study aimed to investigate the effect of COS on AMP-

activated protein kinase (AMPK) in intestinal epithelial cells (IEC) and its potential applications in the

intestinal diseases benefited from AMPK activation. COS with molecular weights (MW) from 5,000 Da to

14,000 Da induced AMPK activation in T84 cells. That with MW of 5,000-Da was the most potent polymer

and was used in the subsequent experiments. COS also activated AMPK in other IEC including HT-29 and

Caco-2 cells. Mechanism of COS-induced AMPK activation in T84 cells involves calcium-sensing receptor

(CaSR)-phospholipase C (PLC)-IP3 receptor channel-mediated calcium release from endoplasmic

reticulum (ER). In addition, COS promoted tight junction assembly in T84 cells in an AMPK-dependent

manner. COS also inhibited NF-kB transcriptional activity and NF-kB-mediated inflammatory response

and barrier disruption via AMPK-independent mechanisms. Interestingly, luminal exposure to COS

suppressed cholera toxin-induced intestinal fluid secretion by �30% concurrent with AMPK activation in

a mouse closed loop model. Importantly, oral administration of COS prevented the development of

aberrant crypt foci in a mouse model of colitis-associated colorectal cancer (CRC) via a mechanism

involving AMPK activation-induced b-catenin suppression and caspase-3 activation. Collectively, this

study reveals a novel action of COS in activating AMPK via CaSR-PLC-IP3 receptor channel-mediated

calcium release from ER. COS may be beneficial in the treatment of secretory diarrheas and CRC

chemoprevention.
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(IEC), CFTR mediates cAMP-induced Cl� secretion. Hence,
overstimulation of the CFTR-mediated Cl� secretion by enter-
otoxins (e.g. cholera toxin or CT) plays important roles in
providing a driving force for intestinal fluid secretion in secretory
diarrheas [8]. AMPK activators including AICAR and metformin
abrogated CT-induced fluid secretion in excised mouse intestinal
loops [9]. Interestingly, AMPK activators retarded growth of
colorectal cancer (CRC) cell lines and prevented colitis-associated
carcinogenesis in mice by inducing caspase-3 cleavage-mediated
apoptosis of cancer cells [10–12]. Of particular interest, AMPK
activation in human intestinal tissues is associated with superior
prognosis in CRC patients [13]. Therefore, AMPK has been
proposed as a drug target for CRC chemoprevention [14].

Chitosan oligosaccharide (COS) is a degradation product of
chitosan, a polymer of b-(1-4)-linked D-glucosamine, derived
from deacetylation of chitin found in exoskeletons of shrimps,
crabs and insects. Due to its water solubility, biocompatibility,
intestinal absorbability, and bioactivity, COS has received
considerable interest for potential applications as dietary
supplements or nutraceuticals [15]. To date, COS possesses a
variety of biological activities such as anti-oxidative, anti-
inflammatory and anti-bacterial activities [15]. After ingestion,
COS is not digested by either gastrointestinal enzymes or gut
floras, but is readily absorbed through intestinal epithelium
[16,17]. Therefore, it is crucial to investigate the effects of COS
on IEC, which is directly exposed to ingested COS and plays
pivotal roles in health and diseases. Indeed, COS has recently
been shown by our group to alleviate inflammation and its
associated damages in mouse models of inflammatory bowel
disease through suppression of nuclear factor kappa B (NF-kB)-
mediated inflammatory responses in IEC [18]. However, the
effect of COS on AMPK, which is an important regulator of
intestinal epithelial functions, has not yet been reported.
Therefore, this study aimed to investigate the effects of COS
on AMPK activity and the underlying mechanisms in IEC.
Furthermore, COS was evaluated for its effect on barrier function
and potential application in the treatment of secretory diarrheas
and in the chemoprevention of CRC.

2. Materials and methods

2.1. Materials

T84, HT-29 and Caco-2 cells were obtained from American Type
Culture Collection (Manassas, VA, USA). Cholera toxin (CT) was
from List Biological Laboratories, Inc. (Campbell, CA, USA). Fetal
bovine serum (FBS) and culture media were from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Other chemicals were from
Sigma–Aldrich Co. (Saint Louis, MO, USA).

2.2. Preparation of chitosan oligosaccharides

Chitosan oligosaccharides (COS) with molecular weight (MW)
of 5000 Da, 8000 Da, and 14,000 Da, and chitosan with MW of
�100,000 Da (all at the degrees of deacetylation >90%) were
prepared according to the protocol used in the previous study
[18]. Molecular weight of COS was defined by gel permeation
chromatography. Degree of deacetylation of COS was defined by
UV spectroscopic method. COS was dissolved in 1% acetic acid.

2.3. Cell culture

T84 cells were cultured in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F-12 medium included with
5% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin (Life
Technologies, Carlsbad, CA, USA). Caco-2 and HT-29 cells were

cultured in DMEM supplemented with 10% FBS, 1% non-essential
amino acids, 100 U/mL penicillin and 100 mg/mL streptomycin.
Cells were maintained in a humidified 95% O2/5% CO2 atmosphere
at 37 8C.

