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ABSTRACT
The aim of our study was to investigate the direct effects of atypical antipsychotics on muscle cell
functions in order to ascertain the diabetic liability of these drugs. We investigated the effects of
olanzapine, clozapine and o-methyl-5-hydroxytryptamine on basal glucose uptake and glucose
uptake in response to insulin using in vitro cultures of mouse skeletal muscle satellite cells
(C2C12). We extended our study to the effects of these compounds on cell proliferation, survival
and differentiation into myotubes and on the growth of differentiated myotubes. Olanzapine and o.-
methyl-5-HT stimulated 2-deoxyglucose uptake in C2C12 myoblasts in a dose-dependent manner
(minimal effective dose: 2 pM olanzapine and 10 pM o-methyl-5-HT). The treatment with
clozapine had no effect on glucose transport. Insulin and olanzapine increased the plasma
membrane abundance of glucose transporter GLUT4. We investigated whether protein kinase Akt
(PKB) and AMP-dependent kinase may partecipate in mediating olanzapine effects on glucose
transport. Clozapine and olanzapine did not induce DNA laddering in differentiating myoblasts and
differentiated myotubes and did not affect myotube growth. Olanzapine-induced glucose disposal in
vitro is consistent with the acute lowering of plasma glucose/insulin concentrations that occurs in

rats before olanzapine-induced overeating (Albaugh et al., 2006).
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INTRODUCTION

Atypical antipsychotics are an effective therapy for schizophrenia and generally appear to be better
tolerated than conventional agents. However, concerns have been raised about the adverse effects of
some atypical antipsychotic drugs on metabolic functions. Body weight gain and hyperlipidemia are
frequently observed during treatment with olanzapine or clozapine. These drugs are also suspected
of inducing insulin resistance and new-onset diabetes, even in the absence of weight gain or shortly
after the beginning of treatment (Henderson et al., 2002; Holt et al., 2004; Melkersson et al, 2004;
Mir et al., 2001; Ryan et al., 2003; Sowell et al., 2003).

Olanzapine and clozapine block multiple neurotransmitter receptors with affinities varying two
orders of magnitude (Kapur et al., 2003). A number of studies have investigated the effects of
atypical antipsychotics on food intake and weight gain in rodents in order to develop an animal
model of antipsychotics-induced obesity and insulin resistance (Baptista et al., 1993, Fadel et al.,
2002; Kaur et al., 2002; Lee et al., 2002; Pouzet et al., 2003). Remarkably, unlike humans,
differences between clozapine- and olanzapine-induced effects have been reported in rats.
Chronically, olanzapine, but not clozapine, increased food intake and body weight (Arjona et al.,
2004). Acutely, both drugs impaired whole-body insulin sensitivity and clozapine administration
caused mild hyperglycemia (Houseknecht et al, 2007; Tulipano et al., 2007). Olanzapine, but not
clozapine, reduced basal plasma glucose and leptin concentrations when lower doses of the drugs
were used (Albaugh et al., 2006). Based on the latter result, olanzapine-induced weight gain may be
secondary to hyperphagia associated with acute lowering of plasma glucose and leptin, in rodents.
Recent studies have examined whether atypical antipsychotics exert direct effects at the level of
insulin target tissues such as white adipose tissue and skeletal muscle. In 3T3-L1 adipocytes and
primary cultured rat adipocytes, olanzapine did not affect basal or insulin stimulated glucose
transport at doses 0.1-0.4 uM (Robinson et al., 2006). However, an increase in glucose uptake in
response to 100 uM olanzapine has been shown using the same cells (Houseknecht et al., 2007).

Clozapine reduced insulin-stimulated glucose transport in adipocytes, starting at 5 uM dose. Both
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drugs altered lipogenesis and lipolysis in favor of progressive lipid accumulation and adipocyte
enlargement (Vestri et al., 2007; Minet-Ringuet et al., 2007). Studies on glucose transport into
isolated rat epitrochlearis skeletal muscle did not evidence any effect of clozapine (Houseknecht et
al., 2007). Conversely, a significant increase of glucose uptake into isolated muscles from rats
treated with olanzapine in vivo and subsequently incubated with 10 puM olanzapine in vitro, was
shown (Houseknecht et al., 2007). In murine skeletal muscle cell (C2C12) cultures, clozapine did
not inhibit basal and insulin-induced glucose transport but it was able to antagonize the stimulatory
effect of a-methyl-5-hydroxytryptamine, a 5-HT,s agonist, on glucose uptake (Tulipano et al.,
2007). Finally, 100 uM olanzapine impaired glycogen synthesis via inhibition of the classical
insulin-signaling cascade in L6 skeletal muscle cells; the effect of olanzapine on glucose
internalization was not studied in these cells (Engl et al., 2005).

