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Abstract
TBI heterogeneity is recognized as a major impediment to successful translation of therapies that could improve morbid-
ity and mortality after injury. This heterogeneity exists on multiple levels including primary injury, secondary injury/
host-response, and recovery. One widely accepted type of primary-injury related heterogeneity is pathoanatomic—the 
intracranial compartment that is predominantly affected, which can include any combination of subdural, subarachnoid, 
intraparenchymal, diffuse axonal, intraventricular and epidural hemorrhages. Intraparenchymal contusions carry the high-
est risk for progression. Contusion expansion is one of the most important drivers of death and disability after TBI. Over 
the past decade, there has been increasing evidence of the role of the sulfonylurea-receptor 1–transient receptor potential 
melastatin 4 (SUR1-TRPM4) channel in secondary injury after TBI, including progression of both cerebral edema and 
intraparenchymal hemorrhage. Inhibition of SUR1-TRPM4 with glibenclamide has shown promising results in preclinical 
models of contusional TBI with benefits against cerebral edema, secondary hemorrhage progression of the contusion, and 
improved functional outcome. Early-stage human research supports the key role of this pathway in contusion expansion and 
suggests a benefit with glibenclamide inhibition. ASTRAL is an ongoing international multi-center double blind multidose 
placebo-controlled phase-II clinical trial evaluating the safety and efficacy of an intravenous formulation of glibenclamide 
(BIIB093). ASTRAL is a unique and innovative study that addresses TBI heterogeneity by limiting enrollment to patients 
with the TBI pathoanatomic endotype of brain contusion and using contusion-expansion (a mechanistically linked second-
ary injury) as its primary outcome. Both criteria are consistent with the strong supporting preclinical and molecular data. In 
this narrative review, we contextualize the development and design of ASTRAL, including the need to address TBI hetero-
geneity, the scientific rationale underlying the focus on brain contusions and contusion-expansion, and the preclinical and 
clinical data supporting benefit of SUR1-TRPM4 inhibition in this specific endotype. Within this framework, we summarize 
the current study design of ASTRAL which is sponsored by Biogen and actively enrolling with a goal of 160 participants.

Introduction

Traumatic brain injury (TBI) is projected to remain the 
leading cause of neurological disability in 2030. Its cur-
rent global incidence of 50 million outpaces diseases such 
as stroke and Alzheimer’s [1]. Over the past several dec-
ades, promising high-profile therapies in TBI have failed to 
translate to human benefit including steroids, progesterone, 
hypothermia, magnesium, and erythropoetin [2–8]. In large 
part, this has been attributed to challenges of disease hetero-
geneity versus treatment homogeneity [9, 10]. In this article 
we present the background, scientific rationale and study 
design for a unique ongoing multicenter phase-II clinical 
trial that attempts to tackle the problem of TBI heterogene-
ity while evaluating an intravenous formulation of gliben-
clamide: ASTRAL ( Antagonizing SUR1-TRPM4 to reduce 

 * Ruchira M. Jha 
 ruchirajha@gmail.com

1 Department of Neurology, Barrow Neurological Institute 
and St. Joseph’s Hospital and Medical Center, Phoenix, AZ, 
USA

2 Department of Translational Neuroscience, Barrow 
Neurological Institute and St. Joseph’s Hospital and Medical 
Center, Phoenix, USA

3 Department of Neurosurgery, Barrow Neurological Institute 
and St. Joseph’s Hospital and Medical Center, AZ, Phoenix, 
USA

4 Department of Neurosurgery, School of Medicine, University 
of Maryland, Baltimore, MD, USA

5 Department of Pathology, School of Medicine, University 
of Maryland, Baltimore, MD, USA

6 Department of Physiology, School of Medicine, University 
of Maryland, Baltimore, MD, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-023-01389-x&domain=pdf
http://orcid.org/0000-0002-3047-7649


1473Glibenclamide for Brain Contusions: Contextualizing a Promising Clinical Trial Design that…

1 3

the progression of intrAcerebral hematoma and edema sur-
rounding Lesions). This trial is a first of its kind in TBI in 
that it leverages robust underlying pathobiology to address 
TBI heterogeneity by focusing both its patient population 
and primary outcome to a pathoanatomic endotype of TBI: 
brain contusion. Brain contusions are an imaging-based 
TBI endotype that are comprised of an intraparenchymal 
hematoma and surrounding/perilesional edema. High-spec-
ificity patient selection of this TBI subpopulation identi-
fies those most likely to benefit from glibenclamide based 
on strongly supportive preclinical data. The primary out-
come in ASTRAL is contusion expansion which includes 
progression of the intraparenchymal hematoma component 
as well as the perihematomal edema. This imaging-based 
outcome is mechanistically linked to the molecular process 
targeted by glibenclamide. Importantly, it is also a key death 
and disability-driving secondary injury in patients with 
contusional-TBI.

