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Abstract
The use of clozapine and other antipsychotic drugs is known to be associated with a number of
adverse metabolic side effects, including diabetes mellitus. These side effects could be, at
least in part, the result of impaired islet cell function and abnormal insulin secretion, although
the underlying mechanisms are unknown. The aim of this study is the identification of targets
for clozapine related to the abnormal insulin secretion. We identify a specific activation of the
transcriptional factor FOXA1, but not FOXA2 and FOXA3, by clozapine in HepG2 cells. Clozapine
enhances FOXA1 DNA-binding and its transcriptional activity, increasing mitochondrial citrate
carrier gene expression, which contains a FOXA1 site in its promoter. Haloperidol,
a conventional antipsychotic drug, does not determine any increase of FOXA1 gene expression.
We also demonstrate that clozapine upregulates FOXA1 and CIC gene expression in INS-1 cells
only at basal glucose concentration.
In addition, we find that abnormal insulin secretion in basal glucose conditions could be
completely abolished by FOXA1 silencing in INS-1 cells treated with clozapine.
The identification of FOXA1 as a novel target for clozapine may shed more light to understand
molecular mechanism of abnormal insulin secretion during clozapine treatment.
& 2012 Elsevier B.V. and ECNP. All rights reserved.
Elsevier B.V. and ECNP. All rights
o.2012.08.015

ent of Biosciences, Biotech-
s, University of Bari, Via
80 5442322;

ba.it (V. Iacobazzi).
1. Introduction

Clozapine is the prototype of atypical antipsychotic drugs
and has been described as a drug of superior efficacy in
reserved.
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otherwise treatment-resistant schizophrenia (Conley et al.,
1999; Freedman, 2003). However, subjects treated with
clozapine show a high risk of developing different metabolic
side effects, such as dyslipidemia, body weight gain, glucose
homeostasis disturbance, abnormal insulin secretion and
diabetes as compared to the general population (Jin et al.,
2004; Raeder et al., 2006; Scheen and De Hert, 2007; Vestri
et al., 2007; Kessing et al., 2010). Since insulin regulates
lipid and glucose metabolism, the effect of clozapine on
insulin secretion and/or on insulin action, at least in part,
might explain its capability to induce metabolic distur-
bances. Regarding the insulin secretion during clozapine
treatment, it is unknown whether the insulin levels are
increased as secondary effect to drug-induced peripheral
resistance or due to a direct effect of the agent on the
pancreatic b-cells, or caused by both actions (Yazici et al.,
1998; Melkersson et al., 1999). A naturalistic study of
clozapine treatment reported that 30–40% of patients
received a diagnosis of type II diabetes during the 5- and
10-year follow-ups (Henderson et al., 2000, 2005).

However, despite the number of clinical reports, the
molecular mechanism by which clozapine or other antipsy-
chotic drugs, although to a different extent, could cause
dysregulation of insulin release and diabetes is still
unknown. In general, molecular basis of onset of the
metabolic disturbance has been poorly investigated. Only
clozapine-induced activation of the sterol regulatory
element-binding protein (SREBP) transcription factors
related to cellular lipogenesis has been reported (Fernø
et al., 2006, 2009). Therefore, it is likely that different
genes and related transcriptional factors, important in lipid
and carbohydrate homeostasis, in insulin secretion and in
b-cells function, might be affected by clozapine treatment.
For example, metabolic and secretory features of b-cell are
maintained by FOXA1 and FOXA2 (Gao et al., 2010).
Members of the winged helix/forkheadbox (FOX) transcrip-
tion factors subfamily, FOXA1, FOXA2 and FOXA3, play
important roles in both metabolism and homeostasis
through the regulation of multiple target genes in the liver,
pancreas and adipose tissue (Friedman and Kaestner, 2006).
FOXA2 mediates fasting responses, including fatty acid
oxidation, ketogenesis, gluconeogenesis and increased lipo-
protein secretion (Wolfrum et al., 2004; Friedman and
Kaestner, 2006; Gao et al., 2010; Convertini et al., 2011).
FOXA3 also regulates glucose homeostasis during prolonged
fast through maintenance of GLUT2 and gluconeogenic gene
expression (Shen et al., 2001). FOXA1 induces glucagon gene
expression and insulin secretion in pancreatic cells (Shih
et al., 1999; Vatamaniuk et al., 2006). Moreover, FOXA1
plays an important role in regulation of mitochondrial
citrate carrier gene expression (CIC) and in insulin secretion
(Iacobazzi et al., 2009a).

