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Nonalcoholic fatty liver disease (NAFLD) is the most common form of liver pathologies and is associated with obesity and the
metabolic syndrome, which represents a range of fatty liver diseases associated with an increased risk of type 2 diabetes. Molecular
mechanisms underlying how to make transition from simple fatty liver to nonalcoholic steatohepatitis (NASH) are not well
understood.However, accumulating evidence indicates that deregulation of the phosphatidylinositol 3-kinase (PI3K)/AKTpathway
in hepatocytes is a commonmolecular event associatedwithmetabolic dysfunctions including obesity,metabolic syndrome, and the
NAFLD. A tumor suppressor PTEN negatively regulates the PI3K/AKT pathways through its lipid phosphatase activity. Molecular
studies in theNAFLD support a key role for PTEN in hepatic insulin sensitivity and the development of steatosis, steatohepatitis, and

brosis. We review recent studies on the features of the PTEN and the PI3K/AKT pathway and discuss the protein functions in the
signaling pathways involved in the NAFLD.	emolecular mechanisms contributing to the diseases are the subject of considerable
investigation, as a better understanding of the pathogenesis will lead to novel therapies for a condition.

1. Introduction

Nonalcoholic fatty liver diseases (NAFLD) represent a hep-
atic metabolic syndrome, which is the common broad-
spectrum liver disease, and it is becoming a worldwide
health problem. NAFLD ranges from nonalcoholic fatty liver
to nonalcoholic steatohepatitis (NASH), which o�en pre-
cedes liver 
brosis, cirrhosis, and hepatocellular carcinoma.
NAFLD is also associated with obesity, type 2-diabetes,
and metabolic syndrome [1–5]. Insulin resistance appears
to induce the fat accumulation in hepatocytes and renders
the liver more susceptible to diseases [6]. In addition, reac-
tive oxygen species (ROS), endotoxins, and inammatory
cytokines result in the disease development [7]. It is also well
known that several stressors like cigarette smoke, pollutants,
diabetes, hypertension, and hypercholesterolemia are all risk
factors to the disease [8, 9]. 	e hepatic insulin resistance
state of fatty liver in
ltration is characterized by increased
free fatty acids (FFAs), which causes lipotoxicity, impairs
endothelium-dependent vasodilatation, and increases oxida-
tive stresses. Additional metabolic risk factors include
leptin, adiponectin, and plasminogen activator inhibitor-1

(PAI-1), which together lead to increased oxidative stress and
endothelial dysfunction [10]. Inammation and 
brogenesis
are closely related and are major targets of the NAFLD
research. To date, however, the precise molecular pathogene-
sis of NAFLD is still unclear.

Inammation is believed to be the chief reason behind the
diseases and may cause the progression to 
brosis and subse-
quent cirrhosis [11, 12]. Because phosphatidylinositol-3 kinase
(PI3K) and serine-threonine protein kinaseAKT (also known
as protein kinase B) seem to make immune cell activation by
regulation of the key inammatory cytokines [13], changes
in PI3K/AKT signaling pathway may contribute to speci
c
therapeutic e�ects for the NAFLD. In addition, the physio-
logical function of PTEN is to dephosphorylate the second
messengers generated by the activation of PI3K, thereby
downregulating or terminating insulin signaling downstream
of PI3K [14]. 	erefore, potential role of the PTEN has
been suggested to be involved in the development of the
NAFLD. Here, we provide an overview of research on the
characterization of the regulation of the PI3K/AKT/PTEN
signaling (Figure 1) at the viewpoint of pathogenesis for the
NAFLD. We will also interpret the current literature in an
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Figure 1: Schematic representation of PI3K/AKT/GSK3/mTOR signaling. Examples of molecules known to act on the regulatory pathways
are shown. Note that some critical pathways have been omitted for clarity.

attempt to expand our understanding of the environmental
and genetic causes of inammation and its e�ects to the
NAFLD. Intervention and therapy that alter or disrupt these
mechanisms may serve to reduce the risk of the development
of the disease, leading to better e�cacy of new therapeutic
approaches.

