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Abstract
Family 18 chitinases have a binding capacity with chi-
tin, a polymer of N-acetylglucosamine. Recent studies 
strongly suggested that chitinase 3-like 1 (CHI3L1, also 
known as YKL-40) and acidic mammalian chitinase, 
the two major members of family 18 chitinases, play a 
pivotal role in the pathogenesis of inflammatory bowel 
disease (IBD), bronchial asthma and several other in-
flammatory disorders. Based on the data from high-
throughput screening, it has been found that three 
methylxanthine derivatives, caffeine, theophylline, 
and pentoxifylline, have competitive inhibitory effects 
against a fungal family 18 chitinase by specifically inter-
acting with conserved tryptophans in the active site of 
this protein. Methylxanthine derivatives are also known 
as adenosine receptor antagonists, phosphodiesterase 
inhibitors and histone deacetylase inducers. Anti-in-

flammatory effects of methylxanthine derivatives have 
been well-documented in the literature. For example, a 
beneficial link between coffee or caffeine consumption 
and type 2 diabetes as well as liver cirrhosis has been 
reported. Furthermore, theophylline has a long history 
of being used as a bronchodilator in asthma therapy, 
and pentoxifylline has an immuno-modulating effect for 
peripheral vascular disease. However, it is still largely 
unknown whether these methylxanthine derivative-
mediated anti-inflammatory effects are associated with 
the inhibition of CHI3L1-induced cytoplasmic signaling 
cascades in epithelial cells. In this review article we 
will examine the above possibility and summarize the 
biological significance of methylxanthine derivatives in 
intestinal epithelial cells. We hope that this study will 
provide a rationale for the development of methylx-
anthine derivatives, in particular caffeine, -based anti-
inflammatory therapeutics in the field of IBD and IBD-
associated carcinogenesis.
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Core tip: The involvement of family 18 chitinases in the 
pathogenesis of inflammatory bowel disease has been 
increasing characterized. The discovery of methylxan-
thine derivatives as an effective inhibitor of family 18 
chitinases provides a good tool to control the patho-
genic effects of these proteins. This review discusses 
the underlying inhibitory mechanisms of the different 
methylxanthine derivatives and how these compounds 
have been shown to be effective in the amelioration of 
animal colitis models. As such, this mode of application 
can be extended to target other family 18 chitinases 
associated disorders such as asthma.
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INTRODUCTION
Inflammatory bowel disease (IBD), including Crohn’s 
disease (CD) and ulcerative colitis (UC), is a group of  
intestinal inflammatory disorders that affect millions 
people worldwide. IBD is associated with increased risk 
of  colorectal cancer 8-10 years after initial diagnosis[1]. 
The chronic colitis in IBD is asssociated with inappro-
priate activation of  the immune system by abnormal 
interactions between host and enteric luminal microbes. 
Our group have previously identified an unexpected role 
for chitinase 3-like 1 (CHI3L1) in enhancing bacterial 
adhesion and invasion on/into intestinal epithelial cells 
(IECs) and have demonstrated that CHI3L1 specifically 
activates protein kinase B (AKT) phosphorylation in 
IECs[2,3]. Given these roles, the ability of  a host to pro-
duce CHI3L1 and other enzymatic active mammalian 
chitinases [e.g., chitinase-1 and acidic mammalian chitin-
ase (AMCase)] could be a critical factor in regulating the 
innate immune responses against microorganisms that 
exist in normal intestinal flora[4]. However, exaggerated 
production of  these chitinases could cause highly patho-
genic effects in mucosal tissues, directly initiating and 
perpetuating chronic inflammation[2,5-7]. CHI3L1 also has 
been identified as a potential autoantigen driving T cell-
mediated immune responses in rheumatoid arthritis, sug-
gesting that mammalian chitinases are highly associated 
with chronic inflammation[8,9].

As shown by Rao et al[10], methylxanthine derivatives, 
including caffeine, theophylline and pentoxifylline, are 
competitive inhibitors against a family 18 chitinase ex-
pressed by a fungal pathogen. Crystallographic analysis 
of  chitinase and methylxantine derivative complexes 
revealed specific interactions with the active site of  the 
chitinase protein, mimicking the binding of  allosamidin, 
a well-known pan-chitinase inhibitor isolated from Strep-
tomyces species[10]. Currently, most known family 18 chi-
tinase inhibitors are natural products, including pseudo-
trisaccharide allosamidin[11]. However, this inhibitor is 
unsuitable as a therapeutic lead because of  its high cost 
and high molecular weight. In contrast, methylxanthine 
derivatives are inexpensive and have much lower mo-
lecular weight as compared to allosamidin. In particular, 
caffeine is found in a wide variety of  foods and bever-
ages (e.g., coffee, tea, cola, chocolates) and dietary supple-
ments/ingredients (including botanicals such as guarana, 
yerba mate, and green tea extract)[11]. At physiological 
concentration, caffeine shows only minor adverse effects 
on the cardio-respiratory system and other health out-
comes[12-14]. Therefore, caffeine is thought to be the most 
reasonable, least expensive, and safest compound among 

known chitinase inhibitors. In fact, our group recently 
demonstrated the beneficial effects of  a medium dose 
of  caffeine (2.5 mmol/L; equivalent to the concentration 
of  caffeine in 2-3 cups of  coffee) in the development of  
acute dextran sulfate sodium (DSS)-induced colitis by 
down-regulating the expression of  CHI3L1 in the co-
lon[15]. Although anti-inflammatory effects of  caffeine is 
considered to be mediated, at least partially, via chitinase 
inhibition, it is still largely unknown whether the other 
methylxanthine derivatives, such as theophylline and 
pentoxifylline, also exert their anti-inflammatory activities 
by downregulating CHI3L1 expression. In this review 
article, we will discuss the important biological functions 
of  caffeine, theophylline and pentoxifylline laying a spe-
cial emphasis on the CHI3L1-mediated AKT/β-catenin 
signaling activation in IECs.

CHI3L1, BACTERIAL INFECTION AND IBD
It has been postulated that dysregulated host-microbial 
interactions play a central role in the development of  in-
testinal inflammation[16-18]. In humans, the ileocecal region 
and colon are colonized by a group of  anaerobic bacteria, 
many of  which cannot be cultured using standard micro-
bial techniques[19]. Altered epithelial barrier functions, mu-
cosal immune responses and microbial defense are major 
factors of  host susceptibility against these commensal 
bacteria[19]. Therefore, abnormal adhesion and invasion 
of  commensal bacteria on/into IECs may be highly in-
volved in the pathogenesis of  IBD in patients with the 
mutations in IBD-susceptibility genes[20,21]. The develop-
ment of  excess bacterial adhesion and/or perpetuation 
of  intestinal inflammation seems to be closely associated 
with the induction of  several molecules on IECs[22,23].

Previous studies have addressed the possibility that 
chronic bacterial infections are involved in the pathogen-
esis of  IBD[24-26]. An involvement of  Escherichia coli (E. 
coli) in the pathogenesis of  CD has been suggested by the 
detection of E. coli antigens and DNA in granulomatous 
and peri-ulcerative lesions in CD[27]. In addition, circulat-
ing antibodies against the porin protein C of  E. coli outer 
membrane have been detected in CD patients with severe 
inflammation[28]. In fact, the terminal ileum of  CD pa-
tients is sometimes heavily colonized by a special type of  
E. coli strain, adherent-invasive E. coli (AIEC), which is 
able to survive extensively within IECs and macrophages 
without inducing apoptosis[29-32]. Interestingly, AIEC can 
be detected only in 6% of  ilea in healthy individuals, but 
is present in 36% of  the newly formed terminal ilea (with 
early and acute inflammation) of  post-surgical patients[31]. 
It has been demonstrated by Carvalho et al[33] that ab-
normal expression of  specific host receptor, carcinoem-
bryonic antigen-related cell adhesion molecule 6, is one 
of  the inducible molecules enhancing the interaction 
between host cells and AIEC[32,33].

Utilizing DNA microarray analysis, our group also 
identified that CHI3L1 is specifically up-regulated on 
IECs under intestinal inflammatory conditions. Although 
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CHI3L1 entirely lacks glycohydrolase enzymatic activ-
ity, it has a functional chitin-binding motif  acting as chi-
lectin[34,35]. Chitin is an N-acetylglucosamine polymer and 
is the second most abundant polysaccharides in nature 
next to cellulose. In spite of  lacking of  chitin and chitin 
synthase, mammals can constitutively or inducibly pro-
duce several chitinases, including CHI3L1, which show a 
high degree of  sequential homology to the bacterial and 
plant chitinases[36]. The expression of  CHI3L1 is highly 
up-regulated in IECs and macrophages with inflamma-
tion and specifically enhances potentially pathogenic, but 
not non-pathogenic, bacterial adhesion and invasion on/
into IECs[2,37]. Our recent studies further revealed that a 
specific adhesion between CHI3L1 and 5 distinct amino 
acids in the AIEC Chitinase A (ChiA) protein, which in-
cludes chitin-binding domains (CBDs), play critical roles 
in the initial host-microbial interaction[7]. Furthermore, 
N-glycosylation of  a single amino acid residue (68th As-
paragine) in the mouse CHI3L1 protein is crucial for 
the adhesion of  potentially pathogenic E. coli on IECs[7]. 