CIC is an integral inner mitochondrial membrane protein
belonging to the mitochondrial carrier protein family SLC25
(Palmieri, 2004, 2012) that catalyzes the export of citrate
from the mitochondrial matrix in exchange for cytosolic
malate (Bisaccia et al., 1989, 1990). This transporter is
essential for fatty acid biosynthesis because citrate in the
cytosol is cleaved to acetyl-CoA and oxaloacetate by citrate
lyase. Acetyl-CoA is directly used for fatty acid synthesis,
and oxaloacetate produces NADPH plus H+ (also necessary
for fatty acid production) via malate dehydrogenase and
malic enzyme (Kaplan, 2001; Palmieri, 2004). Epigenetic
mechanisms and various transcriptional factors regulate
human CIC gene expression (Infantino et al., 2007, 2011a;
Iacobazzi et al., 2008, 2009a, 2009b). Furthermore, CIC has
been found to be involved in the control of glucose-
stimulated insulin secretion (Joseph et al., 2006).

This study investigates and identifies transcriptional
factors and related genes, particularly involved in insulin
secretion, affected by clozapine treatment. We demon-
strate for the first time that clozapine, but not haloperidol,
specifically upregulates FOXA1 and its regulated CIC gene
expression and that FOXA1 silencing completely abolishes
the abnormal insulin secretion in INS-1 cells.
2. Experimental procedures

2.1. Construction of plasmids

For heterologous promoter expression, a threefold repeat FOXA site
(50-CCTGGACAATATTTATTTTTGCTG-30) was cloned into the pGL3
promoter-LUC vector (Promega) upstream of the SV40 basal promoter
(Iacobazzi et al., 2009a). For lentivirus-based RNAi experiments, the
rat FOXA1 mRNA sequence CTAACCCTTTGCTTGAAAT from 2098 to
2116 bp (Accession no. NM_012742.1) was selected as a hairpin-loop
structure by using the siRNA design tool (/http://jura.wi.mit.edu/
bioc/siRNAext/home.phpS). This sequence was cloned in the lenti
virus RNAi transfer plasmid pLKO.1 (Sigma) to obtain the pLKO.
1-FOXA1 lentivirus silencing construct (Iacobazzi et al., 2009a).
2.2. Cell culture, RNA interference, and transient
transfection

INS-1 cells (gift from Dr. P. Maechler) were grown in RPMI 1640
medium (Roswell Park Memorial Institute) supplemented with
10 mM Hepes, 5% (v/v) heat-inactivated fetal calf serum, 2 mM
L-glutamine, 1 mM sodium pyruvate, 50 mM b-mercaptoethanol,
100 U penicillin, and 100 mg/ml streptomycin at 37 1C in 5% CO2

(Merglen et al., 2004). HepG2 cells (Sigma) were grown in high
glucose DMEM (Dulbecco’s modified Eagle’s medium) containing 10%
(v/v) heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U
penicillin, and 100 mg/ml streptomycin at 37 1C in 5% CO2. HEK293T
cells (Sigma) were grown similarly to the HepG2 cells, except for
the L-glutamine concentration (4 mM). Transient transfection was
performed as reported (Iacobazzi et al., 2005) using 0.5 mg of pGL3
promoter-LUC vector containing the CIC gene FOXA site. The extent
of transfection was normalized by b-galactosidase activity
(Infantino et al., 2011b). In RNA interference experiments, the
specific pre-designed small interfering RNA (siRNA) targeting human
FOXA1 (s6689, Ambion), was transfected in HepG2 cells using
siPORTTM NeoFXTM Transfection Agent (Ambion). A siRNA (Cat. no.
C6A-0126, Ambion) with no significant similarity to human, mouse,
or rat gene sequences was used as negative control. To generate
lentivirus, HEK293T cells were transfected with 0.5 mg of pLKO.
1-FOXA1 (or control pLKO.1 vector) and 10 ml of MISSION Lentiviral
Packaging Mix (Sigma) by using Fugene HD (Roche). Viruses were
harvested 48 and 72 h after transfection. Viral titer was measured
by the HIV p24 Antigen enzyme-linked immunosorbent assay (ELISA)
(ZeptoMetrix). Transduction of INS-1 cells was performed with
recombinant pLKO.1-FOXA1 lentivirus at a viral titer of approxi-
mately 105 transducing units/ml in the presence of 10 mg/ml
polybrene/10 mM Hepes, pH 7.4. An empty lentivirus construct
used at the same titer served as control (Iacobazzi et al., 2009a).
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2.3. Drug exposure

