Drug Design, Development and Therapy

3

Dove

REVIEW

Profile of intravenous glyburide for the prevention
of cerebral edema following large hemispheric
infarction: evidence to date

Zachary A King'
Kevin N Sheth'

W Taylor Kimberly?
J Marc Simard?

'Department of Neurology, Division
of Neurocritical Care and Emergency
Neurology, Yale University School

of Medicine, New Haven, CT, USA;
2Department of Neurology, Division
of Neurocritical Care and Emergency
Neurology, Massachusetts

General Hospital, Boston, MA, USA;
3Department of Neurosurgery,
University of Maryland School of
Medicine, Baltimore, MD, USA

Correspondence: | Marc Simard
Department of Neurosurgery, University
of Maryland School of Medicine,

22 S. Greene St, Suite S12D, Baltimore,
MD 21201-1595, USA

Tel +1 410 328 0850

Fax +1 410 328 0124

Email msimard@som.umaryland.edu

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Abstract: Glyburide (also known as glibenclamide) is a second-generation sulfonylurea
drug that inhibits sulfonylurea receptor 1 (Surl) at nanomolar concentrations. Long used to

target K (Surl-Kir6.2) channels for the treatment of diabetes mellitus type 2, glyburide was

ATP
recently repurposed to target Surl—transient receptor potential melastatin 4 (Trpm4) channels
in acute central nervous system injury. Discovered nearly two decades ago, SURI-TRPM4
has emerged as a critical target in stroke, specifically in large hemispheric infarction, which
is characterized by edema formation and life-threatening brain swelling. Following ischemia,
SUR1-TRPM4 channels are transcriptionally upregulated in all cells of the neurovascular unit,
including neurons, astrocytes, microglia, oligodendrocytes and microvascular endothelial cells.
Work by several independent laboratories has linked SUR1-TRPM4 to edema formation, with
blockade by glyburide reducing brain swelling and death in preclinical models. Recent work
showed that, following ischemia, SUR1-TRPM4 co-assembles with aquaporin-4 to medi-
ate cellular swelling of astrocytes, which contributes to brain swelling. Additionally, recent
work linked SUR1-TRPM4 to secretion of matrix metalloproteinase-9 (MMP-9) induced by
recombinant tissue plasminogen activator in activated brain endothelial cells, with blockade
of SUR1-TRPM4 by glyburide reducing MMP-9 and hemorrhagic transformation in preclini-
cal models with recombinant tissue plasminogen activator. The recently completed GAMES
(Glyburide Advantage in Malignant Edema and Stroke) clinical trials on patients with large
hemispheric infarctions treated with intravenous glyburide (RP-1127) revealed promising find-
ings with regard to brain swelling (midline shift), MMP-9, functional outcomes and mortality.
Here, we review key elements of the basic science, preclinical experiments and clinical studies,
both retrospective and prospective, on glyburide in focal cerebral ischemia and stroke.
Keywords: glyburide, sulfonylurea receptor 1, stroke, cerebral ischemia, brain swelling, malignant
edema, matrix metalloproteinase-9

Introduction
In 2013, stroke accounted for a staggering 11.8%, around 6.5 million, deaths
worldwide.! In 10%—12% of cases, stroke is accompanied by rapid edema formation
that causes brain swelling, leading to increased ischemic damage, brain herniation and
death.? Largely because of brain swelling, stroke patients who develop severe edema
have a reported mortality of up to 60%—-80%.%>

At present, recombinant tissue plasminogen activator (rtPA), which gained the US
Food and Drug Administration approval in 1996, is the only pharmaceutical agent
approved for use in stroke. For a variety of reasons, the use of rtPA is limited, with
only about 20% of stroke patients receiving this treatment.*”’
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Although brain swelling may increase the morbidity
and mortality of stroke patients, few efficacious therapies
exist. Brain swelling in stroke patients is often treated with
unproven drug interventions such as mannitol and hypertonic
saline, or with the potentially life-saving but morbid surgical
procedure, decompressive craniectomy.® Novel treatments
are urgently needed to prevent brain swelling rather than
react to the already swollen brain.

The Abcc8 gene encodes sulfonylurea receptor
1 (Surl), which co-associates with two distinct ion channel
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Figure | Depictions of the K,__ (Surl—Kir6.2) and the SURI-TRPM4 channels.
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Notes: (A, B) The hetero-octameric structure comprising four Surl subunits and four Kiré.2 subunits depicted for K

subunits, Kir6.2 and transient receptor potential melastatin 4
(Trpm4), to form unique ion channels. The Surl-Kir6.2 asso-
ciation generates an adenosine triphosphate (ATP)-sensitive
K* (K, ,,) channel found in pancreatic 3 cells and neurons.
The SUR1-TRPM4 association generates an ATP-sensitive

non-selective cation channel that is not constitutively

9-11

expressed, but is upregulated after central nervous system
(CNS) injury.'? Surl serves as the essential regulator for both
K, p (Surl-Kir6.2) and SUR1-TRPM4 channels. However,
the two channels have diametrically opposed functional
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e 18 known. The structure depicted for the SURI-TRPM4