TBI Heterogeneity and the Need 
for Endotyping

TBI heterogeneity develops on impact and persists through 
recovery. In reality, this is also compounded by pre-injury 
heterogeneity in baseline brain health/cerebral constitution 
including factors like cognitive reserve, resilience, frailty, 
pre-morbid psychiatric disorders— all of which influence 
outcome after TBI and have been increasingly appreciated 
in recent research [11–14]. The initial impact in TBI insti-
gates a cascade of unique secondary injury responses that 
depend on a variety of factors including both host- (age, 
sex, co-morbidities) and injury-characteristics (mechanism, 
severity velocity, force, intracranial compartment). Impli-
cations of pathoanatomic differences (epidural, subdural, 
subarachnoid, intraparenchymal, diffuse axonal injuries) 
may be distinct in terms of downstream complications that 
are clinically discernable (e.g., seizures, hemorrhage pro-
gression/contusion expansion, intracranial hypertension, 
need for neurosurgical intervention) as well as a molecu-
larly important (e.g., neuroinflammation, energy failure, 
neurodegeneration, cell-death). It follows that therapeutic 
needs of these subpopulations may also be unique. Indeed, 
the existing TBI treatment “one-size-fits-all” standardized/
protocolized [15] approach is increasingly being recognized 
as suboptimal [16–18]. Although several clinical trials have 
attempted to account for TBI heterogeneity using a severity-
based stratification [19, 20], this approach does not account 
for key pathoanatomical and molecular differences between 
different types of primary injury and thus does not facilitate 
targeting specific pathobiology. This has been a key criti-
cism of the traditional Glasgow Coma Scale symptom-based 
classification [21, 22].

The concept of endotyping, initially defined in asthma 
with T2-helper eosinophilic/interleukin-5 signaling respon-
sive vs non-T2 subtypes, is now leveraged in several fields 
(oncology, sepsis, pulmonology) and is highly relevant to 
TBI. It is the principle that specific biological mechanisms/
pathways culminate in precise clinical phenotypes such as 
contusion expansion [23, 24]. Therapies may have limited 
success if generically applied to populations where the path-
way is only active in a subgroup [23, 24]. TBI molecular 
endotyping is in its infancy but is growing and essential to 
advance therapy for secondary injury. Successful TBI endo-
typing could guide clinicians to identify both the correct tar-
get mechanism (to monitor or treat), and the correct patient 
population. This is valuable for trials and ultimately bedside 
TBI care. Imaging characteristics and biofluid markers have 
gained traction in research efforts to improve TBI endotyp-
ing [22]. They have distinct but complementary utilities. 
The blood biomarkers closest to implementation in clinical 
practice are the combination of glial fibrillary acidic protein 
and ubiquitin C-terminal hydrolase L1, which are primar-
ily diagnostic (in terms of predicting computed tomogra-
phy [CT] and magnetic resonance imaging [MRI] positiv-
ity) [25–27]. These particular biomarkers, however, have 
been more useful in determining overall burden of injury 
and prognostication (particularly in severe TBI) rather than 
being able to differentiate pathoanatomical types of TBI [22, 
28–32]. Imaging thus remains key for spatial and compart-
mental endotyping in TBI particularly given the potential 
treatment and prognostic implications.

Contusional TBI—A Targetable Major 
Endotype of Morbidity and Mortality

Traumatic intraparenchymal cerebral contusions are a sub-
group of TBI that can be clearly and practically defined 
on non-contrast head CTs. They occur in ~ 35% of mod-
erate-severe TBI cases and are associated with unfavora-
ble outcome and mortality [33–36]. Contusion expansion, 
constituting progression of both cerebral edema and hemor-
rhage, occurs in approximately 50% of patients (16–75%) 
[33–35, 37, 38]. The hemorrhage progression component 
most frequently occurs within the first 12–24 h [33, 34, 39]. 
Although not universal, this clinical decompensation (often 
requiring neurosurgical intervention) has been identified in 
a large number of studies as a key contributor to secondary 
injury, disability, and death; the odds of unfavorable out-
come reported have been as high as 5X, and mortality can 
be more than threefold increased [34, 39–49].

