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Accumulating evidence indicates that chronic treatment with atypical antipsychotics (AAPs) leads to
metabolic syndrome (MetS) and cognitive dysfunction. It has been found that patients receiving antipsy-
chotic treatment with MetS have significantly worse cognitive function when compared to those without
the MetS, suggesting an intrinsic relationship between MetS and cognitive dysfunction. Thus, investigat-
ing the reasons for the side effects induced by AAPs is an important step in the effort to understand the
patholophysiology of this condition. The 5-HT2c receptor (5-HT2cR) antagonist properties of AAPs are
likely to contribute to AAP-induced MetS. There is crosstalk between phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) and 5-HT2cR. PTEN negatively regulates the activity of the phospha-
tidylinositol 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway, which plays an important role in
obesity-induced insulin resistance in peripheral tissue. In the central nervous system, PI3K/AKT signaling
modulates synaptic plasticity, a mechanism underlying learning and memory processes. This suggests
that PI3K/AKT signaling contributes to both metabolic and cognitive activities. Since PTEN negatively
regulates PI3K/AKT signaling and has crosstalk with 5-HT2cR, we hypothesized that the 5-HT2cR antag-
onism of AAPs may disrupt its crosstalk with PTEN and then trigger the PI3K/AKT signaling, and

AAP-induced MetS and cognitive impairments may occur via this analogous signaling pathway.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Antipsychotic drugs have been widely used to treat psychiatric
disorders since typical antipsychotics (TAPs) were found to have
specific therapeutic action against positive symptoms in the
1950s. Based on receptor binding and neuroimaging data, it seems
as though TAPs exert an antipsychotic effect by inhibiting brain
dopamine transmission, primarily by blocking the dopamine D2
receptor [1]. However, accumulating evidence has demonstrated

Abbreviations: TAPs, typical antipsychotics; EPS, extrapyramidal syndromes;
AAPs, atypical antipsychotics; FDA, US Food and Drug Administration; 5-HT,
5-hydroxytryptamine; MetS, metabolic syndrome; CATIE, Clinical Antipsychotic
Trials of Intervention Effectiveness; NCEP, National Cholesterol Education Program;
CATIE-AD, Clinical Antipsychotic Trials of Intervention Effectiveness-Alzheimer’s
Disease; 5-HT2cR, 5-HT2c receptor; IR, insulin resistance; PI3K, phosphatidylino-
sitol 3-kinase; AKT, protein kinase B; Glut, glucose transporter; InsR, insulin
receptor; IRS, insulin receptor substrate; SH2, src homology 2; PIP2, phosphorylate
phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphos-
phate; PTEN, phosphatase and tensin homolog deleted on chromosome 10; LTP,
long-term potential; mPFC, medial prefrontal cortex; GST, glutathione-S-
transferase.
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that TAPs can cause a number of motor-related side effects that
are collectively termed extrapyramidal syndromes (EPS), as well
as detrimental effects on cognition. In the past decade, atypical
antipsychotics (AAPs) have been approved by the US Food and
Drug Administration (FDA) and are more frequently prescribed
for patients with psychiatric disorders than TAPs. Compared with
TAPs, AAPs are associated with a lower risk of EPS, and greater
benefits for neurocognitive abilities. From a pharmacological per-
spective, the beneficial therapeutic efficacy of AAPs may be attrib-
uted to a combined lower affinity for dopamine receptors and
greater affinity for serotonin (5-hydroxytryptamine, 5-HT) recep-
tors [2]. However, on the other side of the coin, the adverse meta-
bolic effects of AAPs have aroused physicians’ attention, especially
in the cases of clozapine, olanzapine and quetiapine [3]. Metabolic
syndrome (MetS) identifies a group of obesity-related risk factors
for chronic metabolic and cardiovascular diseases [4]. The Clinical
Antipsychotic Trials of Intervention Effectiveness (CATIE) for
schizophrenia in the US showed that the prevalence of MetS in
patients with schizophrenia was 40.9%, according to the National
Cholesterol Education Program (NCEP) criteria [5]. The relationship
between MetS and cognition impairments has received more and
more attention. Recently, Lindenmayer et al. [6] have found that
schizophrenia patients receiving antipsychotic treatment with
MetS have significantly worse cognitive functions in the domains
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of processing speed, attention/vigilance, and reasoning/problem
solving as compared to those without the MetS. This suggests that
there may be a link between MetS and cognitive dysfunction in pa-
tients receiving antipsychotic treatment. The CATIE-Alzheimer’s
Disease (CATIE-AD) study indicated that AAPs are associated with
worsening cognition at a magnitude consistent with 1 years dete-
rioration compared with placebo in patients with AD [7]. These
data indicate that chronic treatment with AAPs may result in MetS
and cognitive impairments. However, the biological mechanism
underlying MetS and cognitive impairments induced by AAPs is
still unclear.