2.4. Western blot analysis

Cells were seeded on 6-well plates at a density of 1 � 106 cells/
well (Corning Life Sciences, Tewksbury, MA, USA). After treat-
ments, cell lysates or mouse tissue lysates were harvested using
lysis buffer. Protein concentrations in cell lysates were measured
by Lowry method. Thirty-microgram proteins were separated
using sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) before transferring to nitrocellulose membrane. The
membrane was blocked for 1 h with 5% non-fat dried milk (Bio-
Rad, Hercules, CA, USA), and incubated overnight with rabbit
antibodies to phospho-AMPK (Thr-172), AMPKa, phospho-acetyl
Co-A carboxylase (Ser-79) (p-ACC), acetyl Co-A carboxylase (ACC),
inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2),
b-catenin, cleaved caspase-3, or b-actin (Cell Signaling Technolo-
gy, Boston, MA, USA). The membrane was then washed for 4 times
with Tris-Buffered Saline Tween-20 (TBST) and incubated for
1 hour at room temperature with horseradish peroxidase-
conjugated goat antibody to rabbit immunoglobulin G (Cell
Signaling Technology, Boston, MA, USA). The signals were detected
using Luminata Crescendo Western HRP Substrate (Merck Milli-
pore, Billerica, MA, USA). Densitometry analysis was performed
using Image J software (version 1.46r, National Institute of Health,
Bethesda, MD, USA).

2.5. Determination of ADP/ATP ratio

ADP/ATP ratio was determined using the ADP/ATP Ratio Assay
Kit (bioluminescent, ab65313, Abcam, Cambridge, MA, USA).
Briefly, T84 cells (5 � 103 cells/well) were cultured for 24 h in
96-well plates before 24-h treatment with COS (100 mg/mL),
metformin (5 mM) or vehicle. Cell lysates were determined for
ADP/ATP ratio according to the manufacturer’s instructions.
Luminescence was detected using a Wallac Victor2 microplate
reader (PerkinElmer, Waltham, MA, USA).

2.6. Intracellular calcium measurement

T84 cells were harvested and incubated for 1 h at 37 8C with
1 mM indo-1 (Life Technologies, Carlsbad, CA, USA). Cells were
then washed with fresh buffer containing 0.441 mM KH2PO4,
5.33 mM KCl, 4.17 mM NaHCO3, 5.56 mM D-glucose, 137.93 mM
NaCl, 0.338 mM Na2HPO4, 1 mM CaCl2 and 1% (w/v) BSA, or the
buffer without CaCl2 for 3 times. The mean fluorescence intensity
ratio between Ca2+-bound indo-1 (excitation wavelength of
338 nm, emission wavelength of 405 nm) and Ca2+-free indo-1
(excitation wavelength of 338 nm, emission wavelength of
490 nm) was detected by an FP-6200 spectrofluorometer (JASCO,
Essex, UK).

2.7. Assay of NF-kB transcriptional activity

T84 cells (2 � 105 cells/well) were seeded and grown overnight
on a 24-well plate before 24-h incubation in Opti-MEM (Life
Technologies, Carlsbad, CA, USA) containing NF-kB GFP reporter
(Qiagen Inc., Valencia, CA, USA) and Lipofectin Transfection
Reagent (Life Technologies, Carlsbad, CA, USA) (at the ratio of
50:1:3.33). Cells were then incubated for 6 h in DMEM/F-12 media
containing vehicle, TNFa (10 hg/mL), TNFa (10 hg/mL) plus COS
(100 mg/mL) with or without compound C (80 mM), or compound
C (80 mM) alone. Cells were trypsinized and determined for GFP
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fluorescence by flow cytometry (excitation wavelength of 488 nm,
emission wavelength of 515 nm) (FACS Canto, BD Biosciences, San
Jose, CA, USA). Mean fluorescence intensity was used as an
indicator of NF-kB transcriptional activity.

2.8. Measurement of tight junction assembly

The integrity of epithelial tight junction was determined by two
methods, Ca2+ switch assay and FITC-dextran flux. For Ca2+ switch
assay, T84 cells were seeded on a Transwell permeable support
(5 � 105 cells/support) (Corning Life Sciences, Tewksbury, MA,
USA) and cultured for 3 days. Then, culture media were removed
and replaced with the Minimum Essential Medium Eagle, Spinner
Modification (S-MEM), Ca2+-free culture media, to disrupt tight
junctions. Sixteen hours later, S-MEM medium was replaced with
regular T84 cell medium (DMEM/Ham’s F-12) containing Ca2+

(‘‘Ca2+ switch’’) supplemented with vehicle, COS (100 mg/mL), COS
(100 mg/mL) plus compound C (80 mM), or compound C (80 mM)
alone. Transepithelial electrical resistance (TEER) was measured
before and after (1, 6, 12 and 24 h) Ca2+ switch using EVOM2 volt-
ohm meter (World Precision Instruments, Inc., Sarasota, FL, USA).
In some experiments, TEER was measured without Ca2+ switch.

For FITC-dextran flux assay, T84 cells were seeded on a
Transwell permeable support (5 � 105 cells/support) and cultured
for 7 days. Then, T84 cell monolayers were treated for 24 h with
vehicle, compound C (80 mM), TNFa (10 hg/mL), TNFa (10 hg/mL)
plus COS (100 mg/mL) or TNFa (10 hg/mL) plus COS (100 mg/mL)
and compound C (80 mM). FITC-dextran (MW �4,400 Da) was
added into the apical media (1 mg/mL) and, an hour later,
basolateral media was sampled for the determination of FITC-
dextran concentration using a Wallac Victor2 microplate reader
(PerkinElmer, Waltham, MA, USA).

