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A B S T R A C T

Introduction: Second generation antipsychotic (AP)s remain the gold-standard treatment for schizophrenia and
are widely used on- and off-label for other psychiatric illnesses. However, these agents cause serious metabolic
side-effects. The hypothalamus is the primary brain region responsible for whole body energy regulation, and
disruptions in energy sensing (e.g. insulin signaling) and inflammation in this brain region have been implicated
in the development of insulin resistance and obesity. To elucidate mechanisms by which APs may be causing
metabolic dysregulation, we explored whether these agents can directly impact energy sensing and inflammation
in hypothalamic neurons.
Methods: The rat hypothalamic neuronal cell line, rHypoE-19, was treated with olanzapine (0.25–100 uM),
clozapine (2.5–100 uM) or aripiprazole (5–20 uM). Western blots measured the energy sensing protein AMPK,
components of the insulin signaling pathway (AKT, GSK3β), and components of the MAPK pathway (ERK1/2,
JNK, p38). Quantitative real-time PCR was performed to determine changes in the mRNA expression of inter-
leukin (IL)-6, IL-10 and brain derived neurotrophic factor (BDNF).
Results: Olanzapine (100 uM) and clozapine (100, 20 uM) significantly increased pERK1/2 and pJNK protein
expression, while aripiprazole (20 uM) only increased pJNK. Clozapine (100 uM) and aripiprazole (5 and 20 uM)
significantly increased AMPK phosphorylation (an orexigenic energy sensor), and inhibited insulin-induced
phosphorylation of AKT. Olanzapine (100 uM) treatment caused a significant increase in IL-6 while aripiprazole
(20 uM) significantly decreased IL-10. Olanzapine (100 uM) and aripiprazole (20 uM) increased BDNF expres-
sion.
Conclusions: We demonstrate that antipsychotics can directly regulate insulin, energy sensing, and inflammatory
pathways in hypothalamic neurons. Increased MAPK activation by all antipsychotics, alongside olanzapine-
associated increases in IL-6, and aripiprazole-associated decreases in IL-10, suggests induction of pro-in-
flammatory pathways. Clozapine and aripiprazole inhibition of insulin-stimulated pAKT and increases in AMPK
phosphorylation (an orexigenic energy sensor) suggests impaired insulin action and energy sensing. Conversely,
olanzapine and aripiprazole increased BDNF, which would be expected to be metabolically beneficial. Overall,
our findings suggest differential effects of antipsychotics on hypothalamic neuroinflammation and energy sen-
sing.

1. Introduction

Antipsychotics (APs) are the gold-standard treatment for schizo-
phrenia and are increasingly being prescribed both on- and off-label for

other psychiatric conditions. However, these medications cause serious
metabolic side effects. In turn, patients with schizophrenia have a two-
fold increase in standardized mortality ratio from cardiovascular dis-
ease (Hennekens et al., 2005). Although the liability for metabolic side
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effects differs between APs (Newcomer, 2005), it has recently become
clear that no single AP is devoid of this risk, particularly in younger
individuals who are AP-naïve (Correll et al., 2009). Additionally, it is
found that regardless of class or agent, APs increase risk of diabetes 2–3
fold, above and beyond the risk that is conferred by the illness of
schizophrenia itself (Rajkumar et al., 2017).