Clozapine and haloperidol (Sigma Aldrich, St. Louis, USA) were
dissolved in DMSO. HepG2 and INS-1 cells were plated and cultured
overnight at a concentration of 106 cells (2 ml) per well (six-well
format). Cells were treated with 25 mM clozapine (up to 48 h) or
25 mM haloperidol (24 h) or vehicle (DMSO) equal to solvent (Vik-Mo
et al., 2009). The cells were detached by trypsinization, pelleted by
centrifugation (12000 rpm; 5 min) and placed at �80 1C prior to
total RNA extraction. For western blotting experiments cells were
grown up to approximately 80% confluence before exposing to the
drug for 48 h. The effect of clozapine and haloperidol was
investigated in culture medium containing 3 mM or 17.5 mM glu-
cose. Twenty-four hours before drug treatment, cells were pre-
incubated in culture medium containing 3 mM glucose instead of
11 mM glucose as in the ordinary medium.

2.4. Insulin secretion assays

Insulin secretion assays were performed as reported by Hohmeier
et al. (2000). Briefly, INS-1 cells were seeded onto 24-well plates
and grown to 100% confluence. Twenty four hours before assay, cells
were maintained in culture medium containing 5.5 mM glucose
instead of 11 mM glucose as in the ordinary medium and exposed to
25 mM clozapine. Then the cells were washed in 0.5 ml Hanks’
balanced salt solution (HBSS) glucose-free, followed by 1 h pre-
incubation in 0.5 ml HBSS glucose-free buffer. Subsequently, they
were detached from the wells by trypsinization, counted by use of a
counting-chamber, seeded onto new 24-well plates at a concentra-
tion of 2� 105cells/ml and incubated for 2 h in 0.5 ml HBSS
containing 3 or 17.5 mM glucose. For determination of total insulin
secretion, samples were analyzed by the High Range Rat Insulin
ELISA (EIA-3985, DRG Diagnostics, Germany).

2.5. Cell viability

Cell viability was evaluated by the CellTiter 96s Non-Radioactive
Cell Proliferation Assay (Promega). In brief, HepG2 and INS-1 cells
were seeded onto 96-well microtiter plates and treated with 25 mM
clozapine up to 48 h. After incubation, 15 ml of the Dye solution was
added to each well and the cells were incubated for 4 h at 37 1C.
Subsequently, solubilization solution/stop mix (100 ml) was added to
each well and the cells were incubated for 1 h at 37 1C to promote
the solubilization of formazan crystals. The level of MTT formazan
was determined by measuring its absorbance at 570 nm using a 96-
well plate reader (Victor3, PerkinElmer).

2.6. Other methods

Electrophoretic mobility shift assays (EMSA) were performed using
biotin 30-end labeled DNA probe from �1104 to �1081 bp region of
the human CIC gene promoter. Probes were incubated with 10 mg of
HepG2 nuclear extracts (exposed for 24 h to 25 mM clozapine) for
20 min at room temperature. The remaining steps follow the Light
Shift chemiluminescent EMSA Kit protocol (Pierce). Total RNA was
extracted from 1� 106 HepG2 and INS-1 cells, and reverse-
transcription was performed as reported (Infantino et al., 2011b).
Real-time PCR was conducted as previously described (Infantino
et al., 2011c). Assay-on-demand for human and rat CIC
(Hs00761590_m1 and Rn00820906_g1, respectively), human and
rat FOXA1 (Hs00293689_s1 and Rn00562516_m1, respectively),
human FOXA2 (Hs00232764_m1), human FOXA3 (Hs00270130_m1),
and human and rat b-actin (4326315E and 4352340E, respectively)
were purchased from Applied Biosystems. All transcript levels were
normalized against the b-actin expression levels. For western
blotting analysis, proteins were electroblotted onto nitrocellulose
membranes (Bio-Rad) subsequently treated with anti-CIC (Infantino
et al., 2011a), anti-b-actin (Santa Cruz Biotechnology) or anti-
FOXA1-2-3 (Aviva Systems Biology) antibodies. The immunoreaction
was detected by the Immobilon western ECL system (Millipore).
3. Results

