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Abstract. The pathogenesis of inflammatory bowel disease
(IBD), including Crohn's disease, is a subject of increasing
interest. Loss-of-function mutations in nucleotide-binding
oligomerization domain-containing protein 2 (NOD2) are
strong genetic factors linked to Crohn's disease, which even-
tually leads to an excessive mucosal inflammatory response
directed against components of normal gut microbiota.
Reactive oxygen species (ROS) play an important role in
inflammation processes, as well as in transduction of signals
from receptors for several cytokines, such as tumor necrosis
factor oo (TNFa). ROS activate nuclear factor-xB (NF-xB) via
IxB kinase (IKK) through the PI3K/AKT/PTEN pathway.
Therefore, this pathway is recognized to play a key role in
Crohn's disease. Loss of function has been demonstrated to
occur as an early event in a wide variety of diseases. Given this
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prevalent involvement in a number of diseases, the molecular
development that modulates this pathway has been the subject
of several studies. In addition, it has been the focus of extensive
research and drug discovery activities. A better understanding
of the molecular assemblies may reveal novel targets for the
therapeutic development against Crohn's disease.
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1. Introduction

In the human gut, a continuous homeostasis is maintained
by the strict regulation of microbial load and the immune
responses against it (1,2). Under normal physiological condi-
tions, gut microbiota colonize and contribute to the proper
development of the mucosal immune system (1,2). When the
epithelial barrier is disrupted, they induce an uncontrollable
inflammatory condition. The breakdown of this balance by
the dysregulation of immune responses may increase suscep-
tibility to chronic inflammatory disorders, such as Crohn's
disease (3,4). Uncontrolled mucosal inflammatory responses
against gut microbiota due to the disruption of the epithelial
barrier hence play important roles in the pathogenesis of
Crohn's disease (3,4). Crohn's disease is a chronic inflamma-
tory disorder associated with mucosal inflammation of the
bowel wall, which is characterized by repetitive active cycles
of the disease state (5). It is histologically characterized by the
massive transmural infiltration of lymphoctes and macrophages
with granulomas (6). Crohn's disease can affect the entire
gastrointestinal tract although the most common presentation
is the ileum-colon junction. Pro-inflammatory cytokines,
such as tumor necrosis factor a (TNFa), are pivotal for the
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development of inflammatory bowel disease (IBD). Therefore,
the downregulation of cytokines and cytokine-induced
inflammatory responses constitute molecular targets for the
development of therapeutic strategies in IBD (7). Numerous
agents are currently available for the treatment of Crohn's
disease. When treating patients with Crohn's disease, therapy
is usually aimed at the effective induction and maintenance
of remission, as well as in reducing therapy-related issues and
improving quality of life. Anti-TNFa therapy is an effective
therapy for Crohn's disease, and a large proportion of patients
show a favorable response to its therapeutic antibodies (8).
Despite the therapeutic efficacy of anti-TNFa agents, however,
treatment failure is frequently observed. On the other hand,
the macrolide, 7-O-succinyl macrolactin A (SMA), mark-
edly inhibits the TNFa-induced adhesion of monocytes to
epithelial cells similar to rapamycin, an immunosuppressant
macrolide and a mammalian target of rapamycin (mTOR)
inhibitor (9). Importantly, SMA is more effective in the inhi-
bition of inflammation than 5-aminosalicylic acid, the most
ordinarily prescribed agent for the treatment of IBD (9). SMA
also causes the suppression of TNFa-induced phosphorylation
of phosphatidylinositol 3-kinase (PI3K), AKT and mTOR,
similar to the effect of rapamycin (9). Accordingly, managing
the PI3K/AKT/mTOR pathway may be a good therapeutic
intervention for the treatment of Crohn's disease.