In humans, skeletal muscle accounts for more than 75% of insulin-dependent glucose disposal. The
aim of our study was to further investigate the direct effects of atypical antipsychotics on muscle
cell functions in order to ascertain the diabetic liability of these drugs. We investigated the effects
of olanzapine, as compared with clozapine, on basal glucose uptake and glucose uptake in response
to insulin using in vitro cultures of mouse myoblast cells (C2C12). The C2CI12 cell line
differentiates rapidly, forming contractile myotubes and producing characteristic muscle proteins.
The use of C2C12 cells allowed us to extend our study to the effects of olanzapine on cell
proliferation, survival and differentiation into myotubes and on the growth of differentiated

myotubes.
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MATERIALS AND METHODS

Cell culture. Mouse myoblasts cells (C2C12 cell line, ATCC number CRL-1772) and human
rabdomyosarcoma cells (RD) were grown in Dulbecco’s Modified Eagle Medium (DMEM 4.5 g/L
glucose, Sigma), supplemented with 10% FCS and antibiotics (100 u/ml penicillin/ 100 pg/ml
streptomycin). Cells were maintained at subconfluent conditions, in a humified incubator at 37°C,
with ambient oxygen and 5% CO,.

C2C12 cell differentiation. Cells were seeded onto 24-well culture dishes and then allowed to
grow to confluency in DMEM with FCS and differentiated in DMEM supplemented with 2% horse
serum (HS). Cells were maintained for 3-5 days to obtain polynucleated myotubes. The growth
medium was changed every day.

2-deoxyglucose uptake. Cells were seeded onto 24-well culture dishes (80000 cells/well) and
allowed to grow to confluency in DMEM supplemented with FCS. Before the experiment,
confluent myoblasts were serum-starved for 24 h and then pre-incubated with physiological
buffered salt solution (Dulbecco’s phosphate buffered saline, DPBS, with CaCl, and MgCl,) for 2
h. Cells were then incubated in DPBS in the presence or in the absence of 100 nM insulin (Sigma)
for 30 min. To start the glucose uptake, 100 pl DPBS containing 0.5 pCi 2-deoxy-D-[*H]glucose
(60 pCi/nmoles; MP Biomedicals, Irvine, CA, USA) and 500 nmoles 2-deoxy-D-glucose or,
alternatively, D-glucose (both products from Sigma) were added to each well; 5 min later, dishes
were placed on ice, the buffer was removed and cells were washed four times with ice-cold PBS
and dissolved in distilled water containing 2% SDS (30 min, 37°C). Incorporated radioactivity was
measured in a liquid scintillation counter (Wallac, Turku, Finland) using UltimaGold (Beckman) as
LSC cocktail. The results were corrected for non-specific uptake background by subtracting the
counts obtained with 10 pM cytochalasin B (Sigma). Olanzapine (Eli Lilly, Indianapolis, USA) was
dissolved in dimethylsulfoxide (DMSO) and added to the pre-incubation media (DMEM without
FCS or DPBS) at different times (16-h, 2-h, 30 min) before the uptake assay. The final DMSO

concentration was adjusted to 0.1% in each well. a-Methyl-5-hydroxytryptamine (o-methyl-5-HT;

5

Page 5 of 34



Tocris, Bristol, UK) was dissolved in water. Clozapine (Tocris) was dissolved in DMSO. 5-
aminoimidazolo-4-carboxyamide ribonucleoside (AICAR, 250 mM solution in water) was
purchased from Cell Signaling Technology (Danvers, MA).

Western blot analysis of Akt- and AMPK phosphorylation and GLUT4 translocation to
plasmamembrane. Cells were seeded onto 10-cm culture plates and allowed to grow to confluency.
Before the experiment, confluent myoblasts were serum-starved for 24 h and then pre-incubated
with DPBS for 2 h in the presence or in the absence of 20 pM olanzapine. Insulin was added to the
incubation media 30 min before harvesting the cells.

To assess the levels of phospho-ser'’*-Akt, cells were washed with PBS and scraped into 1 ml of
radioimmune precipitation buffer (RIPA buffer: 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 10 mM NaF, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM sodium
fluoride and 1 mM sodium orthovanadate and a mixture of protease inhibitors). Cell lysates were
centrifuged at 20000 g for 30 min at 4°C and the resulting supernatants were subjected to Western
blotting. Briefly, equal amounts (70 pg) of proteins were separated by SDS-PAGE and then
transferred to a nitrocellulose membrane. Membranes were blocked in 5% nonfat milk in TBS-
Tween (0.1 % Tween-20) before overnight incubation with primary antibody at 4°C. Membranes
were then washed in TBS-Tween and incubated with HRP-coniugated secondary antibodies (Santa
Cruz) for 1 h at room temperature. Protein bands were detected using enhanced chemioluminescent
reagents (Chemicon). Gel-Pro analyzer 3.1 software was used to quantify protein bands detected on
western blots.

