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Abstract

Proglucagon-derived peptides, especially glucagon-like peptide-1 (GLP-1) and its long-acting
mimetics, have exhibited neuroprotective effects in animal models of stroke. Several of these
peptides are in clinical trials for stroke. Oxyntomodulin (OXM) is a proglucagon-derived peptide
that co-activates the GLP-1 receptor (GLP-1R) and the glucagon receptor (GCGR). The
neuroprotective action of OXM, however, has not been thoroughly investigated. In this study, the
neuroprotective effect of OXM was first examined in human neuroblastoma (SH-SY5Y) cells and
rat primary cortical neurons. GLP-1R and GCGR antagonists, and inhibitors of various signaling
pathways were used in cell culture to characterize the mechanisms of action of OXM. To evaluate
translation in vivo, OXM-mediated neuroprotection was assessed in a 60-minute, transient middle
cerebral artery occlusion (MCAO) rat model of stroke. We found that OXM dose- and time-
dependently increased cell viability and protected cells from glutamate toxicity and oxidative
stress. These neuroprotective actions of OXM were mainly mediated through the GLP-1R. OXM
induced intracellular cAMP production and activated cAMP-response element-binding protein
(CREB). Furthermore, inhibition of the PKA and MAPK pathways, but not inhibition of the PI3K
pathway, significantly attenuated the OXM neuroprotective actions. Intracerebroventricular
administration of OXM significantly reduced cerebral infarct size and improved locomotor
activities in MCAO stroke rats. Therefore, we conclude that OXM is neuroprotective against
ischemic brain injury. The mechanisms of action involve induction of intracellular CAMP,
activation of PKA and MAPK pathways and phosphorylation of CREB.
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Introduction

Oxyntomodulin (OXM), an endogenous proglucagon-derived intestinal peptide, was isolated
from porcine jejunoileum extract in 1981. OXM contains a 29-amino acid sequence of
glucagon followed by 8 amino acids at its carboxyl-terminus. It was mainly produced in
enteroendocrine L-cells and released together with glucagon-like peptide-1 (GLP-1) in
response to food intake. Since OXM modulated gastric acid secretion in gastric oxyntic
glands, it was named “oxyntomodulin” (Bataille et al., 1981). OXM is a dual agonist for the
GLP-1 receptor (GLP-1R) and the glucagon receptor (GCGR) (Pocai et al., 2009). Limited
reports have indicated that OXM activities control nutrition and metabolism in the periphery
(Estall and Drucker, 2006; Tan and Bloom, 2013), and reduce pancreatic p-cell apoptosis
(Maida et al., 2008). OXM improved glucose tolerance, inhibited food intake, increased
energy expenditure, and reduced body weight in both rodents and humans (Dakin et al.,
2004 and Wynne et al., 2006). Several long-acting OXM analogues, which avoid rapid
inactivation of OXM by dipeptidyl peptidase-4 (DPP4), are currently under investigation in
clinical trials for the treatment of type 2 diabetes mellitus (T2DM) and obesity (Santoprete
etal., 2011, Bagger et al., 2015 and Muppidi et al., 2016).

OXM can cross the blood brain barrier (BBB) through mechanisms similar to those of
GLP-1 (Kastin et al., 2002). We previously demonstrated that the GLP-1R agonists
exenatide and liraglutide had neuroprotective and neurotrophic effects in cell and animal
models of ischemic stroke, traumatic brain injury, Parkinson's disease (PD), Alzheimer's
disease (AD) and ALS (Li et al., 2009, Li et al., 20103, Li et al., 2012, Salcedo et al., 2012,
Eakin et al., 2013, Greig et al., 2014). These data, together with findings by other groups
(Bassil et al., 2014; Holscher 2014; Darsalia et al., 2015; Athauda & Foltynie 2016 and
Kuroki et al., 2016), suggest that incretin- based anti-diabetic drugs are neuroprotective and
hold promise for repurposing as a treatment strategy for neurodegeneration. Positive pre-
clinical data on these compounds has led to several ongoing clinical trials, such as a recent

Exp Neurol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

successful open label clinical trial of exenatide in Parkinson's disease patients (Aviles-Olmos
et al., 2013). Unlike GLP-1 or glucagon, the CNS effect of OXM has not been well
examined (Bataille and Dalle, 2014). One recent study has indicated that D-Ser2-
oxytomodulin, a protease-resistant OXM analogue, improved locomotor activities and
protected dopaminergic neurons in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model of PD (Liu et al., 2015). The neuroprotective actions of OXM, however, have
yet to be fully characterized in other neurodegenerative conditions, including stroke that
involves both necrotic and apoptotic cell death where the actions of OXM remain unknown.

