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Antipsychotics impair regulation of glucose metabolism

by central glucose
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Hypothalamic detection of elevated circulating glucose triggers suppression of endogenous glucose production (EGP) to maintain
glucose homeostasis. Antipsychotics alleviate symptoms associated with schizophrenia but also increase the risk for impaired
glucose metabolism. In the current study, we examined whether two acutely administered antipsychotics from different drug
classes, haloperidol (first generation antipsychotic) and olanzapine (second generation antipsychotic), affect the ability of
intracerebroventricular (ICV) glucose infusion approximating postprandial levels to suppress EGP. The experimental protocol
consisted of a pancreatic euglycemic clamp, followed by kinomic and RNA-seq analyses of hypothalamic samples to determine
changes in serine/threonine kinase activity and gene expression, respectively. Both antipsychotics inhibited ICV glucose-mediated
increases in glucose infusion rate during the clamp, a measure of whole-body glucose metabolism. Similarly, olanzapine and
haloperidol blocked central glucose-induced suppression of EGP. ICV glucose stimulated the vascular endothelial growth factor
(VEGF) pathway, phosphatidylinositol 3-kinase (PI3K) pathway, and kinases capable of activating Karp channels in the
hypothalamus. These effects were inhibited by both antipsychotics. In conclusion, olanzapine and haloperidol impair central
glucose sensing. Although results of hypothalamic analyses in our study do not prove causality, they are novel and provide the

basis for a multitude of future studies.
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INTRODUCTION

Antipsychotics remain the cornerstone treatment of schizophrenia
and are widely prescribed on- and off-indication across other mental
disorders. However, while effective in alleviating symptoms of
schizophrenia, antipsychotics adversely impact glucose metabolism.
In turn, the leading cause of mortality in schizophrenia remains
cardiovascular disease, resulting in premature mortality by 20 to 25
years. While there is a differential metabolic liability which exists
between individual agents, recent data supports that all antipsycho-
tics independently of class or individual agent increase the risk of
diabetes 3-4 fold above the risk conferred by the illness of
schizophrenia itself [1]. While antipsychotics induce significant weight
gain which contributes to risk of diabetes, it is also well established
that within minutes to hours of administration, olanzapine (Ola) and
haloperidol (Hal) increase circulating glucose and insulin concentra-
tions in rodents [2], and furthermore, these acute antipsychotic-
induced glucose dysregulatory effects also occur in humans [3, 4].
The mechanisms through which antipsychotics disrupt glucose
homeostasis have not been clearly defined, but they can occur
independently of increased body weight [4, 5].

Glucose, which is metabolized via glycolysis to lactate in
astrocytes, is the preferred fuel of the central nervous system
(CNS). Glucose sensing refers to the ability of cells to detect
extracellular glucose and it occurs within as well as outside the
CNS (periphery) [6, 7]. Acute (minutes to hours) intracerebroven-
tricular (ICV) administration of glucose decreases plasma glucose
concentration [8], inhibits hepatic glucose production (also
referred to as endogenous glucose production (EGP)) [8], and
improves glucose tolerance [9]. Acute ICV glucose administration
also decreases circulating insulin levels [8]. To determine the effect
of central glucose on glucose metabolism in vivo without the
confounding effect of changes in circulating insulin, a pancreatic
euglycemic clamp can be utilized. During a pancreatic euglycemic
clamp, insulin secretion is inhibited but basal circulating insulin
concentrations are kept constant by exogenous insulin infusion. In
addition, plasma glucose concentration is maintained constant at
euglycemia. The hypothalamic pathway through which hypotha-
lamic glucose suppresses EGP under clamp conditions was
described by Lam et al. [8] almost 20 years ago. Briefly, ICV
glucose is converted to lactate, ultimately leading to the activation
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(opening) of ATP-sensitive K™ channels (Karp channels) located at
the plasma membrane of neurons [8]. Suppression of EGP by
hyperglycemia is also mediated by central Korp channel activation
in humans [10]. Lam et al. [8] and a subsequent study [11] also
support the astrocyte-neuron lactate shuttle hypothesis, which
states that glucose is converted to lactate in astrocytes before
lactate is exported to the extracellular space, taken up by neurons,
where it is converted to pyruvate. Independent studies strongly
suggest that the hypothalamic pathway downstream of pyruvate
and upstream of Kap channel activation is as follows [12]:
pyruvate is converted to acetyl-CoA and subsequently malonyl-
CoA, which inhibits carnitine palmitoyl transferase-1 (CPT1),
resulting in long-chain fatty acyl CoA (LCFA-CoA) accumulation
in the cytosol [8, 13, 14]. LCFA-CoA accumulation in the cytosol
activates Karp channels [15-17], although to the best of our
knowledge, it has not been proven that LCFA-CoAs directly
activate hypothalamic Kap channels in the context of central
glucose-induced EGP suppression. This pathway is summarized in
Fig. 1A.