The mechanisms of AP-induced metabolic dysregulation are un-
clear, but are understood to occur at least in part through the central
nervous system (Kowalchuk et al., 2018). In addition, the question has
arisen whether APs could be causing metabolic perturbations by di-
rectly impact brain insulin signalling (Kowalchuk et al., 2017). Insulin
receptors are expressed at high levels in many brain areas, where sig-
nalling pathways (mediated through AKT, GSK3β, and the MAPKs) play
a significant role in neuronal growth, memory, and energy regulation.
Brain studies examining AP administration in vitro and in rodents in
vivo have variably suggested upregulation of pathways downstream of
the insulin receptor (i.e. AKT phosphorylation/ activation; GSK phos-
phorylation /deactivation), which is difficult to reconcile with the ad-
verse metabolic effects of APs observed clinically. However, many in
vitro studies have not been conducted under conditions of insulin sti-
mulation, and thus fail to directly test effects of APs on insulin response.
Insulin stimulation has been used when investigating AP effects in
peripheral tissues, with variable results (Del Campo et al., 2018; Engl
et al., 2005). in vivo rodent data on central insulin signalling is similarly
difficult to interpret as most APs cause acute elevations in blood glucose
and insulin (Boyda et al., 2010; Smith et al., 2014). Hyperglycemia and
hyperinsulinemia has been shown to increase central AKT and GSK-3
phosphorylation, even in the face of insulin deficiency or disrupted
insulin action (Clodfelder-Miller et al., 2005; Smith et al., 2014). Thus,
it is difficult to determine if changes in activation of these proteins are
due to the AP or secondary to the elevations in blood glucose. There is
also the possibility that APs upregulate central insulin signalling but
impair alternate energy sensing signals such as AMP-activated protein
kinase (AMPK), which has been associated with AP-induced glucose
dysregulation (Ikegami et al., 2013; Martins et al., 2010).

Alternatively, inflammation is also an area of interest as neuroin-
flammation is considered a causal factor of metabolic disease (Thaler
and Schwartz, 2010). However, clinical studies evaluating AP effects on
inflammation are highly inconclusive due to the many confounds which
can influence inflammatory state and which are associated with the
illness of schizophrenia (i.e. smoking, diet, obesity) (Tourjman et al.,
2013). The heterogeneity among studies examining effects of APs on
insulin and inflammatory pathways may also be attributable to a dif-
ferential response of brain regions to AP exposure. Only a limited
number of studies have examined APs effects on insulin signalling or
energy sensing specifically in the hypothalamus (Kowalchuk et al.,
2018), which is the primary brain region involved in whole body en-
ergy regulation. In addition, the hypothalamus is composed of highly
heterogenous neuronal populations, and the limited in vivo papers
available have examined the entire hypothalamus (Obuchowicz et al.,
2006; Zhang et al., 2014). Thus, we do not know how APs may act on
specific cell types. Finally, as these were whole-body experiments, we
do not know if the effects seen are due to the direct impact of APs on the
hypothalamus, or occur in response to feedback from other tissues
signalling to this brain region.

In the present study, we set out to elucidate the direct effects of
different APs (clozapine, olanzapine, aripiprazole) on insulin signalling,
energy sensing and inflammation in the hypothalamus. In order to
circumvent the confounding variables present in clinical studies, and to
avoid changes in adiposity or acute hyperglycemia observed in rodents
administered APs, we chose to employ an invitro hypothalamic cell
model. We hypothesized that APs would differentially impair insulin
signalling, upregulate AMPK, and induce inflammation, according to
their clinical metabolic liability (clozapine= olanzapine >
aripiprazole).

2. Methods and materials

2.1. Cell culture and reagents

Rat hypothalamic neurons were immortalized using SV-40 T-an-
tigen as previously described (Belsham et al., 2004; Gingerich et al.,
2009). The immortalized rat hypothalamic embryonic neuronal cell
line, rHypoE-19, was selected as it has been previously characterized to
express the insulin receptor, essential components of the insulin sig-
nalling pathway, and cytokine receptors (Dhillon et al., 2012; Mayer
and Belsham, 2009; Nazarians-Armavil et al., 2013). The cell line also
expresses neuropeptide-Y (NPY) and agouti-related peptide (AgRP), key
orexigenic regulators of satiety and energy homeostasis.

2.2. Antipsychotic dosing

The APs olanzapine and clozapine were chosen as they are highly
effective therapeutically but also confer the highest metabolic risk.
Clozapine is additionally the only AP with an indication for treatment-
resistant schizophrenia (Hasan et al., 2012). Aripiprazole was in-
vestigated as it is a newer class of AP which also acts as a partial D2
receptor agonist and clinically is associated with a lower risk of weight
gain (Bak et al., 2014).