Interestingly, similar to CHI3L1, bacterial CBDs have 
been found to bind directly to chitin[38,39]. Therefore, the 
specific interaction between glycosylated CHI3L1 and 
E. coli ChiA seems to be enhancing the bacterial adhe-
sion and invasion on/into IECs under inflammatory 
conditions. These excess and abnormal host-microbial 
interactions via the above two chitinases may further per-
petuate chronic intestinal inflammation as well as colitis-
associated carcinogenic change of  IECs, presumably by 
interacting with toll-like receptor-4 signaling[40,41].

METHYLXANTHINE DERIVATIVES AS 
PAN-CHITINASE INHIBITORS 
Methylxanthines are a group of  alkaloid chemicals which 
are derived from the purine base xanthine. Xanthine is 
a result of  purine degradation from either guanine by 
guanine deaminase or hypoxanthine by xanthine oxido-
reductase. Methylxanthines are methylated derivatives 

and include the compounds caffeine, aminophylline, 
3-isobutyl-1-methylxanthine, paraxanthine, pentoxifylline, 
theobromine (found in chocolate), theophylline. Tradi-
tionally, they are used as stimulants, to increase athletic 
performance, and as brochiodilators, most notably in the 
case of  asthma.

Through the use of  drug screening tools, it was dem-
onstrated that several methylxanthine derivatives, namely 
caffeine, theophylline, and pentoxifylline were potential 
chitinase inhibitors[10]. Subsequent analysis confirmed the 
inhibitory effects of  all 3 methylxanthines, with pentoxi-
fylline having the highest Ki of  37 μmol/L. In terms of  
another parameter IC50 (half  maximal inhibitory concen-
tration), pentoxifylline was almost 4 fold lower, and thus 
4 times more effective, than caffeine (126 μmol/L vs 469 
μmol/L, respectively), and was almost 12 times more 
powerful than theophylline (1500 μmol/L)[10]. In contrast, 
allosamidin is reported of  having an IC50 of  10 μmol/L 
towards Candida albicans-derived chitinase[42]. Therefore, 
methylxanthines including pentoxifylline, caffeine and 
theophylline do show a significantly lower affinity against 
fungal chitinase as compared to allosamidin. The inhibi-
tory strength of  methylxanthines compared with com-
mon chitinase inhibitors is summarized in Table 1.

Interestingly, the chemical structures involved in bind-
ing between methylxanthines and the family 18 chitin-
ases were found to be very similar for all 3 compounds 
(caffeine, pentoxifylline and theophylline) and mimicked 
chitinase binding to allosamidin. X-ray diffraction analy-
sis revealed a common position for the methylxanthine 
substructure. The additional inhibition by pentoxifylline 
is suspected to be due to increased interactions including 
hydrogen bonding, and extensive p-p stacking with the 
active site[10].

Methylxanthines have the potential to be very useful 
as chitinase inhibitors and disease treatments as summa-
rized in Table 2. They are typically very safe in low doses 
and represent a class of  favorable drugs due to low cost, 
low molecular weight, and easy availability. As demon-
strated, they exhibit significant biological activity against 
mammalian chitinases which have been implicated in 
several inflammatory disorders and cancers. Therefore, 
their use as immune-modulators will surely provide new 
therapeutic approaches. 

ANTI-INFLAMMATORY EFFECTS OF 
CAFFEINE, THEOPHYLLINE, AND 
PENTOXIFYLLINE
The major anti-inflammatory effects of  caffeine, pent-
oxifylline, and theophylline result from 2 main mecha-
nisms; the non-selective inhibition of  phosphodiesterases 
(PDEs) and as a non-selective adenosine receptor antago-
nist. Through the inhibition of  PDEs, a rise in intracellu-
lar cyclic adenosine mono-phosphate, activation of  pro-
tein kinase A, inhibition of  tumor necrosis factor alpha 
(TNFα) and leukotriene synthesis, and reductions in in-
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  Compound 
  name

Chemical 
formula

IC50 Ref.

  Caffeine C8H10N4O2 469 ± 23 μmol/L against 
Aspergillus fumigatus (A. 

fumigatus) chitinase 

[10]

  Pentoxifylline C13H18N4O3 126 ± 7 μmol/L against A. 
fumigatus chitinase 

[10]

  Theophylline C7H8N4O2 1500 ± 90 μmol/L against A. 
fumigatus chitinase 

[10]

  Allosamidin C25H42N4O14 10 μmol/L against Candida 
albicans chitinase 

[42]

  Argifin C29H41N9O10 3.7 μmol/L against Lucilia 
cuprina (L. cuprina) chitinase 

[78]

  Argadin C29H42N10O9 3.4 nmol/L at 20 ℃ against L. 
cuprina chitinase

[79]

Table 1  Methylxanthines compared with common chitinase 
inhibitors in IC50

IC50: The half maximal inhibitory concentration.
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yl-(2-hydroxy-ethyl)-amino]-ethyl}-1-propyl-3,7-dihydr
o-purine-2,6-dione] reduce histamine and/or adenosine-
induced hyperresponsiveness and early and late allergic 
responses in a rabbit model of  house dust mite-induced 
allergic reactions[50]. The A2A receptor is similar to the A1 

receptor in that it is found throughout the body. Mice 
deficient in A2A receptor had significantly higher levels 
of  the pro-inflammatory cytokines TNFα, IL-12 p40, 
and IL-6 in an LPS-induced model of  septic shock as 
compared to wild-type mice. Therefore, it is suggested 
that this receptor plays a pivotal role in controlling excess 
inflammation/tissue damage[51]. In a mouse model of  
allergic asthma induced by AMP or 5-N-ethylcarbox-
amidoadenosine, antagonizing the A2B receptor with the 
compound CVT-6883 resulted in decreased cellular infil-
tration in bronchoalveolar lavage fluid including eosino-
phils and lymphocytes and reduced bronchoconstriction. 
Interestingly, a similar but slightly blunted response was 
also seen in theophylline treatment at 36 mg/mL aero-
solization for 5 min[52]. Therefore, this receptor is a target 
for asthma patients and CVT-6883 is currently undergo-
ing clinical trials.

A novel area of  investigation of  methylxanthine 
derivatives is the anti-inflammatory effects through the 
inhibition of  mammalian chitinases, including CHI3L1. 
As previously discussed, methylxanthine derivatives are 
effective pan-chitinase inhibitors[10]. CHI3L1 has been 
shown to play a role in many inflammatory disorders 
including rheumatoid arthritis, asthma, hepatitis, and 
IBD[2,6]. CHI3L1 increases inflammation in human 
bronchial epithelium by inducing IL-8 and activating the 
MAPK and nuclear factor-κB pathways, which are in-
volved in cell survival[53]. IL-8 inhibition was hypothesized 
to be an effective treatment for asthma-related inflam-
mation/remodeling. In a model of  DSS-induced colitis, 
caffeine treatment at 2.5 mmol/L was shown to decrease 
TNFα, INFγ, IL-4 in mesenteric lymph nodes, and IL-
17F in mesenteric lymph nodes and colon and increased 
the anti-inflammatory IL-10 production in spleen, mes-

flammation and innate immunity are observed[43-46]. Deree 
et al[43] reported that pentoxifylline successfully reduced 
TNFα production after human mononuclear cells were 
stimulated with lipopolysaccharide. A similar result was 
found in peripheral blood monocytes and alveolar macro-
phages from sarcoidosis patients, in which pentoxifylline 
also inhibited the spontaneous TNFα production associ-
ated with this disease[44]. Therefore these compounds may 
be useful in reducing LPS-induced inflammation and as 
a treatment for sarcoidosis. Methylxanthine derivatives 
demonstrate non-selective inhibition of  all PDEs by 
competitive inhibition and therefore they likely bind to 
the active site of  PDEs, however their exact molecular 
mechanism of  inhibition is still uncertain. Caffeine and 
theophylline were shown to inhibit several PDE isozymes 
to a similar extent, and the two compounds showed an 
almost equal affinity for each of  the PDE isozymes[47].