To assess GLUT4 translocation to plasmamembrane (PM) from an insulin-responsive vesicular
compartment, cells were subjected to subcellular fractionation. Briefly, cells were washed with ice-
cold PBS, harvested and homogenized with a Polytron homogenizer in 5 mM Tris-HCI containing 2
mM EDTA and a mixture of protease inhibitors (pH 7.8) and centrifuged at 80 g for 10 min to pellet
unbroken cells and nuclei. The supernatant was centrifuged at 20000 g for 40 min at 4°C and the

resulting pellet was resuspended in 50 mM Tris-HCI containing 5 mM MgCl,, 1 mM EGTA and the
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protease inhibitors (pH 7.8), layered on a 35% sucrose cushion, and centrifuged at 150000 g for 90
min to separate the light vesicular and heavy membrane fractions as described by Lamey et al. The
heavy fraction, at the bottom of the sucrose cushion was resuspended in RIPA buffer. Glycosylated
proteins were partially enriched using Concanavalin-A-sepharose beads (ConA sepharose, GE
Healthcare). Proteins were eluted from the beads using SDS-sample buffer for 20 min at 60 °C and
then resolved on 10% SDS-polyacrylamide gels. Western blot analysis was performed as described
above.

To assess the levels of phospho-thr'”?

-AMPKa, confluent cells were switched to the differentiating
medium containing 2% HS and maintained for 5 days to obtain polynucleated myotubes. Before the
experiment, myotubes were serum-starved overnight and then pre-incubated with fresh medium
without serum for 2 hours. Myotubes were treated with 1| mM AICAR for 30 min (Smith et al.,
2005). Additional myotubes were incubated with either vehicle or 20 uM olanzapine for 30- or 120
min. Cell lysis and western blot analysis of cell lysates were performed as described above (see Akt
phosphorylation studies). The antibodies used in the present study were obtained from the following
sources: anti-phospho-ser473 -Akt and phospho-thrm-AMPKoc from Cell Signaling; anti-tubulin,
anti-AMPKa 1/2 and anti-GLUT4 from Santa Cruz Biotech.

Cell proliferation assay. Cells were seeded onto 24-well culture dishes (80000 cells /wells) in
DMEM supplemented with 10% FCS. After 24 h, subconfluent cultures were washed twice with
DMEM and incubated for 24 h in fresh medium without FCS in the absence or in the presence of
the compounds under test. At the end of incubation, cells were trypsinized and counted in a Burker
chamber. In a second series of experiments, cell proliferation was determined measuring *H-
thymidine (0.5 pCi/well, Amersham Biosciences Europe GmbH) incorporation over the last 16-h of
culture. At the end of the incubation, the medium was discarded, cells were washed two times with
PBS and incubated for 10 min in 5% trichloroacetic acid (TCA) at 4°C; after two more washes with
PBS, cells were lysed with 2% SDS and incorporated radioactivity was measured in a liquid

scintillation counter.
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Analysis of extranuclear DNA fragmentation. Cells were seeded onto 10-cm culture plates and
allowed to grow to confluency. Confluent myoblasts were switched to medium without FCS and
treated with different doses of olanzapine or clozapine for 48 h, in the presence or in the absence of
10 nM insulin. In a second series of experiments, confluent cells were switched to the
differentiating medium, containing 2% HS, and treated with olanzapine for 48 h. Then, cells were
washed twice in PBS, scrapped and pelleted at 4°C. To isolate extranuclear DNA we used the
method of Lyons et al. modified as previously described (Conejo et al. 2001). DNA was dissolved
in Tris-EDTA buffer containing 30% glycerol, 1 png/ml ethidium bromide, and electrophoresed in a
1.5% agarose gel. The gel was visualized and photographed under transmitted UV light.

Trypan blue exclusion assay. C2C12 cell cultures were exposed to various clozapine or olanzapine
concentrations, as described previously. At 48 hours after exposure, 0.25% trypan blue (Biochrom
KG, Berlin, Germany) in PBS was applied to cultures for 5 min, and then cultures were rinsed twice
with PBS. As a positive control, some untreated cultures were exposed to 80% ethanol in PBS for
30 min prior to trypan blue application. The cultures were then microscope analyzed under the 20x
objective (yielding a total magnification of 200x) for the presence of stained cells.

Analysis of protein synthesis. Based on microscope analysis of cells after staining with Giemsa
(Merck, Darmstadt, Germany), on day 5 in medium supplemented with 2% HS, approximately 70%
of cells were fused. Fresh myotubes were analyzed for protein synthesis using procedures adapted
from Desler et al. with the following modifications: cells were serum-starved overnight; then, they
were incubated in DMEM supplemented with stimuli for 2 h and labeled with 1 uCi/ml of [*H]
tyrosine for an additional 2 h. After TCA treatment, cells were dissolved in distilled water
containing 2% SDS (30 min, 37°C). Incorporated radioactivity was measured in a liquid
scintillation counter (Wallac, Turku, Finland) using UltimaGold (Beckman). The non-specific
uptake, as measured in the presence of cycloheximide (50 pg/ml), was lower than 1% of control

values.
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Statistical analysis. Unless othewise stated, results are presented as the means + SD of four
independent experiments, with four replicate wells for each experiment. The statistical significance
of the differences between the mean value for untreated control cells and the mean values with
stimuli was assessed by one-way repeated-measures ANOVA followed by Dunnett’s ¢ test. The
analysis by nonparametric test (Friedman’s test followed by Dunn’s) gave similar results. A P value

<0.05 was considered significant.

Page 9 of 34



RESULTS
Effects of olanzapine on basal- and insulin-stimulated glucose transport.