Various serine/threonine kinases can activate Karp channels in
cells, for example cGMP-dependent protein kinase (PKG) indirectly
activates Karp channels [18] and extracellular signal-regulated
kinase (ERK) [19], cAMP-dependent protein kinase (PKA) [20], and
PKC [21] directly phosphorylate, thereby activating, Karp channels.
PKC-6 has been implicated in hypothalamic lipid-induced EGP
suppression [22]. However, to the best of our knowledge, it is
unknown if such serine/threonine kinases mediate hypothalamic
glucose-induced EGP suppression. Similarly, alterations in
hypothalamic gene expression in the context of hypothalamic
glucose-induced EGP suppression has not been reported.

Suppression of EGP by ICV insulin also requires Katp channel
activation and is mediated by hypothalamic phosphatidylinositol
3-kinase (PI3K) [23]. We previously reported that Ola blocks the
ability of ICV insulin, but not of ICV diazoxide (a Katp channel
activator), to suppress EGP [24, 25]. These findings suggest that
impairment by Ola of hypothalamus-mediated decrease in EGP
may occur upstream of Karp channels or at the level of Kapp
channels through a mechanism different from diazoxide. It is
presently unknown, however, if antipsychotics disrupt nutrient
sensing by the CNS to suppress EGP. Thus, our objectives for this
study were: (1) to determine in vivo whether two antipsychotics
(i.e, Hal and Ola) acutely disrupt hypothalamic glucose sensing
resulting in dysregulated glucose homeostasis, and (2) explore
ex vivo the effects of central glucose administration on
hypothalamic physiological processes at the level of transcription
and kinase activity, and hypothesized disruptions by antipsycho-
tics on these glucose-modulated pathways.

MATERIALS AND METHODS

Animals

The study protocol was approved by the Centre for Addiction and Mental
Health (CAMH) Animal Care Committee and followed the Canadian Council
on Animal Care guidelines. Healthy male Sprague Dawley rats (300-400 g,
Charles River, Saint-Constant, QC, Canada) were maintained on a 12 h light/
dark with ad libitum access to food and water. Animals were pair-housed
and acclimatized to the facility for at least 1 week prior to surgeries.

Surgical procedures

Rats underwent ICV cannulation surgery as previously described [24].
Briefly, a cannula was inserted into the third cerebral ventricle under
isoflurane anesthesia at the following coordinates: anterior—posterior
—2.5mm, medial-lateral 0.0 mm, and dorsal-ventral —8.0 mm. The
cannula was secured in place using stainless steel screws (McCray Optical
Supply Inc., Scarborough, ON, Canada) and dental cement, and kept patent
with a steel stylet. Following ICV cannulation surgery, rats were housed
individually. Seven to eight days post-ICV surgery rats underwent right
jugular vein and left carotid artery cannulation surgery. Rats were
anesthetized using isoflurane and polyethylene catheters (PE-50, Clay
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Adams, BD Diagnostic, Mississauga, ON, Canada) capped with silastic
tubing (Dow Corning Corp., Midland, MI, USA) were inserted and advanced
to the right atrium (jugular vein) and the aortic arch (carotid artery).
Catheter lines were externalized dorsally and plugged with a pin. Animals
were allowed 3-5 days to recover before they underwent pancreatic
euglycemic clamps. Body weight and animal behavior were recorded daily
to ensure successful recovery from surgery.

Pancreatic euglycemic clamp

Rats underwent a pancreatic euglycemic clamp to assess changes in
glucose metabolism (Fig. 1B). Experiments began at approximately 9-10
a.m. and the clamp began after 4-6 h of fasting. Starting at 0 min and for
the duration of the 210 min study, clamp animals received a continuous
ICV infusion of vehicle or glucose (2 mM, 5 ul h ™) into the third ventricle of
the brain. The dose of ICV glucose infusion was based on postprandial
glucose levels in the CNS [8, 26]. A primed (20uCi) continuous
(0.5 uCi min~") intravenous infusion of [3->H] glucose (PerkinElmer, Wood-
bridge, ON, Canada) also began at 0 min and continued for the duration of
the clamp to assess glucose kinetics. At the 90 min time point, the clamp
phase was initiated via a primed continuous intravenous infusion of
somatostatin (3 ug kg*1 min~') to inhibit endogenous insulin secretion,
and exogenous insulin (1.1 mU kg~ 'min~") to replace insulin at basal
levels. After the 90 min time point, intravenous infusion of a 25% glucose
solution was initiated and its rate adjusted as required to maintain
euglycemia (i.e.,, basal blood glucose concentrations). A single subcuta-
neous (s.c.) injection of Ola (3 mg per kg of body weight; Toronto Research
Chemicals, Toronto, ON, Canada), Hal (0.25 mg per kg of body weight;
Toronto Research Chemicals) or vehicle was administered immediately
prior to initiation of the clamp phase, i.e., prior to 90 min. Dose of both
antipsychotics was chosen based on clinically relevant dopamine D2 brain
receptor occupancies [27-29]. These doses also correspond to previous
work done by our group using acute antipsychotic administration and
hyperinsulinemic euglycemic clamps [29]. Blood samples were taken from
the carotid artery at 10 min intervals to measure plasma glucose, insulin,
and [3-°H] glucose specific activity. Plasma and tissue samples were
collected and stored at —80°C for subsequent analyses. During the
pancreatic euglycemic clamp, there are two physiological and isotopic
steady states: a basal steady state (60-90 min) and a clamp steady state
(180-210 min). The basal steady state is also referred to as the basal period
while the clamp steady state is also known as the clamp period.
Treatments are written in the order ICV-s.c. and the experimental groups
in the study were: vehicle-vehicle (Veh-Veh), glucose-vehicle (Glu-Veh),
glucose-olanzapine (Glu-Ola), vehicle-olanzapine (Veh-Ola), glucose-
haloperidol (Glu-Hal), and vehicle-haloperidol (Veh-Hal). Rats were
randomly assigned to an experimental group; the investigator was not
blinded. At the end of the clamp, hypothalamus samples were collected
[30] and stored at —80 °C for future analyses.