Through the inhibition of  leukotrienes, which are 
known as pro-inflammatory mediators involved in asth-
ma and bronchoconstriction and which play pivotal roles 
in innate immunity, asthma symptoms are relieved and 
inflammation is reduced[46]. Leukotrienes enhance inflam-
mation by increasing leukocyte infiltration, phagocyte 
microbial ingestion, and generation of  pro-inflammatory 
cytokines including IL-5, TNFα, and macrophage inflam-
matory protein-1β[48]. It was proven that theophylline ef-
fectively reduced leukotrience synthesis and reduced che-
motaxis of  complement 5a-and platelet-activating factor-
stimulated human eosinophils obtained from normal and 
atopic donors[49]. 

As a non-selective receptor antagonist for adenosine, 
methylxanthine derivatives, most notably, caffeine, are 
well known as wakefulness aids, as adenosine is a known 
inducer of  sleep. Caffeine, theophylline, and pentoxifyl-
line non-selectively affect several adenosine receptors, in-
cluding A1, A2A, A2B, and A3. A1 receptor is found ubiqu-
itiously throughout the body and studies demonstrated 
inhibition of  this receptor with the novel compound 
L-97-1 [3-[2-(4-aminophenyl)-ethyl]-8-benzyl-7-{2-eth-

  Compound Molecular 
weight 
(g/mol)

Biological effects Side effects

  Caffeine 194.19 Increases alertness, slightly increases metabolic rate[80], increas-
es blood pressure, is a diuretic, improves sports performance[81]

Caffeine dependency, restlessness, insomnia, and anxiety at 
high levels (250-500 mg daily[82])
In extreme amounts (> 600 mg daily chronically): 
Gastrointestinal (GI) disturbance1, irregular/rapid 
heartbeat, mania, depression, and psychosis[83]

  Pentoxifylline 278.31 Improves blood circulation through peripheral blood vessels, 
prevents nausea/ altitude sickness, improves red blood cell 
deformability (i.e., sickle cell anemia), reduces blood viscosity, 
reduces formations of platelet aggregation/thrombus[84]

Irregular heartbeat, chest pain, dizziness, edema in 
extremities
Acute toxicity in rats determined at 1772 mg/kg[85]

  Theophylline 180.164 Relaxes bronchial smooth muscle, increases heart contractility, 
rate, and efficiency, increases blood pressure, increases renal 
circulation, stimulates respiratory center of CNS, treatment for 
COPD, asthma, infant apnea[86,87]

Interactions with many drug (cimetidine and phenytoin), 
and causes nausea, arrhythmias, insomnia, irritability, 
dizziness, seizures and tachyarrhythmias at toxic 
concentrations (> 20 mg/mL)[86]

Table 2  Major biological effects of methylxanthine derivatives

1GI disturbance is marked by nausea, vomiting, abdominal pain, diarrhea, bowel incontinence, and anorexia. COPD: Chronic obstructive pulmonary 
disease; CNS: Central nervous system.
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enteric lymph nodes, and colon[7,15]. 
Taken together, methylxanthine derivatives have dem-

onstrated efficacy against the inflammatory disorders, 
and were shown to reduce inflammation in mice treated 
with DSS. Therefore, the efficacy of  methylxanthine de-
rivatives as potential anti-inflammatory and anti-cancer 
agents should be further elucidated in other inflamma-
tory conditions and inflammation-associated cancers.

EFFECTS OF METHYLXANTHINE 
DERIVATIVES ON IBD MOLECULAR 
PATHWAYS ASSOCIATED WITH CHI3L1
The pathological involvement of  CHI3L1 in many dis-
eases, including autoimmune diseases (e.g., IBD, asthma 
and RA), as well as many forms of  solid tumors (e.g., 
colorectal cancer) are becoming increasingly apparent 
at this time. The most direct evidence is a significant 
amount of  CHI3L1 induction during the disease state 
(e.g., IBD and IBD-associated cancer) which activates 
several important cellular pathways, including AKT and 

the β-catenin signaling pathway, thus playing crucial roles 
in disease pathogenesis[2,3,6,54]. Characterization of  these 
CHI3L1-mediated pathological pathways can facilitate 
a better understanding on the molecular mechanisms 
behind how methylxanthine derivatives can ameliorate 
diseases through the inhibition of  CHI3L1.

In addition to direct protein inhibition of  the family 
18 chitinases, as determined by X-ray crystallography, in 
vitro methylxanthine treatment in SW480 colonic epithe-
lial cells (CECs), a human colon cancer cell line, directly 
results in a down-regulation of  CHI3L1 mRNA levels 
(Figure 1A)[15]. The effective dose of  caffeine that is opti-
mal for achieving such down-regulation ranges from 2.5 
to 5 mmol/L (Figure 1A). Nevertheless, it was previously 
shown that 1.0 mmol/L caffeine treatment is sufficient to 
cause a down-regulation of  CHI3L1 in SW480 CECs[15]. 

Caffeine treatment also results in the down-regulation of  
other mammalian chitinases including AMCase, but not 
chitinase 1[15]. The effective dose of  pentoxifylline and 
theophylline to down-regulate CHI3L1 in SW480 cells 
ranges from 10 to 100 mmol/L, whereby any concen-
tration below that did not show any effects on CHI3L1 
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mRNA expression (Figure 1A). Since rabbit anti-CHI3L1 
antibody administration to mice has been shown to have 
an ameliorating effect in acute DSS-induced colitis de-
velopment, the direct down-regulation of  CHI3L1 using 
methylxanthine derivatives also achieves a similar thera-
peutic effect in IBD in vivo[2,15].

Furthermore, methylxanthine derivative treatment 
also reduces colon cancer cell viability in a CHI3L1 
expression dependent manner. In vitro treatment with 
caffeine (1-5 mmol/L), pentoxifylline (10-100 mmol/L) 
or theophylline (10-100 mmol/L) in SW480 cells that 
express high endogenous CHI3L1 greatly reduces the 
viability of  cells (Figure 1B). However, methylxanthine 
derivative treatment in HT29 CECs, a human colon can-
cer cell line that does not express endogenous CHI3L1, 
has minimal effect on cell viability, indicating a direct 
involvement of  cell survival that is mediated by CHI3L1 
expression, at least in part. This has important implica-
tions in carcinogenesis since many solid tumors, including 
colorectal cancer and breast cancer, exhibit exaggerated 
expression of  CHI3L1[6]. Mechanistically, CHI3L1 direct-
ly contributes to tumorigenesis by exerting excessive cell 
proliferation and angiogenesis[54,55]. Thus, methylxanthine 
derivative treatment provides a proof-of-concept in con-
trolling carcinogenic changes and progression by regulat-
ing cell viability via targeting ectopic CHI3L1 expression 
and function.

Several studies have demonstrated that AKT signaling 
is up-regulated in the IEC crypts of  chronic UC and CD 
patients, as well as in a murine DSS-induced colitis mod-
el[56,57]. In contrast, colitis patients that had undergone 

5-aminosalicylic acid (5-ASA) treatment showed reduced 
AKT-phosphorylation in inflamed tissues, suggesting a 
direct relationship between AKT signal activation and 
disease severity[58]. A progressive increase in the densities 
of  phosphorylated AKT in tumor-associated macro-
phages was observed in normal, colitic and dysplastic to 
cancer patient specimens[59]. This expression pattern is in 
parallel to that of  colonic CHI3L1 levels, which showed 
almost undetectable expression in normal colon, but is 
induced during colitis that further up-regulates during 
colitis-associated cancer development[2,54]. CHI3L1 can 
directly activate colonic AKT signaling, specifically via the 
325th-339th amino acid residues within the chitin-binding 
motif[3]. This enhanced up-regulation of  CHI3L1 dur-
ing colitis-associated cancer development may provide a 
plausible explanation for the exaggerated enhancement 
of  AKT phosphorylation. In the context of  tumori-
genesis, activation of  this AKT signaling in the colon 
induces proliferative signals in IECs that is critical for G1 
cell cycle progression[60]. Thus such constitutive activa-
tion of  AKT, at least in part mediated by CHI3L1, might 
result in the uncontrolled cell proliferation. With this in 
mind, reducing AKT activation by targeting CHI3L1 us-
ing methylxanthines seemed to be a possible therapeutic 
strategy for inflammatory disorders. The combinatory 
effect of  CHI3L1 protein inhibition, as well as direct 
down-regulation of  CHI3L1 mRNA expression by caf-
feine, pentoxifylline and theophylline, was shown to sig-
nificantly reduce AKT phosphorylation (Figures 1 and 2 
and data not shown)[15]. The minimum dose of  caffeine 
to achieve a reduction in AKT activation appears to be 
2.5 mmol/L, whereas the effective dose of  pentoxifylline 
and theophylline ranges from 10-100 mmol/L.