The wide range of secondary hemorrhage progression 
incidence in contusional TBI reported in the literature 
may be partly attributable to variability in definition [33]. 
These definitions for progression and ensuing risk-factor 
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identification are relevant to understanding the study design 
and patient selection for ASTRAL. Most studies evaluating 
the impact of traumatic secondary hemorrhage progression 
of a contusion on various outcomes defined progression as 
a ~ 30–33% increase from initial volume [34, 46–48, 50–57]. 
However, others included “any” increase [37, 45, 49, 58–60], 
an increase of 5% [61], or absolute volume changes (of 1 
 cm3 or 12.5 mL) [43, 62].

Risk and Effects of Contusional Hemorrhage 
Progression

Risk factors for hemorrhage progression of a contusion in 
the aforementioned studies have been reported with varying 
robustness. They include an extensive range of clinical, labo-
ratory, and imaging characteristics such as injury severity (as 
measured by the Glasgow Coma Scale (GCS) score), history 
of hypertensive disease, initial contusion volume, contusion 
location, presence of peri-hematomal edema, co-existing 
lesions (especially subdural and subarachnoid hemorrhages), 
skull fractures, contrast extravasation, hypoxia, decompres-
sive craniectomy, coagulopathy, and low triglyceride levels 
[33]. Certain patient populations are particularly vulnera-
ble to contusional hemorrhage progression like the elderly, 
those on therapeutic anticoagulation, and chronic alcoholics 
[63–67]. Collinearity between some of these variables (such 
as advanced age and therapeutic anticoagulation) makes it 
challenging to dissect independent influence on hemorrhage 
progression, but there are likely biologically distinct effects 
on vessel fragility versus impaired hemostatic ability.

For some “risk” factors of contusional hemorrhage pro-
gression (such as post-traumatic coagulopathies), the data 
have been controversial. However, others have been largely 
consistent in multiple independent evaluations over more 
than a decade. Initial contusion volume in particular has 
been a reproducibly robust risk factor associated with con-
tusion expansion [37, 45, 50, 53, 54, 57, 58, 68] with one 
exception [47]. One study of 113 TBI patients quantified 
this risk where each additional  cm3 of contusion volume 
increased the risk of expansion by 11%. Another study in 
246 patients identified an increased odds ratio of ~ 5 for con-
tusion volumes > 20 mL [50]. A majority of the prior studies 
confirms the negative impact of secondary hemorrhage pro-
gression on several outcomes (neurosurgical intervention, 
mortality, functional outcome) [38–41, 43, 45, 49, 53–55, 
57–59, 69–71]. Even studies where hemorrhagic progression 
of a contusion was defined as “any” increase (vs the more 
commonly used definition of > 30–33%) reported a largely 
consistent association with unfavorable outcome, including 
a large prospective analysis of 1200 patients [45, 49, 58–60]. 
This is not surprising given the long-recognized toxicity of 
extravasated blood to brain cells and impact of associated 
hemorrhagic necrosis beyond just mass effect [72].

Mechanisms Underlying Contusional Hemorrhage 
Progression

Since most secondary hemorrhage progression in contu-
sional-TBI occurs within 12–24 h, there is a window of 
opportunity for prevention. However, to date no therapies 
have demonstrated success at inhibiting this process and 
improving outcomes in human patients. Conventionally, 
coagulopathies have been considered important mecha-
nistic contributors to progressive hemorrhage of already 
injured microvessels. However, this concept remains 
unproven, particularly given the mixed data. Coagulopa-
thies are defined broadly in TBI and can include pertur-
bations in any single coagulation parameter, including 
prolonged prothrombin time (PT), activated thromboplas-
tin time (aPTT), elevated international normalized ratio 
(INT), or decreased platelet counts. Although common in 
TBI (15–100% depending on injury severity), coagulation 
abnormalities are not necessary in the causal pathway of 
secondary hemorrhage progression. Of patients with sec-
ondary hemorrhage progression of their contusion, only 
3–31% have abnormal coagulation parameters (PT, PTT), 
and of patients with abnormal coagulation parameters, 
40–100% have secondary hemorrhage progression [39, 41, 
44, 71]. Despite the 1% reduction in mortality (limited 
to mild-moderate TBI), it is therefore not surprising that 
tranexamic acid had no impact on hemorrhage progression 
in two large randomized controlled trials [73, 74].