Plasma analyses

Plasma glucose was measured using an Analox GM9 glucose analyzer
(Analox Instruments Ltd., Amblecote, UK). [3—>H] glucose radioactivity in
plasma was determined by deproteination with barium hydroxide and zinc
sulfate and subsequent evaporation to remove tritiated water. Total
glucose turnover (rate of appearance of endogenous + exogenous
glucose), which in steady state corresponds to glucose utilization (Rd),
was quantified based on plasma specific activity (i.e., radioactivity/glucose
concentration) during the basal period and the last 30 min of the clamp.
Glucose infusion rate refers to the rate of exogenous glucose infusion
during the last 30 min of the clamp. EGP was calculated by subtracting the
glucose infusion rate from total glucose turnover. Percent suppression of
EGP was calculated as follows: 100*(basal EGP-clamp EGP)/basal EGP.
Percent change in glucose utilization was calculated using the formula:
100%*(clamp Rd-basal Rd)/basal Rd. Plasma insulin was measured by ELISA
(Mercodia, Winston Salem, NC, USA).

Kinome array analysis

Kinome array analyses were carried out as previously described [31].
Briefly, hypothalamic samples were processed and loaded onto chips
containing immobilized peptide substrates containing consensus phos-
phorylation sequences that are targeted by serine/threonine kinases. This
technique permits detection of activity changes in tissue according to
treatment group in a large array of kinases, captured in real time. The
signal intensity detected by the PamStation12 instrument (PamGene
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Fig.1 Current hypothalamic glucose sensing pathway, pancreatic euglycemic clamp protocol, and glucose kinetics results. A Overview of
current understanding of hypothalamic glucose sensing pathway in the context of endogenous glucose production (EGP) suppression. The
dashed arrow indicates that a direct effect has not been reported in the context of ICV glucose. ACC acetyl-CoA carboxylase, CPT1 carnitine
palmitoyl transferase-1, GLUT1 glucose transporter-1, GLUT3 glucose transporter-3, Kxrp channel ATP-sensitive K™ channel, LCFA-CoA long-
chain fatty acyl CoA, LDH-A lactate dehydrogenase-A, LDH-B lactate dehydrogenase-B, MCT monocarboxylate transporter, PDH pyruvate
dehydrogenase, TCA tricarboxylic acid. Created with BioRender.com. B Schematic representation of the pancreatic euglycemic clamp with ICV
and subcutaneous infusions. ICV intracerebroventricular, IV intravenous. Created with BioRender.com. C Glucose infusion rate during clamp
period. D Percent suppression in EGP. E Percent change in glucose utilization. n = 5-9/group. *p < 0.05 vs. Veh-Veh.
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International) is proportional to the extent to which phosphoantibodies
bind phosphorylated peptides. For each peptide, group comparisons were
as follows: Glu-Veh vs. Veh-Veh, Glu-Ola vs. Glu-Veh, and Glu-Hal vs. Glu-
Veh. To determine which kinases were responsible for changes in the
phosphorylation of the peptides, random sampling analysis of kinases
identified with GPS 3.0, Kinexus Phosphonet (Kinexus Bioinformatics),
PhosphoELM, and PhosphoSite Plus was performed. Kinases with Z
score > | 1.5 |, which corresponds to a frequency approximately less than
or equal to 6.7 %, were included in the study. Z score, also known as
standardized deviate, is a way of standardizing a variable, for example
kinase activity, such that probabilities in a normal distribution correspond-
ing to a Z score can be easily obtained from commonly available tables
[32]. Hence, the greater the absolute value of Z score, the lower the
probability of the change in kinase activity being by random chance. The
acronyms for kinases refer to families (i.e., kinome random sampling
analyzer ID) and members of kinase families are in the Supplementary
Material; additional detail for the identification of a given kinase family is
provided within the main text when the kinase is of high relevance. Kinase
network modeling was also done as in Bentea et al. [31]; in essence, this
involved using databases to determine how protein kinases whose activity
was altered in a given comparison interact with each other.