2.9. Mouse model of cholera toxin-induced intestinal fluid secretion

After 24 h of fasting, mice were anesthetized by intraperitoneal
injection of thiopenthal sodium (50 mg/kg), followed by abdomi-
nal incision and isolation of 3 closed ileal loops (2–3 cm long) by
sutures. Ileal loops were instilled with 100 mL of phosphate-
buffered saline (PBS) or PBS containing cholera toxin (1 mg/loop)
with or without COS (100 mg/mL). Four hours later, mice were re-
anesthetized and ileal loops were removed for measurements of

weight/length ratio. The experimental protocol was approved by
the Institutional Animal Care and Use Committee of the Faculty of
Science, Mahidol University, in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of the
US National Institutes of Health.

2.10. Mouse model of colitis-associated colorectal cancer

Male mice (20–25 g, C57/BL6 strain) were obtained from the
National Laboratory Animal Center (Nakornpathom, Thailand). To
induce CRC, mice received an intraperitoneal injection of
azoxymethane (AOM; 7.5 mg/kg), followed by 2 cycles of 5-d
exposure to 2.5% (w/v) dextran sulfate sodium (DSS; MW 36,000–
50,000 Da; MP Biomedicals, Santa Ana, CA, USA) in drinking water
starting on day 5 and day 26 after AOM injection, respectively
[19]. COS was administered once daily on day 10 onward (after
completion of the first cycle of 2.5% DSS) by orogastric gavage at
20 mg/kg, 100 mg/kg, or 500 mg/kg. Mice were then sacrificed on
day 42 after AOM injection for histological and biomarker analyses.
The experimental protocol was approved by the Institutional
Animal Care and Use Committee of the Faculty of Science, Mahidol
University, in accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the US National
Institutes of Health.

2.11. Data analysis and statistical procedures

Results are presented as means � S.E.M. Statistical differences
between control and treatment groups were evaluated using
Student’s t test, one-way ANOVA or two-way ANOVA followed by
Bonferroni’s post hoc test, where appropriate, with p value <0.05
being considered statistically significant.

3. Results

3.1. Effect of COS with different molecular weights on AMPK

activation

Several biological activities of COS have been shown to depend
on its molecular weight (MW) [16]. We therefore determined the
effect of COS with different MW, i.e. 5,000 Da, 8,000 Da and
14,000 Da, on AMPK activation by performing Western blot

Fig. 1. Effects of COS with different averaged molecular weights on AMPK activation. Western blot analyses of p-AMPK, AMPKa, and b-actin after treating T84 cells with COS

at (A) 10 mg/mL or (B) 100 mg/mL for one hour. Data are analyzed as the ratio of p-AMPK/AMPKa and expressed as % of control (vehicle-treated group), means � S.E.M. (n = 5).
*p < 0.05; **p < 0.01 compared with vehicle-treated group (one-way ANOVA).

C. Muanprasat et al. / Biochemical Pharmacology 96 (2015) 225–236 227



analysis of the phosphorylated Thr-172 within the catalytic alpha
subunit of AMPK (AMPKa). The effect of chitosan with MW of
�100,000 Da was also evaluated for comparison. T84 cell line was
used in this study since it possesses physiological properties of IEC
including barrier function regulation and chloride secretion.
Treatment of T84 cells for an hour with chitosan or COS at
10 mg/mL resulted in increased AMPK phosphorylation. The
highest and statistically significant degree of AMPK phosphory-
lation was observed with 5,000-Da COS (Fig. 1A). Similarly,
treatments with 100 mg/mL of these compounds for an hour
induced AMPK phosphorylation (Fig. 1B); however, only those
with MW of 5,000 Da and 14,000 Da caused significant activation
of AMPK. These results indicate that 5,000-Da COS has the highest
potency in activating AMPK in T84 cells. Thereafter, COS with the
averaged MW of 5,000 Da was selected for subsequent experi-
ments to (1) characterize its AMPK-stimulating effects including
cellular mechanisms and its impact on barrier function as well as
NF-kB-mediated inflammatory responses in IEC, and (2) investi-
gate its potential applications in the treatment of secretory
diarrheas and CRC chemoprevention.

3.2. Characterization of AMPK activation by COS

To characterize the effect of COS in T84 cells, time course and
dose-response of AMPK phosphorylation were investigated using
Western blot analysis. In addition, phosphorylation of acetyl Co-A
carboxylase (ACC) at Ser-79, a downstream target of AMPK, was
determined using AICAR (1 mM), a known AMPK activator, as
positive control. Results showed that COS (100 mg/mL) induced
both AMPK phosphorylation and ACC phosphorylation in a
time-dependent manner starting at 60 min post-treatment
(Fig. 2A). Similarly, treatment with COS for 1 h resulted in AMPK
activation in a concentration-dependent manner (Fig. 2B).