Olanzapine and a-methyl-5-HT stimulated 2-deoxyglucose uptake in C2C12 myoblasts in a dose-
dependent manner but over a narrow range of concentrations (figure 1A). Olanzapine was more
potent than a-methyl-5-HT (minimal effective dose: 2 pM olanzapine and 10 uM a-methyl-5-HT).
Treatment with clozapine had no effect on glucose transport (figure 1A). The study of 2DG uptake
as a function of the total exposure time to olanzapine, has showed that the maximal effect occurred
in 2 hours and did not decrease even after 72 hours of exposure (figure 1B). The olanzapine-
induced increase of glucose transport was most likely mediated by glucose transporters (i.e. GLUT4
and GLUT1), because 2DG uptake in the presence of cytochalasin B was negligible (table 1). The
exposure of cells to the inhibitor of protein synthesis, cycloheximide, did not reduce the stimulatory
effect of olanzapine on 2DG uptake (table 1). To better understand the basis for the stimulatory
effect of olanzapine on glucose transporters activity, we measured the kinetics of 2DG uptake in the
presence of olanzapine or insulin versus basal uptake (figure 2A). The kinetics of glucose transport
is based on facilitated diffusion and can be analyzed similarly to an enzymatic reaction (Ben-
Abraham et al., 2003; Louters et al., 2006 ). The values for maximum transport velocity (Vmax)
and the Michaelis-Menten constant (Km) were computed using nonlinear regression (GraphPad
Prism software 3.0), making the assumption that only glucose transporters with similar Km were
involved. The best-fit curves and the coefficients of determination are shown in figure 2A. Both
insulin and olanzapine caused an increase of Vi, (table 2). Exposing C2C12 cells simultaneously
to insulin and olanzapine resulted in the additive stimulation in 2DG uptake (figure 2B).

We investigated whether components of the insulin-signaling pathway may participate in mediating
the stimulatory effect of olanzapine on glucose transport in C2C12 cells. The phosphoinositide-3-
kinase (PI3K) inhibitor, wortmannin, induced a 60% reduction in basal glucose uptake and
completely blocked insulin-stimulated glucose transport. Olanzapine was still capable of causing a
significant stimulation of glucose uptake in the presence of wortmannin (table 1). Protein kinase

10
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Akt (PKB) lies downstream of PI3K and PI3K-dependent Akt phosphorylation has been implicated
in the insulin-induced increase of glucose transporter-4 (GLUT4) activity (Saltiel et al., 2002). In
C2C12 cells, insulin provoked a clear-cut increase in Akt phosphorylation but cells exposed to 20
UM olanzapine did not display any detectable increase of phosphorylated Akt levels (figure 3A).
Insulin regulates the uptake of glucose into skeletal muscle and adipocytes by redistributing GLUT4
from intracellular vesicles to the cell surface. We studied the subcellular distribution of GLUT4 by
immunoblotting of plasma membrane (PM) fractions and whole-cell homogenates from C2C12
cells, with an antibody against GLUT4. Since GLUT4 contains a putative N-glycosylation site in its
first extracellular loop (Saltiel et al., 2002; Tortorella et al., 2002), glycosylated proteins have been
partially enriched using Concanavalin-A-sepharose beads. In C2C12 cells, GLUT4 was not detected
as a single band but rather as a group of closely migrating bands. Insulin and olanzapine increased
the plasma membrane abundance of GLUT4, without changing GLUT4 content in the whole cell
(figure 3B). The pre-incubation of C2C12 cells in buffered salt solution supplemented with D-
glucose or sodium pyruvate reduced basal 2DG uptake by 40% but it did not prevent the increase of
glucose transport, following the exposure to insulin or olanzapine (table 1).

Reportedly, the activation of the adenosine 5’-monophosphate-activated protein kinase (AMPK)
increases translocation of GLUT4 to plasma membrane in skeletal muscle cells (Steinberg et al.,

172

2007). The activity of AMPK is primarily dependent on phosphorylation of thr " in the activation

loop of its a-subunit by the upstream kinase LKB1. AMP activates AMPK allosterically, in that its

binding to AMPK facilitate phosphorylation of thr'’*

. We investigated whether AMPK may have a
role in mediating olanzapine effects on glucose transport in C2C12 cells. We used the synthetic
compound AICAR as the reference compound. Inside the cells, AICAR is converted to the AMP
analog AICAR-5’-monophosphate which, in turn, is able to activate AMPK. As expected, the

172

immunoreactivity for phospho-thr ~~AMPK was approximately two-fold greater in C2CI12

myotubes incubated in the presence of 1 mM AICAR compared with untreated cells, in agreement
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with data from Smith and coworkers (Smith et al., 2005a). As compared with AICAR, olanzapine
did not significantly increase the levels of phosphorylated AMPK (figure 4A).

The treatment with 1 mM AICAR by itself raised the rate of 2DG uptake above baseline by
approximately 35% in C2C12 cells (figure 4B). When AICAR was added to the incubation medium
containing 10- or 40 pM olanzapine, it did not increase glucose transport above the separate effect
of olanzapine (figure 4B).