Another important signaling pathway in the co-
lon that can be activated by CHI3L1 is the β-catenin 
pathway. Stimulation of  SW480 CECs using low dose 
of  CHI3L1 results in an apparent β-catenin nuclear 
translocation[6]. In contrast to SW480 cells stimulated 
with CHI3L1 (80 ng/mL) that predominantly showed a 
nuclear localization of  β-catenin, cells that were stimu-
lated with CHI3L1 and concurrently treated with caf-
feine (5 mmol/L), but less significant with pentoxifylline 
(100 mmol/L) or theophylline (100 mmol/L), showed 
cytoplasmic β-catenin localization (Figure 3). Canoni-
cal activation of  β-catenin requires the binding of  the 
Wingless (Wnt) ligand onto the Frizzled receptor that 
subsequently stabilizes cytoplasmic β-catenin by destroy-
ing a protein complex (AXIN, GSK3β and APC) which 
usually cause the proteolysis of  β-catenin under steady-
state. This then facilitates the free β-catenin to migrate 
into the nucleus and subsequent activates transcription 
of  target genes including c-Myc and cyclin D1 (Figure 4). 
In a cohort study, high activation of  β-catenin was found 
in 100%, 55% and 50% in IBD with colitis-associated 
cancer, IBD with dysplastic and IBD with remote dyspla-
sia patients, respectively[61]. Recently, Lee et al[62] identified 
phosphatidylinositide 3-kinase (PI3K)/AKT signaling 
as the crucial factor mediating β-catenin during mucosal 
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Figure 2  Caffeine, pentoxifylline and theophylline suppress protein 
kinase B signaling pathway activation in mouse colonic epithelial cells. 
CMT93 mouse colonic epithelial cells were stimulated with caffeine (CAF) (0, 1, 
2.5 or 5 mmol/L), pentoxifylline (PTX) or theophylline (THEO) (0, 10, 50 or 100 
mmol/L) for 48 h. Twenty five micro grams of total protein were resolved using 
SDS-polyacrylamide gel electrophoresis and analyzed by Western blot using 
anti-phospho/total protein kinase B (AKT) Abs purchased from cell signaling 
technology (Danvers, MA, United States) . 
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inflammation. They reported that IEC-specific PI3K 
conditional knockout mice showed reduced AKT and 
β-catenin signaling in the intestinal stem and progenitor 

cells and limits the extent of  crypt epithelial prolifera-
tion. Inhibiting PI3K in IL-10 knockout mice, which 
develop spontaneous colitis, also impairs colitis-induced 

Figure 3  Caffeine, pentoxifylline and theophylline inhibit β-catenin nuclear translocation with different degrees. SW480 colonic epithelial cells were cultured 
on lab-tec chamber slide. After reached to 90% confluency, the cells were stimulated with or without purified human chitinase 3-like 1 (CHI3L1) (80 ng/mL) in combi-
nation with caffeine (CAF) (5 mmol/L), pentoxifylline (PTX) (100 mmol/L) or theophylline (THEO) (100 mmol/L) for 24 h. Human CHI3L1 protein was purchased from 
Quidel (San Diego, CA). β-catenin was then detected using mouse anti-human β-catenin monoclonal primary Ab (BD Biosciences, CA) and FITC-horse anti-mouse 
Immunoglobulin G (Vector Labs, Burlingame, CA) and analyzed by confocal microscope (magnification, objective 40 ×). White arrows show the limited numbers of 
completely nuclear translocated β-catenin positive cells after caffeine treatment.

Figure 4  Schematic representation of chitinase 3-like 1-as-
sociated β-catenin activation signaling pathway, which is 
inhibited by methylxanthine derivatives. Binding of extracel-
lular chitinase 3-like 1 (CHI3L1) to a putative receptor on plasma 
membrane activates the intracellular phosphatidylinositide 
3-kinase (PI3K)/protein kinase B (AKT) signaling pathway, which 
leads to β-catenin activation by translocating this protein from 
cytoplasm into nucleus. Methylxanthine derivatives, including 
caffeine, pentoxifylline and theophylline, directly down-regulate 
CHI3L1 mRNA expression and inhibit CHI3L1 protein functions, 
leading to reduced CHI3L1-associated AKT activation and pre-
vent down-stream β-catenin nuclear translocation with different 
degrees of efficacy.

   Mouse IgG control                                          CHI3L1 (0 ng/mL)                                     CHI3L1 (80 ng/mL) 
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epithelial AKT and β-catenin activation. Furthermore, 
a report by Fukumoto et al[63] also supports that view-
point that AKT increases β-catenin activity by interfering 
with the AXIN/GSK3β complex. Chronic UC patients 
that have undergone 5-ASA treatment also show re-
duced AKT-mediated β-catenin phosphorylation in the 
middle and upper crypts in colon. This observation was 
recapitulated in 5-ASA treated IL-10 knockout colitic 
mice[64]. However, whether CHI3L1 mediated β-catenin 
activation is exerted directly through the Wnt or AKT 
pathway, or both but at different temporal time points or 
cell specific manner, remains to be investigated. 

Currently, only a few receptors are known to bind 
to CHI3L1. Recently, He et al[65] identified that CHI3L1 
binds to the interleukin-13 receptor α2 (IL-13Rα2) and 
activates both AKT and β-catenin signaling in the IL-
13Rα2 dependent pathway. Therefore, exploring the use 
of  methylxanthine derivatives for inhibiting CHI3L1 may 
block any downstream effects pertaining to AKT and/or 
β-catenin signaling and will provide direct mechanistic 
insights (Figure 4). 

POTENTIALLY THERAPEUTIC/
PROPHYLACTIC EFFECTS OF 
METHYLXANTHINE-DERIVATIVES IN IBD 
IN VIVO
Recently, our group performed in depth analysis of  
the role of  caffeine treatment in a DSS-induced colitis 
model in mice[15]. Our in vivo analysis involved prophy-
lactic-, simultaneous-, and post-treatment of  mice with 
caffeine at 2.5 mmol/L in this animal model of  intestinal 
epithelial damage. After initial caffeine treatment for 7 d, 
we challenged the mice with DSS in the drinking water 
for 5 d, and then returned to normal drinking water for 
7 d before sacrificing. Mice which received the caffeine 
treatment protocol showed significantly improved symp-
toms as demonstrated by less percentage bodyweight 
loss and improved clinical scores. Colons of  the mice 
were isolated, and it was shown that CHI3L1 and AM-
Case expressions were both significantly decreased after 
caffeine treatment. In contrast, chitinase 1 expression 
remained stable after the treatment. Colonic sections 
were also analyzed for histological changes. Mice in the 
caffeine-treated group demonstrated improved histo-
logical scores, with markedly decreased accumulation 
of  immune cells, including F4/80+, CD4+, or CD11b+ 
cells. Interestingly, bacterial colony forming units from 
homogenized mouse spleens, mesenteric lymph nodes, 
liver, cecum and colon were all significantly reduced after 
2.5 mmol/L caffeine treatment. In addition, as we de-
scribed in the previous section, the levels of  several pro-
inflammatory cytokines were significantly decreased in 
spleen, mesenteric lymph nodes, and colon, with an in-
crease in the anti-inflammatory cytokine IL-10 in tissues. 
A major factor in IBD development is host-microbial 
interactions including adhesion/invasion of  bacteria into 

the CECs and lamina propria. Caffeine treatment at both 
2.5 and 5 mmol/L effectively prevented AIEC from 
invading into SW480 CECs, as well as in mouse-derived 
peritoneal macrophages. This result provides a possible 
explanation on therapeutic potential of  caffeine in IBD 
through the prevention of  CHI3L1-mediated bacterial 
adhesion/invasion. 

In vivo testing using pentoxifylline to study the effects 
on IBD was also reported. Peterson et al[66] demonstrated 
that intra-rectal administration of  pentoxifylline or 
1-(5-hydroxyhexyl)-3,7-dimethylxanthine (so called me-
tabolite-1 or M-1) in a murine 2,4,6-trinitrobenzenesul-
fonic acid (TNBS)-induced colitis model, which showed 
an attenuation of  colonic inflammation and intestinal fi-
brosis. M-1 is a chiral molecule derived from pentoxifyl-
line by the reduction of  a single ketone group to a corre-
sponding hydroxy group. They reported that 64 mg/kg 
of  pentoxifylline or M-1 is an ideal therapeutic dose 
in mice, whereas mice treated with 32 mg/kg showed 
varied effects in disease-associated phenotype. Another 
study also showed similar amelioration by pentoxifylline 
in TNBS-colitis in rats[67]. Interestingly, Murthy et al[68] 
showed that combining pentoxifylline with anti-TNFα 
antibody in DSS-induced colitic mice can reduce the side 
effects that is associated with anti-TNFα antibody treat-
ment alone. Ex vivo studies also showed that peripheral 
mononuclear cells, which are obtained from the inflamed 
mucosa of  CD and UC patients, reduce TNFα secre-
tion by 50% in the presence of  pentoxifylline (up to 100 
μg/mL) for 24 h[69]. 