The hypothesis

Based on the findings from above mentioned studies, we have
developed the hypothesis that AAP-induced MetS and cognitive
impairments may occur via an analogous signaling pathway. The
5-HT2cR antagonism of the AAPs may present crosstalk with PTEN
and then trigger the phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway, which plays an important role
in both insulin resistance and synaptic plasticity (Fig. 1).

Evaluation of hypothesis
5-HT2cR: a target of AAP-induced side effects

Some pharmacological evidence suggests that the HTR2C gene,
encoding for the 5-HT2c receptor (5-HT2cR) protein, could be a
candidate gene for AAP-induced MetS [8]. First, AAPs are high-
affinity 5-HT2cR antagonists; second, 5-HT2cR antagonists
increase food intake and weight gain in rats [9] and 5-HT2cR defi-
cient mice are overweight as a result of increasing feeding [10].
Recently, several pharmacogenetic studies have identified the ge-
netic association between the HTR2C gene and MetS [8,11-13].
Thus, the 5-HT2cR is believed to be a promising target for explor-
ing the biological mechanisms of AAP-induced MetS.

Insulin resistance, the central component of MetS induced by AAPs

Clinical and preclinical studies have both documented that
AAPs (e.g. olanzapine and clozapine) can result in marked insulin

AAPs

5-HT2cR

resistance (IR) [14,15]. It has been proposed that IR is the central
component of MetS [16]. The IR state is defined by reduced sensi-
tivity of insulin responsive tissues to insulin, which results in in-
creased levels of glucose in the blood [17].

IR and PI3K/AKT signaling pathway

Insulin is a major anabolic hormone that plays an essential role
in glucose homeostasis, by regulating the balance between hepatic
glucose production and glucose uptake by muscle and adipose tis-
sue [18]. Insulin regulates glucose transport in adipocytes and myo-
cytes by controlling the translocation of glucose transporter (Glut)
4 between intracellular pools and the plasma membrane [19]. Insu-
lin binds to the extracellular o-subunit of the insulin receptor
(InsR), which results in the autophosphorylation and activation of
the intracellular B-subunit [20]. This activates insulin receptor sub-
strate family members (IRS1-IRS4) and Shc, which subsequently
recruits downstream signaling molecules containing Src homology
2 (SH2) domains including the p85 subunit of PI3K [21]. Activated
PI3K phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP2)
generates phosphatidylinositol 3,4,5-trisphosphate (PIP3). In-
creased PIP3 stimulates phosphoinositide-dependent protein
kinase (PDK), resulting in the activation of AKT [18].

In normal conditions, insulin stimulates Glut 4 activity in skel-
etal muscle via IRS tyrosine phosphorylation and downstream PI3K
activation. Glut 4 is the major insulin-mediated glucose trans-
porter in muscle and adipocytes [19]. Precise translocation of Glut
4 from intracellular stores to the plasma membrane is crucial for
insulin-regulated glucose transport. The PI3K-dependent signaling
pathway is critical for the metabolic effects of insulin. It has been
reported that the activation of PI3K by insulin is mediated by the
p85 regulatory subunit binding to IRS [22]. In genetically obese
and high-fat fed animals, decreased expression of IRS and activa-
tion of PI3K are also prominent [23]. AKT is a serine/threonine
kinase activated by PI3K and responsible for glycogen, lipid and
protein synthesis, cell survival and anti-inflammatory response
[20]. AKT contributes to IR by regulating insulin-stimulated trans-
port of Glut 4 in peripheral tissues, and variations on AKT activity
are found in various cells in diabetes and IR [20]. AKT phosphory-
lation is reduced in adipocytes and skeletal muscle of type 2 diabe-
tes patients [24], and AKT2 activation is closely correlated to Glut 4
translocation though insulin-activated PI3K signals in adipocytes