Since 5-HT causes a rapid stimulation in glucose uptake in both L6 myotubes and C2C12 myoblasts
through 5-HT;4 activation (Hajduch et al. 1999; Tulipano et al., 2007), we hypothesized that the
stimulatory effect of olanzapine on glucose uptake would depend on a partial agonist activity at
murine 5-HT,a receptor. Actually, olanzapine proved to be more effective than the full 5-HT,4
receptor agonist, o-methyl-5-HT, at inducing the increase of 2DG uptake in C2C12 cells (figure
1A). Clozapine completely suppressed the stimulatory effects of o-methyl-5-HT and caused a
modest decrease of 2DG uptake in the presence of olanzapine (figure 5). The difference between the
effects of olanzapine in the absence or the presence of clozapine did not attain statistical
significance (figure 5). Exposing C2C12 cells simultaneously to olanzapine and a-methyl-5-HT did
not result in any additive stimulation in glucose transport (2DG uptake as a % of basal uptake: 10
UM olanzapine, 142+6; 10 pM a-methyl-5-HT, 116£5; 10 uM olanzapine + 10 uM o-methyl-5-
HT, 14547 as mean + SD of four replicates).

We decided to test the effects of olanzapine on 2DG uptake in in human rabdomyosarcoma cells
(RD cells). In our hands, these cells exhibited high basal 2DG uptake, most likely mediated by
glucose transporters as it was sensitive to cytochalasin B, and were not responsive to insulin,
suggesting that the accessibility of their glucose transporters on cell surface can not be regulated by
external signals. Olanzapine failed to elicit any increase of 2DG uptake in RD cells (2DG uptake as
a % of basal uptake: 100 nM insulin, 89+7; 20 uM olanzapine, 95+5; 40 uM olanzapine, 100+7 as

mean = SD of four replicates). This finding rules out the possibility that the increase in glucose

12
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uptake elicited by olanzapine in C2C12 cells, may be mediated by non selective changes of lipid
bilayer permeability.

Effects of olanzapine on C2C12 cell proliferation and survival, and growth of differentiated
myotubes
Reportedly, insulin is mitogen for C2C12 myoblasts and produces a maximal effect of
approximately fourfold increase of *H-Thymidine incorporation relative to control cells at 10 nM
(Conegjo et al., 2001). Moreover, insulin is able to rescue serum-deprived myoblasts from apoptosis
(Congjo et al., 2001). Apoptosis is often accompanied by a rapid cleavage of the cellular DNA into
multiples of 180 bp, corresponding to internucleosomal spacing, and the “180-bp ladder” can be
seen upon electrophoresis of DNA from apoptotic cells. Insulin prevents DNA laddering occurring
under serum deprivation in C2C12 cells (Conejo et al., 2001). In the present study, we investigated
the effects of olanzapine, as compared with clozapine, on insulin-induced cell proliferation and
rescue from apoptosis. We checked C2C12 cell viability by Trypan blue exclusion assay. The
exposure to various concentrations of clozapine or olanzapine did not affect the cell membrane
permeability to trypan blue of proliferating cells and differentiated myotubes. Based on cell
counting, when subconfluent cultures of C2C12 cells were incubated with clozapine, a significant
inhibition of both basal- and insulin-induced cell proliferation was observed (minimal effective
dose, 20 uM) (figure 6A). On this line, clozapine reduced *H-Thymidine incorporation to
approximately 50% of vehicle-treated cells (figure 6B). The treatment with olanzapine did not cause
any change in cell proliferation (figure 6A). As expected, insulin reduced DNA laddering occurring
under FCS deprivation in proliferating myoblasts (figure 6C). Neither olanzapine nor clozapine
changed significantly the pattern of DNA laddering in the absence or the presence of insulin (figure
6 C).
We have previously shown that the addition of 20 uM clozapine to growth medium supplemented
with HS, for 48 hours post-differentiation, does not significantly change the final width of C2C12

myotubes as documented by staining with Giemsa and microscope analysis (Tulipano et al., 2007).

13 Page 13 of 34



In the present study, we obtained similar results as far as olanzapine is concerned (data not shown).
We preferred to show that olanzapine did not induce DNA laddering in differentiating myoblasts
(figure 6D) and did not affect both basal- and insulin induced-protein synthesis in differentiated
myotubes (*H-tyrosine incorporation as a % of basal incorporation: 2 uM olanzapine, 1064; 20
UM olanzapine, 103£5; 100 nM insulin, 120£5; insulin and 2 uM olan., 120+6; insulin and 20 uM

olan. 116+5 as mean+SD of four replicates).
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DISCUSSION