channel is hypothesized by analogy. Also shown are the principal physiological actions of the two channels when they are activated by ATP depletion: |) outward flux of K* via
the K*-selective pore-forming subunit, Kiré.2, resulting in hyperpolarization with the K., channel and 2) inward flux of Na* via the nonselective monovalent cation pore-forming
subunit, Trpm4, resulting in depolarization with the SURI-TRPM4 channel. Simard JM, Woo SK, Schwartzbauer GT, Gerzanich V. Sulfonylurea receptor | in central nervous
system injury: a focused review. | Cereb Blood Flow Metab. 32(9):1699—1717. Copyright © [2012] (SAGE Journals). Reprinted by permission of SAGE Publications.'* (C, left) Putative
model of SUR [-TRPM4-AQP4 complex, showing AQP4 tetramers (blue) intercalated between SUR| monomers (pink) and interacting with the central tetrameric TRPM4 (green);
protein profiles and relative protein sizes are based upon previously published structures for AQP4, SURI and TRP channels; overall channel topology is based on the structure of
the K, channel. (C, right) Model of SURI-TRPM4-AQP4 water flux showing that raised intracellular Ca** triggers SUR I-TRPM4 channel activation and Na* influx, resulting in
raised osmotic pressure (1) which, in turn, drives water influx (blue arrows) through AQP4. Copyright © 2018. John Wiley and Sons. Adapted from Stokum JA, Kwon MS, Woo SK,
et al. SURI-TRPM4 and AQP4 form a heteromultimeric complex that amplifies ion/water osmotic coupling and drives astrocyte swelling. Glia. 2018;66(1):108—125.%
Abbreviations: AQP4, aquaporin-4; SURI, sulfonylurea receptor |; TRPM4, transient receptor potential melastatin 4.
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effects. K, , channel activation allows for the outward flow
of K, which hyperpolarizes the cell (Figure 1)."* SURI-
TRPM4 channel activation allows for the inward flow of Na*,
which depolarizes the cell (Figure 1). Persistent unopposed
activation of SUR1-TRPM4 can lead to cytotoxic edema and
necrotic cell death.!*!

Under ischemic conditions, almost all CNS cell types,
including neurons, astrocytes, oligodendrocytes, microglia
and microvascular endothelial cells, increase Surl expression.
This holds true for both animal models'*"'® and humans.'**
Trpm4 is concurrently upregulated with Surl.?!

Glyburide targets Surl and inhibit Surl-regulated channel
activity. Historically, glyburide was used orally as a treat-
ment for diabetes mellitus type 2, targeting the K, channel
in pancreatic 3 cells.!! Recent evidence has advanced the
notion that glyburide may be crucial for treating edema in
patients with stroke. To that end, an intravenous (IV) formu-
lation of glyburide has been developed for the treatment of
stroke. An IV formulation allows for a constant serum level
of glyburide as opposed to the oral administration in which
the serum level can vary depending on stomach pH. IV gly-
buride also allows for closer dosage control in case of blood
glucose changes, a key factor when administering glyburide
to a non-diabetic population. For all these reasons, glyburide
and its target SURI-TRPM4 are important avenues for
stroke treatment.

Surl expression under conditions
of ischemia

Animal models of stroke

Under normal conditions within the CNS, only a fraction
of neurons express Surl, and Surl subunits form only K,
channels.??2* After brain injuries such as ischemia, however,
CNS tissues upregulate SURI-TRPM4 channels."

Surl is transcriptionally upregulated over the first
several hours after induction of ischemia. In a rat stroke
model with permanent mechanical middle cerebral artery
occlusion (MCAo0), Abcc8 mRNA, which encodes Surl, is
increased 2.5-fold at 3 hours and Surl protein is increased
2.5-fold at 8 hours.'® After 105 minutes of transient MCAo
followed by 1 hour of reperfusion, only microvascular
endothelial cells show increased Surl transcription,?
whereas after 3 hours of reperfusion, neurons also show
upregulation of Surl.?

Rat models of stroke subjected to 4.5 hours MCAo fol-
lowed by a 30-minute tPA infusion showed dramatic 7- to
11-fold increases in Surl expression up to 24 hours after
the occlusion.? Increased expression of 4bcc8 mRNA has
been confirmed by in situ hybridization under ischemic

conditions, confirming the de novo synthesis of Surl in
stroke conditions.'®!” Notably, while Surl is transcriptionally
upregulated, neither the K, , channel protein, Kir6.2,
which typically co-associates with Surl during normal CNS
function, nor its corresponding mRNA is upregulated.'®
However, both Trpm4 and its mRNA are highly upregulated
in ischemic conditions,??’ consistent with SUR1-TRPM4
channel expression.

Recent work has shown that Surl also is upregulated in
a porcine MCAo model of stroke,” a finding of importance
given that the pig brain, like that of the human, is gyrenceph-

alic, and not lissencephalic, like that of the rodent.