3.1. Identification of FOXA1 as target for
clozapine

The finding that clozapine increased basal (low glucose
level) insulin secretion from pancreatic cells (Melkersson,
2004) led us to study this effect at molecular level. Our
investigation was focused on FOXA family members, since it
is known that FOXA1 and FOXA2 transcription factors play a
central role in glucose and lipid homeostasis and maintain
the metabolic and secretory features of b-cells. Moreover,
inducible ablation of both transcription factors in b-cells
leads to impaired glucose homeostasis and insulin secretion
(Gao et al., 2010).

First of all we examined the effects of clozapine on FOXA
members expression in HepG2 cells. The choice of drug
concentration was based on the previous works (Fernø
et al., 2006; Raeder et al., 2006; Vik-Mo et al., 2009) that
report a concentration of 25 mM clozapine used for cell
cultures. The concentration takes also into consideration
that a higher clinical dosage is used for clozapine compared
to other antipsychotic drugs (Vik-Mo et al., 2009). Cells
were treated with 25 mM clozapine for 24 h and then used to
quantify FOXA1, FOXA2 and FOXA3 mRNAs and proteins by
real-time PCR and western blotting, respectively. Clozapine
induced a remarkably specific increase only of FOXA1 mRNA
and protein, whereas no effect was exerted on FOXA2 and
FOXA3 expression levels (Figure 1A and B).

To verify the time-extent of FOXA1 activation, we used
real-time PCR to examine the time course of FOXA1
expression in clozapine exposed HepG2 cells up to 48 h.
A progressive increase of FOXA1 expression was clearly
evident after 30 min up to 6 h. No further increase from
6 to 12 h was observed followed by a slight increase at 24 h.
A decrease of FOXA1 expression was evident at 48 h
(Figure 1C).

These data clearly indicate that clozapine specifically
affects expression of FOXA1 and that this effect is still high
up to 24 h.
3.2. Clozapine enhances FOXA1 DNA-binding and
FOXA1 transcriptional activity

Next we checked whether clozapine affects transcriptional
activity of FOXA1. We used the CIC gene as target since its
promoter contains a FOXA1 site (Iacobazzi et al., 2009a).
By EMSA experiments, we checked whether clozapine
affects binding of FOXA1 to its responsive sequence present
in the CIC gene promoter. Incubation of biotinylated probe
with HepG2 nuclear extracts in the presence of clozapine
resulted in a very strong hybridation band (Figure 2A, lane 4)
compared to the band intensity when clozapine was absent
(Figure 2A, lane 2). Competition experiments with a large
excess of not biotinylated probe in the presence or absence



Figure 1 Effect of clozapine on expression of FOXA members
(A and B) and time course of expression (C). (A) HepG2 cells
were seeded onto 6-well plates, grown to 50% confluence and
then treated with 25 mM clozapine or vehicle for 24 h. FOXA1,
FOXA2 and FOXA3 were quantified by real-time PCR. mRNAs
measured in untreated cells were set at 100%. Data are shown
as means7SD of five duplicate independent experiments. Only
the differences between FOXA1 mRNA sample in the presence
of clozapine (gray bars) and relative controls (black bars) were
significant (Po0.05, one-way ANOVA). (B) FOXA1, FOXA2 and
FOXA3 and b-actin proteins of HepG2 cells treated or untreated
with clozapine for 48 h were immunodecorated with specific
antibodies. The result is representative of three independent
experiments. (C) HepG2 cells were seeded onto 6-well plates,
grown to 50% confluence and then treated with 25 mM clozapine
for 0.25, 0.5, 1, 6, 12, 24 and 48 h. Completed the time of
exposure, except for 24 h and 48 h time-points, the cells were
suspended in fresh medium up to 24 h. Subsequently, the
clozapine-treated cells were lysed and used to quantify FOXA1
mRNA by real-time PCR. The relative level of FOXA1 gene
expression was normalized against vehicle exposed culture at
each time point. Data are shown as means7SD of five duplicate
independent experiments.
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of clozapine resulted in disappearance of hybridization band
(Figure 2A, lanes 3 and 5, respectively).