The most intriguing information provided by this study is that olanzapine appears to have a direct
action in murine skeletal muscle cells, inducing glucose transport through an unknown mechanism.
Olanzapine is classified as a thienobenzodiazepine and is structurally related to clozapine, a
dibenzodiazepine. Both drugs belong to atypical antipsychotic drugs and are antagonists at multiple
neurotransmitter receptors, showing a similar receptor binding profile (Casey et al., 2001;
Melkersson et al., 2004). We have previously shown that clozapine does not affect glucose transport
in murine myoblasts (Tulipano et al., 2007). Like insulin, olanzapine increases the Vmax of glucose
transport, suggesting an increase in the concentration of available transporters on cell surface. This
effect is not dependent on protein synthesis and is sustained with prolonged exposure of cells to
olanzapine. The mechanism whereby olanzapine is capable of increasing glucose uptake appears to
be distinct from insulin, based on the use of inhibitors of insulin signaling pathways and the study
of the phosphorylation status of Akt. The 2-hour long exposure to olanzapine did not modulate the
levels of phosphorylated Akt in the absence or in the presence of insulin, suggesting that Akt does
not partecipate in olanzapine signaling in C2C12 cells. Engl and co-workers have reported that
olanzapine diminished the insulin-stimulated Akt phosphorylation in L6 myoblasts. Actually, they
used quite different experimental conditions in that they exposed cells to higher concentrations of
olanzapine (100 pM) and for 72 hours (Engl et al., 2005).

In skeletal muscle, an exercise (or hypoxia)-induced rise in AMP results in activation of the AMP-
activated protein kinase (AMPK), which correlates with increased glucose transport. The exercise-
dependent activation of GLUT4 is not PI3K dependent (Steinberg et al., 2007). In the current study,
given the 2-hour incubation of myoblasts in buffered salt solution before the glucose uptake assay,
an increase of cellular AMP levels and the subsequent activation of AMPK are expected. Indeed,
the addition of metabolic ATP sources, like D-glucose or sodium pyruvate, to the pre-incubation

medium decreased basal 2DG uptake by 40% in C2C12 cells. The olanzapine-induced increase in
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2DG uptake did not differ significantly between the two experimental conditions, suggesting that
high levels of activated AMPK are not necessary for olanzapine effect on glucose transport.

We investigated whether olanzapine treatment may by itself activate AMPK. Reportedly, C2C12
cells are an appropriate model for this kind of studies (Steinberg et al., 2007; Smith et al. 2005a).

The western blot analysis of phospho-thr' >

-AMPK levels did not evidence any effect of olanzapine
on AMPK activation, compared with AICAR. Actually, the lack of any further increase in glucose
transport in C2C12 cells exposed simultaneously to AICAR and olanzapine above the separate
effect of olanzapine, suggest a point of convergence between AICAR- and olanzapine signaling
pathways.

Insulin-stimulated glucose uptake is primarily mediated by the facilitative transporter GLUT4 in
skeletal muscle and adipose tissue. Insulin stimulates the translocation of an intracellular pool of
GLUT4 to the plasma membrane through a process of targeted exocytosis. At the same time, the
rate of GLUT4 endocytosis is somewhat attenuated (Saltiel et al., 2002). Skeletal muscle cell lines,
like L6 and C2C12 cells, express far less GLUT4 than skeletal muscle tissue and adipocytes
(Tortorella et al., 2002). Consequently, the insulin responsiveness is reduced, although clearly
detectable (Hajduch et al. 1999; Tulipano et al., 2007), in C2C12 cells as compared with skeletal
muscle speciments or 3T3L1 adipocytes. We studied the subcellular distribution of GLUT4 in
C2C12 cells, in the presence or the absence of effective concentrations of olanzapine and insulin.
GLUT4 is a glycoprotein and contains one possible N-glycosylation site in its first extracellular
loop (Saltiel et al., 2002; Tortorella et al., 2002). In order to facilitate the analysis of GLUT4
expression by western blot, we decided to perform a partial purification of glycosylated proteins
using Concanavalin-A-sepharose beads. As expected, GLUT4 was not detected as a single band by
SDS-PAGE but rather as a group of closely-migrating bands. This pattern is likely due to extensive
variation in the carbohydrate processing at the N-glycosylation site occurring in C2C12 cells. It has
been previously suggested that C2C12 cells lack an insulin-sensitive intracellular storage

compartment of GLUT4 (Tortorella et al., 2002). In our hands, insulin and olanzapine significantly
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increased plasma membrane associated GLUT4 in C2C12 cells, without altering GLUT4
expression. Our western blot analysis showed that a single GLUT4 band, which most likely
represents a specific glycosylated form of GLUTH4, is translocated to plasma membrane in response
to external stimuli. This result leads to the following hypothesis: in C2C12 cells, a GLUT4 pool
traffics in an insulin-sensitive fashion but it is possible that extensive carbohydrate processing
generates aberrant glycosylated forms of GLUT4 that are defective regarding their targeting and
function.

We have not so far determined the receptor mediating the stimulatory effect of olanzapine on
glucose uptake in C2C12 cells. It has been shown that 5-HT causes a rapid stimulation in glucose
uptake in both L6 myotubes and C2C12 myoblasts (Hajduch et al. 1999; Tulipano et al., 2007).
This activation is mediated via the 5-HT receptor subtype-2A. Although atypical antipsychotics act
as antagonists at 5-HT, receptors in humans, olanzapine-induced increase of glucose uptake may
suggest intrinsic agonist activity at the mouse variant of 5HT,s. The finding that clozapine
suppressed the stimulatory effect of the 5-HT,5 agonist a-methyl-5-HT and failed to reduce
significantly the increase in glucose uptake elicited by olanzapine in C2C12 cell cultures, argues
against this hypothesis.