Cognitive
dysfunction

Fig. 1. Schematic representation of crosstalk between 5-HT2cR and PTEN, as well as PTEN/PI3K/AKT signaling pathway. Examples of molecules known to act on glucose

metabolism and synaptic plasticity.
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[25]. On the other hand, insulin promotes the dephosphorylation
and activation of glycogen synthase (GS) by inactivating glycogen
synthase kinase-3 (GSK-3) through phosphorylation [26]. GSK-3
is inactivated through phosphorylation by insulin stimulation
through the PI3K/AKT-dependent pathway [27]. Thus, the PI3K/
AKT signaling pathway plays an important role in the modulation
of insulin sensitivity and glucose metabolism.

PTEN/PI3K/AKT signaling pathway

The phosphatase and tensin homolog deleted on chromosome
10 (PTEN) acts as a molecular inhibitor of PI3K/AKT signaling in
multiple cellular functions [28]. PTEN is a dual-specificity phos-
phatase with both protein phosphatase activity and lipid phospha-
tase acitivity that antagonizes PI3K activity [29]. The PTEN gene,
which encodes 403-residue amino acids, is located on chromosome
10g23.3. By dephosphorylating PIP3, PTEN prevents the membrane
recruitment and activation of AKT which promotes cell survival,
proliferation, growth and glycolysis [30]. Therefore, PTEN nega-
tively regulates the activity of PI3K/AKT signaling through convert-
ing PIP3 into PIP2.

PTEN/PI3K/AKT signaling in synaptic plasticity

PTEN is highly expressed in neurons and several lines of evidence
support a role for PTEN in regulating important neuronal functions.
Inactivation of PTEN could be responsible for aberrant activation of
PI3K/AKT signaling in some neurological disorders (e.g. ataxia, men-
tal retardation and seizures) [31]. Loss of PTEN during early develop-
ment is associated with extensive deficits in neuronal migration and
the substantial hypertrophy of neurons and synaptic densities [32].
Sperow et al. [32] demonstrated that the structure and functional
properties of hippocampal synapses are independently controlled
by PTEN, and that PTEN plays a direct role in activity-dependent hip-
pocampal synaptic plasticity. One mechanism for learning and
short-term memory is a change in synaptic strength brought about
by modulating the release of transmitters [33]. Previous work has
provided the evidence for the idea that behavioral memory is med-
iated by plasticity in the synaptic connection between neurons that
participate in the behavior [33]. It is well established that synaptic
responses in the hippocampus display plasticity with several fea-
tures advantageous for memory storage [34]. Stimulation with a
high-frequency train of action potentials was shown to produce a
prolonged strengthening of synaptic transmission in all three of
the major hippocampal pathways. Thus, it is commonly thought that
hippocampal long-term potential (LTP) is a synaptic plasticity
mechanism underlying learning and memory processes [35]. At
the molecular level, AKT has been implicated in the regulation of
LTP. Itis suggested that the downstream signaling of AKT, i.e., mTOR,
is also involved in the regulation of LTP in the hippocampus [36].
Activation of the PI3K/AKT-mTOR signaling pathway participates
in LTP of the medial prefrontal cortex (mPFC) and long-term reten-
tion of trace fear memory [37]. The survival-promoting properties
of AKT may be involved in the reduction of neuron loss, and AKT’s
role in synaptic plasticity may contribute to the regulation of LTP
[38]. Thus, PI3K/AKT signaling is considered to lead to significant
neuroprotective effects.

Several studies have found that a key feature of deleting PTEN
during central nervous system development is the progressive
hypertrophy of neuronal dendrites and spine as well as a marked
increase in the size of neurons and synapses [39]. PTEN deletion
or down-regulation in hippocampal neurons also results in LTP
impairment. Sperow et al. [32] generated transgenic mice with a
conditional knockout of PTEN in forebrain excitatory neurons to
determine the structure and functional effects of PTEN on hippo-
campal synapses. As PTEN deletion was apparent after postnatal