100 μM of olanzapine was the highest concentration chosen to treat
the rHypoE-19 neurons, based on previous studies showing changes in
insulin signalling (pAKT and pGSK3β) in skeletal muscle cells (Engl
et al., 2005) and changes in BDNF in neuroblastoma cells (Lee et al.,
2010) with this concentration. Clinically, clozapine doses are about 10
times higher in comparison to olanzapine. However, 1000 uM of clo-
zapine induced cell death within a few minutes of exposure. 100 uM of
clozapine was thus used for western blot analysis, as cells remained
intact during the experiments (i.e. 15min of exposure). However,
during the RT-qPCR experiments, cells were exposed to the drugs for
24 h; 100 uM and 50 uM of clozapine induced cell death after 24 h.
Thus, 20 μM of clozapine was used for RT-qPCR experiments. 50 uM
aripiprazole was initially chosen as this concentration has been pre-
viously shown to increase AMPK phosphorylation in in vitro studies
(Takami et al., 2010). However, 50 μM of aripiprazole caused cell death
after 15min; thus, 20 μM of aripiprazole was used, a concentration
which has previously been shown to increase BDNF and pGSK3β pro-
tein expression in vitro (Park et al., 2013).

2.3. Western blot analysis

Prior to treatment, cells were serum starved for 1 h in low-glucose
DMEM (MilliporeSigma, Oakville, ON, Canada) with added 1% peni-
cillin, then treated with either olanzapine, clozapine, aripiprazole
(Toronto Research Chemicals, Toronto ON), or DMSO, with and
without insulin (10 nM) for 15min. 15min was chosen as this is when
the greatest effect of insulin-stimulated pAKT and glucose-stimulated
pAMPK has previously been established in immortalized hypothalamic
rodent neurons (Mayer and Belsham, 2010; McFadden et al., 2013).The
selected insulin dose has been well-established to activate the insulin
signalling pathway in immortalized hypothalamic neurons (Mayer and
Belsham, 2009; Nazarians-Armavil et al., 2013). After a 15-minute
treatment, protein was harvested using 1X cell lysis buffer (Cell Sig-
nalling Technology, Danvers, MA, USA), 1% protease inhibitor, 1%
phosphatase inhibitor, and 1% PMSF (MilliporeSigma, Oakville, ON,
Canada). Protein was then quantified using the Pierce BCA Protein
Assay Kit (ThermoFisher, USA). 25ug of total protein was subjected to
8% SDS–PAGE, and transferred onto 0.22 lm polyvinylidene fluoride
(PVDF) membrane (Bio-Rad, Mississauga, ON, Canada). Protein blots
were blocked with 5% milk in TBS-T for 1 h, and incubated overnight at
4 °C with primary antibodies. The blots were probed for phospho-AKT
(ser473), AKT, phospho-AMPK (Thr172), AMPK, phospho-p44/42
(ERK1/2) (Tyr204), p44/42 (ERK1/2), phospho-JNK (Thr183/Tyr185),
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JNK, phospho-P38, P38 (CST), phospho- GSK3β(Ser9), and GSK3β
(MilliporeSigma, Oakville, ON, Canada), which were diluted in either
5% milk in 1×TBST or 5% BSA in 1×TBST (MilliporeSigma, Oak-
ville, ON, Canada). After incubation with primary antibody, blots were
washed in 1X TBS with 0.1% Tween, and incubated with anti-rabbit
secondary (1:7500, Cell Signalling Technology Inc.) for 1 h at room
temperature. Blots were imaged using chemiluminescence on the Kodak
Image Station 2000R, using ECL Select Detection reagent (GE Health-
care Life Sciences, Pittsburgh, PA, USA). Densitometry was performed
using Image J64 software; phosphorylated protein was normalized to
total protein.