2. Key molecular signaling in Crohn's disease

One innovation in Crohn's disease research is the identifica-
tion of nucleotide-binding oligomerization domain-containing
protein 2 (NOD2) as its susceptible gene (10,11). NOD2 is a
member of the nucleotide-binding oligomerization domain and
leucine-rich repeat (LRR)-containing protein (NLR) family of
cellular sensors of pathogens, which is also amember of cytosolic
factors related to the regulator of apoptosis, apoptotic protease
activating factor 1 (Apaf-1), a member of a class of disease
resistance proteins (12). Similar to several members of the NLR
family, NOD2 contains a LRR domain on its C-terminal side
and two tandem caspase recruitment domains (CARDs) on its
N-terminal side. The LRR domain has a molecular structure
similar to a domain found in Toll-like receptors (TLRs) (13).
NOD?2 appears to regulate the host response to pathogens that
may be defective in certain inflammatory diseases. Genetic
variation in NOD?2 is associated with susceptibility to Crohn's
disease (14). NOD?2 activates the downstream signaling path-
ways, including the nuclear factor-kB (NF-xB) pathway, which
confers responsiveness to lipopolysaccharides and interacts
with a mediator of NF-xB activation (15). NF-xB is found in
the cytoplasm in its inactive form with the inhibitor of NF-xB
subunit, which is in turn regulated by IkB kinase (IKK). The
phosphorylation of the Ser32 and Ser36 residues of IkBa by
IKK triggers a signal for the ubiquitination and degradation of
IxBa and then the activation of NF-xB (16). The activation of
NF-«xB by IKK also occurs in association with reactive oxygen
species (ROS) produced by NADPH oxidase in response to the
activation of receptors, such as interleukin (IL)-1 or TNF (17).
Cellular ROS metabolism is firmly regulated by a variety of
proteins involved in the redox mechanism with PI3K/AKT
signaling (18). AKT activates IKK, which in turn stimulates
p38 MAPK in the transduction of signals originating from IL-1

receptor (19). IKK may be present in the form of a complex
with mTOR. The kinase may also activate IKK.

The PI3K/AKT pathway negatively regulates the
NOD2-mediated NF-«B pathway, which may be involved in
the resolution of the inflammatory responses induced by NOD2
activation (14). Accumulating evidence has revealed that the
PIBK/AKT pathway acts as a pivotal determinant of cell fate
regarding senescence and apoptosis, which is mediated by
intracellular ROS generation (18). Muramyl dipeptide (MDP)
is the minimal bioactive peptidoglycan motif common to all
bacteria, which has been shown to be recognized by NOD2
and induces AKT phosphorylation (14). NOD2 is expressed
in immune tissue and bacterial peptidoglycan motifs; MDP
activates NOD2, inducing a reduction in AKT Ser473 phos-
phorylation (20). ROS also activate PI3K/AKT and inactivate
phosphatase and tensin homolog (PTEN). In addition, AKT
is activated as a result of IL-1p, TNFa or lipopolysaccharide
receptor stimulation. The pharmacological inhibitor of PI3K
and dominant-negative forms of the regulatory subunit of PI3K
enhance NF-xB activation, while constitutive active forms
of the catalytic subunit of PI3K inhibit the NF-kB activa-
tion and their target genes (14). AKT is inhibited by protein
phosphatase-2A (PP2A), which in turn may be inactivated by
ROS (19,21). On the other hand, ROS induction is accompa-
nied by the activation of PI3K. AKT substrates include IKKa,
NOS, tuberous sclerosis complex (TSC)1 and 2, caspase-9,
mouse double minute 2 homolog (MDM?2) and glycogen
synthase kinase (GSK) 3f (21,22). Accordingly, the pathway
has central signaling elements in a diverse array of cellular
functions, including proliferation, migration and inflammation
responses. It is therefore reasonable that the dysregulation of
the PI3K/AKT pathway has been implicated in the induction
and/or progression of a variety of disease states.