Human stroke

In a study of human autopsy specimens from stroke patients,
Surl was found to be transcriptionally upregulated in neu-
rons, astrocytes and vascular endothelial cells,” which aligns
with prior case reports.?? Samples acquired posthumously
from 15 patients who expired within 31 days after focal
infarcts were analyzed. Surl was significantly elevated in
all specimens. Surl had differential upregulation patterns
over time, depending on the CNS cell types examined.
Astrocytes and microglia showed continuous increases in
Surl expression. Neurons and endothelium showed the
largest Surl elevations during the first week, after which the
levels decreased but remained significantly different from
controls. Upregulation of Surl was corroborated using in
situ hybridization for Abcc§ mRNA.

A second study from this group examined the levels of
Trpm4 in the same autopsy specimens.” Similar to Surl,
Trpm4 showed a differential upregulation profile depending
on the cell type. In neurons, Trpm4 was upregulated sig-
nificantly post-stroke, after which the levels decreased but
remained significantly elevated out to 31 days. Endothelial
cells and neutrophils showed persistent upregulation, which
was unchanged over time. Astrocytes near the infarct showed
progressively increasing activation.

The analysis also determined that Surl and Trpm4
co-associate in the post-stroke period, using Forster reso-
nance energy transfer to demonstrate co-association.”* Addi-
tionally, neurons and endothelial cells, which were positive
for Surl and Trpm4, showed signs of membrane irregularities
consistent with damage from cytotoxic edema, which has
been postulated to be caused by SURI-TRPM4 channel

opening in rodent stroke models.
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Surl as a cell death mediator
Persistent activation of the SURI-TRPM4 channel plays
a major role in necrotic cell death of a variety of CNS cell
types.'>213% As mentioned, under ischemic conditions, the entire
neurovascular unit, including neurons, astrocytes, microglia,
oligodendrocytes and endothelial cells, expressed SUR1—
TRPM4 channels. Accidental cell death is caused by a different
mechanism than programmed cell death.”> Programmed cell
death follows a series of events aimed at inducing cell death.
By contrast, accidental death occurs when normal cellular
processes go awry, such as when ATP is severely depleted.
Most cell death in ischemic stroke can be ascribed to acci-
dental cell death. SUR1-TRPM4 channel upregulation in isch-
emic conditions is not meant to induce cell death. The channel
normally prevents increasing intracellular calcium, a tell-tale
sign of neuronal injury.**> However, ischemia causes depletion
of intracellular ATP, which, in turn, causes sustained activation
of SURI-TRPM4 channels. This prolonged opening allows an
excess of sodium influx, which causes water to move into the
cell, resulting in cell swelling and accidental cell death.'

Targeting Surl in cerebral ischemia
Glyburide targets Surl in both SUR1-TRPM4 and K,
channels.** Blockade is caused by an increase in the likeli-
hood that the channel remains in a closed state for a long
time. Glyburide does not alter open channel dwell times or
impede the movement of ions through the open channel.
Glyburide’s inhibitory effects on Surl channel opening can
be negated by an antibody directed against a cytoplasmic loop
of Surl.** Glyburide’s potency increases at low pH because
glyburide, a weak acid, becomes more protonated at low pH,
increasing its lipid solubility and allowing it to more easily
infiltrate the lipid membrane and bind to Surl.'%** This mir-
rors prior observation on K, channels, which are similarly
targeted by glyburide.*

Glyburide cannot penetrate the normal blood—brain
barrier (BBB).* This corroborates the observation that,
although neurons express K, ., (Sur1-Kir6.2) channels, there
are no reports of CNS side effects attributed to sulfonylu-
reas, despite decades of clinical use in diabetic patients.'*??
However, glyburide’s entry into the brain increases after
brain injury, as the pH decreases due to lactic acidosis.’’
In addition, BBB disruption after ischemia also aids gly-
buride’s penetrance into damaged brain. Studies using the
fluorescent BODIPY -glyburide (constant infusion, 75 ng/h),'s
as well as [*H]glyburide (single injection, 100 puCi intrap-
eritoneal; specific activity not specified)*® have shown that
glyburide cannot be detected in a normal brain, but appears

in significant quantities following brain injury. As such, low
doses of glyburide can have salutary effects in brain injury
with minimal impact on pancreatic insulin secretion.'*

Inhibiting Surl after ischemia improves

outcomes in rat models

Microvascular dysfunction follows focal ischemic brain
injury.*** This dysfunction manifests initially as ionic edema
followed by vasogenic edema. Ionic edema derives its name
from the ion-rich fluid that enters the interstitium when the
tight junctions of the BBB continue to function properly
during ischemia. When the tight junctions become disrupted,
the edema fluid becomes essentially a plasma filtrate, which
is termed vasogenic edema. Both of these processes cause an
influx of mass into the brain, which causes brain swelling that
can worsen the original injury. If severe, malignant cerebral
edema can lead to death.