Having established that clozapine increases FOXA1 binding
to its responsive element, next we determined the clozapine-
induced transcriptional activity of FOXA1. A threefold repeat
FOXA1 site used in EMSA experiment was cloned into pGL3
promoter-LUC (pGL3 3xFOXA-LUC) vector and used to trans-
fect HepG2 cells. After 24 h clozapine was added or not and
cells were incubated for further 24 h. In a parallel experiment
HepG2 cells were transduced with siRNA targeting human
FOXA1, before transfection with pGL3 3xFOXA-LUC and cloza-
pine treatment. After these treatments luciferase activity was
measured. Clozapine treatment increased luciferase activity
by about 100% in unsilenced HepG2 cells, whereas in FOXA1
silenced cells, luciferase activity was unaffected (Figure 2B).

Finally, we examined the effect of FOXA1 upregulation on
CIC mRNA and protein by real-time PCR and western
blotting, respectively. CIC mRNA extracted from HepG2
cells treated with clozapine showed an increase of about
80% with respect to control cells (Figure 2C). A parallel
increase of CIC protein was observed by western blotting
experiments performed on cell lysate (Figure 2D).

All these data show that clozapine increases FOXA1
binding to its responsive sequence present in the CIC gene
promoter inducing an augment of transcriptional activity.
3.3. Clozapine increases FOXA1 and CIC
expression in basal condition in INS-1 cells

Since FOXA1 expression is upregulated by clozapine, next
we investigated whether this effect could be related to the
abnormal insulin secretion, a well-known side effect of
clozapine treatment. This rationale was based on the
previous findings that (i) FOXA1 controls insulin secretion
in INS-1 cells (Iacobazzi et al., 2009a); (ii) ablation of FOXA1
in mature b-cells leads to abnormal insulin secretion
(Vatamaniuk et al., 2006; Gao et al., 2010).

Experiments were performed on INS-1 cells that retain
insulin-secretory responsiveness to glucose within physiolo-
gical range. First, we verified that INS-1 viability was not
affected by 25 mM clozapine treatment (data not shown).
Then, FOXA1 and CIC expression levels were investigated at
low (3 mM) and high (17.5 mM) glucose concentration in the
presence or absence of clozapine. Real-time PCR performed
on mRNA from INS-1 cells showed an increase of FOXA1
expression of about 120% at 3 mM glucose; whereas a
negligible effect was observed at 17.5 mM glucose
(Figure 3A). The same result was obtained by western
blotting analysis (Figure 3B). In the same conditions as
above, CIC mRNA and protein expression levels were
determined. As shown in Figure 3C and D, an increase of
CIC mRNA (about 100%) and protein was observed at 3 mM
glucose in presence of clozapine, whereas no significant
effect was observed at 17.5 mM glucose.

Moreover, in INS-1 cells transduced with lentivirus RNAi
pLKO.1-FOXA1 vector to silence FOXA1 and incubated with
clozapine, the amounts of FOXA1 and CIC mRNA and protein
were determined by real-time PCR and western blotting.
Both FOXA1 and CIC expression levels showed a markedly
reduction of expression in FOXA1-silenced INS-1 cells in the
presence or absence of clozapine as compared to control
cells (Figure 4A–D). These results indicate that FOXA1 and
CIC upregulation induced by clozapine is abolished in FOXA1
silenced cells.

Next we checked whether FOXA1 upregulation by cloza-
pine in INS-1 cells was also exerted by conventional anti-
psychotic, such as haloperidol (Melkersson, 2004). Real-time
PCR and western blotting performed under the same con-
ditions used with clozapine (at low and high glucose