2.4. RT-qPCR

Cells were grown to 70% confluency, and treated with olanzapine,
clozapine, aripiprazole, or vehicle for 4 or 24 h. RNA was isolated using
PureLink RNA Kit with on-column PureLink DNase DNase (Ambion,
Streetsville, Ontario, Canada), and RNA concentration and purity were
measured using the Nanodrop 2000c spectrophotometer. 1 μg of RNA
was used to synthesize cDNA with the high capacity cDNA reverse
transcription kit (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). qRT-PCR was then performed using qRT-PCR master mix
(Platinum SYBR Green qPCR SuperMix-UDG with ROX; Applied
Biosystems, Life Technologies) with gene specific primers for IL6, IL10
and BDNF (Table 1). Samples were run as triplicates on an Applied
Biosystem Prism 7900 H T machine. qRT-PCR data analysis was per-
formed using standard curve method and normalized to the reference
gene, histone 3A.

2.5. Statistical analysis

Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software, San Diego, CA, USA) and presented as
mean ± SEM. One- or two-way ANOVA were used with Tukey’s post
hoc test when appropriate. Statistical significance is considered as
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (Table 2).

3. Results

3.1. Antipsychotics induce changes in insulin signalling and energy sensing

3.1.1. AKT & GSK3β
Phosphorylation of AKT is a key step in the canonical insulin sig-

nalling pathway; GSK3β is downstream of AKT and phosphorylation
inhibits GSK3β action (Clodfelder-Miller et al., 2005). To determine if
APs impair insulin response, the rHypoE-19 cells were treated with one
of the three APs, with and without insulin, for 15min. As a positive
control, insulin stimulation alone significantly increased pAKT protein
expression compared to vehicle. Clozapine (100 μM) treatment sig-
nificantly decreased insulin-stimulated pAKT by 2.7-fold (clozapine+
insulin vs. insulin), however, clozapine had no effect on pAKT protein
expression without insulin stimulation (Fig. 1B). Insulin stimulated
pAKT was no longer significantly increased with aripiprazole (5 and

20 uM) co-treatment (aripiprazole+ insulin vs. aripiprazole) (Fig. 1C).
Olanzapine (100 – 0.25 uM)) had no effect on pAKT with or without
insulin stimulation in the rHypoE-19 neurons (Fig. 1A).

3.1.2. AMPK
In the hypothalamus, AMPK acts as an energy sensor activated by

increases in the AMP/ATP ratio when fuel is low, to activate anabolic
processes and enhance orexigenic signals (Ronnett et al., 2009). Clo-
zapine (20 μM) and aripiprazole (20 μM and 5 μM) significantly in-
creased pAMPK protein expression by 1.4 and 3-fold, respectively,
compared to the vehicle after 15min of treatment (Fig. 1B/C). Olan-
zapine (100 – 0.25 uM) had no effect on pAMPK protein in the rHypoE-
19 neurons (Fig. 1A).

3.2. Antipsychotics induce changes in MAPKs and inflammatory mediators

3.2.1. MAPKs
The mitogen activated protein kinases (MAPKs) extracellular signal-

regulated kinases 1 and 2 (ERK1/2), c-Jun amino-terminal kinases
(JNK), and p38 are involved in a diverse array of cell signalling re-
sponses, such as cell growth, proliferation, and apoptosis. They are also
involved in inflammatory signalling cascades (Cargnello and Roux,
2011). After 15min, olanzapine (100 μM) treatment significantly in-
creased pERK1/2 protein expression by 2.8-fold and pJNK protein ex-
pression by 4.3-fold compared to vehicle, but left p-p38 unchanged
(Fig. 2A). Clozapine (100 μM) also increased pERK1/2 protein expres-
sion by 3.8-fold and pJNK protein expression by 1.7-fold without
changing p-p38 levels (Fig. 2B). Aripiprazole increased pJNK (20 uM)
and p-p38 (5 uM) by 1.5-fold, without changing protein levels of
pERK1/2 (Fig. 2C).