3. PI3K/AKT/mTOR signaling involved in NOD2-mediated
pathway

Functional PI3K heterodimers consist of a regulatory subunit,
such as p85 and a catalytic subunit, such as p110. Each PI3K
forms a family which can be divided into three classes based
on its structure, distribution and mechanism of activation (23).
Class I PI3Ks are further divided into class IA and IB based
on their different adaptors, which are activated by receptor
tyrosine kinases (RTKs) and by the G-protein-coupled recep-
tors, respectively (24). One of the substrates for class I PI3Ks
is phosphatidylinositol 4,5-bisphosphate (PIP2), resulting
in the production of phosphatidylinositol 3,4,5-trisphos-
phate (PIP3). AKT is a downstream target of PI3Ks, which
belongs to the AGC family of protein kinases (25). Human
AKT has three homologous members known as AKT1, AKT2
and AKT3 (26), which contain three functionally different
sites, i.e., a pleckstrin homology (PH) domain, a central cata-
lytic domain and a C-terminal hydrophobic motif (27). The
binding of PI3K products to the PH domain results in AKT
translocation to the plasma membrane where it is activated via
phosphorylation by certain upstream protein kinases, such as
the phosphoinositide-dependent kinase 1 (PDK1). PIP3 binds
to PDK1 via the PH domains. PDK1 then phosphorylates at
Thr308 of AKTI in its kinase domain. For the full activa-
tion of AKT, further phosphorylation of Ser473 at AKT1 by
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Figure 1. Schematic protein structures of human nucleotide-binding oligomerization domain-containing protein 2 (NOD2), AKT1 and phosphatase and tensin
homolog (PTEN). Note that the sizes of the proteins are modified for clarity. CARD, caspase recruitment domain; NBD, nucleotide-binding domain; LRR,
leucine-rich repeat; PH domain, pleckstrin homology domain; C2 domain, a protein structural domain involved in targeting proteins to cell membranes; PDZ, a

common structural domain in signaling proteins (PSD-95, DLGI1, ZO-1, etc.).

PDK2 is required (28). AKT then moves to the cytoplasm and
nucleus, where it phosphorylates several downstream targets to
regulate several cellular functions. For example, AKT inhibits
GTPase-activating protein (GAP) activity by phosphorylating
TSC2, which leads to activation of the mTOR complex (29).
mTOR mediates the phosphorylation of the ribosomal protein
S6 kinase, leading to the release of the translation initiation
factor, eukaryotic translation initiation factor 4E (eIF4E) (30).
GSK3pis also adownstream target of AKT and is a serine/thre-
onine kinase itself. GSK3[ was originally identified to play a
key role in the regulation of glycogen synthesis in response
to insulin receptor stimulation (31), which has been shown to
be involved in cellular proliferation, apoptosis and circadian
entrainment, in addition to the regulation of glycogenesis (32).

The schematic structure of the predicted PTEN protein
is shown in Fig. 1. The activity of PI3Ks can be inhibited
by PTEN, which also has protein and lipid phosphatase
activity (33). Therefore, PTEN negatively regulates AKT
signaling (34). PTEN protein consists of N-terminal phos-
phatase, and C-terminal C2 and PSD-95, DLGI and ZO-1
(PDZ) binding domains. The C-terminus of PTEN has two
proline, glutamic acid, serine and threonine (PEST) sequences
involved in protein degradation (35). PTEN can be regulated by
post-translational phosphorylation, oxidation, acetylation, and
so forth (36). The tissue-specific deletion of PTEN can result
in autoimmunity, glucose dysregulation and/or neurological
deficits. As the PI3K/AKT/mTOR/PTEN signaling axis plays
a central role in metabolism and inflammation under physi-
ological conditions (37) (Fig. 2), the effective targeting of this
signaling network with pharmacological modulators may result
in the effective treatment of patients with inflammation. In
addition, the PI3K/AKT/mTOR/PTEN signaling pathway has
been demonstrated to induce the expression of the multidrug
resistance-associated protein, suggesting that high PI3K
activity induces drug resistance (38,39). The PI3K/AKT/mTOR
signaling pathway is activated in Crohn's disease by PTEN
downregulation, which may be involved in the pathogenesis
this disease.