A component of this microvascular dysfunction involves
the upregulation of Surl. Glyburide has been used to target
Surl in several preclinical animal models of stroke from
multiple laboratories, all of which demonstrate that Surl
inhibition by glyburide reduces edema and leads to better
outcomes in the stroke models. The original work reporting
on the salutary effects of glyburide in ischemia!®17-2641:42 hag
been replicated by independent laboratories.**

Following CNS injury, including ischemia, the astrocytic
water channel, aquaporin-4 (Agp4), is recognized to play a cru-
cial role in edema formation and edema resolution.***” Normally,
Aqp4 is expressed in a highly polarized manner at the astrocytic
endfoot, but following injury, Aqp4’s polarized localization is
lost, with expression occurring throughout the plasmalemma, a
phenomenon termed Agp4 dysregulation. Recent work showed
that in a model of ischemia, Aqp4 dysregulation is accompanied
by its co-assembly with SUR1-TRPM4, and that the hetero-
multimeric macromolecular complex, SUR1-TRPM4-AQP4,
is responsible for astrocyte swelling (Figure 1).%® In ischemia,
astrocyte swelling is believed to contribute importantly to brain
swelling. Thus, the reduction in brain swelling observed with
glyburide treatment may be due to reductions not only in ionic
and vasogenic edema, but also in astrocyte swelling.

Lethal rat models of stroke

Glyburide’s therapeutic efficacy has been tested in rat models
of malignant infarction that mimic the high mortality rates
(60%—-80%) seen in humans. A model using particle embo-
lization showed significant malignant edema, as measured
by increased brain tissue water at 8 hours, and had 65% mor-
tality at 7 days.'® Glyburide infusion shortly after ischemia
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significantly reduced brain tissue water and reduced mortality
to 24%. An alternative model, 6-hour temporary MCAo, gen-
erated transient thrombosis of middle cerebral artery (MCA)
branches with spontaneous return of blood flow 2—-3 hours
after removal of the occluder.!” Similar to the previous model,
robust hemispheric swelling (21%) and high mortality (67%
at 24 hours) were observed. Glyburide infusion at 6 hours,
at the time of occluder withdrawal, decreased hemispheric
swelling by two thirds and reduced mortality to 5%. In this
same model, glyburide and decompressive craniectomy,
a common surgical intervention for excessive brain swelling,
were compared. Administered at 6 hours, the two treatments
had identical mortality reductions. However, glyburide was
superior to decompressive craniectomy in neurological tests
over the ensuing 2 weeks.

The therapeutic time window in

a rat model of stroke

Because brain swelling after stroke requires several hours to
develop, it was postulated that the therapeutic time window
for glyburide might be longer than what is encountered in
typical neuroprotection studies. Glyburide’s efficacy was
tested in another clinically relevant model of stroke — a
4.5-hour temporary MCAo plus rtPA (0.9 mg/kg 1V, as
in humans) administered at the time occluder withdrawal,
with the effects of drug administration as late as 10 hours
being evaluated.? In control animals, hemispheric volume
increased substantially at both 10 hours (8%) and 24 hours
(15%); 53% of controls died by 48 hours. Infusion of gly-
buride in conjunction with rtPA at 4.5 hours reduced swelling
by half and mortality >3-fold. These improvements also
manifested as better long-term neurological outcomes for
glyburide-treated animals compared to controls. More com-
pelling, when glyburide was administered 5.5 hours after tPA
infusion, a full 10 hours after the onset of ischemia, nearly
identical decreases in swelling reduction at 24 hours and
mortality at 48 hours were observed compared to glyburide
given with rtPA at 4.5 hours.

Interaction between rtPA and
glyburide

Because rtPA is the only approved drug for use in stroke,
it was important to assess a possible interaction between rtPA
and glyburide. First, in vitro experiments were carried out,
which showed that the drug did not inhibit clot lysis induced
by rtPA, and so should not interfere with rtPA’s beneficial
thrombolytic effect in stroke.** Second, in vitro experi-
ments using Wistar and SHR rat models were carried out to

determine whether glyburide would complement the effects
of rtPA. These models utilized a 6-hour MCAo followed
by high-dose rtPA treatment after occluder withdrawal.*
Hemispheric volume grew more steeply than in previously
discussed models (26%) and, as expected, high rates of
hemorrhagic conversion were observed. Administration of
glyburide at 6 hours, along with rtPA, reduced hemispheric
swelling by more than half and markedly decreased hemor-
rhagic transformation. Glyburide treatment alone reduced
mortality and improved neurological scores, but the best
outcomes were observed in rats treated with both rtPA and
glyburide, indicating a possible synergistic effect of the two
treatments.

The observation that rtP A-associated hemorrhagic trans-
formation was reduced by glyburide remained unexplained
until recently. In new work, it was shown that, in activated
brain endothelium, rtPA induces phasic secretion of matrix
metalloproteinase-9 (MMP-9) and causes activation of
SUR1-TRPM4 channels.* Although tonic secretion of
MMP-9 by activated endothelium was not affected, glyburide
inhibited phasic secretion of MMP-9 induced by rtPA. Thus,
glyburide acts as a partial, indirect inhibitor of MMP-9, which
is expected to be beneficial in stroke, especially in patients
treated with rtPA.