Recently, it has been suggested the possibility of novel autocrine signaling in C2C12 myotubes in
which levodopa, produced by myotubes, could have hormone-like effects that prevent the
stimulation of glucose transport by insulin. The specific receptor that mediates these effects of
levodopa has not been identified yet (Smith et al., 2005b). Acting as an antagonist at multiple
neurotransmitter receptors, olanzapine might interfere with the levodopa-mediated autocrine
signaling in cultured cells. Actually, we showed that olanzapine activates glucose uptake in the
basal state whereas, reportedly, depletion of endogenous levodopa has no effect on glucose
transport in the absence of insulin (Beaulieu et al. 2007; Smith et al., 2005b).

The last part of the study focused on potential adverse effects of atypical antipsychotics on

proliferating myoblasts and differentiated myotubes. Neither clozapine nor olanzapine affected
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C2C12 cell viability, as assessed by Trypan blue exclusion assay. Clozapine, but not so olanzapine,
had a negative impact on C2C12 cell proliferation. Clozapine-induced inhibition of myoblast
proliferation, may suggest an adverse effect on skeletal muscle fiber regeneration, upon muscle
disease or direct injury in patients. Actually, this inhibitory effect may also resemble in vitro
aspecific, slight toxicity. Proliferating C2C12 myoblasts undergo growth arrest and apoptosis under
48-h long serum deprivation, as detected by DNA laddering. Reportedly, downstream of PI3-kinase,
activation of Akt contributes to insulin rescue from apoptosis. Neither Olanzapine nor clozapine
affected significantly insulin rescue from apoptosis in cultured C2C12 cells. Altogether, this
findings further support the conclusion that olanzapine does not suppress insulin activity and, in
detail, insulin-dependent Akt phosphorylation and activation in myoblasts. Morphological analysis
at microscope, DNA laddering study and protein synthesis determination did not evidence any
adverse effect of olanzapine on differentiating cells and differentiated myotubes.

The major restriction in translating results obtained in the cell culture system to clinical practice of
patients on antipsychotic treatment, is the difference between the therapeutic plasma levels of
olanzapine and clozapine (maximal plasma concentrations 0.3 and 3 pM, respectively) (Catafau
AM et al., 2008) and the concentrations that have been used in the present study and in previously
published in vitro studies, ranging from 1 to 100 pM. Actually, it has been documented that
antipsychotic drugs accumulate in the brain, in fat tissue and in the liver to levels that are 25-30
times higher than the therapeutic plasma levels (Aravagiri et al., 1999). Thus, therapeutic plasma
concentrations of clozapine and olanzapine may be considerably lower than their respective
concentrations in skeletal muscles, as well.

In conclusion, the finding that olanzapine can positively modulate glucose transport in murine
myoblast-like cells and myotubes, is consistent with the acute lowering of plasma glucose/insulin
concentrations that occurs in rats before olanzapine-induced overeating (Albaugh et al., 2006).
Remarkably, the structurally related compound clozapine, which has no effects on food intake and

body weight in rats, is not able to increase glucose uptake in skeletal muscle cell cultures. Based on
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the above mentioned paper by Engl and coworkers, we may add that olanzapine is also likely to
uncouple glucose uptake and glycogen synthesis in skeletal muscle cells, with possible detrimental

effects on cellular energy pathways.
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LEGEND TO FIGURES
Figure 1. Panel A. Dose-related effects of olanzapine, clozapine and a-methyl-5-HT (2-hours pre-
incubation in DMBS) on basal glucose transport in C2C12 cells. *H-2-deoxyglucose (2DG)
accumulation was measured over 5 min in the absence (basal uptake) or presence of different drug
concentrations. Panel B. The 2DG uptake as a function of total exposure time (hours) to olanzapine.
C2C12 cells were incubated in DMEM plus vehicle (basal uptake) or 20 uM olanzapine for total
exposure times of 22 and 70 hours. The medium was switched to buffered salt solution (DMBS)
supplemented with the same substances, 2 hours before the 2DG addition. For shorter exposure
times, olanzapine was added to the pre-incubation buffered saline (*, P<0.05; **, P<0.01 vs basal

uptake).

Figure 2. Panel A. Kinetics of insulin- and olanzapine-stimulated 2DG uptake versus basal uptake.
C2C12 cells were incubated with DPBS in the presence of 20 pM olanzapine or its vehicle for 2
hours. Insulin (100 nM) was added to the pre-incubation medium at 30 min before the uptake assay.
The rate of 2DG uptake was measured at varying concentrations of 2DG. The best-fit curves and
the coefficients of determination are shown (nonlinear regression analysis). Panel B. Dose-related
effect of olanzapine on insulin-stimulated glucose uptake. Cells were pre-incubated with different
doses of olanzapine for 2 hours and then exposed to 100 nM insulin for 20 min before the uptake

assay (*, P<0.05 vs insulin-treated cells).