RNA sequencing (RNA-seq) analysis

RNA sequencing analysis was performed as previously described [33].
Briefly, total RNA was extracted from hypothalamic samples using RNeasy
Mini kit (Qiagen, Hilden, Germany) with in-column DNase treatment using
RNase-Free DNase (Qiagen). RNA samples were then sent for commercial
sequencing service including sequencing library preparation and next-
generation sequencing. On average ~40 million paired end 150 bp reads
were generated per sample, which were aligned to rat reference genome
Rnor_6.0 provided by Ensembl using HISAT2 aligner. Count data were then
generated for the reads aligned to exons and transcripts using the
GenomicFeature and GenomicAlignments packages in R and gene model
(GTF file) provided by Ensembl. On average, 32 million unique reads aligned
to 32,754 genes considered for all downstream analysis, were obtained per
sample. After removing genes with low expression (fom <1 in less than a
half of samples), 16,056 genes were included in differential expression
analysis. The experimental design allowed the following contrasts to be
examined using the DESeq2 R package: Glu-Veh vs. Veh-Veh, Glu-Ola vs.
Glu-Veh, and Glu-Hal vs. Glu-Veh. Biological pathways affected in different
contrasts were determined using the following three gene set enrichment
analysis (GSEA) approaches: (1) full transcriptome pathway analysis,
including leading edge gene analysis, using fgsea R package, (2) targeted
pathway analysis consisting of top 10% of upregulated and downregulated
regulated genes using enrichR R package, (3) comparison of (1) and (2) (i.e.,
cross-pod comparison), which identified shared Gene Ontology (GO)
pathways between full transcriptome pathway analysis and targeted
pathway analysis. GO pathways are obtained from the GO Consortium,
which contains data of biological pathways derived from experiments.
Perturbagens that have concordant and discordant effects of the gene
signatures consisting of L1000 genes were retrieved for each contrast using
integrative LINCS (iLINCS). Mechanism of action and the gene targets were
annotated for each perturbagen using L1000 fireworks database and
DrugBank database. In other words, a perturbagen with a concordant
mechanism of action is a compound that, based on information found in
databases, results in a similar gene expression profile for a given comparison
in our study, while a perturbagen with a discordant mechanism of action is
a compound that, also based on information found in databases, causes the
opposite gene expression profile for a given comparison in our study.

Statistical analyses

For pancreatic clamp data, statistical analyses were done with GraphPad
Prism 9 and significance was set at p <0.05. Sample size estimate was
based on previously performed experiments. Clamp results are shown as
mean = SEM. One-way ANOVA with Dunnett’s post hoc test was performed
to assess differences between groups (comparison to Veh-Veh).

RESULTS

Plasma glucose and insulin concentrations were similar across
experimental groups (Supplementary Table). Glucose infusion rate
is a measure of whole-body glucose metabolism. Glucose infusion
rate was increased by ICV glucose (p < 0.05, Glu-Veh vs. Veh-Veh,
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Fig. 1C) and it was similar between the other groups and Veh-Veh
(Fig. 1Q). Hence, both Ola and Hal impaired whole-body glucose
metabolism stimulated by ICV glucose. ICV glucose suppressed
EGP (p <0.05, Glu-Veh vs. Veh-Veh, Fig. 1D), but no other group
was significantly different from Veh-Veh, indicating that Ola and
Hal blocked the ability of ICV glucose to reduce EGP. EGP
suppression for Glu-Hal was similar compared to Veh-Veh
(p =0.134). Glucose utilization was not affected in any of the
experimental groups (Fig. 1E). As in our previous work [24, 25],
during pancreatic (basal insulin) euglycemic clamps there was no
effect of either Hal or Ola in the absence of a homeostatic (i.e.,
glucose or insulin) challenge on any clamp derived parameters.
This is in keeping with other studies which employed a basal
pancreatic euglycemic clamp, or measured glucose kinetics
following Ola injection under basal conditions (i.e, no insulin
infusion) reporting no effect of Ola on glucose homeostasis
[34, 35]. This suggests that a nutrient or hormonal stimulus may be
necessary to observe acute antipsychotic-induced glucose
dysregulation.