Furthermore, the effect of COS on AMPK phosphorylation was
investigated in other IEC including HT-29 and Caco-2 cells. As
shown in Fig. 2C, treatments with COS (10–500 mg/mL) for 24 h led
to AMPK phosphorylation in a concentration-dependent manner.
However, the dose that produced significant effects in these two
cell lines was much higher, being 500 mg/mL compared to 100 mg/
mL in T84 cells. In addition, it took longer time (24 h) to observe the
effects in these cells. Therefore, only T84 cells were used in the
subsequent experiments.

3.3. Involvement of CaMKKb in mediating AMPK activation by COS

AMPK phosphorylation is mediated by two upstream kinases
including LKB1 and CaMKKb, which are sensitive to increased
ADP:ATP ratio and increased [Ca2+]i, respectively [1]. Metformin
(5 mM) was used as a positive control in this experiment. As
depicted in Fig. 3A, 24-h treatment with COS (100 mg/mL) did not
affect ADP:ATP ratio. This result indicates that the mechanism by
which COS activates AMPK in T84 cells does not involve energy
deprivation/change in ADP:ATP ratio. Next, the involvement of
CaMKKb in mediating COS-induced AMPK activation was investi-
gated using CaMKKb inhibitor STO-609. Interestingly, the effect
of COS (100 mg/mL; 1-h treatment) on AMPK activation was
significantly attenuated by pre-treatment with STO-609 (5 mM)
(Fig. 3B). This result indicates that COS induces AMPK activation
via CaMKKb in T84 cells.

3.4. Effect of COS on intracellular calcium level

Since CaMKKb-mediated AMPK activation is responsive to an
increase in [Ca2+]i, the effect of COS on [Ca2+]i was investigated
using the ratiometric Ca2+ indicator indo-1. In this experiment, the
ratio of emitted fluorescence at 405 nm (from Ca2+-bound indo-1)

to 490 nm (from Ca2+-free indo-1) (indo-1 ratio) was used as an
indicator of [Ca2+]i. As shown in Fig. 3C, an addition of COS
(100 mg/mL) to T84 cells (extracellular [Ca2+] or [Ca2+]o = 1 mM)
caused an abrupt increase in indo-1 ratio, indicating that COS
induces an increase in [Ca2+]i. To investigate the contribution of
Ca2+ influx from extracellular source, effect of COS on [Ca2+]i was
investigated using Ca2+-free buffer ([Ca2+]o = 0 mM). Interesting-
ly, the effect of COS (100 mg/mL) on [Ca2+]i was unaffected by
removal of [Ca2+]o (Fig. 3C), indicating that an elevation of [Ca2+]i
induced by COS is due to Ca2+ release from intracellular sources.

Fig. 2. Pharmacological characterization of the effects of COS (MW 5,000 Da) on the

activation of AMPK and its downstream target. (A) Time course of AMPK activation

and expression of p-ACC by COS. T84 cells were treated with vehicle or COS (100 mg/

mL) for the indicated durations before sample collection for Western blot analysis. A

representative immunoblot of three independent experiments is shown. (B) Dose-

response of COS-induced AMPK activation and expression of p-ACC. T84 cells were

incubated with AICAR, vehicle, or COS at the indicated concentrations for one

hour before sample collection for Western blot analysis. A representative

immunoblot of three independent experiments is shown. (C) Effects of COS on

AMPK activation in HT-29 cells and Caco-2 cells. HT-29 cells and Caco-2 cells were

treated with vehicle or COS at the indicated concentrations for 24 h before sample

collection for Western blot analysis. Data are analyzed as the ratio of p-AMPK/

AMPKa and expressed as % of control (vehicle-treated group), means � S.E.M.

(n = 4–6). *p < 0.05; **p < 0.01 compared with vehicle-treated group (one-way

ANOVA).
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Of note, pretreatment with intracellular Ca2+ chelator BAPTA
blunted the COS-induced increase in indo-1 ratio, confirming that
COS elevates [Ca2+]i (Fig. 3C).

3.5. Mechanism of COS-induced elevation in [Ca2+]i and AMPK

activation

Two main sources of intracellular Ca2+ are endoplasmic
reticulum (ER) and mitochondria. Since the effect of COS on
inducing elevation of [Ca2+]i is rapid (�5–10 s after addition of

COS), we hypothesized that COS may induce [Ca2+]i release from
ER via G-protein coupled receptor (Gq)-phospholipase C (PLC)-
inositol triphosphate (IP3) receptor-mediated pathway. Consis-
tent with this hypothesis, pretreatment with thapsigargin (TG;
5 mM) and 2-aminoethoxydiphenyl borate (2-APB; 100 mM),
which are inhibitors of Ca2+ ATPases and IP3 receptor Ca2+

channels located on ER membrane, respectively, resulted in a
significant decrease in COS-induced elevation of [Ca2+]i (Fig. 4).
This result indicates that COS induces Ca2+ release from ER.
Furthermore, pretreatment with U73122 (PLC inhibitor; 10 mM)

Fig. 3. Involvement of CaMKKb in COS-induced AMPK activation and effect of COS on [Ca2+]i. (A) Effect of COS on ADP/ATP ratio. T84 cells were treated with vehicle, COS