3.2.2. IL6, IL10, BDNF
The genes examined were selected based on reports separately

linking changes in interleukin (IL)-6 (Borovcanin et al., 2017), IL10
(Xiu et al., 2014), and brain derived neurotrophic factor (BDNF)
(Pandya et al., 2013) with the illness of schizophrenia, AP action, and
regulation of metabolic homeostasis via the central nervous system.
After 24 h, olanzapine (100 μM) treatment increased BDNF and IL6
mRNA expression in the rHypoE-19 neurons by 1.6 and 1.5-fold, re-
spectively (Fig. 3A). After 4 h, aripiprazole (20 uM) also increased
BDNF mRNA expression by 5.5-fold, while also causing a 6-fold de-
crease in IL10 mRNA expression (Fig. 3C). Clozapine had no effect on
IL6, IL10, or BDNF mRNA expression in the rHypoE-19 neurons after 4
or 24 h of exposure (Fig. 3B).

Table 1
Primer sequences.

Gene Primer Sequence

Histone 3A F: CGC TTC CAG AGT GCA GCT AAT
R: ATC TTC AAA AAG GCC AAC CAG AT

IL6 F: GTG GCT AAG GAC CAA GAC CA
R: GGT TTG CCG ACT AGA CCT CA

IL10 F: AGC ACT GCT ATG TTG CCT GCT CTT
R: TGA CTG GGA AGT GGG TGC AGT TAT

BDNF F: GGT CAC AGC GGC AGA TAA A
R: GCA GCC TTC CTT CGT GTA A

Table 2
Summary of the effects of olanzapine (OLA), clozapine (CLO), and aripiprazole
(ARI) on the protein and mRNA levels in rHypoE-19 neurons. Effects are in-
dicated for antipsychotic versus DMSO, except for pAKT. For pAKT, analysis is
run comparing the AP to the DMSO, as well as comparing the AP+ insulin
(INS) to INS alone. The concentrations in uM are listed in brackets.

Protein/Gene of Interest OLA CLO ARI

PROTEIN pAKT AP vs. DMSO – – –
AP+ INS vs. INS – ↓ (100) –
AP vs AP+ INS – – ↓ (5, 20)

pGSK3β – – –
pAMPK ↑ (20) ↑ (20)
pERK1/2 ↑ (100) ↑ (100) –
pJNK ↑ (100) ↑ (100, 20) ↑ (20)
p-p38 – – ↑ (5)

mRNA BDNF ↑ (100) – ↑ (20)
IL-6 ↑ (100) – –
IL-10 – – ↓ (20)
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4. Discussion

This study provides the first evidence that antipsychotics (AP)s can
directly impact insulin signalling, AMPK, MAPKs, and inflammatory
mediators in hypothalamic neurons. Given that the hypothalamus is a
key regulator of whole body energy homeostasis, direct action of APs on
the hypothalamus could account in part for metabolic dysregulation,
such as the insulin resistance and obesity, observed in patients taking

APs. AP-induced hypothalamic dysregulation is also a concern as it has
been proposed that an intrinsic metabolic dysregulation is observed in
the illness of schizophrenia prior to AP treatment (Freyberg et al.,
2017). In keeping with this observation, impaired AKT and GSK3β
signalling is postulated to be involved in schizophrenia (Emamian,
2012). Previous in vitro studies found that olanzapine and clozapine
increased pAKT in neuronal-like cells (Lu et al., 2004; Lu and Dwyer,
2005; Roh et al., 2007), thus suggesting a mechanism by which APs
may modulate schizophrenia pathology. However, these studies did not
use hypothalamic neurons, and did not measure insulin-stimulated
pAKT (leaving the possibility that APs may impair central insulin re-
sponse). In fact, in our study we found that APs may specifically impair
insulin-mediated action in the hypothalamus, where clozapine and ar-
ipiprazole inhibited insulin-stimulated phosphorylation of AKT.
Without insulin stimulation, there was no effect of any APs on pAKT
protein levels, which is in agreement with our in vivo work in rodents