To understand the underlying mechanisms of alterations in
glucose homeostasis caused by antipsychotics, high-throughput
protein kinase activity profiling of hypothalamus samples was
conducted using serine/threonine kinase (STK) chips. A heat map
displaying the extent of phosphorylation of the top 50 variable
peptides across experimental groups is shown in Supplementary
Fig. 1. For each comparison, the Z score for each kinase is in
Supplementary Fig. 2, while the log2 fold change for each peptide
is in Supplementary Fig. 3. The kinome array results represent
family of kinases. Interpretation of kinome array results focused on
kinases that can modulate key steps in the established
hypothalamic pathway required for ICV glucose to inhibit EGP
(Fig. 1A). Given lack of Ola or Hal effects on clamp parameters in
absence of a nutrient stimulus, we focused our analyses on kinases
activated or deactivated by ICV glucose, and respective effects on
glucose-stimulated kinase activity by each antipsychotic. The
kinases with differential activity between ICV glucose-infused
groups are shown in the Venn diagram in Fig. 2A. It is important to
note that the Venn diagram does not provide information
regarding the direction (increase vs. decrease) in kinase activity.
Kinases located in regions that overlap indicate that their activity
changed in more than one group comparison, while kinases in
regions that do not overlap indicate that their activity only
changed in one group comparison. The Venn diagram shows that,
in the context of ICV glucose, while Hal and Ola mostly affect the
activity of the same kinases, Ola has unique effects on kinase
activity that Hal does not. Directionality of changes in kinase
activity for each comparison is also shown, starting with the Glu-
Veh vs. Veh-Veh comparison in Fig. 2B. The black dots represent
relative signal intensity of peptides for a given kinase in the
expected range, i.e,, not affected by treatment, namely log2 fold
change —0.3 to 0.3, which is equivalent to a fold change of 0.8 to
1.2. If, for a given kinase, relative signal intensity of peptides was
above 1.2-fold change or below 0.8-fold change, they would be
shown as red rots, i.e., different among treatments. When Glu-Veh
was compared to Veh-Veh, various kinases were found to be
activated, since the red rots are located in the log2 fold change
>0.3 region (Fig. 2B). Specifically, ICV glucose-treated hypotha-
lamic tissue demonstrated activation of the following kinases:
TAO, STE7, SGK (SGK1-3), RSK, PLK, PKG, PKA, p21-activated kinase
(PAKB; PAK4-6), JNK, ERK, DYRK, DMPK, cyclin dependent kinase
family (CDK), AMP-activated protein kinase (AMPK), and Akt
(Fig. 2B). ICV glucose did not inhibit serine/threonine kinases in
the hypothalamus. The corresponding kinase network is shown in
Fig. 2C, with Akt and ERK showing prominence (diameter size) for
kinases with a Z score >2. In other words, Akt and ERK have the
highest number of interactions with other protein kinases.

In the context of ICV glucose, both Hal and Ola inhibited kinase
activity (Fig. 2D, E). The kinases inhibited by Hal were also
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Z2 | 1.5 | per comparison. B Log2 fold change in relative signal intensity of peptides for kinases with Z score > | 1.5 | for comparison of Glu-
Veh vs. Veh-Veh. C Kinase network model for comparison of Glu-Veh vs. Veh-Veh, where the circle diameter increases with interaction number.
D Log2 fold change in relative signal intensity of peptides for kinases with Z score > | 15 | for comparison of Glu-Hal vs. Glu-Veh. E Log2 fold
change in relative signal intensity of peptides for kinases with Z score > | 1.5 | for comparison of Glu-Ola vs. Glu-Veh. n = 4/group.

inhibited by Ola, but Ola inhibited more kinases than Hal (Fig. 2D, by ICV glucose, except STE7 (Fig. 2D, E). Hence, among the kinases
E). For example, Ola, but not Hal, inhibited PKCA. Hal decreased stimulated by ICV glucose, SGK and PAKB are differentially
the activity of kinases activated by ICV glucose, except STE7, SGK, affected by Hal and Ola (Fig. 2A). SGK is one of the key down-
and PAKB, while Ola decreased the activity of all kinases activated stream effectors of the PI3K pathway; the other key downstream
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effector of PI3K is Akt [36]. Since ICV glucose-induced Akt activity
is inhibited by Hal and Ola (Fig. 2B, D, E), both Hal and Ola inhibit
PI3K signaling, with Hal being more selective towards the PI3K-Akt
branch. As previously mentioned, hypothalamic PI3K mediates
suppression of EGP by ICV insulin [23]. To the best of our
knowledge, it has not been reported that PI3K in the hypotha-
lamus mediates suppression of EGP by ICV glucose.

Pathway analysis of kinome array results indicated which
pathways were generally stimulated by ICV glucose (Fig. 3A) and
which pathways were generally inhibited when Hal or Ola was co-
administered (Fig. 3B, C). Notably, two pathways that were
stimulated by ICV glucose, namely the hypoxia-inducible factor
1 (HIF-1) and vascular endothelial growth factor (VEGF) pathways,
were inhibited by Hal and Ola. It has been reported that glucose
upregulates expression of VEGF through various mechanisms,
including ROS-induced activation of the transcription factor HIF-1
[37-40]. VEGF stimulates various mediators, including PI3K, PKC,
nitric oxide synthase (NOS), and ERK via VEGF receptor 2 [41, 42].