4. Possible modulators of the PI3K/AKT pathway against
Crohn's disease

Pharmacologic modulators directed against components of
intracellular signaling pathways have been developed to improve
therapeutic performance. As the regulation of the components
in the PI3K/AKT/PTEN pathway is thought to correlate with
disease prognosis and drug resistance, it is considered to be
a promising target for therapy. A number of pharmacological
inhibitors of this pathway have already been developed to
improve therapy (40). Usually, the PI3K/AKT/GSK3f activa-
tion is maintained by extracellular signals. A metabolite of
guanosine released from activated T lymphocytes and macro-
phages is increased in patients with Crohn's disease (41). It
has been shown that guanosine increases AKT and GSK3f3
phosphorylation (42); this suggests that it plays an important
role in Crohn's disease. The cell-protective effect of guanosine
is abolished by blocking the AKT pathway with LY294002 (43).
Both LY294002 and wortmannin are the best characterized
PI3K inhibitors which prevent ATP from binding to the active
portion (44). They are low molecular weight compounds and are
also cell-permeable. In addition, they enhance the phosphoryla-
tion of NF-kB p65 on Ser529 and Ser536 residues; this results
in enhanced p65 transactivational activity (14). Furthermore,
the inhibition of PI3K by these pharmacological inhibitors
prevents the inactivation of GSK3p (45), suggesting that the
negative regulation of PI3K/AKT on NF-«xB activation is medi-
ated through the inactivation of GSK3f. LY294002 blocks not
only PI3K activity, but also mTOR to the same extent as PI3K.
Some mTOR inhibitors suppress hypoxia-inducible factor 1o
(HIF-10) and vascular endothelial growth factor (VEGF), which
initiate an inhibitory effect on the progression of inflamma-
tion (46). PI3K inhibition with LY294002 is reversible, while
wortmannin irreversibly inhibits PI3K (44,47). N-cadherin
overexpression in bowel stricture formation in Crohn's disease
may be silenced by LY294002 (48). In addition, L.Y294002 has
been shown to reduce the production of chemokine-induced
ROS in phagocytes (49). It has been reported that serum
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Figure 2. Schematic representation and overview of the phosphatidylinositol 3-kinase (PI3K)/AKT/phosphatase and tensin homolog (PTEN) pathway.
Nucleotide-binding oligomerization domain-containing protein 2 (NOD?2) senses muramyl dipeptide (MDP) leading to PI3K/AKT and nuclear factor-xB (NF-xB)
activation. In addition, uncontrolled generation of reactive oxygen species (ROS) contributes to the development of inflammation. Examples of molecules known
to act on the PTEN/PI3K/AKT regulatory pathways are also shown. Arrowheads indicate stimulation whereas hammerheads represent inhibition. Note that some
critical pathways have been omitted for clarity. ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase; HDM2, human homolog of mouse double
minute 2; TSC1 and TCS2, tuberous sclerosis complex 1 and 2; mTOR, mammalian target of rapamycin; GSK3p, glycogen synthase kinase 3f3; NOS, nitric oxide
synthase; S6K, S6-kinase; HIF-1a, hypoxia-inducible factor 1a; TSP1, thrombospondin 1; VEGF, vascular endothelial growth factor.
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withdrawal kills human U937 monocyte cells by elevating mTOR inhibitors are the most developed class of compounds
cellular ROS levels, which occurs through PI3K activation (50). including rapamycin and its derivatives, which bind to
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FK506-binding protein 12 (FKBP12) (51,52). Subsequently,
the rapamycin/FKBP12 complex binds mTORCI and prevents
downstream signaling (53). ATP-competitive mTOR inhibitors
suppress the activity of both mTORC1 and mTORC2 (54).
Autophagy, which is a cellular process implicated in the clear-
ance of intracellular bacteria, has been highlighted as a key
feature in the pathogenesis of Crohn's disease. Rapamycin is a
drug used to upregulate autophagy (55). The use of rapamycin in
the treatment refractory Crohn's disease has been reported (55),
offering a promising new therapeutic strategy for the treatment
of IBD (56). The suppression of PTEN may increase PIP3, thus
leading to the activation of PI3K/AKT signaling. However, in
general, the administration of PI3K/AKT/mTOR inhibitors can
give rise to potentially life-threatening adverse effects, such as
pneumonitis (57).