Figure 2 Effect of clozapine on FOXA1 DNA-binding and transcriptional activity. (A) The biotinylated probe from �1104 to
�1081 bp of CIC gene promoter was incubated with 10 mg of HepG2 nuclear extracts (HepG2 NE) in the presence (lane 4) or absence
(lane 2) of 25 mM clozapine. Where indicated, 10-fold excess of non-biotinylated probe was added (lanes 3 and 5). (B) HepG2 cells
transfected with or without siRNA targeting FOXA1 and with pGL3 promoter-LUC vector containing a threefold repeat FOXA1 site
(pGL3 3XFOXA-LUC), were exposed to 25 mM clozapine or vehicle and then assayed for LUC expression activity. Data are shown as
means7SD of five duplicate independent experiments. Differences between FOXA1 silenced samples (gray bars) and unsilenced
samples (black bars) were significant (Po0.05, one-way ANOVA). Differences between unsilenced samples treated and untreated
with clozapine were also significant (Po0.05, one-way ANOVA). (C) Total RNA extracted from HepG2 cells treated or not with
clozapine was used to quantify CIC mRNA by real-time PCR; data are shown as means7SD of five duplicate independent
experiments. Differences between samples and relative controls were significant (Po0.05, one-way ANOVA). (D) CIC and b-actin
protein from HepG2 cells in presence or absence of 25 mM clozapine were immunodecorated with specific antibodies. The result is
representative of three independent experiments.
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concentration) showed no change in FOXA1 mRNA and
protein levels (Figure 5A and B).

These results indicate that clozapine affects FOXA1 and
CIC gene expression only at low glucose concentration and
that this effect is not exerted by conventional antipsychotic
haloperidol.

3.4. FOXA1 silencing abolishes clozapine-induced
abnormal insulin secretion in INS-1 cells

Given that FOXA1 and CIC expression levels are upregulated
only in basal glucose conditions (3 mM), we tested the
insulin secretion in the presence of clozapine. Insulin
secretion in INS-1 cells, transduced with pLKO-FOXA1 lenti-
virus or empty vector and incubated within HBSS containing
3 mM or 17.5 mM glucose in the presence of clozapine, was
quantified by ELISA. As shown in Figure 6A, under basal
glucose conditions insulin content was about 60% higher in
INS-1 cells treated with clozapine with respect to control
cells. Under the same conditions, when FOXA1 was silenced
the abnormal insulin secretion was abolished (Figure 6A).
By contrast, no increase in insulin secretion was observed in
the presence of clozapine at glucose 17.5 mM (Figure 6B).
Unexpectedly insulin level was reduced by about 50% in
FOXA1-silenced INS-1 cells and treated with clozapine
compared to control cells. The reason of this finding is not
known. It could be due to the down-regulation of all FOXA1-
depending genes expression, including genes involved in
b-cells proliferation and insulin secretion.

These data highlight the involvement of FOXA1 in
regulating basal insulin secretion upon clozapine treatment.

4. Discussion

Treatment with the atypical antipsychotic drug clozapine
has been associated with increased insulin levels and insulin
resistance (Melkersson et al., 1999; Melkersson and Jansson,
2007). Since insulin is a hormone that is involved in glucose
regulation and lipid metabolism as well as in the regulation
of body weight (Yazici et al., 1998), the ability of clozapine
to stimulate insulin secretion directly from beta-cells might
explain its capability to induce body weight gain, glucose



Figure 3 Effect of clozapine on FOXA1 and CIC gene expression in INS-1 cells. (A) FOXA1, mRNA of INS-1 cells treated or not with
25 mM clozapine in presence of 3 mM or 17.5 mM glucose concentration was quantified by real-time PCR. Data are shown as
means7SD of five duplicate independent experiments. (B) FOXA1 and b-actin of INS-1 cells, treated as above, were
immunodecorated with specific antibodies. (C) CIC mRNA of INS-1 cells, treated as in (A), was quantified by real-time PCR.
(D) CIC and b-actin of INS-1 cells, treated as in (B), were immunodecorated with specific antibodies. In (A) and (C), data are shown
as means7SD of five duplicate independent experiments. In (A) and (C), only the differences between samples in the presence of
3 mM glucose treated with clozapine (gray bars) and relative controls (black bars) were significant (Po0.05, one-way ANOVA).
In (B) and (D), the results are representative of three independent experiments.