An alternative hypothesis for the mechanism underlying 
secondary hemorrhage progression of a contusion has been 
developed over the past decade and involves the concept 
of progressive microvascular failure in penumbral tissue 
[38, 75, 76]. This theory is supported by early data and 
provides an explanation for how microvessels that are not 
affected during primary injury end up facilitating extrava-
sation of blood several hours later [38, 75, 76]. These stud-
ies demonstrate that the initial kinetic energy from focal 
impact may not shear tissue/microvessels in the contu-
sional penumbra but are sufficient to activate mechanosen-
sitive molecular processes (specificity protein1 [Sp1], and 
nuclear factor-kB [NF-kB]). These in turn initiate a series 
of events in the penumbra that result in delayed structural 
failure of the microvasculature including smooth muscle 
and endothelial cells, which is responsible for hemorrhagic 
progression of the contusion (Fig. 1). A key downstream 
channel upregulated by these mechanosensitive processes 
that has been demonstrated in recent research to be central 
to secondary hemorrhage progression of a contusion, is 
sulfonylurea-receptor 1–transient receptor potential mel-
astatin 4 (SUR1-TRPM4) [34, 35, 75–84]. Channel inhibi-
tion has yielded promising results, particularly for brain 
contusion as discussed below.
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Research Supporting Benefit 
of Glibenclamide in Contusional‑TBI

The SUR1-TRPM4 channel was first identified in 2001 as a 
non-selective cation channel regulated by internal calcium 
and adenosine triphosphate (ATP) in reactive astrocytes cul-
tured from rat brain, where activation led to sodium influx, 
cellular swelling, and blebbing [85]. Five years later, its role 
in cerebral edema development after massive middle cer-
ebral artery infarction (ischemic stroke) and the benefit of 
channel inhibition with glibenclamide were demonstrated in 
rats [86]. Glibenclamide is a second generation sulfonylu-
rea that inhibits SUR1-TRPM4 by increasing the probability 
of long-closed state of the channel without impacting open 
channel dwell times or conductance [78]. Although stud-
ies of SUR1-TRPM4 and glibenclamide in ischemic stroke 
initially dominated the literature, there has been increasing 
evidence of its centrality to secondary injury after TBI, par-
ticularly as it relates to contusional edema and hemorrhage 
progression (Table 1) [35, 78].

The first report identifying the key role of SUR1 in sec-
ondary hemorrhage progression of a contusion was in a rat 
model of focal cortical contusion [75]. This was pivotal in 
defining early (within 3 h) SUR1 upregulation in microves-
sels that persisted for 24h [75]. Glibenclamide reduction of 
hemorrhage progression emerged within 45 min, and was 
sustained at 3 h, 6 h with maximal benefit at 12 h. Several 
subsequent studies in preclinical contusional TBI across 
different models, severities, and species have consistently 
shown that glibenclamide improves several outcome meas-
ures including contusion expansion, cerebral edema, blood-
brain-barrier integrity, and functional outcomes, both motor 
and cognitive [75–77, 80, 81, 83, 84, 87]. This includes 
testing by the rigorous, blinded, multi-center preclinical 
consortium, Operation Brain Trauma Therapy (OBTT) 
where most drugs perform significantly “below expecta-
tions based on the published literature.” [88] OBTT tested 

glibenclamide in three models of TBI—controlled cortical 
impact (CCI, a model of contusional TBI), fluid percussion 
injury, and blast injury—with specific benefit detected in 
CCI [81]. Indeed, glibenclamide is the only drug to have 
ever been tested by OBTT to reduce contusion volume in 
CCI, and it is the second highest scoring drug overall (after 
levetiracetam). Both the anti-edema benefits of glibencla-
mide after contusional TBI and the reduction of hemor-
rhage progression have also been confirmed by multiple 
independent laboratories using different models and out-
come measures [35, 75–78, 80, 83, 84, 87].