(100 mg/mL), or metformin (5 mM) for 24 h before measurements of ADP/ATP ratio. Data are expressed as means � S.E.M. (n = 5) NS, non-significant; *p < 0.05 compared with

vehicle-treated group (one-way ANOVA). (B) Involvement of CaMKKb in COS-induced AMPK activation. T84 cells were treated with COS (100 mg/mL) without or with CaMKKb
inhibitor STO-609 (5 mM) for 24 h before sample collection for Western blot analysis. A representative immunoblot of four independent experiments is shown. (C) Effect of COS on

[Ca2+]i. After indo-1 loading, T84 cells were suspended in buffers supplemented with Ca2+ (1 mM) or without Ca2+ (with or without 0.2 mM BAPTA). During continual measurement

of indo-1 dual fluorescence (emitted at 405 nm and 490 nm), vehicle or COS (100 mg/mL) was added into the bathing solutions. Top, representative tracings of indo-1 fluorescence

ratio (F405/F490). Bottom, summary of the data is shown. Data are expressed as means of indo-1 fluorescence ratio (F405/F490) � S.E.M. (n = 3–4). NS, non-significant; *p < 0.05;
**p < 0.01 (Student’s t test).
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and Pertussis toxin (G protein inhibitor; 2 mg/mL) significantly
suppressed COS-induced [Ca2+]i elevation (Fig. 4), suggesting that
COS induces Ca2+ release from ER via Gq-PLC-dependent pathway.

It is known that calcium-sensing receptor (CaSR), a Gq-coupled
receptor linked to PLC, is expressed in IEC including T84 cells
[20]. In addition, several cationic nitrogen-containing molecules
including aminoglycosides (e.g. neomycin and gentamicin), poly-
amines (e.g. spermine), and aromatic L-amino acid (e.g. L-
phenylalanine) have been shown to act as CaSR agonist [21]. This
led us to hypothesize that COS, which exists as a cationic molecule
at physiological pH, may increase [Ca2+]i in T84 cells by activating
CaSR. In support of this hypothesis, pretreatment with a selective
CaSR antagonist NPS2143 (10 mM) significantly suppressed a COS-
induced increase in [Ca2+]i (Fig. 4). Since increased [Ca2+]i is known
to trigger Ca2+ release from mitochondria via mitochondrial
permeability transition pore (MPTP), the contribution of the
Ca2+ release from mitochondria to COS-induced increases in [Ca2+]i
was investigated using cyclosporine, an MPTP inhibitor. Interest-
ingly, cyclosporine pretreatment (5 mM) significantly reduced
COS-induced [Ca2+]i elevation (Fig. 4). Our results, therefore,
indicate that COS induces Ca2+ release from both ER and
mitochondria, at least in part, via CaSR-PLC-IP3 receptor chan-
nel-dependent pathway.

Next, the contribution of COS-induced [Ca2+]i elevation to the
AMPK activation was investigated. As shown in Fig. 5, COS-induced
AMPK phosphorylation was significantly suppressed by

pretreatments with BAPTA, TG plus 2-APB, U73122, Pertussis toxin,
NPS2143, and cyclosporine. These results strongly suggest that COS
activates AMPK by inducing Ca2+ release from ER and mitochondria,
at least in part, via CaSR-PLC-IP3 receptor-dependent pathway.

3.6. COS promotes tight junction assembly via AMPK-dependent

mechanism

AMPK is known to facilitate extracellular Ca2+-induced tight
junction assembly in epithelial cells [5,6]. We next determined the
effect of COS on the extracellular Ca2+-induced tight junction
assembly in T84 cell monolayers using Ca2+ switch assay. As
depicted in Fig. 6A, treatment with COS (100 mg/mL) led to a
significant increase in TEER at 24 h post-treatment compared with
control. Furthermore, this effect was inhibited by pretreatment
with compound C (80 mM), an AMPK inhibitor. Of note, the effect of
COS on TEER was absent without Ca2+ re-addition, i.e. in Ca2+-free
condition (Fig. 6B). These findings indicate that extracellular Ca2+-
induced tight junction assembly was enhanced by COS via the
AMPK-dependent pathway.

3.7. Suppression of NF-kB-mediated inflammatory response by COS is

independent of AMPK

Our previous study showed that COS inhibited NF-kB activation
in IEC, leading to amelioration of intestinal inflammation in mouse

Fig. 4. Mechanism of COS-induced increases in [Ca2+]i. T84 cells were loaded with indo-1 and suspended in Ca2+-free buffers. After the indicated pretreatments (5 mM

TG + 100 mM 2-APB, 10 mM U73122, 2 mg/mL Pertussis toxin, 10 mM NPS2143, or 5 mM cyclosporine) for one hour, COS (100 mg/mL) was added into bathing solutions during

continual recording of indo-1 dual fluorescence (emitted at 405 nm and 490 nm). Top, representative tracing of indo-1 fluorescence ratio (F405/F490). Bottom, summary of

the data is shown. Data are expressed as means of indo-1 fluorescence ratio (F405/F490) � S.E.M. (n = 3–6). *p < 0.05; **p < 0.01 compared with COS-treated control group (one-