We hypothesize that OXM is neuroprotective in ischemic stroke based on its structural
similarity with other glucagon-derived peptides, its anti-apoptotic actions in pancreatic -
cells, and its features of inducing intracellular cAMP and glucoregulatory effects. Elevations
in intracellular cAMP levels, whether the consequence of activation of membrane receptors
by neuropeptides, classical neurotransmitters or other protein-ligand interactions, have long
been associated with plasticity and cytoprotection within the nervous system (Silveira and
Linden, 2006; Sakomoto et al., 2011). Of note, obesity and T2DM, for which OXM
analogues are being evaluated as treatment strategies, are major risk factors for stroke
(Najarian et al., 2006; Chen et al., 2016). Based on these factors, it is feasible that OXM may
be a potentially useful therapy, which targets stroke and metabolism (Shankar et al., 2013).
In this study, we characterize the neuroprotective effects of OXM peptide in cellular and
animal models of stroke. Our data suggest that OXM is, indeed, a potentially neuroprotective
agent against ischemic stroke and warrants further evaluation.

Materials and Methods

Materials

Cell culture

Oxyntomodulin was purchased from the Phoenix Pharmaceuticals (Burkingama, CA).
GLP-1R antagonist Exendin 9-39 was obtained from Anaspec (Fremond, CA). GCGR
antagonist des-His1-[Glu9]-Glucagon (1-29) amide was purchased from Tocris
(Minneapolis, MN). The kinase inhibitors, H89, LY294002 and U0126 were purchased from
Calbiochem (Gibbstown, NJ). All other reagents were from Sigma (St. Louis, MO), unless
otherwise stated.

SH-SY5Y cells, obtained from American Type Culture Collection (Manassa, VA), and SH-
hGLP-1R#9 cells, a human GLP-1R over-expressing cell line derived from SH-SY5Y cells
were maintained as described previously (Li et al., 2010b). Primary cultures of cortical
neurons (PCN) were prepared from embryonic day 15 Sprague-Dawley rats in accordance
with approved procedures by the Animal Care and Usage Committee of the National Health
Research Institutes, Taiwan, and were cultured as previously described (Howard et al., 2008;
Yu et al., 2016). They were maintained and evaluated from 10 day in vitro (DIV) onward.
Briefly, brain cortices from E15 embryos were pooled and digested for 20 min in 0.05%
trypsin-ETDA (0.2% (Invitrogen, Carlsbad, CA), 37°C, 1 ml/embryo). Cortices were
triturated and then diluted into plating media (Neurobasal media (Invitrogen) containing 2%
heat-inactivated fetal bovine serum (Sigma-Aldrich, St Louis, MO), 2% B27 supplement
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(Invitrogen), 0.5 mM I-glutamate with and without antioxidants (AQ) supplement (on DIV 3
and 5 (with AO) and DIV 7 and 10 (without AO)) at 2 ml/fembryo. Following evaluation of
viability, cells were then plated at 5x104 viable cells/well in 0.2 ml plating media into 96
well plates pre-coated with 0.15-0.2% polyethyleneimine in 150mM sodium borate, pH 8.5
(Sigma-Aldrich). Plated cells were maintained in a 37°C humidified incubator with 5.5%
COy, and fed by 50% media exchange on DIV3, 5, 7 and 10 with feed media.

Cell viability assays

CAMP assay

Cell viability was assessed via 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay performed in 96-well plates. Cells
were serum-starved (with 0.5% of serum) overnight before pretreatment with various
concentrations of OXM for 1 h. Cells were then exposed to different concentrations of
glutamate or H,O5, for either 24 h or 48 h, time points selected from prior studies. Glutamate
concentrations were selected from concentration-dependent pilot studies focused to provide
a statistically significant but submaximal loss of viability. A CellTiter 96 Aqueous One
Solution Cell Proliferation Assay kit (Promega, Madison, WI) was utilized to measure a
formazan product, which is directly proportional to the cell viability.

Cells grown in 24-well plates were first serum-starved overnight and then treated with
various concentrations of OXM (109, 10", 107 M) in serum-free media for 15 min at 37°C.
Cells were then lysed with 0.1 M HCI containing 0.5% Triton x-100 for 10 min at room
temperature. Cell lysates were collected and centrifuged at 600g at room temperature to
remove cell debris. Supernatants were directly used for cAMP measurement. Intracellular
CAMP content was determined using the Direct cAMP ELISA kit (Enzo Life Sciences, Inc.,
Farmingdale, NY), as per the manufacturer's protocol for the acetylated version.

Immunocytochemistry

At 48 h after drug treatment, PCN cells were fixed with 4% paraformaldehyde (PFA) for 1 h
at room temperature. After removing the 4% PFA solution, cells were washed with
phosphate-buffered saline (PBS), and the fixed cells were treated with blocking solution
(2% BSA, 0.1 % Triton X-100, and 5 % goat serum in PBS) for 1 h. The cells were then
incubated with a mouse monoclonal antibody against MAP2 (1:500; Millipore, Billerica,
MA\) for 1 day at 4 °C. The cells were next rinsed three times in PBS and treated with a
secondary antibody (AlexaFluor 488 goat anti-mouse Ab, 1:500, Invitrogen, Carslbad, CA).
Images were acquired using a monochrome camera Qil-mc (Diagnostic Instruments, Inc.,
Sterling Heights, MI) attached to a NIKON TE2000 inverted microscope (Nikon, Melville,
NY). Data were analyzed using NIS Elements AR 3.2 Software (Nikon).