FUTURE OPTIMIZATION OF 
METHYLXANTHINE DERAVATIVES FOR 
IMPROVED SPECIFICITY AND EFFICACY 
INHIBITION OF FAMILY 18 CHITINASES
The early discovery of  the allosamidin-derived from 
Streptomyces as a chitinase inhibitor has opened up op-
portunities to test the inhibitory effect on controlling 
chitinase-associated diseases[70]. For instance, as demon-
strated in a study on AMCase-associated asthmatic Th2 
inflammation mouse model, allosamidin, or anti-AMCase 
antibody, both independently can reduce bronchoalveolar 
lavage inflammation[71]. However, the concern over using 
allosamidin is its broad range of  activity against all family 
18 chitinases and less than ideal chemical properties (e.g., 
high molecular weight and poor ligand efficiency)[72]. In 
addition, allosamidin has a stronger inhibitory effect on 
chitinase 1 than AMCase and therefore, since chitinase 1 
is highly regarded as a molecule involved in host-defence 
system against a chitin-containing pathogen rather than 
a driver molecule involved in allergic inflammation, there 
is a need to identify or develop other chitinase inhibi-
tor with higher specificity[73-75]. The discovery of  the 
methylxanthine derivative inhibitory effects on family 18 
chitinases appears to represent a promising alternative for 
its more suitable chemical properties and advantages as 
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described above sections. Yet, being a pan-chitinase in-
hibitor, it still faces a similar challenge in target specificity. 
Therefore, the next step is to optimize both specificity 
and efficacy of  these methylxanthine derivatives.

In order to improve the inhibitory properties of  
the methylxanthine derivatives, Schüttelkopf  et al[76] has 
developed a virtual algorithm method to create better 
family 18 chitinases. The algorithm, named as LIGTOR, 
basically fixed the methylxanthine substructure while 
performing torsional evaluation of  the substitution based 
on previous published chitinase-pentoxifylline complex. 
Upon identification of  the most desirable chemical fea-
tures using this algorithm, the group then subsequently 
developed a low micromolar chitinase inhibitor that is 
composed of  a two linked caffeine moieties that binds in 
the active site of  the target extensively in a manner that 
was not previously reported. This di-caffeine compound, 
subsequently named as bisdionin B, showed the desired 
drug-like structure, as demonstrated by X-ray crystal 
structure analysis, and provides a general scaffold for fu-
ture development/optimization of  the family 18 chitinase 
inhibitors.

Another major concern in drug design is target speci-
ficity. As a pan-chitinase inhibitor, one of  the major draw-
backs of  methylxanthine derivatives is the discrimination 
between the different chitinases (e.g., CHI3L1, AMCase 
and chitinase 1). To address this issue, Sutherland et al[77], 
utilized the LIGTOR algorithm derived di-caffeine scaf-
fold and modified the caffeine linker length and subse-
quently analysed it against the AMCase crystal structure. 
They then developed a derivative of  the di-caffeine scaf-
fold, termed as bisdionin F, that showed a high selectivity 
for human AMCase up to 20-fold over chitinase 1. The 
exact orientation/coordinates were confirmed by crystal 
structure of  the human AMCase-bisdionin F complex. 
The group further validated the efficacy of  bisdionin F in 
a murine model of  allergic inflammation. All these sug-
gest that further improvements can be made to develop 
a molecule with improved inhibitory efficacy and higher 
specificity against the targeted molecule of  the chitinase 
18 family.

CONCLUSION
CHI3L1 is an important inducible molecule on IECs 
and acively participates in the pathogenesis of  chronic 
inflammation and inflammation-associated malignant 
transformation of  epithelial cells. Methylxanthine deriva-
tives, including caffeine, theophylline and pentoxifylline, 
can potentially suppress inflammation via CHI3L1 inhibi-
tion. The result in this study may provide the conceptual 
framework for a new class of  therapeutic agents, which 
will effectively prevent chronic inflammatory diseases 
with minimal side effects.

ACKNOWLEDGMENTS
The authors are grateful to Dr. Howard Prentice (Florida 

Atlantic University, Boca Raton, FL) for helpful discus-
sion by reading this manuscript and Ms. Cindy W Lau and 
Mr. Arun O’Sullivan for confocal microscopic analysis. 

REFERENCES
1	 Eaden JA, Abrams KR, Mayberry JF. The risk of colorectal 

cancer in ulcerative colitis: a meta-analysis. Gut 2001; 48: 
526-535 [PMID: 11247898]

2	 Mizoguchi E. Chitinase 3-like-1 exacerbates intestinal in-
flammation by enhancing bacterial adhesion and invasion 
in colonic epithelial cells. Gastroenterology 2006; 130: 398-411 
[PMID: 16472595 DOI: 10.1053/j.gastro.2005.12.007]

3	 Chen CC, Llado V, Eurich K, Tran HT, Mizoguchi E. 
Carbohydrate-binding motif in chitinase 3-like 1 (CHI3L1/
YKL-40) specifically activates Akt signaling pathway in co-
lonic epithelial cells. Clin Immunol 2011; 140: 268-275 [PMID: 
21546314 DOI: 10.1016/j.clim.2011.04.007]

4	 Kanneganti M, Kamba A, Mizoguchi E. Role of chitotrio-
sidase (chitinase 1) under normal and disease conditions. J 
Epithel Biol Pharmacol 2012; 5: 1-9 [PMID: 23439988]

5	 Ober C, Tan Z, Sun Y, Possick JD, Pan L, Nicolae R, Radford 
S, Parry RR, Heinzmann A, Deichmann KA, Lester LA, Gern 
JE, Lemanske RF, Nicolae DL, Elias JA, Chupp GL. Effect of 
variation in CHI3L1 on serum YKL-40 level, risk of asthma, 
and lung function. N Engl J Med 2008; 358: 1682-1691 [PMID: 
18403759 DOI: 10.1056/NEJMoa0708801]

6	 Eurich K, Segawa M, Toei-Shimizu S, Mizoguchi E. Poten-
tial role of chitinase 3-like-1 in inflammation-associated 
carcinogenic changes of epithelial cells. World J Gastroenterol 
2009; 15: 5249-5259 [PMID: 19908331]

7	 Low D, Tran HT, Lee IA, Dreux N, Kamba A, Reinecker 
HC, Darfeuille-Michaud A, Barnich N, Mizoguchi E. Chitin-
binding domains of Escherichia coli ChiA mediate interac-
tions with intestinal epithelial cells in mice with colitis. 
Gastroenterology 2013; 145: 602-612.e9 [PMID: 23684751 DOI: 
10.1053/j.gastro.2013.05.017]

8	 Boot RG, van Achterberg TA, van Aken BE, Renkema GH, 
Jacobs MJ, Aerts JM, de Vries CJ. Strong induction of mem-
bers of the chitinase family of proteins in atherosclerosis: 
chitotriosidase and human cartilage gp-39 expressed in 
lesion macrophages. Arterioscler Thromb Vasc Biol 1999; 19: 
687-694 [PMID: 10073974]

9	 Volck B, Johansen JS, Stoltenberg M, Garbarsch C, Price PA, 
Ostergaard M, Ostergaard K, Løvgreen-Nielsen P, Sonne-
Holm S, Lorenzen I. Studies on YKL-40 in knee joints of 
patients with rheumatoid arthritis and osteoarthritis. In-
volvement of YKL-40 in the joint pathology. Osteoarthritis 
Cartilage 2001; 9: 203-214 [PMID: 11300743 DOI: 10.1053/
joca.2000.0377]

10	 Rao FV, Andersen OA, Vora KA, Demartino JA, van Aalten 
DM. Methylxanthine drugs are chitinase inhibitors: investi-
gation of inhibition and binding modes. Chem Biol 2005; 12: 
973-980 [PMID: 16183021 DOI: 10.1016/j.chembiol.2005.07.009]

11	 Andersen OA, Dixon MJ, Eggleston IM, van Aalten DM. 
Natural product family 18 chitinase inhibitors. Nat Prod Rep 
2005; 22: 563-579 [PMID: 16193156 DOI: 10.1039/b416660b]