2. PI3K/AKT/PTEN Pathway Involved in
Oxidative Stress and in NAFLD

Induction of ROS subjects the cells to a state of oxidative
stress coupled with hepatocyte apoptosis, which is believed
to play a key role in pathogenesis of NAFLD [15, 16]. In
fact, hepatocyte apoptosis may be a key component of the
pathogenesis involved in the progression of simple steatosis
to NASH [17]. 	e ROS are generated during mitochon-
drial oxidative metabolism as well as in cellular response
to inammatory cytokines and bacterial invasion [18, 19].
Oxidative stress refers to the imbalance due to excess ROS
over the capability of the cell to support e�ective antioxidant
responses. 	e ROS directly interact with critical signal-
ing molecules to initiate signaling in a variety of cellular
processes, such as proliferation and survival via several
signaling molecules including MAP kinases, PI3K, PTEN,
and protein tyrosine phosphatases [20]. Oxidative stress
then results in macromolecular damage and is implicated
in various disease states such as atherosclerosis, diabetes,
cancer, and aging, which is also associatedwith complications
including NAFLD. 	e oxidative stress can activate a series
of stress pathways involving a family of serine/threonine
kinases including AKT, which in turn have a negative e�ect
on insulin signaling [21]. In fact, experimental data suggest

an inverse relationship between insulin sensitivity and the
ROS levels [22, 23]. Some of the consequences of an oxidative
environment are the development of insulin resistance, �-cell
dysfunction, impaired glucose tolerance, and mitochondrial
dysfunction, which can lead to the diabetic disease. Oxidative
stress can be reduced by controlling hyperglycemia and
calorie intake [24].

	e absent expression of liver-speci
c PTEN may be
associated with hepatic steatosis, inammation, and 
brosis.
Actually, PTEN-de
cient mice have been shown to have
biochemical and histological evidence of NASH [25]. 	e
mechanism for NASH in this animal model is reported to
be due to increased lipogenesis, inammation, and 
brosis.
Hypoxia accelerates the changes that have been observed in
PTEN-de
cient mice developing NASH [26]. 	e activation
of AKT in PTEN-de
cient cells leads to the phosphorylation
of GSK3�, which is active in resting cells but is inactivated
by the phosphorylation [27]. 	e GSK3� has been linked
to the regulation of an assembly of transcription factors,
including�-catenin, nuclear factor �B (NF-�B), AP-1, NF-AT,
and CREB [28]. 	e altered activity of GSK3� then causes
various e�ects on cytokine expression. Activation of PI3K
then results in the inhibition of proinammatory incidents
such as expression of type I interferon, IL-12, and TNF-�.
In addition, PI3K and mTOR seem to upregulate the anti-
inammatory cytokines [29, 30].