day 14 in these mice, the impact of PTEN deletion on hippocampal
synaptic function could be examined prior to its hypertrophic ef-
fects. Postnatal deletion of PTEN results in hippocampal-specific
memory deficits as significant impairments in spatial memory
tasks performed in the Morris water maze were observed in PTEN
deletion mice. This suggests that PTEN deletion contributes to
deficits in synaptic plasticity and disrupts normal learning and
memory processes. Given the fact that PTEN negatively regulates
PI3K-driven signaling, the deletion or inhibition of PTEN may result
in uncontrolled stimulation of downstream components of the
PI3K cascade, including the phosphoinositide-dependent kinase-1
(PDK1). Chalhoub and Baker [30] found that reducing PDK1 expres-
sion can reverse some neuronal abnormalities linked to PTEN dele-
tion. Sperow et al. [32] showed that deletion of PDK1 rescued the
synaptic plasticity deficits, as the magnitude of hippocampal LTP
was comparable in double mutant mice (PTEN~/~; PDK1~/~) and
wild-type littermates. This suggests that PDK1 deletion is able to
counterbalance the effects of postnatal PTEN deletion on synaptic
plasticity, and there is an important role for PTEN in hippocampal
LTP. Another recent study from Moult et al. [40] suggests a post-
synaptic mechanism as PTEN inhibition promotes AMPA receptor
trafficking to synapses, leading to a persistent increase in excit-
atory synaptic strength in adult hippocampal slices. Thus, PTEN
has a critical role in regulating hippocampal synaptic function
and cognition. From a clinical perspective, it is hypothesized that
abnormalities of the PTEN/PI3K/AKT signaling pathway may be a
key factor in the development of cognitive impairments.

Crosstalk between PTEN and 5-HT2cR

As mentioned above, chronic treatment with AAPs, which pos-
sess 5-HT2cR antagonist activity, results in the downregulation of
5-HT2cR and pharmacologically relevant side effects. On the other
hand, PTEN is a major negative regulator of the PI3K/AKT signaling
pathway and the target of a host of modulating proteins that are
also implicated in IR and cognitive dysfunction. Ji et al. [41] used
immunoprecipitated PTEN from PC12 lysates and probed blots
with a 5-HT2cR-specific antibody. The PTEN-specific antibody,
but not control IgG, coimmunoprecipitated 5-HT2cR, whereas the
5-HT2cR-specific antibody coimmunoprecifitated PTEN, suggesting
a physical interaction between PTEN and 5-HT2cR. Furthermore,
they used two glutathione-S-transferase (GST)-fusion proteins
enoding the 5-HT2cR carboxyl-terminal tail (Thr371-Val460) or
third intracellular loop domain (Leu237-Lys313) in a pull-down as-
say. The third loop, but not the carboxyl-terminal tail or GST alone,
precipitated PTEN in PC12 lysates, suggesting the crucial involve-
ment of the third intracellular loop of 5-HT2cR in the physical
interaction with PTEN. The researchers divided the third loop into
five fragments and constructed five GST-fusion proteins: 3L1F
(Leu237-Gly252), 3L2F (His253-Asn267), 3L3F (Cys268-Asn282),
3LA4F (Pro283-Arg297) and 3L5F (Pro298-Lys313). A pull-down as-
say using PC12 lysates showed that 3L4F, but not any other GST-fu-
sion proteins or GST alone, precipitated PTEN, indicating that the
3L4F motif is involved in the formation of PTEN:5-HT2cR com-
plexes, and the 3L4F peptide could effectively disrupt the direct
crosstalk between PTEN and 5-HT2cR.

Conclusion

Current evidence indicates that chronic treatment with AAPs
is associated with a risk of developing MetS and cognitive
dysfunction, and 5-HT2cR is the major target of MetS induced by
AAPs. The results mentioned above demonstrated the roles of the
PTEN/PI3K/AKT signaling pathway in the molecular pathophysiol-
ogy of MetS and neurodegenerative disorders. Due to the involve-
ment of 5-HT2cR in crosstalk with PTEN, it seems reasonable to
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propose that the high affinity of AAPs for 5-HT2cR suggests that the
side effects (e.g. MetS and cognitive dysfunction) relevant to 5-
HT2cR may be modulated via crosstalk with PTEN, triggering the
PI3K/AKT signaling pathway. If validated, the hypothesis would al-
low us to better understand the mechanism of AAP-induced MetS
and cognitive dysfunction. Given the fact that crosstalk between
PTEN and 5-HT2cR could be disrupted by Tat-3L4F, we further
speculated that Tat-3L4F analog agents may have a specific thera-
peutic approach for managing AAP-induced MetS and cognitive
dysfunction, and provide a basis for future therapeutic strategies.
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