Western Blotting

Cells grown in 100 mm-plates at a density of approximately 5 x 106 cells were used to
extract total protein. Standard Western Blotting procedure was used with approximately 50
ug of protein extracts for all samples. cCAMP-response element-binding protein (CREB) and
phospo-CREB (pCREB) antibodies from Cell Signaling (Danvers, MA) were used at a
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dilution of 1:1000. Glucagon receptor antibody from Novus Biologicals (Littleton, CO) was
used at a dilution of 1:500. a.-tubulin antibody from Sigma was used at a dilution of 1:5000.
Densitometric quantification of the protein bands was performed using a PC version of NIH
IMAGE (ImageJ software).

Animals and drug administration

Adult male Sprague-Dawley rats were used and treated in accordance with the Guide for the
Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) on protocols approved by the Animal Care and Usage
Committee of the National Health Research Institutes, Taiwan. Briefly, animals were
anesthetized with chloral hydrate (0.4 g/kg, i.p.). As a proof of concept, following
randomization of animals into groups, either OXM (20 g in 20 pl sterile physiological
saline per rat) or vehicle (20 pl sterile physiological saline per rat) was given
intracerebroventricularly through a 25 pl Hamilton syringe 15 min before a 60 min MCAo.
The coordinates for intracerebroventricular injections were: 0.8 mm posterior to the bregma;
1.5 mm lateral to the midline; 3.5 mm below the dura surface. The speed of injection was
controlled by a syringe pump at a rate of 2.5 ul per min. The needle was retained in place for
5 min after injection. After injection, a piece of bone wax (W810, Ethicon) was applied to
the skull defect to prevent leakage of the solution.

MCA ligation

The right middle cerebral artery (MCA) was transiently occluded as previously described
(Luo et al., 2009). In brief, the bilateral common carotids (CCAs) were ligated with
nontraumatic arterial clips. A craniotomy of about 2 x 2 mm? was made in the right
squamosal bone. The right MCA was ligated with a 10-O suture, as previously described
(Luo et al., 2009), to generate focal infarction in the cerebral cortex. The ligature and clips
were removed after 60 min ischemia to generate reperfusional injury. Core body temperature
was monitored with a thermistor probe and maintained at 37 °C with a heating pad during
anesthesia. After recovery from anesthesia, body temperature was maintained at 37 °C using
a temperature-controlled incubator. Immediately after recovery from anesthesia, an elevated
body swing test was used to evaluate the success of MCAo surgery, and animals were
randomized between treatment vs. vehicle groups.

Behavioral assay

Animals were placed in an Accuscan activity monitor (Columbus, OH) for 24 h at 2 days
after MCAo for behavioral recording, as previously described (Shen and Wang, 2010). The
monitor contains 16 horizontal infrared sensors spaced 2.5 cm apart. Each animal was
placed in a 42 x 42 x 31 cm plexiglass open box. Food and water were provided. Motor
activity was calculated using the number of beams broken by the animals.

Triphenyltetrazolium chloride (TTC) staining

Three days after MCAo, animals were culled by decapitation. The brains were removed,
immersed in cold saline for 5 minutes, and sliced into 2.0 mm thick sections. The brain
slices were incubated in 2% TTC (Sigma), dissolved in normal saline for 10 minutes at room
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temperature, and then transferred into a 5% formaldehyde solution for fixation. The area of
infarction on each brain slice was measured double blind using a digital scanner and the
Image Tools program (University of Texas Health Sciences Center, San Antonio, TX).

Statistical Analysis

Results

Data are presented as mean * standard error mean (SEM) and were analyzed by Prism
software. One-way or two-way analysis of variance (ANOVA) tests are used for comparison
of multiple samples, followed by post hoc tests (Newman-Keuls test and Dunnetts test). *P
<0.05, **P <0.01, ***P <0.001.

OXM induces intracellular cAMP production and activates the CREB pathway

The effect of OXM on intracellular cCAMP levels was examined in human neuroblastoma
SH-SY5Y and #9 cells (a stable SH-SY5Y cell line that overexpresses the hGLP-1R) (Li et
al., 2010b and Li et al., 2015). We previously reported GLP-1Rs were present in SH-SY5Y
and #9 cells (Li et al., 2009 and Li et al., 2010b). In this study, we validated this finding and
further demonstrated the presence of the GCGR in SH-SY5Y and #9 cells via Western blot.
The expression of GLP-1R protein is increased about 2-fold in #9 cells compared to original
SH-SY5Y cells, while the expression levels of GCGR are similar in these two cell lines
(Figure 1A). Cells were treated with OXM (1, 10, 100 nM) or vehicle for 15 min under
serum-free conditions. Intracellular cAMP levels were analyzed via ELISA. We found that
OXM at the highest doses marginally increased cCAMP levels in the SH-SY5Y cells (p= 0.06,
Figure 1B), which were significant at 10 min (p=0.03, not shown). A significant and dose-
dependent increase in intracellular cAMP by OXM was found in #9 cells at both time points
(p < 0.01, Figure 1C). These data suggest that OXM can induce cAMP response in neuronal
cells, and that this response is at least partially mediated through the GLP-1 receptor as #9
cells have enhanced GLP-1R signaling.