Fig. 1. Effects of antipsychotics on insulin signalling pathways: rHypoE-19
neurons were treated with OLA (A), CLO (B), or ARI (C) with and without INS
for 15min, followed by protein isolation and Western blot analysis of proteins
related to insulin signalling/energy sensing (AKT, GSK3β, AMPK). Phospho-
proteins were normalized to total proteins as a loading control and expressed as
mean ± SEM. *refers to effect of AP vs. DMSO: * p < 0.05, ** p < 0.01, ***
p < 0.001, ****p < 0.0001; # refers to effect of INS stimulation relative to no
stimulation (across treatment groups): #p < 0.05; ## p < 0.01;
####p<0.0001; n= 3-8. Legend: OLA: olanzapine; CLO: clozapine; ARI:
aripiprazole; INS: insulin.

Fig. 2. Effects of antipsychotics on the MAPK pathway. rHypoE-19 neurons
were treated with OLA (A), CLO (B), or ARI (C) with and without INS for 15min
followed by protein isolation and Western blot analysis of the MAPK proteins
(ERK1/2, JNK, p38). Phospho-proteins were normalized to total proteins as a
loading control and expressed as mean ± SEM. * p < 0.05, ** p < 0.01;
n=4-8. Legend: OLA: olanzapine; CLO: clozapine; ARI: aripiprazole.
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demonstrating that CNS-mediated impairments in glucose homeostasis
by APs may require the presence of central insulin stimulation
(Kowalchuk et al., 2017). In addition, despite indications in the lit-
erature that APs upregulate pGSK3β, no AP increased pGSK3β in this
study. The difference could be because previous studies on GSK3β ex-
amined brain such as the cortex, suggesting a potential differential ef-
fect by brain region.

Though not a part of the canonical insulin signalling pathway, hy-
pothalamic AMPK is influenced by insulin (as well as other energy
signals) to sense energy levels (Ronnett et al., 2009). Thus, there is also
the possibility that APs impair alternate energy sensing signals to in-
sulin such as AMPK. An emerging body of research suggests that AP-

induced activation of central AMPK may be responsible for glucose
dysregulation and increased food intake (Ikegami et al., 2013; Martins
et al., 2010). Olanzapine and clozapine have been found to increase
pAMPK in the rodent hypothalamus, and studies have linked this in-
duction to AP antagonism of the Histamine-1 (H1) receptor (He et al.,
2014; Kim et al., 2007; Lian et al., 2014). In accordance with this hy-
pothesis, in our study clozapine increased pAMPK in the rHypoE-19
neurons. In addition, we reported increased pAMPK with aripiprazole,
which was not hypothesized as aripiprazole does not have prominent
H1 antagonism activity. However, our findings are in agreement with
aripiprazole -induced increase in pAMPK in PC12 cells reported by
Takami et al. (2010), which was determined to be H1 independent
(Takami et al., 2010).

The MAPKs are also involved in insulin signalling, along with cel-
lular processes such as cell survival, differentiation, apoptosis, and
neuronal plasticity. ERK1/2 is primarily involved in cell differentiation
and survival. At least one study has reported decreased protein levels of
ERK1/2 in the prefrontal cortex of schizophrenia patients, suggesting
dysregulation of this pathway in schizophrenia (Yuan et al., 2010). We
found that olanzapine and clozapine increased pERK1/2. This is con-
sistent with literature looking at other brain areas, where chronic clo-
zapine and olanzapine administration have previously been shown to
increase pERK1/2 in the pre-frontal cortex of rats (Browning et al.,
2005; Lu et al., 2004). In addition, acute olanzapine or clozapine
treatment of PC12 or Hela cells has been reported to increase pERK1/2
(Aringhieri et al., 2017; Lu and Dwyer, 2005). Interestingly, the D2
antagonists haloperidol and raclopride have also been found to increase
ERK phosphorylation in the striatum, suggesting that D2 receptor
blockade may contribute to AP-induced increases in ERK phosphor-
ylation (Valjent et al., 2004). As ERK1/2 has been implicated in neu-
ronal plasticity and connectivity, there exists the possibility that this
action of APs on ERK1/2 could have beneficial effects on psycho-
pathology.