3. Function and Characterization for
the PI3K/AKT/PTEN Pathway

	e PI3K pathways are known as regulating metabolism,
cell growth, and cell survival [31]. As active form of PI3K
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is an oncogene, ampli
cations and mutations of PI3K are
commonly found in many kinds of human cancers [31, 32].
	e PI3K in mammalian cells forms a family that can be
divided into three classes based on the structure, distribution,
and mechanism of activation [33]. Class I PI3Ks are divided
into class IA and class IB based on di�erent associated
adaptors. Class IA PI3Ks are activated by receptor tyrosine
kinases, while class IB PI3Ks are activated by G-protein-
coupled receptors. 	ese PI3Ks are heterodimers consisting
of a regulatory subunit such as p85 and a catalytic subunit
such as p110. 	e phospholipid second messengers generated
by the PI3Ks provide a common mechanism for multiple
steps during intracellular signal transduction. 	e AKT is a
major downstream target of the PI3Ks.HumanAKThas three
isoforms: AKT1, AKT2, and AKT3 [34]. 	e PIP3, a product
of PI3K, binds to AKT and leads to the membrane recruit-
ment of the AKT, and it also binds to phosphoinositide-
dependent kinase 1 (PDK1) via their pleckstrin homology
(PH) domains, then PDK1 phosphorylates AKT in the kinase
domain (	r 308 in AKT1). For the full activation of AKT,
the phosphorylation within the carboxyl-terminal regulatory
domain (Ser 473 in AKT1) of AKT by PDK2 is required
[35]. Schematic structure of the predicted AKT1 protein
is shown in Figure 2. Once activated, AKT moves to the
cytoplasm and nucleus, where it phosphorylates, activates, or
inhibits many downstream targets to regulate various cellular
functions (Figure 1). AKT inhibits the GTPase-activating
protein (GAP) activity of the tuberous sclerosis complex 1
(TSC1) and TSC2 complex by phosphorylating TSC2 tuberin
protein, leading to the accumulation and activation of the
mTOR complex (Figure 1) [36]. 	e mTOR mediates the
phosphorylation of the ribosomal protein S6 kinases and
eukaryotic translation initiation factor 4E-binding protein
1 leading to the release of the translation initiation factor
eIF4E [37]. Liver-speci
c p70 S6 kinase depletion protects
against hepatic steatosis and systemic insulin resistance [38].
	e GSK3 is also a serine/threonine kinase that was initially
identi
ed as playing a role in the regulation of glycogen
synthesis in response to insulin receptor stimulation. 	is
molecule has also been shown to be involved in cellular
proliferation, programmed cell death, embryogenesis, and
circadian entrainment, in addition to the regulation of glyco-
genesis [39].

PTEN is a dual-speci
city phosphatase which has pro-
tein phosphatase activity and lipid phosphatase activity that
antagonizes PI3K activity [40, 41].	ehuman genomicPTEN
locus consists of nine exons on chromosome 10q23.3, encod-
ing a 5.5 kb mRNA that speci
es a 403 amino acids open
reading frame. 	e translation product is a 53 kDa protein
with homology to tensin and protein tyrosine phosphatases
(PTPs). Schematic structure of the predicted PTEN protein
is shown in Figure 2. PTEN negatively regulates the activity
of PI3K/AKT signaling through converting phosphatidyli-
nositol 3,4,5-triphosphate (PIP3) into phosphatidylinositol
4,5-bisphosphate (PIP2). Peroxisome proliferator activated
receptor �, p53, and activating transcription factor 2 can tran-
scriptionally upregulate PTEN, while transforming growth
factor- (TGF-) �, NF-�B, and Jun negatively regulate PTEN
expression. Interestingly, rosemary extract represses PTEN
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Figure 2: Schematic structures of AKT1 and PTENprotein.	epre-
dicted consensual domain structures for each protein are depicted.
	e functionally important sites including the sites of protein
phosphorylation are also shown. Note that the sizes of protein are
modi
ed for clarity. 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 (PSD95, Dlg, ZO-1, etc.).

expression in K562 leukemic culture cells [42]. PTEN activ-
ity can also be regulated by the posttranslational regula-
tion including phosphorylation, acetylation, and oxidation
[43]. PTEN protein consists of N-terminal phosphatase, C-
terminal C2, and PDZ (PSD-95, DLG1, and ZO-1) binding
domains. 	e PTEN CX5R(S/T) motif resides within an
active site that surrounds the catalytic signature with three
basic residues, which are critical for PTEN lipid phosphatase
activity. 	e structure endows PTEN with its preference for
acidic phospholipid substrates such as PIP3. In addition, the
C-terminus of PTEN contains two PEST (proline, glutamic
acid, serine, and threonine) sequences involved in protein
degradation [44]. AKT activation leads to HIF-1� stabiliza-
tion, whereas PTEN attenuates hypoxia-mediated HIF-1�
stabilization [45]. 	e instability of mutant PTEN and the
reduction of HIF1� degradation have been shown to involve
protein interactions. Inhibition of the Casein kinase II-
mediated PTEN phosphorylation results in increased PTEN
activity and a reduction of AKT activity [46].