We next examined whether or not OXM activated the cAMP/CREB signaling pathway,
which plays a key role in promoting neuronal growth and survival (Rydel and Greene, 1988;
Silveira and Linden, 2006; Sakomoto et al., 2011). pCREB and CREB protein levels in SH-
SY5Y cells were determined by Western blot analysis after treatment with 100 nM OXM.
The ratio of pCREB/CREB was significantly increased (2-fold) by OXM treatment as
compared to control, indicating that OXM activates the CREB pathway in SH-SY5Y cells
(Figure 1D). Our results also indicate that OXM is functional in both SH-SY5Y and #9 cells,
although the latter are far more sensitive due to elevated expression levels of the GLP-1R,
again suggesting importance of the GLP-1R to the actions of OXM in neurons.

OXM dose- and time-dependently promotes cell proliferation

SH-SY5Y and #9 cells were treated with OXM (0, 1, 10, 100, 1000 nM) for 24 or 48 h, and,
thereafter, cell viabilities were assessed via MTS assay. There were no changes in SH-SY5Y
cell viabilities after 24 h OXM treatment (Figure 2A). However, in hGLP-1R overexpressing
#9 cells, cell viabilities were significantly increased at 24 h after OXM treatment (=10 nM,

Figure 2A). At 48 h, OXM (= 10 nM) significantly enhanced cell viability in both SH-SY5Y
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and #9 cells (Figure 2B). Taken together, these data suggest that OXM dose- and time-
dependently promoted neural cell proliferation /n vitro. Increases in cell viability due to
OXM treatment are enhanced by GLP-1R overexpression, which reiterates the important
role of the GLP-1R in the actions of OXM in neurons.

OXM dose-dependently protects against glutamate toxicity and oxidative stress in
neuronal cells

SH-SY5Y and #9 cells were pretreated with OXM (0, 1, 10, 100, 1000 nM) for 1h before
glutamate or H,O, administration. Cell viability was examined by the MTS assay at 24h
after drug treatment. Evaluated at 24 h, glutamate or H,O, significantly reduced cell survival
(Figure 3). In SH-SY5Y cells, OXM (1 to 1000 nM) effectively reduced glutamate (100
mM)-mediated cell death (Figure 3A). A higher concentration (150 mM) of glutamate
induced yet greater cell death (70% vs. 20%). In accord with this, a high dose of OXM (100
nM) was required to reduce glutamate (150 mM) toxicity (Figure 3A). It has been reported
that #9 cells were relatively resistant to toxins due to enhanced GLP-1R expression (Li et al.,
2010b). In line with this, in our experiment glutamate (150 mM) induced 70% cell death in
SH-SY5Y cells, and 30% in #9 cells (Figure 3A). We demonstrated that glutamate toxicity
was ameliorated by OXM (= 10 nM) in #9 cells (Figure 3A, lower panel). Similarly, a 150
UM H,0, insult significantly reduced #9 cell viabilities, which likewise were protected by
OXM ((= 10 nM, Figure 3B).

Neurotrophic and neuroprotective effects of OXM are mediated through GLP-1R but not

GCGR

Using specific antagonists against the GLP-1R and the GCGR, we evaluated the relative
influence of the GLP-1R and GCGR on the neurotrophic and neuroprotective effects of
OXM. As shown in Figures 2 and 3, OXM treatment increased SH-SY5Y and #9 cell
viabilities, as a marker of neurotrophic and neuroprotective actions, respectively (Li et al.,
2010b). Blocking the GCGR with a 100-fold greater concentration of GCGR antagonist,
des-His1-[Glu9]-Glucagon (1-29) amide, did not alter the neurotrophic effect of OXM in
either cell line (Figure 4A). On the other hand, the neurotrophic effect of OXM was totally
abolished with the addition of 100-fold greater concentration of GLP-1R antagonist, exendin
9-39, evaluated at two different doses of OXM (Figure 4B). These results show the essential
role of the GLP-1R in the neurotrophic effect of OXM. Furthermore, the addition of 100-
fold exendin 9-39, but not des-His1-[Glu9]-Glucagon (1-29) amide, attenuated the
neuroprotective effect of OXM against glutamate in both cell lines (Figure 4C). Altogether,
our data indicate that the neurotrophic and neuroprotective actions of OXM were chiefly
mediated through the GLP-1R.