JNK is another MAPK, however unlike ERK1/2 it is more involved in
cellular processes related to stress, such as apoptosis, inflammation, and
cytokine production (Kyriakis and Avruch, 2012). Interestingly,
MAP2K7, the gene for the kinase which phosphorylates JNK, has re-
cently been functionally associated with schizophrenia (Winchester
et al., 2012) suggesting a link between JNK and schizophrenia. Phos-
phorylation of JNK protein was upregulated by olanzapine, clozapine,
and aripiprazole, making AP induction of JNK the most consistent
finding from this study. These findings suggest that APs may be causing
stress or inflammation to result in increased JNK activation. Hypotha-
lamic JNK is also implicated in peripheral glucose regulation (Belgardt
et al., 2010), systemic insulin resistance (Tsaousidou et al., 2014), as
well as direct cellular regulation of hypothalamic insulin receptor
substrate proteins (Aguirre et al., 2000), thus AP-induced upregulation
of JNK could contribute to metabolic adverse-effects. Finally, p-p38,
another MAPK involved in inflammation and stress, remained un-
changed by olanzapine and clozapine, which is similar to findings by
Kyosseva et al. (2001) who found that p38 levels remained unchanged
frontal cortex, brainstem, hippocampus, or cerebellum in the chronic
PCP rat model of schizophrenia with AP treatment (Kyosseva et al.,
2001).

The activation of the MAPKs suggests that APs may be influencing
inflammation. This is also supported by our findings demonstrating that
olanzapine increased the mRNA levels of pro-inflammatory cytokine
IL6 after 24 h of treatment, while aripiprazole decreased anti-in-
flammatory cytokine IL10. Taken together, these data suggest that
olanzapine and aripiprazole can directly induce a pro-inflammatory
response in hypothalamic neurons. This also supports idea the that
hypothalamic inflammation may be involved in AP-induced dysregu-
lation of central energy homeostasis, as both cytokines are involved in
energy regulation (Nakata et al., 2017; Welc and Clanton, 2013). In
contrast to previous studies suggesting that clozapine may have
proinflammatory properties in the periphery (Kluge et al., 2009), in our

Fig. 3. Effects of antipsychotics on inflammation and BDNF. rHypoE-19 neu-
rons were treated with OLA (A), CLO (B), or ARI (C) with and without INS for
15min for 4 or 24 h, followed by qRT-PCR to measure mRNA expression of IL-6,
IL-10, and BDNF. Relative mRNA expression is normalized to histone 3 A and
expressed as mean ± SEM.*p < 0.05, *** p < 0.001; n= 4. Legend: BDNF;
brain derived neurotrophic factor; OLA: olanzapine; CLO: clozapine; ARI: ar-
ipiprazole.
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hypothalamic cell model clozapine did not impact any of the examined
inflammatory markers. The discrepancy may be explained by a differ-
ential effect based on tissue or brain region. In addition, in clinical
studies, illness and lifestyle factors (i.e. smoking, poor dietary habits,
inactivity), and other co-morbidities (Tourjman et al., 2013) make it
challenging to determine the direct role of antipsychotics on in-
flammation.

BDNF is of particular interest as decreases in this neurotrophic
factor has consistently been linked to the underlying etiology of schi-
zophrenia (Pandya et al., 2013). Olanzapine and aripiprazole both in-
creased BDNF. This result is supported by the literature, as past studies
in other cell types and in rodents found increases in BDNF with olan-
zapine (Bai et al., 2003; Parikh et al., 2004; Park et al., 2013). The
increase in BDNF expression is also particularly interesting in relation
to the induction of ERK1/2 seen with the APs, as BDNF is known to
elicit neuronal survival pathways via ERK1/2 activation (Almeida et al.,
2005).