12	 Andrews KW, Schweitzer A, Zhao C, Holden JM, Roseland 
JM, Brandt M, Dwyer JT, Picciano MF, Saldanha LG, Fisher 
KD, Yetley E, Betz JM, Douglass L. The caffeine contents 
of dietary supplements commonly purchased in the US: 
analysis of 53 products with caffeine-containing ingredients. 
Anal Bioanal Chem 2007; 389: 231-239 [PMID: 17676317 DOI: 
10.1007/s00216-007-1437-2]

13	 Mesas AE, Leon-Muñoz LM, Rodriguez-Artalejo F, Lo-
pez-Garcia E. The effect of coffee on blood pressure and 
cardiovascular disease in hypertensive individuals: a sys-
tematic review and meta-analysis. Am J Clin Nutr 2011; 94: 
1113-1126 [PMID: 21880846 DOI: 10.3945/ajcn.111.016667]

Lee IA et al . Chitinase inhibitors in IBD



1136 February 7, 2014|Volume 20|Issue 5|WJG|www.wjgnet.com

14	 Peck JD, Leviton A, Cowan LD. A review of the epidemio-
logic evidence concerning the reproductive health effects 
of caffeine consumption: a 2000-2009 update. Food Chem 
Toxicol 2010; 48: 2549-2576 [PMID: 20558227 DOI: 10.1016/
j.fct.2010.06.019]

15	 Lee IA, Low D, Kamba A, Llado V, Mizoguchi E. Oral caf-
feine administration ameliorates acute colitis by suppress-
ing chitinase 3-like 1 expression in intestinal epithelial cells. 
J Gastroenterol 2013; Epub ahead of print [PMID: 23925589 
DOI: 10.1007/s00535-013-0865-3]

16	 Rath HC, Herfarth HH, Ikeda JS, Grenther WB, Hamm TE, 
Balish E, Taurog JD, Hammer RE, Wilson KH, Sartor RB. 
Normal luminal bacteria, especially Bacteroides species, me-
diate chronic colitis, gastritis, and arthritis in HLA-B27/hu-
man beta2 microglobulin transgenic rats. J Clin Invest 1996; 
98: 945-953 [PMID: 8770866 DOI: 10.1172/JCI118878]

17	 Mizoguchi A, Mizoguchi E, Bhan AK. Immune networks 
in animal models of inflammatory bowel disease. Inflamm 
Bowel Dis 2003; 9: 246-259 [PMID: 12902848]

18	 Nell S, Suerbaum S, Josenhans C. The impact of the mi-
crobiota on the pathogenesis of IBD: lessons from mouse 
infection models. Nat Rev Microbiol 2010; 8: 564-577 [PMID: 
20622892 DOI: 10.1038/nrmicro2403]

19	 Sartor RB. Role of commensal enteric bacteria in the patho-
genesis of immune-mediated intestinal inflammation: 
lessons from animal models and implications for transla-
tional research. J Pediatr Gastroenterol Nutr 2005; 40 Suppl 1: 
S30-S31 [PMID: 15805841]

20	 Xavier RJ, Podolsky DK. Unravelling the pathogenesis 
of inflammatory bowel disease. Nature 2007; 448: 427-434 
[PMID: 17653185 DOI: 10.1038/nature06005]

21	 Khor B, Gardet A, Xavier RJ. Genetics and pathogenesis 
of inflammatory bowel disease. Nature 2011; 474: 307-317 
[PMID: 21677747 DOI: 10.1038/nature10209]

22	 Mizoguchi E, Mizoguchi A, Takedatsu H, Cario E, de Jong 
YP, Ooi CJ, Xavier RJ, Terhorst C, Podolsky DK, Bhan AK. 
Role of tumor necrosis factor receptor 2 (TNFR2) in colonic 
epithelial hyperplasia and chronic intestinal inflammation in 
mice. Gastroenterology 2002; 122: 134-144 [PMID: 11781288]

23	 Mizoguchi E, Xavier RJ, Reinecker HC, Uchino H, Bhan AK, 
Podolsky DK, Mizoguchi A. Colonic epithelial functional 
phenotype varies with type and phase of experimental coli-
tis. Gastroenterology 2003; 125: 148-161 [PMID: 12851880]

24	 Schultsz C, Moussa M, van Ketel R, Tytgat GN, Dankert J. 
Frequency of pathogenic and enteroadherent Escherichia 
coli in patients with inflammatory bowel disease and con-
trols. J Clin Pathol 1997; 50: 573-579 [PMID: 9306938]

25	 Burke DA, Axon AT. Adhesive Escherichia coli in inflam-
matory bowel disease and infective diarrhoea. BMJ 1988; 
297: 102-104 [PMID: 3044496]

26	 Sartor RB, DeLa Cadena RA, Green KD, Stadnicki A, Da-
vis SW, Schwab JH, Adam AA, Raymond P, Colman RW. 
Selective kallikrein-kinin system activation in inbred rats 
differentially susceptible to granulomatous enterocolitis. 
Gastroenterology 1996; 110: 1467-1481 [PMID: 8613052]

27	 Liu Y, van Kruiningen HJ, West AB, Cartun RW, Cortot A, 
Colombel JF. Immunocytochemical evidence of Listeria, 
Escherichia coli, and Streptococcus antigens in Crohn’s dis-
ease. Gastroenterology 1995; 108: 1396-1404 [PMID: 7729631]

28	 Arnott ID, Landers CJ, Nimmo EJ, Drummond HE, Smith 
BK, Targan SR, Satsangi J. Sero-reactivity to microbial com-
ponents in Crohn’s disease is associated with disease sever-
ity and progression, but not NOD2/CARD15 genotype. Am 
J Gastroenterol 2004; 99: 2376-2384 [PMID: 15571586 DOI: 
10.1111/j.1572-0241.2004.40417.x]

29	 Darfeuille-Michaud A, Neut C, Barnich N, Lederman E, 
Di Martino P, Desreumaux P, Gambiez L, Joly B, Cortot A, 
Colombel JF. Presence of adherent Escherichia coli strains in 
ileal mucosa of patients with Crohn’s disease. Gastroenterol-
ogy 1998; 115: 1405-1413 [PMID: 9834268]

30	 Boudeau J, Glasser AL, Masseret E, Joly B, Darfeuille-
Michaud A. Invasive ability of an Escherichia coli strain 
isolated from the ileal mucosa of a patient with Crohn’s dis-
ease. Infect Immun 1999; 67: 4499-4509 [PMID: 10456892]

31	 Darfeuille-Michaud A, Boudeau J, Bulois P, Neut C, Glass-
er AL, Barnich N, Bringer MA, Swidsinski A, Beaugerie L, 
Colombel JF. High prevalence of adherent-invasive Esch-
erichia coli associated with ileal mucosa in Crohn’s disease. 
Gastroenterology 2004; 127: 412-421 [PMID: 15300573]

32	 Darfeuille-Michaud A. Adherent-invasive Escherichia coli: 
a putative new E. coli pathotype associated with Crohn’s dis-
ease. Int J Med Microbiol 2002; 292: 185-193 [PMID: 12398209 
DOI: 10.1078/1438-4221-00201]

33	 Carvalho FA, Barnich N, Sivignon A, Darcha C, Chan CH, 
Stanners CP, Darfeuille-Michaud A. Crohn’s disease ad-
herent-invasive Escherichia coli colonize and induce strong 
gut inflammation in transgenic mice expressing human 
CEACAM. J Exp Med 2009; 206: 2179-2189 [PMID: 19737864 
DOI: 10.1084/jem.20090741]

34	 Fusetti F, Pijning T, Kalk KH, Bos E, Dijkstra BW. Crystal 
structure and carbohydrate-binding properties of the human 
cartilage glycoprotein-39. J Biol Chem 2003; 278: 37753-37760 
[PMID: 12851408 DOI: 10.1074/jbc.M303137200]

35	 Ling H, Recklies AD. The chitinase 3-like protein human 
cartilage glycoprotein 39 inhibits cellular responses to the 
inflammatory cytokines interleukin-1 and tumour necrosis 
factor-alpha. Biochem J 2004; 380: 651-659 [PMID: 15015934 
DOI: 10.1042/BJ20040099]

36	 Henrissat B, Davies G. Structural and sequence-based clas-
sification of glycoside hydrolases. Curr Opin Struct Biol 1997; 
7: 637-644 [PMID: 9345621]

37	 Kawada M, Chen CC, Arihiro A, Nagatani K, Watanabe T, 
Mizoguchi E. Chitinase 3-like-1 enhances bacterial adhe-
sion to colonic epithelial cells through the interaction with 
bacterial chitin-binding protein. Lab Invest 2008; 88: 883-895 
[PMID: 18490894 DOI: 10.1038/labinvest.2008.47]