way ANOVA).
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models of IBD [18]. We, therefore, investigated the involvement of
AMPK in COS-induced suppression of NF-kB-transcriptional
activity and NF-kB-mediated inflammatory responses. In this
experiment, TNFa (10 hg/mL) was used as an inducer of NF-kB
signaling. We investigated the effect of COS on NF-kB transcrip-
tional activity using T84 cells transfected with NF-kB-GFP fusion
plasmid and analyzed the indicators of NF-kB activation in IEC
such as epithelial barrier disruption and protein expressions of
inflammatory mediators including inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2). As illustrated in Fig. 7A, COS
(100 mg/mL) significantly suppressed TNFa-induced NF-kB pro-
moter activity and this effect was not reversed by pretreatment
with compound C (80 mM). Consistent with this result, COS
(100 mg/mL) inhibited protein expressions of NF-kB target genes
including iNOS and COX-2 in an AMPK-independent manner
(Fig. 7B). In addition, COS (100 mg/mL) prevented TNFa-induced
FITC-dextran flux, an indicator of intestinal epithelial barrier
disruption, across T84 cell monolayers. Likewise, this effect was
not reversed by pretreatment with compound C (Fig. 7C).
Therefore, our data indicate that COS-induced inhibition of NF-
kB signaling is not mediated by AMPK in T84 cells.

3.8. Potential applications of COS in the treatment of secretory

diarrhea and chemoprevention of colorectal cancer

We next investigated an in vivo efficacy of COS in activating
AMPK in intestinal tissues and in the treatment of secretory
diarrheas and chemoprevention of CRC in mice. Anti-secretory
efficacy of COS was evaluated in a mouse closed loop model of
cholera toxin (CT)-induced intestinal fluid secretion. As shown in

Fig. 8A, treatment with COS (100 mg/mL) reduced CT-induced
intestinal fluid secretion by �30%. In addition, mice receiving COS
showed increased phosphorylation of AMPK and ACC in their
intestinal tissues (Fig. 8B), confirming that COS activates AMPK in
mouse intestine in vivo.

The chemopreventive efficacy of COS was investigated in a
mouse model of colitis-associated CRC, in which mice received
intraperitoneal injection of AOM and 2.5% DSS in drinking water.
Over the entire period of the experiment, body weights and
food consumption of CRC mice with/without treatment with
COS were not different from those of the control healthy
mice (data not shown). Of particular interest, the number of
aberrant crypt foci (ACF), premalignant biomarkers of CRC, in
the colon specimens was significantly reduced by treatment
with COS at 500 mg/kg (Fig. 9 A and B). To gain insight into the
mechanisms of chemopreventive efficacy of COS, Western blot
analysis of the colon samples was performed. As shown in
Fig. 10A and B, significant increases of AMPK and ACC
phosphorylation were observed in mice treated with 500 mg/
kg COS. In addition, the effect of COS on the expression of b-
catenin, a molecular biomarker of CRC development, was
investigated. Fig. 10C shows that COS induced a dose-dependent
reduction in b-catenin expression in mouse colon with a
significant effect at the dose of 500 mg/kg. Since AMPK
activation has been shown to exert a chemopreventive effect,
in part, by inducing apoptosis of premalignant cells, the
expression of cleaved caspase-3 was, therefore, investigated
in the colon samples. Results show that mice receiving COS
exhibited an increase in the level of cleaved caspase-3
expression in a dose-dependent manner with a significant
effect at the dose of 500 mg/kg COS (Fig. 10D).

4. Discussion

Chitosan oligosaccharides (COS), which are natural oligomers
derived from chitin, are the most abundant carbohydrate polymers
second to cellulose. Despite being employed as food supplements
with a variety of claimed actions, the cellular/molecular mecha-
nisms underlying their biological activities/benefits are poorly
understood. In this study, we demonstrated the novel effect of COS
in activating AMPK via mechanisms involving CaSR-PLC-mediated
Ca2+ release from ER in IEC. AMPK activation by COS led to
facilitation of tight junction assembly in IEC. Of particular
importance, this report showed that ingestion of COS induced
AMPK activation in intestinal tissues in vivo and inhibited
intestinal fluid secretion in secretory diarrheas and premalignant
development of CRC in mice.

This study identified the unprecedented action of COS in
activating AMPK in an epithelial cell line. In fact, AMPK has recently
been shown to play many pivotal roles in regulating epithelial
functions including facilitation of tight junction assembly and
inhibition of CFTR-mediated chloride secretion [4,7]. In addition,
several studies have shown that some known drugs such as aspirin
and fenamates activate AMPK, which may account for the anti-
inflammatory and chemopreventive effects of these drugs
[22,23]. In the present study, COS with the averaged MW of
5,000 Da had more pronounced AMPK-stimulating effect than
those with higher MW (8,000 Da, 14,000 Da and 100,000 Da). This
finding is in agreement with other investigations demonstrating
that low MW COS has more favorable biological activities including
higher anti-inflammatory effects, in addition to its lower toxicity
and higher biocompatibility [24]. Furthermore, we found that
activation of AMPK was initially observed at 1-h post-treatment
and sustained for 24 hours. Interestingly, the effect of COS was
observed in other human IEC lines including HT-29 and Caco-2
cells, indicating that this effect is not cell-line specific. In light of