It is important to discuss the drug concentrations used in this study.
Unlike in vivo studies, where dopaminergic (D2) occupancy can be used
to establish clinically relevant drug dosing, there is little guidance to
determine clinically relevant in vitro drug dosing. That being said, the
concentrations of olanzapine, clozapine, and aripiprazole used in this
study are higher than concentrations observed clinically in plasma
(Kapur et al., 2003). However, reports indicate that these anti-
psychotics can accumulate in brain tissue at concentrations 10- to 30-
fold higher compared to plasma (Aravagiri et al., 1999; Zhang et al.,
2007), and the doses used here are in alignment with, or lower than,
concentrations used by other in vitro studies (Ardizzone et al., 2001;
Engl et al., 2005; Lee et al., 2010; Takami et al., 2010). In addition, the
timing is another potential limitation of the study, as other timepoints
could potentially result in different effects. However, the selected
timing was based off previously determined maximal induction of in-
sulin-stimulated pAKT and pAMPK in immortalized hypothalamic cell
line (Mayer and Belsham, 2010; McFadden et al., 2013).

Aside from the individual findings of APs on the proteins and cy-
tokines of interest, an interesting finding from this study is the highly
differential effects between APs. Though D2 antagonism is considered a
shared feature across all APs, the drugs differ in their binding affinities
for other neurotransmitter systems (serotonergic, adrenergic, histami-
nergic, muscarinic). Among the agents we studied, olanzapine and
clozapine would be predicted to be more similar to each other based on
clinical metabolic liability, as compared to aripiprazole which carries a
lower metabolic propensity and acts as a partial D2 agonist.
Unexpectedly, clozapine and aripiprazole were more similar to each
other each (impairing insulin-stimulated pAKT and inducing pAMPK),
as compared to olanzapine which did not impact these pathways.
Conversely, with respect to inflammation, olanzapine and aripiprazole,
but not clozapine, induced pro-inflammatory marker expression. While
these findings did not necessarily align with our working hypothesis,
they are however in keeping with emerging data that suggests that no
single AP is completely devoid of metabolic risk (Correll et al., 2009;
Rajkumar et al., 2017), including findings that aripiprazole in healthy
volunteers induces insulin resistance after only nine days of adminis-
tration (Teff et al., 2013).

5. Conclusions

This study is a first step towards disentangling the proposed asso-
ciation between AP-induced metabolic effects, therapeutic response,
and schizophrenia (which may be associated with underlying dis-
turbances in insulin signalling or inflammatory pathways). We have
found that the APs olanzapine, clozapine, and aripiprazole can directly
regulate insulin signalling, AMPK, MAPKs, and inflammatory mediators
in rat hypothalamic neurons. These direct effects of APs on the hy-
pothalamus could contribute to the detrimental metabolic side-effects
of these drugs. We have also found that these effects do not necessarily

align with the known clinical metabolic risk for each APs (i.e. cloza-
pine= olanzapine > aripiprazole). This finding however, adds cre-
dence to the idea that APs such as aripiprazole, which were initially
developed in hope of avoiding metabolic adverse effects, are not free of
metabolic risk. Differences between our findings and existing literature
examining effects of APs on pathways of metabolism and inflammation
also highlight the possible differential effects based on different brain
regions and cell types studied, as well as other confounding factors
related to illness and metabolic comorbidity which are difficult to avoid
in clinical populations and in vivo rodent models. Finally, we found
potentially beneficial effects of these medications on neurons, such as
induction of BDNF and ERK1/2, which underscores the complexity of
these effects and the possibility that the action of these drugs on me-
tabolism may be both therapeutically beneficial and metabolically ad-
verse.

Taken together, these findings support further research to examine
centrally mediated mechanisms underlying metabolic adverse effects of
APs, as well as investigations to determine how schizophrenia patho-
physiology interplays with the AP-induced changes in insulin, energy
sensing, and inflammatory pathways in specific brain regions. As pre-
scription of APs continues to increase, this line of research has the ul-
timate goal to reduce adverse metabolic side-effects and enhance
therapeutic effects.
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