Signaling pathways involved in the neurotrophic action of OXM

To evaluate relevant signaling pathways underpinning neurotrophic action, serum-starved #9
cells were incubated with the PKA inhibitor H89 (10 uM), PI3K inhibitor LY294002 (10
M) or MEK inhibitor U0126 (5 pM) (MEK1/2) for 20 min. OXM (10 nM) was thereafter
added, and cell viability was assessed via MTS assay at 24 h. As evident in Figure 4D,
inhibition of PKA by H89 and of MEK1/2 by U0126 significantly attenuated the
neurotrophic effect of OXM, whereas inhibition of PI3K by LY294002 did not significantly
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effect cell viability. Our data thus suggest that the PKA and MAPK, but not PI3K, pathways
play essential roles in the neurotrophic action of OXM.

OXM dose-dependently reduces glutamate-mediated neurotoxicity in primary cortical

neurons

To evaluate translation of the neuroprotective action of OXM from an immortal human cell
line with neuronal features to cultured neurons, rat primary cortical cultures were exposed to
glutamate (100 pM) and then treated with either OXM (1 pM) or vehicle on DIV10. Cell
survival was assessed using microtubule-associated protein 2 (MAP2) immunostaining at 48
h after OXM treatment, as MAP2 is a neuron specific protein that plays a role in maintaining
dendritic structure through its interaction with microtubules. The timeline of primary neuron
maintenance, treatment and immunostaining is shown in Figure 5A. Glutamate reduced
MAP2 immunoreactivity, which was significantly antagonized by post-treatment with OXM
(p<0.001, Figure 5B). Typical photomicrographs are displayed in Figure 5B. In a separate
experiment, PCNs were pre-treated with either vehicle or OXM (10 and 100 nM) for 1 h,
and then exposed to glutamate at a concentration of 150 uM. After 24 h, glutamate induced
significant cell death in vehicle treated cells. OXM dose-dependently protected the cortical
neurons. Cell viability was significantly higher in 200 nM OXM treated cells than in cells
treated with glutamate alone (p<0.01, Figure 5C).

Intracerebroventricular administration of OXM improves locomotor activity in stroke rats

The schematic of this /n vivo experimental design is shown in Figure 6A. In this proof of
principle study, rats received intracerebroventricular injections of either OXM or vehicle 15
min before a 60-min MCAo. This route, rather than systemic administration, was selected to
ensure OXM presence within the brain and to thereby safeguard against pharmacokinetic
confounds (such as blood-brain barrier permeability and short systemic half-life) impacting
potential OXM efficacy. Eleven rats were used for behavioral analysis two days after MCAo.
Animals were housed in the activity chamber for 24 h. Pretreatment with OXM (n=5),
compared to vehicle (n=6), significantly increased horizontal activity (p=0.005), movement
number (p=0.020), movement time (p=0.003), total distance travelled (p=0.002), vertical
activity (p=0.002), vertical movement number (p=0.018), and vertical movement time
(p=0.007). Conversely, rest time was significantly reduced by OXM (p=0.003). These data
suggest that OXM, given intracerebroventricularly, significantly improved locomotor
function in the stroke rats (Figure 6B).

OXM significantly reduces cerebral infarction in rat model of stroke

Stroke rats (n=11) were euthanized 3 days after MCAo0. A total of 7 brain slices (each 2 mm)
were collected from each brain. The area of infarction was quantified after TTC staining.
Typical TTC histological images from animals receiving either OXM or vehicle are shown
in Figure 6C. We found that treatment with OXM significantly reduced the extent of cortical
infarction compared to vehicle pretreatment (Figure 6C) (p=0.006).
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Discussion

In this study, we demonstrate for the first time that native OXM peptide is both neurotrophic
and neuroprotective against glutamate toxicity and oxidative stress in cultured human SH-
SY5Y neuroblastoma cells and rat primary cortical neurons, two cellular models that are
widely used to evaluate neurotrophic and neuroprotective actions of experimental
therapeutics in neurological drug development (Li et al., 2009; Melo et al., 2011; Lilja et al.,
2013; Inaba-Hasegawa et al., 2013; Sharma et al., 2014). OXM treatment significantly
increased cell viabilities as assessed both by MTS assay and immunoreactivities of neuronal
marker MAP2. To evaluate in vivo translation, in the rat MCAo stroke model, pre-treatment
with OXM through intracerebroventricular administration significantly reduced cortical
infarction sizes and improved locomotor activities. Our data hence support the concept that
OXM and analogues is a potential neuroprotective agent that may have relevance to the
treatment of stroke and other neurological disorders.