Figure 3. Panel A. Immunoblot of native phospho-Akt expression in C2C12 lysates prepared from
control and insulin (Ins)- or olanzapine (Olan)-stimulated cells. Cells were pre-treated with 20 pM
olanzapine for 2 hours or 100 nM insulin for 30 min before lysis in RIPA buffer. Lysates were
blotted with an antibody that recognizes the phosphorylated Ser*” residue of Akt. The same lysates
were blotted with an anti-tubulin antibody. Panel B. Effect of olanzapine and insulin on the

abundance of GLUT4 in plasma membrane (PM) protein fractions from C2C12 cells. Cells were
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incubated with 20 uM olanzapine for 2 h, or 100 nM insulin for 30 min, in DPBS prior to cell
homogenization and subcellular fractionation as described under “Experimental procedures”. A
sample of cell homogenates was blotted with GLUT4 antibody after enrichment of glycosylated
proteins using ConA-sepharose, in order to detect the whole-cell expression level of GLUT4.
Results are representative of three independent experiments. *** P<0.001; **, P<0.01; *, P<0.05

vs vehicle treated cells.

Figure 4. Panel A. Immunoblot of native phospho-AMPKa expression in C2C12 lysates prepared
from control and AICAR- or olanzapine (Olan)-stimulated cells. See Methods for details. Results
are representative of three independent experiments. **, P<0.01 vs vehicle treated cells. Panel B.
Effects of simultaneous exposure to olanzapine and AICAR on glucose uptake in C2C12 cells.
Myotubes were incubated for 1 hour and 30 min in DMBS containing either olanzapine or its
vehicle. Then cells were treated with 1 mM AICAR for 30 min in the absence or presence of

olanzapine, before 2-DG uptake assay (**, P<0.01; *, P<0.05 vs vehicle in the absence of AICAR).

Figure 5. Dose-related effects of clozapine on olanzapine- and a-methyl-5-HT-stimulated 2DG
uptake in C2C12 cells. All drugs were added to the pre-incubation medium (DPBS), 2 hours before

the uptake assay (*, P<0.05; **, P<0.01 vs vehicle-treated cells).

Figure 6. Effects of atypical antipsychotics on proliferation and survival in C2C12 myoblasts.
Panel A. Dose-related effects of olanzapine and clozapine on basal- and insulin-stimulated C2C12
cell proliferation. At the end of incubation, cells were trypsinized and counted in a Burker chamber.
Panel B. The inhibitory effect of clozapine on C2C12 cell proliferation was confirmed by *H-
thymidine incorporation assay (*, P<0.05; **, P<0.01 vs vehicle-treated cells). Error bars are
smaller than the symbols representing the mean. Panel C. Effects of olanzapine and clozapine on
DNA laddering induced by serum deprivation in proliferating myoblasts, in the presence or the
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absence of insulin. Panel D. Effects of olanzapine on DNA laddering in differentiating cells. Cells
were scraped and subjected to extranuclear DNA extraction. Purified DNA was electrophoresed in a
1.5% agarose gel and visualized by UV fluorescence after staining with ethidium bromide. Panels C
and D are representative of three independent experiments. Ins, insulin; Ol, olanzapine; CL,

clozapine; FCS, fetal calf serum; HS, horse serum.
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Figure 2
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Figure 4
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Figure 5rev 1
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Figure 6 rev 1
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Table 1

Cytochalasin | Wortmannin | Cycloheximide | D-glucose | Na' pyruvate
B (1 uM) (100 nM) (50 ng/ml) (2.5 mM) (1 mM)
Vehicle 20+ 4 40+ 4 80+3 60£5 63+3
Insulin 27+£5 46+ 5 135 &+ 7** 120 + 7** 125 + 6**
Olanzapine 25+3 70 £ 3** 112 £ 4%* 85 £ 6* 90 £+ 7*

Table 1. Effects of inhibitors and metabolites on basal 2DG uptake and insulin- or olanzapine-
stimulated 2DG uptake. C2C12 cells were incubated with 20 uM olanzapine for 2 hours in the
absence or the presence of wortmannin, cycloheximide, D-glucose or sodium pyruvate. Cells were
stimulated with insulin for 30 min in the absence or the presence of the above-mentioned drugs. .
When appropriate, cytochalasin B was added to preincubation media 30 min before the uptake
assay. Medium supplemented with 2.5 mM D-glucose was replaced with glucose-free medium,

immediately before the uptake assay. Results are expressed as a % of the control values obtained in

in the absence of stimuli and inhibitors (*, P<0.05; ** P<0.01 vs the first row in each column).
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Table 2

Vmax Km
(nmoles/min) (mM)

Basal uptake 0.39 0.08
+ 0.04 +0.04

Insulin 0.59 0.08
(100 nM) +0.07* + 0.05

Olanzapine 0.51 0.08
(20 nM) + 0.05* + 0.06

Table 2. Effects of olanzapine (20 uM) versus insulin (100 nM) on the rate of glucose transport as a
function of substrate concentration in C2CI2 cells. The values for maximum transport velocity
(Vmax) and the Michaelis-Menten constant (Km) were computed using nonlinear regression

(GraphPad Prism software 3.0; * P<0.05 vs basal uptake).
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