Fig. 5. Mechanism of COS-induced AMPK activation. T84 cells were pretreated for

one hour with the indicated compounds (0.2 mM BAPTA, 5 mM TG + 100 mM 2-APB,

10 mM U73122, 2 mg/mL Pertussis toxin, 10 mM NPS2143, or 5 mM cyclosporine),

then incubated for 24 h with COS (100 mg/mL), after which proteins were collected

for Western blot analysis. Top, a representative immunoblot from five independent

experiments is shown. Bottom, summary of the data. Data are analyzed as the ratio

of p-AMPK/AMPKa and expressed as % of control (COS-untreated group),

means � S.E.M. (n = 5). *p < 0.05; **p < 0.01 compared with COS-treated control

group. ##p < 0.01 compared with no treatment (one-way ANOVA).
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the data obtained from this study, we proposed that COS activates
AMPK activity in T84 cells mainly by inducing [Ca2+]i elevation
since (1) COS had no effect on ADP/ATP ratio, the primary stimulus
of LKB1-mediated AMPK activation, (2) CaMKKb inhibitor STO-609
and intracellular Ca2+ chelator BAPTA completely abrogated COS-
induced AMPK activation, and (3) COS induced an abrupt increase
in [Ca2+]i. Using a variety of pharmacological inhibitors, our results
indicate that COS increases [Ca2+]i and activates AMPK, at least in
part, via CaSR-Gq-PLC-IP3-receptor channel-dependent pathway.
In fact, CaSR agonists have previously been shown to elevate [Ca2+]i
in IEC via Gq-PLC-IP3 receptor channel pathway [20]. Similar to the
known CaSR agonists including neomycin and gentamicin, COS
consists of cationic N-containing carbohydrate molecules
[21]. Therefore, we speculate that COS may increase [Ca2+]i by
interacting with CaSR, subsequently eliciting Ca2+ release from ER.
However, to gain more insight into the interaction between COS
and CaSR, future studies are required. Furthermore, our study
indicates that Ca2+ release from mitochondria via MPTP may also
be involved in [Ca2+]i elevation and AMPK activation in IEC. This
observation is consistent with the factual knowledge that [Ca2+]i is
tightly regulated by both ER and mitochondria and these two
organelles are functionally interconnected [25].

In this study, COS enhanced tight junction assembly in T84 cell
monolayers in an AMPK- and extracellular Ca2+- dependent
manner. Indeed, the roles of CaSR and AMPK in mediating
extracellular Ca2+-induced tight junction assembly have previously

been demonstrated in Madin-Darby canine kidney (MDCK) cell
monolayers [5,6,26]. Interestingly, we found that the enhancement
of tight junction assembly was absent in Ca2+-free media. This
observation is in line with the previous studies demonstrating that
AMPK activator AICAR failed to induce maturation of tight junction
formation in low Ca2+ media [5,6]. Previously, we have shown that
COS (MW of 5,000 Da) ameliorates intestinal inflammation and the
associated morbidity and mortality in the two mouse models of
colitis via suppression of NF-kB-mediated inflammatory response
and barrier disruption [18]. Although AMPK is known to be a
negative regulator of NF-kB signaling [27], our data in the present
study showed that the inhibitory effect of COS on NF-kB signaling
and the associated tight junction disruption were not reversed by
AMPK inhibitor compound C. This suggests that COS may suppress
NF-kB-mediated inflammatory responses and prevent the inflam-
mation-associated barrier disruption in IEC via an AMPK-indepen-
dent mechanism, which warrants further investigations.

AMPK has been implicated as a drug target for reducing
intestinal fluid loss in secretory diarrheas especially cholera, and
for chemoprevention of CRC [9,14]. In a mouse model of CT-
induced fluid secretion, we demonstrated that COS effectively
prevented CT-induced intestinal fluid secretion. Western blot
analyses of phosphorylated AMPK and ACC confirmed that COS
activated AMPK in intestinal tissues in vivo. Furthermore, oral
administration of COS reduced the numbers of ACF, the premalig-
nant markers of CRC, in a mouse model of colitis-associated

Fig. 6. Effect of COS on tight junction assembly. (A) Effect of COS on tight junction assembly using Ca2+ switch assay, T84 cells were cultured for 16 hours in Ca2+-free media.

TEER of T84 cell monolayers was then measured after replacement of Ca2+-free media with media containing Ca2+ (2 mM) and the indicated reagents (COS at 100 mg/mL;

compound C at 80 mM). Data are expressed as means of TEER � S.E.M. (n = 6). ***p < 0.001 compared with vehicle-treated group. ##p < 0.01 compared with COS-treated group

(one-way ANOVA). (B) Effect of COS on tight junction assembly in Ca2+-free media. T84 cell monolayers were cultured for 16 h in Ca2+-free media. TEER was then measured after

addition of the indicated compounds into the culture media (COS at 100 mg/mL; compound C at 80 mM). Data are expressed as means of TEER � S.E.M. (n = 6)(two-way ANOVA,

Treatment and Time).
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tumorigenesis. Of note, the suppressive effect of COS on ACF
numbers was significant at the dose of 500 mg/kg, which is well
correlated with the effects on activation of AMPK phosphorylation,
suppression of b-catenin expression and induction of cleaved
caspase-3 expression in intestinal tissues. This correlation suggests
that COS at 500 mg/kg is required to provide effective chemopre-
vention against CRC and that the chemopreventive effect of COS is
mediated at least in part via AMPK activation. This dose of COS in
mice can be translated to 40 mg/kg for human based on body
surface areas of humans and mice [28].