Both the GLP-1R and GCGR are G protein-coupled receptors (GPCR) that are members of
the secretin receptor-like family of seven transmembrane-spanning domain proteins. These
group B receptors additionally include GPCRs that selectively bind glucose-dependent
insulinotropic peptide (GIP), vasoactive intestinal peptide (VIP), pituitary adenylyl cyclase-
activating peptide (PACAP) and other peptides (Harmar 2001; Nadkarni et al., 2014), several
of which have demonstrated neuroprotective actions (Dejda et al., 2005; Brenneman 2007,
Lietal., 2016; Yu et al., 2016). Heterotrimeric stimulatory (Gs) GTP-binding proteins are
activated in response to GLP-1R and GCGR agonist binding, and they couple agonist
occupancy to the stimulation of transmembrane adenylyl cyclases that in neurons, like
pancreatic p-cells, catalyze conversion of ATP to cytosolic CAMP, a second messenger that
then activates key downstream proteins (Campbell and Drucker, 2013; Nadkarni et al.,
2014). With this knowledge and strong evidence indicating that cAMP induces gene
transcription through the activation of cAMP-dependent PKA and subsequent
phosphorylation of the transcription factor CREB at Ser-133 (Delghandi et al., 2005;
Sakomoto et al., 2011), we therefore probed neuronal cells and demonstrated that OXM
increased intracellular cAMP levels and activated CREB. With the use of specific pathway
inhibitors, we also found that among the downstream signaling pathways that OXM is
known to stimulate, the PKA and MAPK pathways are essential to the neuroprotective effect
of OXM, while the PI3K pathway is not. This is different from our previous findings on the
neuroprotective effect of GLP-1, which relies on the PKA and PI3K pathways more than the
MAPK pathway (Li et al., 2010b). Indeed, others have shown distinct stimulation patterns of
OXM and GLP-1 in hypothalamic pathways (Chaudhri et al., 2006). These differences could
be due to the different affinities of OXM and GLP-1 to the GLP-1R, or to their distinct
interactions with the GCGR. The neuroprotective effects of glucagon have been reported in
the literature. The mechanism of glucagon's neuroprotection is suggested mediated through
stimulation of the cAMP/PKA pathway and reduction of neurotoxic glutamate (Fanne et al.,
2011 and Armstead et al., 2011). It is also possible that OXM may stimulate a specific yet to
be discovered receptor that explains these differences. OXM signaling in general, and its
neuroprotective signaling pathways in particular, are still largely unexamined.
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OXM is a natural peptide that interacts with both the GLP-1R and GCGR. With the use of
receptor-specific antagonists, our results also suggest that the GLP-1R plays a more
important role than does the GCGR in the neurotrophic and neuroprotective actions of
OXM. Across a variety of non-neuronal cell lines, OXM is reported to be a low potency full
agonist for cAMP accumulation from the GLP-1R (Schepp et al., 1996; Jorgensen et al.,
2007) and the GCGR (Jorgensen et al., 2007). It additionally is a full agonist for recruitment
of G protein-coupled receptor kinase (GRK) 2, B-arrestin 1 and p-arrestin 2 to the GCGR;
whereas, at the GLP-1R, OXM is only a partial agonist for these actions (Jorgensen et al.,
2007). Nonetheless, OXM is described to possess a higher affinity for the GLP-1R as
compared to the GCGR, and hence OXM is considered to be a ‘biased’ ligand whose action
is primarily mediated via the GLP-1R (Pabreja et al., 2014). Our studies in neuronal cells
support this view and are additionally in line with previous findings showing that the
anorectic effects of OXM were preserved in GCGR knockout mice but abolished in GLP-1R
knockout mice (Baggio et al., 2004). It would be helpful to use receptor-specific knockout
animals to further study the relative contributions of these two receptors to the
neuroprotective action of OXM.

As a GLP-1R/GCGR dual agonist with promising effects on glycemic control and weight,
OXM-based drugs have the potential to supersede traditional GLP-1R agonists as anti-
diabetes and obesity treatments. Indeed, single agents that target two or more receptors
present distinct advantages in pharmacological treatment design and are currently an
interesting direction for future research. A series of GLP-1R/GCGR co-agonist peptide
chimeras have been designed and tested in animal models (Day et al., 2009). A recently
synthesized dual-agonist, nicknamed “twincretin”, was designed as a co-agonist for both
GLP-1R and GIPR as a way to lower drug dose and reduce dose-limiting side effects (Finan
et al., 2013). Most recently, a unimolecular, triple agonist that targets the GLP-1R, GIPR and
GCGR has been reported to be successful in animal models of diabetes and obesity (Finan et
al., 2015a and Finan et al., 2015b). Several of these agonists have recently been reported to
provide neuroprotective actions (Jalewa et al., 2016; Tamargo et al., 2016).