Rat models of stroke with
combinatorial glyburide and
hypothermia

Hypothermia has been one of the most studied potential treat-
ments for ischemic stroke.” A 2016 meta-analysis showed
that preclinical evidence for hypothermia treatment after
stroke has been consistently positive.*® However, the two
largest clinical trials, Intravascular Cooling in the Treatment
of Acute Stroke (ICTuS) 1 and 2, showed no positive effect
on outcome for hypothermia treatment.’'->

These results may have been affected by the relatively short
therapeutic time window for hypothermia.*® In preclinical
experiments, hypothermia can be initiated immediately after
arterial occlusion. However, for a variety of reasons, this is
not usually possible in a clinical setting.* Thus, it is pos-
sible that hypothermia has not been successfully translated
to human trials because of a relatively short therapeutic
time window.

Wu et al examined the possibility of using glyburide
to extend the therapeutic time window for hypothermia in
an MCAo rat model.* The study replicated prior findings
that hypothermia at 6 hours after vessel occlusion failed
to decrease cerebral edema and infarct volume. However,
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when both glyburide and hypothermia were administered
at 6 hours, infarct volume and hemispheric swelling were
significantly reduced compared to hypothermia alone and
glyburide alone (Figure 2).* This difference persisted at
8 hours, but at 10 hours there was no difference between
glyburide/hypothermia treatment and glyburide only treat-
ment. However, glyburide still reduced hemispheric swelling
when administered 10 hours post-vessel occlusion, consistent
with prior work.?

Treatment with glyburide and hypothermia at 6 hours
post-occlusion showed both improved functional neuro-
logical outcomes and molecular correlates compared to
only glyburide or hypothermia. At 24 hours post-occlusion,
rats receiving combined glyburide and hypothermia treat-
ment performed significantly better on the median modified
neurological severity score compared to glyburide treatment
at 6 hours.* The dual treatments at 6 hours post-occlusion
also lowered molecular markers of inflammation includ-
ing cyclooxygenase-2, tumor necrosis factor (TNF)-a and
interleukin-13 more than either glyburide alone or hypo-
thermia. Taken together, these observations on dual treatment
show a novel promising synergy of two well-documented
treatments.

Difficulties associated with rat models

of stroke

One caveat to all the evidences presented above is that all of
the rat stroke model experiments were performed using young
male rats.>® Age-based differences in both stroke mechanisms
and risk factors have been well documented in humans.*
In animal models, the age-related changes are less clear, but
still have tended to show worse overall recovery in older
animals.>>>” These age differences may account, in part, for
the historical difficulty of translating promising preclinical
evidence to effective clinical stroke treatments.

K, channels and neuronal protection
In the foregoing work, it was assumed that glyburide exerts
its protective effects during brain injury by targeting newly
upregulated SUR1-TRPM4 channels. However, glyburide
also may affect K, , channels, which are constitutively
expressed under normal conditions by some neurons and
microglia.?»* In two studies, glyburide was protective under
ischemic conditions and likely did not target SUR1-TRPM4
because, as detailed previously, SUR1-TRPM4 channels are
not observed until several hours after ischemia onset.'¢
Wistar rats were exposed to ischemia for 15 minutes

followed by a relatively short (1 hour) reperfusion time.*

These rats had been infused before ischemia with either
glyburide or saline. Saline-treated animals exhibited greatly
increased proinflammatory markers, including TNF-o and
neutrophil recruitment, as well as decreased anti-inflammatory
markers such as interleukin-10. Glyburide-treated animals
did not have any of these changes. A possible explanation
could be that glyburide lessens secondary injury by reducing
neutrophil recruitment, which has been observed in other
organs and tissues.” ¢!

An in vitro model of ischemia utilized hippocampal slices
exposed to prolonged oxygen deprivation.®®> Bathing these
tissues in glyburide before and during ischemia prevented
the field loss and neuronal death usually associated with
in vitro ischemia.

Liu et al conducted similar studies that directly targeted
the K, , channel in a mouse model of ischemia.®® The authors
found that mice undergoing permanent MCAo, when pre-

treated with diazoxide, a K,  channel opener, had much

ATP
smaller infarct volumes (25.0; P<<0.05) than mice pretreated
with tolbutamide, a K, , channel inhibitor (52.9; P<<0.05).
These findings lend credence to the idea that K,
may be an important therapeutic target in stroke research.

channels

However, the effects, if any, that glyburide exerts on K,
channels remain unclear.

Glyburide and microglia
A number of studies have postulated that glyburide influ-

ences microglial K, to improve outcomes in cerebral

ATP
ischemia.’%+% [n a study by Ortega et al, transformed micro-
glia exposed to the proinflammatory ligands, lipopolysaccha-
ride and interferon 7, increased transcription and translation
of Surl, Kir6.1 and Kir6.2, the subunits that form K,
channels. When microglia were exposed to the proinflamma-
tory agents in the presence of glyburide, they increased their
capacity to consume necrotic tissue and release the proinflam-
matory cytokine, TNF-c..3 From this, the authors concluded
that at least a portion of glyburide’s protective effects after
ischemia were due to K, channel inhibition.