4. PI3K/AKT/PTEN Pathway Involved in
Type 2 Diabetes

Type 2 diabetes is characterized by diminished pancreatic �-
cell function. Insulin signaling within the �-cells has been
shown to play an important role in maintaining the function
of the �-cells. Under basal conditions, enhanced insulin-
PI3K signaling via deletion of PTEN leads to increased �-cell
mass [47]. Mice with PTEN deletion in pancreatic cells show
increase the �-cell mass because of both increased prolifer-
ation and reduced apoptosis. In particular, the relationship
between PTEN function and adipocyte-speci
c fatty-acid-
binding protein FABP4 is of interest in �-cell signaling [48].
	e interaction of PTEN to FABP4 suggests a role for this
phosphatase in the regulation of lipid metabolism and cell
di�erentiation [49]. In this way, tissue targeted deletion of
PTEN leads to improved insulin sensitivity in the insulin-
responsive tissues and protects from diabetes. In addition,
PTEN has been shown to be upregulated in insulin resis-
tance model of insulin/insulin-like growth factor-1 signaling
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ablation in �-cells [50]. PTEN expression in pancreatic
islets is also upregulated in models of type 2 diabetes [51].
Furthermore, PTEN is a key negative regulator of insulin-
stimulated glucose uptake in vitro and in vivo [52]. Even
the partial reduction of PTEN is enough to elicit enhanced
insulin sensitivity and glucose tolerance. So, PTEN exerts
a critical negative e�ect upon �-cell function. Accordingly,
PTEN in type 2 diabetes could be a therapeutic target to
prevent the degeneration of �-cells.

PTEN negatively regulates the activity of PI3K/AKT
signaling through converting PIP3 to PIP2. 	e PIP3 is
the principal second messenger of the PI3K pathway that
mediates receptor tyrosine kinase signaling to the survival
kinase AKT. Increased levels of PIP3 at the membrane cause
PH domain-containing proteins such as AKT and PDK-1 to
colocalize, resulting in the kinases-mediated phosphoryla-
tion and activation [53]. 	e activated AKT phosphorylates
target proteins involved in cell survival, cell cycling, and
metabolism. Cell cycle mediators a�ected by the AKT and
PTEN levels include the forkhead transcription factors and
glycogen synthase kinase [54]. So, PTEN acts as regulator
of maintaining basal levels of PIP3 below a threshold for
those signaling activation. Hypoxia induces an increase in
phosphorylation status of the S6 ribosomal protein. 	e S6
ribosomal protein belongs to the PI3K/AKT/PTEN/mTOR
signaling pathway and is phosphorylated by p70 S6 kinase
when this pathway is activated. It has been shown that a
negative feedback loop operates from p70 S6 kinase to the
upstream IRS (insulin receptor substrate)/PI3K/PDK1/AKT
insulin signaling pathway, suggesting a mechanism for the
development of insulin resistance [55]. 	e PI3K/AKT sig-
naling may also regulate angiogenesis by several downstream
targets such asNOS andGSK3�, which commonly upregulate
HIF-1� expression inducingVEGF transcriptional activation.
Inhibition of GSK3� can upregulate HIF-1� expression and
increase �-catenin activity. Hypoxia induces HIF-1� produc-
tion through the increase of its stability and induces VEGF
expression in a HIF-1�-dependent manner [56].

5. PI3K/AKT Signaling Modulators
Involved in the NAFLD

Animals with NAFLD show histological changes including
inammation foci, increased oxidative stress, elevated serum
hepatic enzyme levels, dysregulated hepatic lipidmetabolism,
upregulated levels of inammatory cytokines, and apoptotic
cells in the liver. Interestingly, treatment of ghrelin improves
this liver injury accompaniedwith a restoration of PI3K/AKT
pathways [57]. Ghrelin treatment alone did not inuence the
healthy rat liver. On the other hand, overexpression of PTEN
has been shown to have inhibitory e�ects on insulin signal-
ing, including decreased AKT activity and GLUT4 (glucose
transporter 4) translocation to the cell membrane, showing
the contribution to insulin resistance and then NAFLD
progression (Figure 3) [58–60]. In contrast, downregulation
of PTENhas the opposite e�ectwith increased glucose uptake
in response to insulin [61]. However, paradoxically, deletion
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Figure 3: Possible potential role of free fatty acid (FFA), hypoxia,
reactive oxygen species (ROS), and PTEN in the development of
NAFLD and NASH based on the predominant PI3K/AKT/GSK3
pathways. Note that some critical events have been omitted for
clarity.