In light of compelling evidence that glutamate excitotoxicity is a principle mechanism
underlying neurodegeneration following cerebral ischemia associated with stroke (Lai et al.,
2014) and that oxidative stress plays a critical role in the pathogenesis of ischaemic brain
injury (Allen and Bayraktutan 2009; Rodrigo et al., 2013), we evaluated whether OXM
neuroprotection in cell culture would translate to i vivo in a well characterized model of
stroke, as this neurological disorder involves aspects of both apoptotic and necrotic cell
death (Broughton et al., 2009; Yuan 2009; Filichia et al., 2015). As a proof of principle,
although OXM, similar to GLP-1 and long-acting analogs, gains brain access (Kastin et al.,
2002), it was administered by intracerebroventricular injection, rather than systemically, 15
min prior to 60 min MCAo to ensure that pharmacokinetic confounds did not undermine
evaluation of its potential efficacy. Due to its rapid proteolytic inactivation by DPP4, OXM
has a short half-life of 12 min in humans (Schjoldager et al., 1988) and 6.4 min in rats
(Kervran et al., 1990). For therapeutic purposes, DPP4-resistant long-lasting OXM analogs
have been developed using various strategies, such as PEGylation and crosslinking
(Santoprete et al., 2011; Muppidi et al., 2016), and are generally administered
subcutaneously; alternatively, short-acting OXM could potentially be administered intra-
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nasally to mitigate its rapid systemic metabolism. TT401 (LY2944876) from Transition
Therapeutics Inc. is an OXM analog with dual agonist activity on the GLP-1R and GCGR. It
appears to be the most clinically advanced drug candidate among the new class of GLP-1R/
GCGR dual agonists. A recently completed phase Il clinical trial in 420 T2DM patients
showed that once weekly TT401 had superior weight loss effects as compared to the long-
acting GLP-1 agonist Bydureon, while holding similar HbAlc reduction effects (Transition
Therapeutics media release 2016); although its clinical development path is current
uncertain. In addition to the potential benefits of OXM on neurodegeneration due to its anti-
diabetes and anti-obesity actions, our work provides evidence that OXM stimulates specific
neurotrophic and neuroprotective pathways that can combat neurodegeneration directly.
Taken together, our cellular and proof of principle animal study suggest that OXM may be
helpful for stroke subjects that are also diabetic and/or obese and add support for the
investigation of long-acting OXM analogs as a potential treatment strategy for stroke and
other neurodegenerative disorders (Liu et al., 2015) in which clinically translatable doses are
administered systemically or intra-nasally after the development of the neurological
disorder.

Conclusion

Our data in cellular and animal models indicate that the endogenous peptide OXM is
neuroprotective against oxidative stress and glutamate toxicity and can reduce infarction size
and improve locomotor activities in MCAGo stroke rats. These effects appear to be primarily
mediated via the GLP-1R and act through PKA/MAPK signaling pathways. Our results
suggest that OXM and, in particular, long acting analogs may mitigate ischemic stroke and
are worthy of further investigation for this and other neurodegenerative conditions.
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Highlights

We evaluated the endogenous 37-amino acid peptide hormone
oxyntomodulin (OXM) for neurotrophic and neuroprotective actions in
neuronal cultures and in a rat model of ischemic stroke.

OXM provided neurotrophic properties in immortal human SH-SY5Y
neuronal cells - elevating cAMP levels and pCREB.

OXM provided neuroprotection against glutamate excitotoxicity in
human SH-SY5Y cells and against glutamate excitotoxicity and
oxidative stress injury in rat primary neuron cultures.

OXM neurotrophic and neuroprotective actions were primarily
mediated by the GLP-1 receptor, rather than via the glucagon receptor,
and involved the PKA and MAPK pathways, but not PI3K pathway.

In a proof of principle study involving direct intracerebroventricular
delivery, OXM significantly reduced cerebral infarct size and improved
locomotor activities in a 60-min, transient middle cerebral artery
occlusion (MCAO0) rat model of stroke.
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Figure 1.
OXM dose-dependently increases intracellular cAMP levels in neural cells. A, The GCGR

protein is present in SH-SY5Y and #9 cells as detected by Western blotting; B, Intracellular
CAMP levels were marginally elevated and showed a trend of increase in SH-SY5Y cells
treated with increasing doses of OXM for 15 min. P=0.06 for the highest concentration of
OXM (1077 M); C, Intracellular cAMP levels were significantly elevated in #9 cells (SH-
SY5Y cells that stably over-expresses the hGLP-1R) treated with increasing concentrations
(0,10, 108, 10”7 M) of OXM for 15 min; D, Western blot analysis indicated that the
pCREB/CREB ratio increased 2-fold after 15 min treatment with 10-'M OXM in SH-SY5Y
cells (statistical comparison vs. control value, *P < 0.05; **P <0.01; ***P < 0.001).
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OXM dose- and time-dependently increases cell viabilities in human SH-SY5Y
neuroblastoma cells and #9 cells. A and B, Both cells were treated with increasing
concentrations (0, 107, 10°8, 107, 10 M) of OXM for either 24 h (A) or 48 h (B). MTS
assays were used to assess cell viabilities at 24 h or 48 h after OXM treatment (statistical
comparison vs. control value, *P < 0.05; **P <0.01; ***P < 0.001).
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Figure 3.
OXM dose-dependently protects neuronal cells from glutamate-induced toxicity and H,O,-