38	 Morimoto K, Karita S, Kimura T, Sakka K, Ohmiya K. 
Cloning, sequencing, and expression of the gene encoding 
Clostridium paraputrificum chitinase ChiB and analysis of 
the functions of novel cadherin-like domains and a chitin-
binding domain. J Bacteriol 1997; 179: 7306-7314 [PMID: 
9393694]

39	 Watanabe T, Ito Y, Yamada T, Hashimoto M, Sekine S, 
Tanaka H. The roles of the C-terminal domain and type III 
domains of chitinase A1 from Bacillus circulans WL-12 in 
chitin degradation. J Bacteriol 1994; 176: 4465-4472 [PMID: 
8045877]

40	 Kamba A, Lee IA, Mizoguchi E. Potential association 
between TLR4 and chitinase 3-like 1 (CHI3L1/YKL-40) 
signaling on colonic epithelial cells in inflammatory bowel 
disease and colitis-associated cancer. Curr Mol Med 2013; 13: 
1110-1121 [PMID: 23170831]

41	 Kanneganti M, Mino-Kenudson M, Mizoguchi E. Animal 
models of colitis-associated carcinogenesis. J Biomed Biotechnol 
2011; 2011: 342637 [PMID: 21274454 DOI: 10.1155/2011/342637]

42	 Rao FV, Houston DR, Boot RG, Aerts JM, Sakuda S, van 
Aalten DM. Crystal structures of allosamidin derivatives 
in complex with human macrophage chitinase. J Biol Chem 
2003; 278: 20110-20116 [PMID: 12639956 DOI: 10.1074/jbc.
M300362200]

43	 Deree J, Martins JO, Melbostad H, Loomis WH, Coimbra R. 
Insights into the regulation of TNF-alpha production in hu-
man mononuclear cells: the effects of non-specific phospho-
diesterase inhibition. Clinics (Sao Paulo) 2008; 63: 321-328 
[PMID: 18568240]

44	 Marques LJ, Zheng L, Poulakis N, Guzman J, Costabel U. 
Pentoxifylline inhibits TNF-alpha production from human 
alveolar macrophages. Am J Respir Crit Care Med 1999; 159: 
508-511 [PMID: 9927365 DOI: 10.1164/ajrccm.159.2.9804085]

45	 Howell RE. Multiple mechanisms of xanthine actions on 

Lee IA et al . Chitinase inhibitors in IBD



1137 February 7, 2014|Volume 20|Issue 5|WJG|www.wjgnet.com

airway reactivity. J Pharmacol Exp Ther 1990; 255: 1008-1014 
[PMID: 2175791]

46	 Peters-Golden M, Canetti C, Mancuso P, Coffey MJ. Leu-
kotrienes: underappreciated mediators of innate immune 
responses. J Immunol 2005; 174: 589-594 [PMID: 15634873]

47	 Ukena D, Schudt C, Sybrecht GW. Adenosine receptor-
blocking xanthines as inhibitors of phosphodiesterase iso-
zymes. Biochem Pharmacol 1993; 45: 847-851 [PMID: 7680859]

48	 Mellor EA, Austen KF, Boyce JA. Cysteinyl leukotrienes 
and uridine diphosphate induce cytokine generation by hu-
man mast cells through an interleukin 4-regulated pathway 
that is inhibited by leukotriene receptor antagonists. J Exp 
Med 2002; 195: 583-592 [PMID: 11877481]

49	 Tenor H, Hatzelmann A, Church MK, Schudt C, Shute JK. 
Effects of theophylline and rolipram on leukotriene C4 
(LTC4) synthesis and chemotaxis of human eosinophils 
from normal and atopic subjects. Br J Pharmacol 1996; 118: 
1727-1735 [PMID: 8842438]

50	 Obiefuna PC, Batra VK, Nadeem A, Borron P, Wilson CN, 
Mustafa SJ. A novel A1 adenosine receptor antagonist, 
L-97-1 [3-[2-(4-aminophenyl)-ethyl]-8-benzyl-7-{2-eth-
yl-(2-hydroxy-ethyl)-amino]-ethyl}-1-propyl-3,7-dihydr
o-purine-2,6-dione], reduces allergic responses to house 
dust mite in an allergic rabbit model of asthma. J Pharmacol 
Exp Ther 2005; 315: 329-336 [PMID: 16020631 DOI: 10.1124/
jpet.105.088179]

51	 Ohta A, Sitkovsky M. Role of G-protein-coupled adenosine 
receptors in downregulation of inflammation and protec-
tion from tissue damage. Nature 2001; 414: 916-920 [PMID: 
11780065 DOI: 10.1038/414916a]

52	 Mustafa SJ, Nadeem A, Fan M, Zhong H, Belardinelli L, 
Zeng D. Effect of a specific and selective A(2B) adenosine 
receptor antagonist on adenosine agonist AMP and aller-
gen-induced airway responsiveness and cellular influx in 
a mouse model of asthma. J Pharmacol Exp Ther 2007; 320: 
1246-1251 [PMID: 17159162 DOI: 10.1124/jpet.106.112250]

53	 Tang H, Sun Y, Shi Z, Huang H, Fang Z, Chen J, Xiu Q, Li B. 
YKL-40 induces IL-8 expression from bronchial epithelium 
via MAPK (JNK and ERK) and NF-κB pathways, causing 
bronchial smooth muscle proliferation and migration. J Im-
munol 2013; 190: 438-446 [PMID: 23197259 DOI: 10.4049/jim-
munol.1201827]

54	 Chen CC, Pekow J, Llado V, Kanneganti M, Lau CW, Mizo-
guchi A, Mino-Kenudson M, Bissonnette M, Mizoguchi E. 
Chitinase 3-like-1 expression in colonic epithelial cells as a 
potentially novel marker for colitis-associated neoplasia. Am 
J Pathol 2011; 179: 1494-1503 [PMID: 21763261 DOI: 10.1016/
j.ajpath.2011.05.038]

55	 Shao R, Hamel K, Petersen L, Cao QJ, Arenas RB, Bigelow 
C, Bentley B, Yan W. YKL-40, a secreted glycoprotein, pro-
motes tumor angiogenesis. Oncogene 2009; 28: 4456-4468 
[PMID: 19767768 DOI: 10.1038/onc.2009.292]

56	 Huang XL, Xu J, Zhang XH, Qiu BY, Peng L, Zhang M, Gan 
HT. PI3K/Akt signaling pathway is involved in the patho-
genesis of ulcerative colitis. Inflamm Res 2011; 60: 727-734 
[PMID: 21442372 DOI: 10.1007/s00011-011-0325-6]

57	 Dahan S, Roda G, Pinn D, Roth-Walter F, Kamalu O, Mar-
tin AP, Mayer L. Epithelial: lamina propria lymphocyte 
interactions promote epithelial cell differentiation. Gastroen-
terology 2008; 134: 192-203 [PMID: 18045591 DOI: 10.1053/
j.gastro.2007.10.022]

58	 Managlia E, Katzman RB, Brown JB, Barrett TA. Anti-
oxidant properties of mesalamine in colitis inhibit phos-
phoinositide 3-kinase signaling in progenitor cells. Inflamm 
Bowel Dis 2013; 19 : 2051-2060 [PMID: 23867870 DOI: 
10.1097/MIB.0b013e318297d741]

59	 Khan MW, Keshavarzian A, Gounaris E, Melson JE, Cheon 
EC, Blatner NR, Chen ZE, Tsai FN, Lee G, Ryu H, Barrett 
TA, Bentrem DJ, Beckhove P, Khazaie K. PI3K/AKT signal-
ing is essential for communication between tissue-infiltrat-

ing mast cells, macrophages, and epithelial cells in colitis-
induced cancer. Clin Cancer Res 2013; 19: 2342-2354 [PMID: 
23487439 DOI: 10.1158/1078-0432.CCR-12-2623]

60	 Sheng H, Shao J, Townsend CM, Evers BM. Phosphati-
dylinositol 3-kinase mediates proliferative signals in intesti-
nal epithelial cells. Gut 2003; 52: 1472-1478 [PMID: 12970141]

61	 Claessen MM, Schipper ME, Oldenburg B, Siersema PD, 
Offerhaus GJ, Vleggaar FP. WNT-pathway activation in 
IBD-associated colorectal carcinogenesis: potential biomark-
ers for colonic surveillance. Cell Oncol 2010; 32: 303-310 
[PMID: 20208143 DOI: 10.3233/CLO-2009-0503]

62	 Lee G, Goretsky T, Managlia E, Dirisina R, Singh AP, 
Brown JB, May R, Yang GY, Ragheb JW, Evers BM, We-
ber CR, Turner JR, He XC, Katzman RB, Li L, Barrett TA. 
Phosphoinositide 3-kinase signaling mediates beta-catenin 
activation in intestinal epithelial stem and progenitor cells 
in colitis. Gastroenterology 2010; 139: 869-881, 881.e1-9 [PMID: 
20580720 DOI: 10.1053/j.gastro.2010.05.037]