A recent study by Kurland et al examined the protective
effects of glyburide by studying rat microglia in vivo and
vitro as well as N9 microglia.”® They activated toll-like
receptor 4 (TLR4) using lipopolysaccharide, similar to the
Ortega et al study. In cultured rat microglia, TLR4 activa-
tion led to an upregulation of mRNA for both Surl and
Trpm4, but not Kir6.2. These mRNA results were partially
replicated in N9 microglia. However, both microglial lines
showed an increased co-association of Surl and Trpm4 and

no increase in K, (Surl-Kir6.2) after TLR4 activation,

ATP
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Figure 2 Glyburide extends the therapeutic window for hypothermia and enhances its ability to attenuate cerebral edema and decrease infarct volume.

Notes: Rats were subjected to hypothermia or not at 6 or 8 hours after ischemia onset and rewarmed slowly at 0.5°C/h. (A) Representative triphenyltetrazolium chloride-
stained coronal sections of rat brains at 24 hours after MCAo with treatments begun at 6 hours, as indicated, for vehicle only, vehicle combined with hypothermia at 6 hours after
ischemia onset (V+D6HT), glyburide only, or glyburide with hypothermia at 6 hours after ischemia onset (G+D6HT). (B, C) Hemispheric swelling was compared among animals
treated at 6 hours (B) or 8 hours (C). (D, E) Infarct volume was compared among animals treated at 6 hours (D) or 8 hours (E); **P<<0.01. Copyright © 2003. Europe PMC.
Adapted from Wu Z, Zhu SZ, Hu YF, et al. Glibenclamide enhances the effects of delayed hypothermia after experimental stroke in rats. Brain Res. 2016;1643:113—122.%
Abbreviations: MCAo, middle cerebral artery occlusion; ns, no significance.
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indicating that TLR4 activation causes de novo upregulation
of SURI-TRPM4.

In the aforementioned study, blockade of newly expressed
SURI1-TRPM4 channels with glyburide decreased nuclear
translocation of nuclear factor of activated T cells, a transcrip-
tion factor that regulates the expression of numerous proinflam-
matory cytokines and chemokines as well as of nitric oxide
synthase 2. The authors hypothesized that blocking the SUR1—
TRPM4 channel caused an increase in intracellular calcium,
which, in turn, activated Ca2+/calmodulin-dependent kinase 11,
whose downstream effectors caused a decrease in phosphoryla-
tion of nuclear factor of activated T cells, and thus a decrease in
nuclear translocation of the transcription factor. This hypothesis
was supported by evidence of increased activated Ca2-+/calm-
odulin-dependent kinase I1 in glyburide-treated microglia.'® The
authors hypothesize that this mechanism is responsible, in part,
for glyburide’s protective effects on microglia.

Other potential clinical targets of glyburide
Though not the specific focus of this review, glyburide has
shown potential to treat other brain injuries including trau-
matic brain injury (TBI). Multiple studies have shown that
treatment of glyburide reduces the swelling and edema often
associated with TBI in animal models.®®

Early clinical findings have also been promising. Khalili
et al conducted a single-center double-blind study with both
moderate (Glasgow Coma Scale [GCS] score 9-12) and
severe (GCS score 5-8) TBI patients.” The study included
64 patients, and it was found that glyburide significantly
lowered edema expansion ratios from baseline to day 3
(P<0.001) and from baseline to day 7 (P=0.003) compared
to the placebo group. However, the study found no difference
in long-term outcomes between the two groups.

A second study by Zafardoost et al examined glyburide
treatment in TBI patients presenting with diffuse axonal
injury.® The single-center, randomized controlled trial
included 40 patients with both moderate and severe TBI.
Patients treated with glyburide had a significantly better GCS
at discharge than controls (13.9 vs 11.5; P=0.004). However,
this study was limited by a lack of long-term follow-up.

Both studies, although promising, had limitations both in
outcome measures and sample size. Regardless, glyburide
has shown promise in the treatment of TBI and warrants
further investigation.

Retrospective studies in humans

with stroke
Kunte et al performed an analysis of diabetic stroke patients
who were continued on glyburide or another second-generation

sulfonylurea after stroke.”" They worked with a dataset that
had been examined previously by Weih et al, in which the
authors examined the question whether sulfonylureas impart
an increased risk for stroke or stroke severity, which it did
not.”” The patients examined were limited to those arriving
at hospital within 24 hours of stroke onset. When comparing
patients who were continued on a sulfonylurea vs those who
were on a different diabetes medication, 36% of patients who
continued on a sulfonylurea had at least a four-point decrease
in the National Institutes of Health stroke scale (NIHSS) from
admission to discharge or a discharge NIHSS of 0, compared to
just 7% in controls (odds ratio=7.4, 95% CI 1.5-37; P=0.007).
The secondary outcome, the percent of patients achieving
functional independence, defined as modified Rankin score
(mRS) =2, was found in 82% of patients who continued on
a sulfonylurea vs 57% in the control group (odds ratio=3.4,
95% CI 1.1-11; P=0.035). The only difference in baseline
characteristic observed was a difference in stroke subtype.