Early treatment is likely essential, particularly for limiting 
the hemorrhage progression component of contusion expan-
sion since upregulation of SUR1-TRPM4 in the endothelium 
occurs as early as 3h [75, 77]. A recent murine study in 
CCI evaluating the impact of glibenclamide on MRI-based 
endotypes confirmed that the reduction in hematoma volume 
(and diffusion-restrictive cellular edema) occurred acutely 
with high-dose treatment; however, the impact on vasogenic 
edema had a longer time-window [80]. Combining these 
results with the known delayed/persistent SUR1-TRPM4 
expression in astrocytes and microglia, continued or even 
later-initiated treatment with glibenclamide may decrease 
some edema formation and/or neuroinflammatory processes. 
Aside from treatment time, dosing (and injury pattern) may 
be key. In murine studies, although a lower loading dose of 
20 mg/kg achieved steady-state pharmacokinetic serum lev-
els of ~ 10 ng/mL [87], only the higher-dose of 10 mg/mouse 
effectively reduced hematoma volume, cytotoxic edema, 
vasogenic edema, and improved blood-brain barrier integrity 
measured on MRI [80]. It is unclear how these murine doses 
will translate to those used in the ongoing phase-II clinical 
trial discussed below. Additional patient/injury characteris-
tics may also impact benefit. At least in the murine study, 
the addition of hemorrhagic shock appeared to attenuate the 
anti-edema benefit, but the reduction of secondary hemor-
rhage progression of the contusion remained robust.

Fig. 1  Schematic demonstration of molecular changes that are pro-
posed to contribute to hemorrhagic progression of a contusion. The 
kinetic energy from primary impact activates key mechanosensitive 
transcription factors like specificity protein-1 and nuclear factor-kb. 
These directly result in transcriptional upregulation of the Sur1-

Trpm4 channel in endothelial cells that result in cellular edema and 
oncotic cell death- which ultimately contributes to breakdown of 
capillary integrity and hemorrhagic progression of the original contu-
sion. (Adapted with permission from Kurland et al. [38])
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Human studies support the role of SUR1-TRPM4 and 
glibenclamide in TBI, particularly contusional TBI [34, 
77, 79, 82, 89–95] (Table 1B). SUR1 ± TRPM4 expression 

(and colocalization) has been detected in human brain contu-
sions. Although expression levels have varied by cell type 
and distance from the epicenter/contusional core, these 

Table 1  Studies of Glibenclamide in Contusional TBI

BBB blood brain barrier, CCI controlled cortical impact, FJC Fluoro Jade-C, FPI fluid percussion injury, GLI glibenclamide, PBBI penetrating 
ballistic-like brain injury, SUR1 sulfonylurea receptor 1, TBI traumatic brain injury, ZO-1 zona occludens-1, ↓ decrease

A: Preclinical studies in controlled cortical impact

Authors, year Model Glibenclamide dose Glibenclamide impact on outcome

Simard et al. (2009) Rat focal cortical contusion (4.5 mm 
impactor, 10 g weight, 5 cm drop, 1 m/s 
velocity)

Loading: 10 μg/kg IP
Maintenance: 200 ng/h
Timing: 10 min of TBI

↓ hemorrhage expansion (minimal) at 6 h, 
12 h, 24 h

↓ 24 h histological lesion volume
Improved spontaneous vertical exploration

Patel et al. (2010) Rat CCI (Modified Feeney, 10 g weight, 
3 cm drop, 0.7 m/s)

Loading: 10 μg /kg IP
Maintenance: 200 ng/h (7 days)
Timing: 10 min of TBI

↓ hippocampal caspase-3
Improved hidden platform trial (memory 

retention)
3X ↓ in FJC + hilar cell death

Zweckberger et al. (2014) Rat CCI (5 mm impactor,1.5 mm depth, 
7.5 m/s, 300 ms duration)

Loading: 10 μg/kg IP
Maintenance: 200 ng/h
Timing: 15 min after TBI

No improvement in intracranial pressure, 
cerebral microdialysis parameters, sei-
zures, or beam walk

↓ 24 h brain water content (ipsilateral) by 
15.3%

↓ contusion volume at 8, 24, 72 h, and 
7 days

Xu et al. (2016) Mouse CCI (3 mm impactor,1.5 mm 
depth,1.5 m/s duration)

10 μg /day (3 days)
Timing: immediately after TBI

↓ 72 h ipsilateral brain water by 51.6%
↓ BBB disruption
↓ loss of ZO-1
↓ early stage apoptosis induced by stretch 

injury
Jha et al. (2018) Mouse CCI (1 mm depth, 5 m/s) ± HS 

(MAP 25–27 mmHg, 20 min)
Loading: 20 μg /kg IP
Maintenance: 400 ng/h
Timing: 10 min after TBI