RNA-seq analysis was also performed to examine transcriptional
changes caused by ICV glucose with and without antipsychotic
treatment (Supplementary Fig. 4). Interpretation of results focused
on mediators that are implicated in regulation of glucose
metabolism. Leading edge (LE) gene analysis shows the gene
expression driving most of the pathways for each comparison. For
the Glu-Veh vs. Veh-Veh comparison, top upregulated LE genes
included Vegfa and insulin-like growth factor 1 (Igf1), while top
downregulated genes included inflammatory cytokines (tumor
necrosis factor (Tnf), interleukin 13 (ll1b), and interleukin 6 (I16))
(Fig. 4A). For the Glu-Hal vs. Glu-Veh comparison, the pathways
affected by Hal were due to upregulation of inflammatory
cytokines and downregulation of ion channels (type 2 ryanodine
receptor (Ryr2), voltage-gated calcium channel 1.3 (Cacnald), and
voltage-gated potassium channel 7.1 (Kcnqg1)) (Fig. 4B). Similar to
Hal, Ola causes alterations in pathways due to upregulation of
inflammatory cytokine expression and interestingly, Ola has an
additive effect on Igf1 in the context of ICV glucose (Fig. 4C).

Top and bottom 10 cross-pod common pathways are in Fig. 5.
Cross-pod common pathways are GO pathways present in both
full transcriptome pathway analysis and targeted pathway
analysis, which uses the top 10% upregulated and downregulated
genes. As expected, ICV glucose upregulated hypothalamic
oxidoreductase activity, which is associated with increased
electron transport chain activity, and long-chain fatty acid
biosynthetic process, the first step of which is the conversion of
acetyl-CoA to malonyl-CoA (Fig. 5A). ICV glucose also down-
regulated chemokine activity and chemokine receptor binding
(Fig. 5A). When co-administered with ICV glucose, Hal or Ola
generally stimulated chemokine and proinflammatory pathways
and Ola also downregulated oxidoreductase activity (Fig. 5B, C).

Lastly, perturbagen analysis was performed to identify com-
pounds that imitate or inhibit the transcriptional effects of each
treatment comparison. A glucocorticoid receptor agonist, whose
effects include dampening inflammation and promoting fatty acid
synthesis [43, 44], was the top concordant mechanism of action
(MoA) for ICV glucose, while VEGFR inhibitor was among the top
discordant MoAs for ICV glucose (Fig. 6A), indicating that glucose
may act as VEGFR stimulator. For Glu-Hal vs. Glu-Veh, the top
concordant MoAs included Akt inhibitor and sodium channel
blocker (Fig. 6B). The latter is consistent with reports that Hal is an
inhibitor of voltage-gated sodium channels [45, 46]. For Glu-Ola vs.
Glu-Veh, PI3K inhibitor and VEGFR inhibitor were among the top
concordant MoAs (Fig. 6C).