5. Effect of diet on PI3K/AKT/PTEN pathway and possible
restorative effects in patients with Crohn's disease

A variety of signals including growth factors and nutrients
leads to PI3K/AKT pathway activation and inhibition (Fig. 3).
In addition, several gene transcriptions of the components in
the pathway are regulated by dietary polyunsaturated fatty
acids (PUFAs) (58). Potential therapeutic strategies exploit
the observation that defects in critical processes required for
maintaining cellular homeostasis produce a metabolic situation
characterized by Crohn's disease. It would be of significance to
define appropriate strategies to achieve benefits from dietary
supplements to control the activities of PI3K/AKT pathway
molecules, including the expression of pro-inflammatory
cytokines. Dietary supplementation of fish oil attenuates
lipopolysaccharide-induced bowel inflammation (59). Fish oil
increases AKT1 mRNA expressiin and decreases Forkhead
Box O (FOXO)1 and FOXO4 mRNA expression (60). Fish oil
also increases the phosphorylation of AKT and FOXOI1. In
addition, n-3-PUFAs in fish oil exert an inhibitory effect on
pro-inflammatory cytokines thus affecting many inflammatory
diseases (61,62). In fact, linoleic acid has demonstrated efficacy
as an immune modulator and anti-inflammatory compound
that moderates Crohn's disease (63). Fish oil reduces the plasma
levels of TNFa and prostaglandin E2 concentrations (64).
Moreover, fish oil downregulates the mRNA expression
of TLR4 and its downstream signaling molecule, myeloid
differentiation factor 88 (MyD88), TNFa receptor-associated
factor 6 (TRAF6), NF-xB p65 and NOD2 (65,66). By
suppressing pro-inflammatory cytokine production via the
regulation of NOD2 signaling, fish oil may therefore improve the
symptoms of Crohn's disease, possibly through the maintenance
of PI3K/AKT signaling.

Several herbs may also be promising. Curcumin is an active
ingredient derived from the root of the Curcuma longa plant,
which has been used as a traditional Chinese herb for the treat-
ment of various inflammatory diseases (67). Treatment with
curcumin has been shown to significantly attenuate myocarditis
and improve heart histopathology (68). Of note, curcumin
administration reduces the expression of pro-inflammatory
cytokines, such as TNFa, IL-1f and IL6. Curcumin treat-
ment also inhibits the activation of NF-xB in a PI3K/AKT
pathway-dependent manner, indicating that curcumin exerts a
protective effect against inflammatory response by inhibiting

the PI3K/AKT/NF-«B pathway (68). Hence, curcumin may have
a therapeutic use in the prevention and treatment of Crohn's
disease (69). Wormwood (Artemisia absinthium) also acceler-
ates healing in patients with Crohn's disease (70) and has a
positive effect on their mood and quality of life (71). Eupatilin,
a flavonoid from wormwood, inhibits PI3K activity, causing a
direct effect on the phosphorylation of downstream AKT and
p70S6K (72). Licorice is a common Chinese medicinal herb
with anti-tumor activity, which induces autophagy through the
inhibition of the PI3K/AKT/mTOR pathway (73). Honokiol is
has been demonstrated to attenuate PI3K/AKT/mTOR signaling
through the upregulation of PTEN expression (74,75). Curcumin
also restores PTEN expression (76). By contrast, a component of
the herb rosemary inhibits the expression of PTEN in the K562
myeloid cell line (77).

6. Perspectives

An important mediator implicated in the regulation of several
diseases is PI3K/AKT/PTEN signaling. Efforts to exploit
pharmacological modulators of the cascade that show efficacy
and safety are in progress. It is unlikely that the regulation of
a single signaling pathway will be a cure for Crohn's disease.
However, the combination of regulators and conventional
chemotherapeutic drugs may prove to be an effective therapeutic
option for patients with this disease. Disorders are character-
ized by multiple signaling abnormalities and deregulated
pathways may be redundant. It is difficult to find the correct
combinations of accurate targets. The precise involvement of
PI3K/AKT/GSK3B/mTOR/PTEN in disease signaling has not
yet been fully elucidated. PTEN appears to act as a regulator of
basal PIP3 levels that maintains the levels below a threshold for
signaling activation, suggesting that the levels of PIP3 may have
an appropriate level zone. That is the reason why both activa-
tors and inhibitors of the PI3K/AKT pathway may contribute
to the treatment of Crohn's disease. Although further research
is required to examine the safety and efficacy of regulators, the
indicated compounds appear to possess promising therapeutic
activities. An understanding of the intracellular mechanisms
may provide innovative insight into the development of thera-
peutic approaches. To further optimize therapeutic regimens,
research should also focus on the combination of regulators
of PI3K/AKT signaling and regulators directed against other
signal transduction molecules. Further studies are warranted to
assess the safety and efficacy of these regulators using large-
scale cohorts of patients with IBD.
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