↓ contralateral brain water to sham levels 
after CCI + HS

Gerzanich et al. (2019) Rat CCI (5 mm impactor, 4.5 mm depth, 
1 m/s, 200 ms duration)

Loading: 10 μg /kg IP
Maintenance: 400 ng/h
Timing: 10 min after TBI

↓ hemorrhagic progression of contusion 
by 58%

↓ mean swelling by ~ 66%
Jha et al. (2021) Rat CCI (8 mm impactor, 2.6 mm depth, 

4.5 m/s)
Loading: 10 μg /kg IP
Maintenance: 200 ng/h (7 days)
Timing: 10 min after TBI

Improved motor function (beam balance, 
walk)

↓ 21d contusion volume
Zusman et al. (2023) Mouse CCI (0.5 mm depth, 4 m/s)

 ± HS with MAP 25–27 mmHg X 20 min
High Dose: 10 mg/mouse
Low Dose: 20 mg/kg
Maintenance: 400 ng/h (7 days)
Timing: 10 min after TBI or within 5 min 

of HS

↓ hematoma volume, vasogenic edema, 
cytotoxic edema, BBB integrity in CCI → 
high dose only

↓ hematoma volume in CCI + HS → high 
dose only

No benefit with low dose

B: Clinical studies in contusional TBI

Authors, year Design Dose and sample size Results

Khalili et al. (2017) Double-blind randomized controlled trial, 
moderate-severe TBI (GCS 5–12)

10 mg/day oral GLI (10 days)
Timing: first dose within 10 h of TBI
N = 66

No difference in contusion volume between 
GLI vs placebo at baseline, day 3, and 
day 7

↓ contusion volume expansion ratio between 
day 1 vs 3 (p < 0.001) and day 1 vs 7 
(p = 0.003)

No difference in functional outcome at 
3 months as measured by GOS, MRS, 
or DRS

Eisenberg et al. (2019) Phase-2 Randomized Controlled Trial BIIB093 (intravenous GLI) IV 0.13 mg 
load over 2 min, 0.16 mg/h for 6 h, 
0.11 mg/hr for 66 h

Timing: within 10 h of TBI
N = 28 (N = 14 contusion)

↑ Contusion growth (non-significantly, 
tenfold) in placebo (1036 ± 1963.28%) 
vs GLI (136 ± 195.62%; p = 0.15, n = 7/
group)

MRI measures of edema (FW, MD, MDt) in 
lesion vs uninjured WM were different in 
placebo (p < 0.02) but not GLI



1477Glibenclamide for Brain Contusions: Contextualizing a Promising Clinical Trial Design that…

1 3

studies confirm early microvascular expression that has 
been reported to persist up to 100h [77, 79]. A prospec-
tive observational targeted gene study in 321 patients iden-
tified eight genetic variants in ABCC8 (SUR1 gene) and 
TRPM4 that were expression quantitative trait loci (eQTL) 
[34]. These polymorphisms were associated with risk of 
hemorrhage progression in a directionally and biologically 
consistent manner (i.e. eQTLs that increased mRNA had 
an increased risk of hemorrhage progression) [34]. Oral 
glibenclamide has also been tested in a small randomized 
placebo controlled trial of 66 patients with traumatic brain 
contusion [82]. Although oral glibenclamide does not lend 
itself to tight control of maintaining therapeutic levels, this 
study did identify lower contusion expansion ratios between 
baseline-to days 3 and 7. An intravenous formulation of glib-
enclamide (currently known as BIIB093, previously known 
as Cirara or RP 1127) was also tested in a small pilot ran-
domized trial of 28 patients with TBI [89] with a subset 
of 14 patients with contusion. In this study, lesion volume 
increased 1036% with placebo vs 136% with glibenclamide; 
however, this finding was not significant possibly due to the 
small sample size.

ASTRAL Trial Design—Leveraging 
Underlying Biology and the Contusional‑TBI 
Endotype

Since the discovery and report of the SUR1-TRPM4 chan-
nel two decades ago, there has clearly been a steady stream 
of molecular, translational, and early clinical research from 
independent laboratories that supports the likelihood of glib-
enclamide benefit, particularly in the contusional endotype 
of TBI. These compelling data propelled enthusiasm to test 
this therapy in a larger phase-II randomized clinical trial, 
ASTRAL (NCT03954041). ASTRAL uses a proprietary 
intravenous formulation of glibenclamide (BIIB093) [35]. 