Kunte et al replicated this analysis in another cohort of
diabetic patients presenting with stroke to Charité hospital
from January 2005 to December 2006.° The control group
(177 subjects) was compared to those who continued on a
sulfonylurea (43 subjects). The authors examined the same
outcomes as in the prior study, and in addition, looked at
rates of hemorrhagic transformation and in-hospital death.
Patients treated with a sulfonylurea experienced significantly
better outcomes across all measures, including in-hospital
death (0% vs 10%; P=0.027) and hemorrhagic transformation
(0% vs 11%; P=0.016). These results remained significant
after adjusting for baseline differences.

Injectable glyburide (RP-1127)

The formulation of gyburide used to treat diabetes is an oral
one. However, for the treatment of stroke, oral administra-
tion is undesirable because episodic oral administration of
drug leads to high peak serum levels that reach a maximum
1-2 hours after ingestion, followed by low serum levels.
Non-diabetic patients taking oral glyburide are at risk for
hypoglycemia because of these spikes and the insulin reac-
tion they provoke. Also, bioavailability of drug taken orally
depends on stomach pH, which may vary, especially in sick
patients. Thus, a non-oral formulation, preferably an IV one,
is required.

IV administration allows for a constant serum level of
glyburide, which lessens the risk of hypoglycemia in non-
diabetic patients. IV administration reaches therapeutic
levels more quickly, a paramount issue in stroke patients
where delays in treatment may translate into permanent
neuronal loss. Moreover, the promising findings in preclinical
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models were obtained with a constant subcutaneous infusion
of glyburide,'7?4142 which pharmacokinetically resembles
constant IV infusion. Episodic delivery of drug, although
promising, failed to generate similar results.*®”

Phase | clinical trial of RP-1127 in normal

volunteers
A Phase I study of RP-1127 (ClinicalTrials.gov identifier:
NCTO01132703) was conducted in normal volunteers to

examine the safety and tolerability of intravenous glyburide
RP-1127 administered as a bolus dose followed by a 72-hour
continuous infusion.

The study had four arms: one placebo and three different
doses of RP-1127 of 3, 6 or 10 mg/day. The trial reported no
serious adverse events. The 3 mg/day group did show lower
blood glucose levels than placebo, but these did not reach
levels of hypoglycemia (<70 mg/dL).™7¢

In each of the other two groups, one subject was dis-
continued because of persistent hypoglycemia. As such,
3 mg/day was chosen for later studies of RP-1127 as the
one that resulted in the mildest decrease in blood glucose
levels while still achieving concentrations which, based on
preclinical work, were likely to be therapeutic.

Phase lla prospective, open-label,
multicenter clinical trial of RP-1127
Subjects with large hemispheric infarctions were enrolled
prospectively in a Phase Ila study of RP-1127 entitled
GAMES-Pilot (Glyburide Advantage in Malignant Edema
and Stroke; ClinicalTrials.gov: NCT01268683). The
primary outcomes of the study were recruitment feasibility

and management of blood glucose levels. The secondary
objectives included safety and tolerability information on
RP-1127, as well as clinical and outcome data for comparison
with historical controls.

Subjects with an acute ischemic stroke enrolled in the
trial met the inclusion criteria including age 18-80 years,
baseline diffusion-weighted imaging (DWI) lesion volume of
82-210 c¢m? and start of study drug infusion within 10 hours
after symptom onset. Notable exclusion criteria were throm-
bectomy, cases requiring decompressive craniectomy prior to
enrollment and admission blood glucose <55 mg/dL.

Of the ten subjects enrolled, two had serious adverse
events; both required decompressive craniectomy and one
died. These events were considered to be unrelated to the study
drug.”” The drug was well tolerated with no safety concerns or
hypoglycemia. Although subjects did experience a decline in
serum glucose levels, the decreases were comparable to levels
reported in prior trials involving acute stroke patients.”

A secondary analysis compared the ten subjects against
matched historical controls. Serial magnetic resonance
imaging scans were analyzed for both apparent diffusion
coefficient (ADC) and fluid-attenuated inversion recovery
(FLAIR) signals, sensitive markers of early cytotoxic edema
and later vasogenic edema in stroke.”®” During the first
24 hours post-stroke, RP-1127 and historical controls had
identical T2 FLAIR signaling and ADC — RP-1127 treatment
did not affect markers of early cytotoxic edema.

However, both ADC and T2 FLAIR signals were signifi-
cantly different at all time points after 24 hours (Figure 3),
indicating that RP-1127 attenuates vasogenic edema for-
mation in stroke patients. Additionally, RP-1127 affected
FLAIR ratio in a dose-dependent manner (Figure 3).

The analysis further looked at the levels of MMP-9, a
protein upregulated following stroke that is associated with
vasogenic edema.?*! The levels of MMP-9 in subjects treated
with RP-1127 (54£17 ng/mL) were significantly lower than in
historical controls (212£151 ng/mL).* Together, these find-
ings corroborated preclinical work indicating that RP-1127
modifies the profile of vasogenic edema.

Another post hoc analysis examined 90-day outcomes
in these ten subjects compared to historical controls.®
Study subjects were matched with historical controls using
Euclidean matching. Overall, GAMES-Pilot subjects had
similar baseline NIHSS scores, larger DWI volumes on
magnetic resonance imaging and were younger than matched
controls.®* At 3 months, subjects receiving RP-1127 had
significantly higher rates of good outcomes, defined as mRS
04, compared to controls (90% vs 50%; P=0.049). This trend
persisted, but was not statistically significant when good out-
comes were defined as mRS 0-3 (40% vs 25%; P=0.43).