DISCUSSION

Hypothalamic glucose sensing is established to play a key role in
regulation of energy balance. Elevated glucose levels are sensed
by the hypothalamus resulting in inhibition of food intake and
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reduction of glucose production. Conversely, glucopenia (or
inhibition of hypothalamic glucose sensing) promotes energy
intake and is associated with counterregulatory hormone release
to counter low glucose levels and increase fatty acid release from
adipose tissue [47-50]. While previous work by our group has
demonstrated that Ola can inhibit central insulin action resulting
in dysregulated hepatic glucose production and feeding [24, 51],
the effects of antipsychotics on brain glucose sensing have not
been examined. Importantly, glucose can act independently from
insulin (i.e., known as “glucose effectiveness”) to regulate hepatic
glucose production [52] and we have shown that antipsychotics
inhibit glucose effectiveness evaluated using an intravenous
glucose tolerance test (IVGTT) in humans [3]. In the current set
of data, we demonstrate that Ola and Hal reduce the rate of
exogenous glucose infusion required to maintain euglycemia
during ICV glucose administration, indicating impaired whole-
body glucose metabolism due to the ability of hypothalamic
glucose to suppress EGP. To further investigate mechanisms by
which Hal and Ola disrupt glucose effectiveness in the hypotha-
lamus, we employed kinome array and RNA-seq analyses of
hypothalamic samples. We report that ICV glucose stimulates the
VEGF pathway, PI3K pathway, and various kinases that can directly
activate Katp channels in the hypothalamus. Ola and Hal inhibit
these effects of ICV glucose. Although the ex vivo analyses
described herein do not establish causality, they are unbiased
approaches to narrow down the hypothalamic pathway(s) likely to
mediate glucose-induced EGP suppression and whole-body
glucose metabolism. Our summary of proposed hypothalamic
pathways involving alterations in serine/threonine kinase activity
and gene expression through which ICV glucose suppresses EGP
and which are inhibited by antipsychotics are shown in Fig. 6D.
PI3K in the hypothalamus is necessary for ICV insulin to
suppress EGP [23]. While ICV glucose stimulated Akt and SGK, 2
branches that are downstream of PI3K, Ola inhibited both kinases
and Hal inhibited Akt. Moreover, PI3K inhibitor is a concordant
MoA only for Ola. These findings suggest that Hal is a less potent
inhibitor of PI3K and may explain why there is a trend towards Hal
leaving ICV glucose-induced EGP suppression intact in our study.
PI3K can also be activated by factors other than insulin, including
VEGF [42]. Indeed, kinome array and RNA-seq results indicate that
the VEGF pathway is stimulated by ICV glucose and blocked by
antipsychotics. Interestingly, lactate, a metabolite of glucose that
suppresses EGP when administered ICV [8], increases VEGF
expression by engaging with its cell surface receptor, hydro-
carboxylic acid receptor 1 (HCAR1) [53]. Another factor that has
been reported to be upstream of PI3K is HIF-1 and we found that
the HIF-1 pathway is activated by ICV glucose, but inhibited by
antipsychotics. Accordingly, it has been reported that hypotha-
lamic HIF-1 inhibition reduces glucose tolerance [54]. A burst in
reactive oxygen species (ROS), for example due to increased
glucose availability and metabolism, stabilizes and increases the
activity of HIF-1 [38, 40]. HIF-1 augments the production of VEGF
[39], which may act in an autocrine or paracrine manner because
both astrocytes and neurons express VEGF and VEGR2 [55, 56].
Pyruvate dehydrogenase (PDH) converts pyruvate to acetyl-CoA in
the mitochondria. Since Ola and Hal can inhibit PDH through
various mechanisms, including direct interaction (in vitro) and
decreased gene expression [57, 58], the adverse effects of
antipsychotics on glucose sensing could be due to blunted ROS
production. Taken together, our results suggest that ICV glucose
may stimulate a hypothalamic glucose — HIF-1 — VEGF — PI3K
pathway that is inhibited by antipsychotics. However, an
alternative explanation is that if Ola and Hal inhibit PDH, then
the generation of acetyl-CoA and malonyl-CoA would be
diminished, thereby reducing CPT-1 inhibition and decreasing
cytosolic levels of LCFA-CoA, which can activate Kap channels,
resulting in suppression of EGP. Indeed, activation of PDH in the
hypothalamus is sufficient to suppress EGP [8]. Although our RNA-
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Fig. 3 Pathway analyses based on kinome array results. A Pathway analysis (KEGG 2021 Human) based on kinome array results for
comparison of Glu-Veh vs. Veh-Veh. B Pathway analysis (KEGG 2021 Human) based on kinome array results for comparison of Glu-Hal vs. Glu-
Veh. C Pathway analysis (KEGG 2021 Human) based on kinome array results for comparison of Glu-Ola vs. Glu-Veh. n = 4/group.
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Veh. n = 4/group except for Veh-Veh, for which n=3.

seq results suggest that neither fatty acid synthesis nor oxidation
are affected by antipsychotics (Fig. 4), it may be possible that there
are multiple parallel pathways through which hypothalamic
glucose suppresses EGP.

The primary event that needs to occur for hypothalamic
glucose sensing is entry of glucose into parenchyma and based
on previous reports, glucose entry into astrocytes via GLUT1 is
likely to be pivotal [8]. We cannot exclude the possibility that, in
our study, antipsychotics impaired glucose entry into cells,
thereby impairing glucose sensing, because it has been reported
that: (1) Ola and Hal can reduce glucose uptake [59, 60], (2)
reduction in hypothalamic GLUT1 blunts suppression of EGP by
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hypothalamic glucose [61], and (3) VEGF can increase GLUT1
expression [62].

Ultimately, the ability of ICV glucose to suppress EGP depends
on activation of hypothalamic Karp channels [8]. We found that
ICV glucose stimulates the activity of kinases capable of directly
activating Karp channels, namely ERK and PKA [19, 20], while Hal
and Ola inhibit them. Interestingly, ERK can be activated by
VEGF and HCART1 [42, 63], while PKA can be activated by VEGF
[64]. Moreover, VEGF activates nitric oxide synthase (NOS) via
PKA and Akt [41, 42, 64]. NOS generates nitric oxide (NO) and
the NO-PKG pathway can indirectly activate Karp channels [18].
Interestingly, we found that while ICV glucose increased PKG
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Fig. 5 Cross-pod common pathway analyses. Cross-pod common pathway analysis for (A) Glu-Veh vs. Veh-Veh, (B) Glu-Hal vs. Glu-Veh, and
(€) Glu-Ola vs. Glu-Veh. n = 4/group except for Veh-Veh, for which n=3.

activity, Hal and Ola inhibited it. It has been reported that Hal
can directly inhibit Karp channels, but it is unclear if the high
concentrations required for this inhibition are reached in vivo,
especially in our study, where we used a single subcutaneous
injection [65]. Thus, the inhibition of the kinases may be indirect,
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by inhibition of glucose uptake and thereby their activation by
glucose.