of PTEN causes NAFLD and hepatocellular cancer [62].
	e mechanism for this paradox is yet to be clari
ed. In
PTEN-de
cientmice, there is increased synthesis and storage
of triglyceride in hepatocytes, due to the upregulation of
PI3K/AKT activity. As a consequence of the lack of PTEN
activity, there may be increased hepatocyte fatty acid uptake
and increased fatty acid synthesis (Figure 3) [63].

At present, the inhibitors for PI3K/AKT signaling are
as follows. Pan-PI3K inhibitors, wortmannin, and LY294002
are commonly used to inhibit cancer cell proliferation.
Wortmannin is a fungal product, which exerts its e�ect by
the covalent interaction to the conserved Lys802 of the p110�
catalytic subunit. Both wortmannin and LY294002 cross-
react with PI3K-related kinases such as mTOR and inhibit
them. A p110� speci
c inhibitor (IC486068) enhances tumor
vascular destruction.	eperifosine inhibits the translocation
of AKT to the cell membrane. Inositol pentakisphosphate,
one of the PI3K/AKT inhibitors, also inhibits tumor growth
and angiogenesis. Several other AKT antagonists such as
9-methoxy-2-methylellipticinium acetate, indazole-pyridine
A-443654, and isoform-speci
c xanthine alkaloid analogs
have also been identi
ed and shown to inhibit cancer cell
growth and induce apoptosis [64]. 	e mTOR inhibitors
such as rapamycin and its analogs inhibit mTOR activation
by binding to FK506-binding protein-12 [65], which can
activate upstream molecules including AKT [66]. Guano-
sine can a�ord protection against mitochondrial oxidative
stress by the PI3K/AKT/GSK3 signaling and by induction
of the antioxidant enzyme HO-1 [67]. Melatonin also pre-
vents hemorrhagic shock-induced injury through an AKT-
dependent HO-1 expression in animal model. Activation of
PI3K/AKT/GSK3 signaling may not only upregulate the HO-
1 expression, but also the protective e�ects of this pathway
may be linked to the e�ects of HO-1. It is important to
exploit the potential bene
ts of these agents for diabetes or
NAFLD and/or optimal treatment and/or combination with
these inhibitors.
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6. Perspective

NAFLD is a multifactorial disease predominantly regulated
by the interplay of genetic predisposition and environmental
factors. It is accepted that themolecularmechanisms involved
in the development and progression of theNAFLDare similar
to those leading to the obesity and metabolic syndrome. In
fact, the dysregulation of lipid metabolism, insulin signaling,
inammatory response, and immune response has important
role in the onset and outcome of the NAFLD. 	e pre-
cise involvement of the PI3K/AKT//PTEN/GSK3/mTOR in
signaling has remained unexplored. Between inammation
and NAFLD, there might be common pathways includ-
ing the PI3K/AKT/GSK3/mTOR pathway. Whereas many
questions remain to be answered about the role of the
PI3K/AKT/PTEN/GSK3/mTOR signaling in the NAFLD, it
is possible that inhibition of the signaling in speci
c hepatic
cell populations could be associated with distinct behavioral
outcomes. More understanding of the precise intracellular
mechanisms downstream of PI3K/AKT/PTEN/GSK3/mTOR
signaling changes in NAFLD could provide novel insights
into the development of new therapeutic approaches having
greater e�cacy against NAFLD.
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and disease,” Cell Signaling Technology, vol. 23, no. 10, pp. 1515–
1527, 2011.

[35] T. O. Chan and P. N. Tsichlis, “PDK2: a complex tail in one Akt,”
Science’s STKE, vol. 2001, no. 66, p. pe1, 2001.