induced oxidative stress. A and B, SH-SY5Y and/or #9 cells were pre-treated with
increasing concentrations (0, 10°9, 108, 107, 108 M) of OXM for 1 h and then exposed to
either glutamate (100 mM or 150 mM) (A) or H,0O, (100 uM) (B). MTS assays were used to
assess cell viabilities at 24 h after glutamate and H,O» treatment (statistical comparison vs.
glutamate or H,0, alone, *P < 0.05; **P <0.01; ***P < 0.001).
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Figure 4.
Roles of GLP-1R and GCGR in the neurotrophic and neuroprotective effects of OXM and

signaling pathways involved. A, OXM at a concentration of 108 M increased cell viabilities
in both SH-SY5Y and #9 cells. In the presence of GCGR antagonist des-His1-[Glu9]-
Glucagon (1-29) amide (108 M, 100-fold of OXM), the effect of OXM on cell viability was
maintained in both cell lines. B, In the presence of GLP-1R antagonist exendin 9-39 (10 or
107> M, 100-fold of OXM at 1078 or 107 M), however, the neurotrophic effect of OXM was
abolished in both cell lines. C, Glutamate-induced cell death can be protected by 1 h
pretreatment with OXM (108 M) in both SH-SY5Y and #9 cells. Addition of 100-fold Ex
9-39, but not des-His1-[Glu9]-Glucagon (1-29) amide, reduced the neuroprotective effect of
OXM, indicating a more significant role for the GLP-1R than for the GCGR in this action of
OXM. D, Signaling pathways involved in the neurotrophic effect of OXM. #9 cells were
incubated with 10 uM H89 (protein kinase A [PKA] inhibitor), 10 pM LY 294002
(phosphoinositide 3-kinase [PI3K] inhibitor) or 5 uM U0126 (MEK1/2 inhibitor) for 20 min
prior to OXM (108 M) treatment. After 24 h incubation with OXM, cell viability was
evaluated via MTS assay. H89 and U0126 both decreased OXM-induced increase in cell
viability, while LY294002 did not. (Statistical comparison vs. control value, *P < 0.05; **P
< 0.01; ***P < 0.001. Comparison between groups, # P <0.05; ## P <0.01; ### P< 0.001).
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Figure 5.
OXM reduces glutamate-induced neurotoxicity in primary cortical neuronal cultures. A,

Timeline of /n vitro primary cortical culture and immunocytochemistry study. B, Glutamate
(100 uM) significantly reduced MAP2 immunoreactivity. This response was significantly
antagonized by co-administration of OXM (1 uM) (p<0.001, F2,39=86.209, one-way
ANOVA,; p=0.002, posthoc Newman-Keuls test). Representative photomicrographs are
shown of primary cortical cultures under vehicle, glutamate and glutamate+OXM
conditions; calibration mark=200 um. C, Primary cortical neurons were pre-treated with
different concentrations (0, 10", 107 M) of OXM for 1 h, and then exposed to glutamate at
a toxic concentration of 150 M. MTS assays were used to assess cell viabilities at 24 h after
glutamate treatment. (statistical comparison vs. glutamate alone, *P < 0.05; **P <0.01; ***P
< 0.001. Comparison between groups, ## P <0.01).
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Figure 6.
OXM reduces ischemia/reperfusion-induced bradykinesia and cerebral infarction in stroke

rats. A, Schematic timeline of in vivo experiment (after randomization of animals into
groups, vehicle or OXM was administered intracerebroventricular (1.C.V.) followed by
MCAO surgery - with use of an elevated body swing test immediately after recovery from
anesthesia to ensure the success of this MCAo surgery. Behavioral analyses were performed
over a 24 h period starting 24 h after mCAo surgery, and animal were euthanized, thereafter
(on day (D) 3), for evaluation of the brain by TTC staining). B, Pretreatment with OXM
significantly increased horizontal activity (HACT, cm), movement number (MOVNO),
movement time (MOVTIME, sec), total distance traveled (TOTDIST, cm), vertical activity
(VACTV), vertical movement number (VMOVENO), and vertical movement time (VTIME,
sec), while it reduced rest time (RSTTIME, sec). All locomotor behaviors were measured 2
days after stroke for 24 hours. (*p<0.05; **P <0.01 t-test). C, Rats received
intracerebroventricular injections of OXM or vehicle 15 min before a 60 minute MCAo.
Tissue was sectioned (2 mm) and stained with TTC at 3 days post-stroke. TTC staining
demonstrating that administration of OXM reduced cortical infarction in stroke animals (A).
Area of infarction per 2-mm section (7 sections/brain; anterior to posterior) was significantly
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reduced for all sections in the oxyntomodulin group, as compared to that in the vehicle
control (**p<0.01, F1,63=8.052, two-way ANOVA).
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