Figure 4 Effect of clozapine on FOXA1-silenced INS1 cells. (A) INS-1 cells grown in medium containing 3 mM glucose were
transduced with pLKO-FOXA1 lentivirus or empty vector and treated with 25 mM clozapine or vehicle. FOXA1 mRNA was quantified by
real-time PCR. (B) FOXA1 and b-actin of INS-1 cells, transduced and treated as above, were immunodecorated with specific
antibodies. (C) CIC mRNA of INS-1 cells, in the same conditions as in (A), was quantified by real-time PCR. (D) CIC and b-actin of
INS-1 cells, in the same conditions as in (A), were immunodecorated with specific antibodies. In (A) and (C), data are shown as
means7SD of five duplicate independent experiments. In (A) and (C), differences between samples (gray bars) and relative controls
(black bars) were significant (Po0.05, one-way ANOVA). In (B) and (D), the results are representative of three independent
experiments.
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dysregulation, lipid abnormalities and diabetes mellitus
(Umbricht et al., 1994; Henderson et al., 2000). Treatment
with clozapine will increase insulin secretion, resulting in
stimulated appetite and weight gain, which in turn lead to
the development of concomitant obesity-associated insulin
resistance, with a compensatory and further increased



Figure 5 Effect of haloperidol on FOXA1 gene expression.
(A) FOXA1 mRNA of INS-1 cells treated for 24 h with 25 mM
haloperidol in the presence of 3 mM or 17.5 mM glucose
concentration was quantified by real-time PCR. mRNA mea-
sured in untreated cells was set at 100%. Data are shown as
means7SD of five duplicate independent experiments. Differ-
ences between samples (gray bars) and relative controls (black
bars) were significant (Po0.05, one-way ANOVA). (B) FOXA1
and b-actin proteins of INS-1 cells treated or untreated with
haloperidol as above, were immunodecorated with specific
antibodies. The result is representative of three independent
experiments.

Figure 6 Effect of FOXA1 silencing on insulin secretion in INS-1
cells. (A) INS-1 cells were transduced with lentivirus RNAi
pLKO.1-FOXA1 and grown in culture medium containing
5.5 mM glucose in the presence of clozapine for 24 h. After
washing in glucose free buffer, cells were incubated in HBSS
buffer containing 3 mM glucose for 2 h. Then basal insulin
secretion was assayed by ELISA. (B) Glucose-stimulated insulin
secretion in INS-1 cells, transduced as above and incubated
with HBSS containing 17.5 mM glucose, was quantified by ELISA.
Data are shown as means7SD of five duplicate independent
experiments. All differences between samples and relative
controls were significant (Po0.05, one-way ANOVA).
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insulin secretion as consequence. Then, when failure of this
compensation occurs, hyperglycemia and diabetes will
develop (Olefsky, 1997). Most of patients develop diabetes
mellitus within 6 months after commencing clozapine
therapy, and some recovered after its discontinuation
(Koller et al., 2001). Reduction of the dosage of clozapine
by switching to other drugs resulted in improved glycemic
control (Reinstein et al., 1999). However, the mechanisms
by which clozapine (or other atypical antipsychotics) influ-
ences glucose–insulin homeostasis and the molecular targets
by which it exerts its action are unknown.

In the present study we investigate on the mechanism
underlying abnormal insulin secretion observed in patients
treated with clozapine. We identify for the first time that
(i) the transcription factor FOXA1 is a novel target for
clozapine, the prototype of atypical antipsychotic drugs;
(ii) clozapine upregulates FOXA1 gene expression and the
lipogenic carrier CIC; (iii) FOXA1 silencing completely
abolishes abnormal insulin secretion induced by clozapine
treatment in INS-1 cells. These outcomes could shed more
light in understanding the molecular mechanism of abnor-
mal insulin secretion and diabetogenic effect caused by
clozapine treatment.

Clozapine exposure of HepG2 cells greatly affects FOXA1
expression levels compared to FOXA2 and FOXA3, indicating
that FOXA1 is a specific target for clozapine, but not for the
conventional antipsychotic drug, such as haloperidol. The
reason of the specificity for FOXA1 is unknown. It could be
related to the role exerted by FOXA1 on insulin secretion. In
fact, previous investigations demonstrated that FOXA1
controls glucose-stimulated insulin secretion in INS-1 cells
also through transcriptional regulation of CIC gene
(Iacobazzi et al., 2009a). FOXA1�/� mice have low plasma
insulin levels (Shih et al., 1999). FOXA1-deficient b-cells
have severely impaired glucose-stimulated insulin secretion
(Vatamaniuk et al., 2006). Moreover, insulin content and
insulin gene expression is reduced in islets of FOXA1�/�

mice (Vatamaniuk et al., 2006).
It is likely that FOXA family might explain some side

effects of clozapine treatment. While FOXA1 is involved in
insulin secretion, FOXA2 activity is greatly affected by
hyperinsulinemia. FOXA2 is a sensor of circulating insulin,
that regulates lipid metabolism, ketone bodies and fatty
acids b-oxidation. It is phosphorylated in response to insulin
signaling, resulting in inhibition of its trasncriptional activ-
ity and promoting lipid accumulation (Wolfrum et al., 2004).
It could be argued that lipid accumulation as consequence
of clozapine treatment could be due to FOXA1-indution by
clozapine and to inhibition of FOXA2 by hyperinsulinemia.