63	 Fukumoto S, Hsieh CM, Maemura K, Layne MD, Yet SF, 
Lee KH, Matsui T, Rosenzweig A, Taylor WG, Rubin JS, 
Perrella MA, Lee ME. Akt participation in the Wnt signal-
ing pathway through Dishevelled. J Biol Chem 2001; 276: 
17479-17483 [PMID: 11278246 DOI: 10.1074/jbc.C000880200]

64	 Brown JB, Lee G, Managlia E, Grimm GR, Dirisina R, Gore-
tsky T, Cheresh P, Blatner NR, Khazaie K, Yang GY, Li L, 
Barrett TA. Mesalamine inhibits epithelial beta-catenin 
activation in chronic ulcerative colitis. Gastroenterology 
2010; 138: 595-605, 605.e1-3 [PMID: 19879273 DOI: 10.1053/
j.gastro.2009.10.038]

65	 He CH, Lee CG, Dela Cruz CS, Lee CM, Zhou Y, Ahangari 
F, Ma B, Herzog EL, Rosenberg SA, Li Y, Nour AM, Parikh 
CR, Schmidt I, Modis Y, Cantley L, Elias JA. Chitinase 3-like 
1 regulates cellular and tissue responses via IL-13 receptor 
α2. Cell Rep 2013; 4: 830-841 [PMID: 23972995 DOI: 10.1016/
j.celrep.2013.07.032]

66	 Peterson TC, Peterson MR, Raoul JM. The effect of pentoxi-
fylline and its metabolite-1 on inflammation and fibrosis in 
the TNBS model of colitis. Eur J Pharmacol 2011; 662: 47-54 
[PMID: 21554874 DOI: 10.1016/j.ejphar.2011.04.030]

67	 Peterson TC, Davey K. Effect of acute pentoxifylline treat-
ment in an experimental model of colitis. Aliment Pharmacol 
Ther 1997; 11: 575-580 [PMID: 9218085]

68	 Murthy S, Cooper HS, Yoshitake H, Meyer C, Meyer CJ, 
Murthy NS. Combination therapy of pentoxifylline and TN-
Falpha monoclonal antibody in dextran sulphate-induced 
mouse colitis. Aliment Pharmacol Ther 1999; 13: 251-260 
[PMID: 10102957]

69	 Reimund JM, Dumont S, Muller CD, Kenney JS, Kedinger M, 
Baumann R, Poindron P, Duclos B. In vitro effects of oxpen-
tifylline on inflammatory cytokine release in patients with 
inflammatory bowel disease. Gut 1997; 40: 475-480 [PMID: 
9176074]

70	 Sakuda S, Isogai A, Matsumoto S, Suzuki A. Search for 
microbial insect growth regulators. II. Allosamidin, a novel 
insect chitinase inhibitor. J Antibiot (Tokyo) 1987; 40: 296-300 
[PMID: 3570982]

71	 Zhu Z, Zheng T, Homer RJ, Kim YK, Chen NY, Cohn L, Ha-
mid Q, Elias JA. Acidic mammalian chitinase in asthmatic 
Th2 inflammation and IL-13 pathway activation. Science 
2004; 304: 1678-1682 [PMID: 15192232 DOI: 10.1126/sci-
ence.1095336]

72	 Vaaje-Kolstad G, Houston DR, Rao FV, Peter MG, Synstad B, 
van Aalten DM, Eijsink VG. Structure of the D142N mutant 
of the family 18 chitinase ChiB from Serratia marcescens 
and its complex with allosamidin. Biochim Biophys Acta 2004; 
1696: 103-111 [PMID: 14726210]

73	 Zheng T, Rabach M, Chen NY, Rabach L, Hu X, Elias JA, 
Zhu Z. Molecular cloning and functional characterization 
of mouse chitotriosidase. Gene 2005; 357: 37-46 [PMID: 
16005164 DOI: 10.1016/j.gene.2005.05.006]

Lee IA et al . Chitinase inhibitors in IBD



1138 February 7, 2014|Volume 20|Issue 5|WJG|www.wjgnet.com

74	 Boot RG, Blommaart EF, Swart E, Ghauharali-van der Vlugt 
K, Bijl N, Moe C, Place A, Aerts JM. Identification of a novel 
acidic mammalian chitinase distinct from chitotriosidase. 
J Biol Chem 2001; 276: 6770-6778 [PMID: 11085997 DOI: 
10.1074/jbc.M009886200]

75	 Sutherland TE, Maizels RM, Allen JE. Chitinases and 
chitinase-like proteins: potential therapeutic targets for 
the treatment of T-helper type 2 allergies. Clin Exp Al-
lergy 2009; 39: 943-955 [PMID: 19400900 DOI: 10.1111/
j.1365-2222.2009.03243.x]

76	 Schüttelkopf AW, Andersen OA, Rao FV, Allwood M, 
Lloyd C, Eggleston IM, van Aalten DM. Screening-based 
discovery and structural dissection of a novel family 18 chi-
tinase inhibitor. J Biol Chem 2006; 281: 27278-27285 [PMID: 
16844689 DOI: 10.1074/jbc.M604048200]

77	 Sutherland TE, Andersen OA, Betou M, Eggleston IM, 
Maizels RM, van Aalten D, Allen JE. Analyzing airway 
inflammation with chemical biology: dissection of acidic 
mammalian chitinase function with a selective drug-like 
inhibitor. Chem Biol 2011; 18: 569-579 [PMID: 21609838 DOI: 
10.1016/j.chembiol.2011.02.017]

78	 Omura S , Arai N, Yamaguchi Y, Masuma R, Iwai Y, 
Namikoshi M, Turberg A, Kölbl H, Shiomi K. Argifin, a new 
chitinase inhibitor, produced by Gliocladium sp. FTD-0668. I. 
Taxonomy, fermentation, and biological activities. J Antibiot 
(Tokyo) 2000; 53: 603-608 [PMID: 10966076]

79	 Arai N, Shiomi K, Yamaguchi Y, Masuma R, Iwai Y, Turb-

erg A, Kölbl H, Omura S. Argadin, a new chitinase inhibi-
tor, produced by Clonostachys sp. FO-7314. Chem Pharm 
Bull (Tokyo) 2000; 48: 1442-1446 [PMID: 11045447]

80	 Nehlig A, Daval JL, Debry G. Caffeine and the central ner-
vous system: mechanisms of action, biochemical, metabolic 
and psychostimulant effects. Brain Res Brain Res Rev 1992; 
17: 139-170 [PMID: 1356551]

81	 Graham TE, Hibbert E, Sathasivam P. Metabolic and exer-
cise endurance effects of coffee and caffeine ingestion. J Appl 
Physiol (1985) 1998; 85: 883-889 [PMID: 9729561]

82	 Kent M. Food and Fitness: A Dictionary of Diet and Exer-
cise. England: Oxford University Press, 1997

83	 Yew D. Caffeine Toxicity Clinical Presentation. 2013 
Available from: URL: http://emedicine.medscape.com/
article/821863-clinical

84	 Ward A, Clissold SP. Pentoxifylline. A review of its pharma-
codynamic and pharmacokinetic properties, and its thera-
peutic efficacy. Drugs 1987; 34: 50-97 [PMID: 3308412]

85	 Pentoxifylline. 2013 Available from: URL: http://www.nlm.
nih.gov/medlineplus/druginfo/meds/a685027.html

86	 Theophylline. 2012 Available from: URL: http://www.
drugs.com/pro/theophylline.html

87	 Alboni P, Menozzi C, Brignole M, Paparella N, Gaggioli G, 
Lolli G, Cappato R. Effects of permanent pacemaker and 
oral theophylline in sick sinus syndrome the THEOPACE 
study: a randomized controlled trial. Circulation 1997; 96: 
260-266 [PMID: 9236443]

P- Reviewers: Ingle SB, Jiang GL, Maltz C    S- Editor: Gou SX
    L- Editor: A    E- Editor: Wang CH

Lee IA et al . Chitinase inhibitors in IBD



© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

Published by Baishideng Publishing Group Co., Limited
Flat C, 23/F., Lucky Plaza, 

315-321 Lockhart Road, Wan Chai, Hong Kong, China
Fax: +852-65557188

Telephone: +852-31779906
E-mail: bpgoffice@wjgnet.com

http://www.wjgnet.com

I S S N  1 0  0 7  -   9  3 2  7

9   7 7 1 0  07   9 3 2 0 45

0  5


	1127.pdf
	WJGv20i5-Back cover.pdf