Phase Il double-blind, randomized,
placebo-controlled, multicenter clinical
trial of RP-1127

Subjects with large hemispheric infarctions were enrolled in a
Phase Il study of RP-1127 entitled GAMES-RP (Clinical Trials.
gov: NCTO01794182). The study prospectively enrolled
86 subjects, aged 1880 years, presenting within 10 hours
of symptom onset, with a large anterior circulation infarction
and DWI lesions of 82—-300 cm?. Enrollment was terminated
early because of funding considerations. The prespecified
primary outcome was the proportion of subjects with an
mRS =4 at 90 days without decompressive craniectomy.®

At 90 days, the percentage of subjects achieving the
primary outcome was the same between those treated with
RP-1127 (41%) and controls (39%). The analysis of mRS shift
trended toward significance (P=0.12), and the Kaplan—-Meier
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Figure 3 Vasogenic edema on T2 FLAIR is attenuated by glyburide treatment in human stroke.

Notes: (A) Representative examples of DWI (left) and FLAIR sequences (right) from a control subject (top panels) and an RP-1127-treated subject (bottom panels); MRl scans
were obtained at day 2 from the onset of stroke. (B) Quantitative analysis of the FLAIR ratio in control and GAMES-Pilot subjects shows a reduced FLAIR ratio with RP-1127
treatment; ***P<<0.005 by repeated measures MANOVA. (C) Segmentation of the stroke lesions demonstrates an equivalent effect of RP-1127 on both gray and white matter
regions; **P<0.01. (D) The plasma concentration of glyburide correlates with FLAIR ratio intensity in the GAMES-Pilot subjects; *P<<0.01. Reprinted by permission from
Springer Nature: Neurocrit Care. Glyburide is associated with attenuated vasogenic edema in stroke patients. Kimberly WT, Battey TW, Pham L, et al. 2014;20(2):193-201 %
Abbreviations: DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery; MANOVA, multivariate analysis of variance; MRI, magnetic resonance imaging.

survival curve showed a trend toward better survival with
RP-1127 compared to control (P=0.06; Figure 4).

The trial also examined safety concerns, which had not
been examined previously in a prospective randomized trial.
Serious adverse event rates were nearly identical between
the control (72%) and RP-1127 (68%) arms of the trial.
The RP-1127 group had more instances of hypoglycemia,
defined at blood glucose <3.1 mmol/L, but of these only
one was considered severe and all were readily treated using
a prespecified hypoglycemia protocol.

This study also examined the effect of RP-1127 on midline
shift and plasma levels of MMP-9. Midline shift at 72-96
hours, an established marker of brain swelling, was signifi-
cantly reduced in RP-1127 subjects vs controls (4.6 vs 8.5 mm;
P=0.0006). This corroborated preclinical data that glyburide
reduces swelling associated with large hemispheric infarction

and malignant edema.'” This study also found that average
plasma levels of MMP-9 at 24-72 hours were significantly
different (211 vs 346 ng/mL; P=0.006) between the groups.
Overall, the GAMES-RP study confirmed prior findings
that glyburide is safe and well tolerated in acutely ill patients
with stroke. The primary efficacy outcome, although disap-
pointing, was mitigated, in part, by the promising data on mid-
line shift, plasma MMP-9, functional outcome and survival,
which will serve to guide an upcoming Phase III trial.

Conclusion

Recent advances in molecular neurobiology have broadened
our understanding of the role of the SUR1-TRPM4 channel
in acute focal cerebral ischemia. In all species investigated
to date, including those with lissencephalic as well as
gyrencephalic brains, focal cerebral ischemia is marked by
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Notes: (A) Distribution of mRS scores in the per-protocol sample at 90 days. (B) Kaplan—Meier survival curve for each treatment group. Reprinted from The Lancet, 15(11),
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placebo-controlled phase 2 trial, Pages No. | 160—1169, Copyright (2016), with permission from Elsevier.

Abbreviation: mRS, modified Rankin score.

upregulation of SUR1-TRPM4 in the various cell types of
the neurovascular unit. At a cellular level, SUR1-TRPM4
channels play critical roles in oncotic cell swelling, necrotic
(oncotic) cell death, Aqp4-mediated swelling of astrocytes
and rtPA-induced MMP-9 secretion by endothelial cells.
Given these effects at a cellular level, it is unsurprising that
blockade of SURI-TRPM4 in vivo in preclinical models of

stroke lessens microvascular dysfunction, reduces edema
formation and brain swelling, ameliorates hemorrhagic
transformation, improves functional outcome and reduces
mortality. Growing evidence from clinical trials supports
the concept that SUR1-TRPM4 blockade by glyburide may
be beneficial in humans with stroke, specifically those with
large hemispheric infarction, in whom promising findings
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have been made with regard to brain swelling (midline shift),
MMP-9, functional outcomes and mortality.
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