[36] D. J. Kwiatkowski, “Rhebbing up mTOR: New insights on TSC1
and TSC2, and the pathogenesis of tuberous sclerosis,” Cancer
Biology and�erapy, vol. 2, no. 5, pp. 471–476, 2003.

[37] Y. Huo, V. Iadevaia, and C. G. Proud, “Di�ering e�ects of
rapamycin and mTOR kinase inhibitors on protein synthesis,”
Biochemical Society Transactions, vol. 39, no. 2, pp. 446–450,
2011.

[38] E. J. Bae, J. Xu, D. Y. Oh et al., “Liver-speci
c p70 S6 kinase
depletion protects against hepatic steatosis and systemic insulin
resistance,”�e Journal of Biological Chemistry, vol. 287, no. 22,
pp. 18769–18780, 2012.

[39] C. Gao, C. Hölscher, Y. Liu, and L. Li, “GSK3: a key target for
the development of novel treatments for type 2 diabetesmellitus
and Alzheimer disease,” Reviews in the Neurosciences, vol. 23,
no. 1, pp. 1–11, 2011.

[40] N. Okumura, H. Yoshida, Y. Kitagishi, M. Murakami, Y.
Nishimura, and S. Matsuda, “PI3K/AKT/PTEN signaling as
a molecular target in leukemia angiogenesis,” Advances in
Hematology, vol. 2012, Article ID 843085, 6 pages, 2012.

[41] M. S. Song, L. Salmena, and P. P. Pandol
, “	e functions and
regulation of the PTEN tumour suppressor,” Nature Reviews
Molecular Cell Biology, vol. 13, no. 5, pp. 283–296, 2012.

[42] H. Yoshida,N.Okumura, Y. Kitagishi, Y.Nishimura, and S.Mat-
suda, “Ethanol extract of Rosemary repressed PTEN expression
in K562 culture cells,” International Journal of Applied Biology
and Pharmaceutical, vol. 2, pp. 316–322, 2011.

[43] G. Singh and A. M. Chan, “Post-translational modi
cations
of PTEN and their potential therapeutic implications,” Current
Cancer Drug Targets, vol. 11, no. 5, pp. 536–547, 2011.

[44] M.M.Georgescu, “Pten tumor suppressor network in PI3K-Akt
pathway control,” Genes and Cancer, vol. 1, no. 12, pp. 1170–1177,
2010.

[45] Y. M. Li, B. P. Zhou, J. Deng, Y. Pan, N. Hay, and M. C.
Hung, “A hypoxia-independent hypoxia-inducible factor-1 acti-
vation pathway induced by phosphatidylinositol-3 kinase/Akt
in HER2 overexpressing cells,” Cancer Research, vol. 65, no. 8,
pp. 3257–3263, 2005.

[46] J. T. Barata, “	e impact of PTEN regulation by CK2 on PI3K-
dependent signaling and leukemia cell survival,” Advances in
Enzyme Regulation, vol. 51, no. 1, pp. 37–49, 2011.

[47] B. L. Stiles, C. Kuralwalla-Martinez, W. Guo et al., “Selective
deletion of Pten in pancreatic � cells leads to increased islet
mass and resistance to STZ-induced diabetes,” Molecular and
Cellular Biology, vol. 26, no. 7, pp. 2772–2781, 2006.

[48] O. Gorbenko, G. Panayotou, A. Zhyvoloup, D. Volkova, I.
Gout, and V. Filonenko, “Identi
cation of novel PTEN-binding
partners: PTEN interaction with fatty acid binding protein
FABP4,” Molecular and Cellular Biochemistry, vol. 337, no. 1-2,
pp. 299–305, 2010.

[49] M. Tsuda, T. Inoue-Narita, A. Suzuki, S. Itami, M. Blumenberg,
and M. Manabe, “Induction of gene encoding FABP4 in Pten-
null keratinocytes,” FEBS Letters, vol. 583, no. 8, pp. 1319–1322,
2009.



ISRN Endocrinology 7

[50] T. Vellai, D. McCulloch, D. Gems, and A. L. Kovács, “E�ects of
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