Another way that kinases can affect Kyrp channel function is by
controlling the rate at which Karp channels are trafficked to the
cell membrane. Two kinases activated by ICV glucose and
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inhibited by antipsychotics in our study, namely AMPK and PKA,
have been found to promote trafficking of Kap channels to the
cell membrane [66]. It has also been reported that Hal and Ola
inhibit AMPK [57, 67]. The possibility that Karp channel trafficking
is impaired by antipsychotics is further substantiated by our RNA-
seq results, which indicate that Ola and Hal generally diminish
expression of genes involved in remodeling of the cytoskeleton
(Fig. 5), a process that is required for Karp channel trafficking [66].

However, we have recently reported that Ola does not block the
ability of diazoxide, which stimulates Karp channels, to suppress
EGP in experimental conditions similar to the current study [25].
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Hence, either the dose of diazoxide overpowered the inhibitory
effects of Ola on Katp channels or Ola’s impairment of glucose
sensing occurs predominantly through other (upstream) mechan-
isms. Regarding the former possibility, it is relevant to note that
diazoxide and ERK and PKA act on different subunits of the Karp
channel. The Karp channel consists of channel-forming and
regulatory subunits, namely Kir6.2 and SUR1 respectively in
neurons [68, 69]. Diaxozide interacts with the SUR1 subunit [70]
while ERK and PKA phosphorylate the Kir6.2 subunit [19, 20]. It is
unclear if stimulation of one subunit can override reduced
activation of another subunit.
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It has been reported that in the mediobasal hypothalamus,
activation of AMPK ablates EGP suppression by glucose infused
into the mediobasal hypothalamus [71]. In contrast, we found that
ICV glucose activates hypothalamic AMPK. We assessed AMPK
activity in the entire hypothalamus, not just parenchyma in a
specific location such as the mediobasal hypothalamus, so it is
feasible that glucose has different effects on AMPK activity in
different regions and cell types of the hypothalamus. In
agreement with our studies, AMPK activation has been reported
to be necessary for glucose sensing by two populations of
hypothalamic neurons important for the regulation of whole-body
glucose metabolism and energy balance, namely proopiomelano-
cortin (POMC) and agouti-related protein (AgRP) neurons [72].

Our study has various limitations. First, our findings are
hypothesis-generating and do not establish causality. The links
between potential mediators in our proposed mechanism are
based on published literature. We also did not assess the effects of
ICV glucose with or without antipsychotic administration on LCFA-
CoA and phosphatidylinositol 3,4,5-triphosphate (PIP;, which is
generated by PI3K), both of which can interact with and activate
Katp channels [15-17, 73]. Although a hypothalamic LCFA-CoA —
PKC-6 pathway mediates lipid-induced EGP suppression [22], we
only found that ICV glucose activated the PKC family of kinases at
a Z score < | 1.5 | (Fig. 2C), which does not robustly support a role
for hypothalamic PKC in mediating ICV glucose-induced suppres-
sion of EGP. However, this may not completely rule out the
possibility of a causal role for hypothalamic PKC-6 pathway in
glucose sensing because the kinome array does not differentiate
between PKC isoforms. It has been reported that Ola depletes
Krebs cycle intermediates and malonyl-CoA in skeletal muscle [74].
If this occurs in neurons, a decrease in cytosolic LCFA-CoA and
Katp channel inactivation would be expected. Second, we used
entire hypothalamus samples for ex vivo analyses and therefore,
we cannot pinpoint to which cell types our findings apply.

In conclusion, we report that ICV glucose activates various
kinases as well as the VEGF pathway in the hypothalamus and that
Hal and Ola disrupt central glucose effectiveness. Our findings
have clinical implications; glucose suppresses EGP via the CNS in
humans [10] and the loss of central glucose sensing in the
presence of antipsychotics may at least partly explain the high
rates of impaired glucose metabolism in patients treated with
these agents. Blockade of central glucose sensing would also be
expected to result in impairments of appetite regulation [47, 48],
and hepatic secretion of triglyceride rich lipoproteins [49],
potentially explaining dysregulation of feeding and lipid home-
ostasis by these agents. As a final point, we are reminded that
glycolysis in glial cells generates lactate, which beyond a key role
in regulation of metabolic homeostasis, represents the primary
fuel source of neuronal cells and is critical to homeostatic
functions such as cognition [75]. Thus, examining central glucose
sensing in the illness of schizophrenia and its interactions with
antipsychotic treatments has the potential to provide clues also as
to mechanisms of drug action, and possibly failure of these drugs
to improve key domains of psychopathology such as cognitive
function. Overall, our results provide the groundwork for
intervention studies to attenuate antipsychotic-induced impair-
ments of glucose metabolism at the level of the liver and other
tissues.
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