In addition to their potential benefits in secretory diarrheas
and CRC, agents possessing AMPK-stimulating activity have been
proposed to hold promise in the treatment of several other
diseases. For example, AMPK activation by both known drugs
(e.g. metformin and aspirin) and natural compounds (e.g.
resveratrol and berberine) has been shown to ameliorate
metabolic syndrome-associated disorders including type II
diabetes mellitus, hypertension, dyslipidemia, atherosclerosis
and Alzheimer’s disease [29–34]. Importantly, AMPK activators
such as aspirin, metformin and resveratrol have been shown to
have potential in extending lifespan of organisms by activating

sirtuins, a group of histone/protein deacetylases involved in
combating aging [35–37]. Indeed, ingestion of COS has previously
been shown to exert anti-diabetic effects in type II diabetic rats
by improving insulin sensitivity and increasing insulin secretion
from pancreatic b cells [38,39]. In addition, COS has been found to
be effective in improving plasma lipid profiles in mice and
alleviating b-amyloid peptide-induced toxicity in rat primary
hippocampal neurons [40]. However, the involvement of AMPK in
eliciting these beneficial effects of COS has not yet been
investigated and represents important issues for future inves-
tigations.

In conclusion, COS induces AMPK activation in IEC, at least in
part, via a mechanism involving CaSR-PLC-IP3 receptor channel-
mediated elevation in [Ca2+]i. Activation of AMPK then promotes
tight junction assembly and leads to suppression of CFTR-
mediated intestinal fluid secretion and chemoprevention of
CRC in vivo. This study not only provides a rational basis for
potential utility of COS in the treatment of secretory diarrheas
and chemoprevention of CRC, but also constitutes a novel body of
knowledge regarding mechanisms underlying the beneficial
effects of COS.

Fig. 7. COS-induced suppression of NF-kB-mediated inflammatory response and barrier disruption is AMPK-independent. (A) Effect COS on NF-kB transcriptional activity.

T84 cells were transfected with NF-kB-GFP fusion plasmid and subjected to the indicated treatments (10 hg/mL TNFa, 100 mg/mL COS, 80 mM compound C). GFP

fluorescence intensity was measured using flow cytometer. Data are expressed as means of relative GFP fluorescence intensity � S.E.M. (n = 8). NS, non-significant. *p < 0.05;
**p < 0.01 compared with the group treated with TNFa alone. ##p < 0.01 compared with group with no treatment (one-way ANOVA). (B) Effect of COS on TNFa-induced expression

of inflammatory markers. After 24-h treatment of T84 cells with the indicated reagents, samples were collected for immunoblot analysis of iNOS and COX-2. Top, representative

immunoblot. Bottom, summary of the data. Data are expressed as means of relative band intensity of iNOS or COX-2 normalized by b-actin � S.E.M. (n = 6). NS, non-significant.
*p < 0.05; **p < 0.01 compared with TNF-a alone. #p < 0.05; ##p < 0.01 compared with no treatment (one-way ANOVA). (C) Effect of COS on TNFa-induced barrier disruption. T84

cell monolayers were exposed for 24 hours to the indicated treatments before FITC-dextran (4.4 kDa) flux assays. Data are expressed as means of FITC-dextran

concentration � S.E.M. (n = 6). NS, non-significant. *p < 0.05 compared with TNFa alone. ##p < 0.01 compared with no treatment (one-way ANOVA).
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Fig. 8. Anti-diarrheal efficacy of COS in a mouse closed loop model of cholera. Ileal loops were instilled with cholera toxin (CT, 1 mg), CT (1 mg) plus COS (100 mg/mL) or PBS

alone. Four hours thereafter, ileal loops were removed for measuring loop weight/length ratio and the ileal tissues were collected for Western blot analysis. (A) Effect of COS

on CT-induced intestinal fluid secretion. Left, photographs of representative ileal loops. Scale bar = 1 cm. Right, summary of the data. Data are expressed as means of loop

weight/length ratio � S.E.M. (n = 5). *p < 0.05 compared with CT-treated group (Student’s t test). (B) COS-induced AMPK activation in ileal loops. Expressions of p-ACC, p-AMPK,

AMPKa, and b-actin were determined using Western blot analysis. A representative immunoblot from five mice is shown.

Fig. 9. Chemopreventive efficacy of COS against CRC in mice. A mouse model of colitis-associated carcinogenesis was induced by an intraperitoneal administration of

azoxymethane (7.5 mg/kg BW) followed by two cycles of 5-d exposure to dextran sulfate sodium (DSS, 2.5%, w/v) in drinking water. Vehicle (control) or COS at the indicated

doses was intragastrically administered to the mice once a day after completion of the first cycle of 2.5% DSS. (A) Representative micrographs of colon tissues stained with

hematoxylin and eosin (100� magnification). Arrows indicate aberrant crypt foci (ACF). Scale bar = 50 mm. (B) Effect of COS administration on ACF numbers. Data are

expressed as means of ACF numbers/section � S.E.M. (n = 9). *p < 0.05 compared with vehicle-treated mice (control) (one-way ANOVA).
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