Clozapine greatly affects insulin secretion: it is sup-
pressed at high glucose concentration, whereas it is stimu-
lated in basal glucose conditions (Melkersson and Jansson,
2007). Suppression of insulin secretion at high glucose
concentration in INS-1 cells could be related to impairment
of glucose oxidation. The first phase of insulin release is
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determined by the activity of the KATP channel, which in
turn depends on the efficient utilization of glucose and the
production of ATP. Sasaki et al. (2006) reported that
clozapine impairs insulin secretion via multiple sites includ-
ing disturbance of glucose oxidation and distal step insulin
exocytosis. Reduction of glucose oxidation with unchanged
glucose utilization led authors to hypothesize an impair-
ment of TCA cycle in mitochondria through inhibition of
clozapine, although the mechanism of inhibition was not
investigated (Sasaki et al., 2006). Our results are in agree-
ment with the latter suggestion. In fact, expression of
FOXA1 and CIC are not increased at high glucose concentra-
tion in the presence of clozapine. Inhibition of TCA causes a
reduction of oxidation metabolites, such as citrate, that act
as signals/second messengers in insulin secretion. Reduction
of citrate production may affect expression of related
mitochondrial carrier (CIC) and the upstream transcription
factor FOXA1 by a feedback mechanism. Decrease of
transcriptional factor FOXA1 expression indicates also that
inhibition of insulin secretion is a sequential complex
mechanism starting at transcriptional level. It is not
excluded that other mechanisms are involved. Pharmacolo-
gical studies hypothesized that clozapine and other atypical
antipsychotic drugs suppress cholinergic-stimulated insulin
secretion by a direct action on the pancreas, which involves
antagonism of muscarin M3 receptors on b-cells (Johnson
et al., 2005).

Our data evidently demonstrate that clozapine increases
binding of FOXA1 to its responsive element (Figure 2A) and
increases its transcriptional activity (Figure 2B and C).
Therefore, it is conceivable that activation of FOXA1 by
clozapine triggers activation of genes encoding proteins
involved in exocytosis process. However, since exocytosis is
a complex process, it is not excluded that expression of
other proteins, such as components of granules, cytosolic
proteins, plasma membrane proteins, and the synaptic-like
vesicles might be affected by clozapine or FOXA-1 regulated
factors.

It should be mentioned that FOXA proteins, by altering
chromatin structure, are known to facilitate binding of
other transcription factors (Gualdi et al., 1996; Cirillo
et al., 2002). In particular, FOXA1 may translate epigenetic
signatures, such as distribution of histone H3 lysine
4 dimethylation, into change of chromatin conformation,
thus facilitating lineage-specific transcriptional programs
(Lupien et al., 2008). Moreover, it is not excluded an
auto-regulation of FOXA1, since a FOXA1 binding element
is present in the distal promoter region (Peterson et al.,
1997).

Although the molecular mechanism underlying the abnor-
mal insulin secretion induced by clozapine needs to be
investigated in details, our data clearly indicate that
clozapine exerts a direct stimulatory effect on insulin
secretion through FOXA1.

In this regard, it is worth mentioning that FOXA1 silencing
completely abolishes abnormal insulin secretion at low glucose
concentration (Figure 6A). Thus FOXA1 plays a critical role in
clozapine treatment opening a new metabolic pathway to
understand the molecular mechanism of action of clozapine
and atypical antipsychotic drugs.

In conclusion, this study identifies for the first time FOXA1
as new target for clozapine. Clozapine affects expression of
FOXA1 and its regulated gene CIC. It also demonstrates that
abnormal basal insulin secretion can be inhibited by FOXA1
silencing. Therefore, FOXA1 or other downstream members
of signaling pathway not yet identified could provide novel
targets for therapeutic intervention on diabetogenic and
other side effects of clozapine treatment.
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