In addition to the promising foundational research, this study 
leverages knowledge gained from previous clinical TBI trials 
and addresses two key deficiencies: (1) it accounts for one 
key component of TBI heterogeneity by focusing on a single 
pathoanatomical endotype, i.e., brain contusion; and (2) it 
uses a primary endpoint, i.e., contusion expansion (hema-
toma plus perihematomal edema) that is mechanistically 
linked to the action of the drug and the known molecular 
pathobiology described above.

ASTRAL is sponsored by Biogen and is actively enroll-
ing patients. It is an international multi-center double blind 
multidose placebo-controlled phase-II clinical trial with sites 
in the United States, Japan, Spain, France, Germany, Israel, 
and Italy. The enrollment goal for the study is 160 patients. 
The inclusion and exclusion criteria (Table 2) aim to enroll 
adult TBI patients with supratentorial brain contusions that 
are expected to survive for at least 24 h. Setting a minimum 
size of enrollable contusion (3 mL) is consistent with previ-
ously published findings that the risk of contusion expansion 
is strongly correlated with initial contusion volume, and one 
report indicating that contusions ≤ 4 mL are unlikely to pro-
gress with a sensitivity of 95% and specificity of 75% [53].

The details presented herein about the ASTRAL proto-
col are accurate as of March 2023 but may evolve as the 
trial and enrollment progresses. Four study arms have been 
included (Fig. 2): low dose (3 mg/day) and high dose (5 mg/
day) for 96 h, and matched placebo groups. Randomization 
is required to begin within 6 h of injury, with drug (or pla-
cebo) infusion by 6.5 h. Like the inclusion/exclusion criteria, 
the dose and timing of drug infusion also appear to have 
been carefully considered in the context of the preexisting 
research. The safety low dose (~ 3 mg/day) is the same as 
that used in the phase-1 (and II) study of the same drug in 
large hemispheric infarction [96, 97]. Pharmacokinetic data 
from this trial are eagerly awaited – it will be interesting to 
see how the high and low dose of BIIB093 in this clinical 
trial compare with the recent murine study demonstrating 

Table 2  Current key inclusion and exclusion criteria for ASTRAL

Inclusion Exclusion

- Age 18 to 85 (male and female adults).
- Supratentorial brain contusion with intraparenchymal lesions total-

ing > 3 mL per investigator assessment of the baseline non-contrast 
CT.

- Glasgow Coma Scale score 5–15.
- Functionally independent prior to TBI.

- Anticipated withdrawal of care within 24 h as determined by the site 
investigator.

- Indication for immediate decompressive craniectomy or evacuation of 
intraparenchymal hematoma.

- Clinical signs of brainstem herniation based on the site investigator’s 
assessment.

- Evidence on CT or MRI of penetrating brain trauma from external 
object such as bullet.

- Any presence of midbrain or posterior fossa injury as assessed by the 
site investigator.

- Life threatening or non-survivable polytrauma as assessed by the site 
investigator.

- Known use of oral anticoagulants including direct thrombin inhibitors, 
or factor Xa inhibitors in 3 days preceding the injury.
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high-dose-only benefit, since it is challenging to translate 
drug doses across species. Unlike the infusion timing in 
large-hemispheric infarction and the prior Eisenberg study in 
TBI, the directive in ASTRAL is to infuse drug within 6.5 h 
of injury, given the earlier upregulation of SUR1-TRPM4 in 
the penumbral microvessels after contusional TBI. The goal 
is to inhibit microvascular SUR1-TRPM4 before the ensuing 
oncotic cell death, structural failure, pericontusional edema, 
and hemorrhage progression.

The primary outcome of ASTRAL is the change in con-
tusion volume from baseline to 96 h, as measured on imag-
ing, either MRI or non-contrast CT. Contusion volumes 
include the sum of both the hematoma and perihematomal 
edema. Absolute volumes of the individual components of 
the contusion will also be recorded and measured as second-
ary outcomes, including the change in absolute hematoma 
volume by 24 h from baseline, and the change in absolute 
edema volume by 96 h from baseline. These distinct timings 
are related to the peak timing for hemorrhage progression 
(24 h) versus cerebral edema (3–5 days) that also coincide 
with the temporal course of SUR1-TRPM4 expression in 
different cell-types driving either hemorrhage progression 
(microvascular cells) or cerebral edema (including neurons, 
glia). Of note, these outcome measures have been updated 
from our previous report where contusion expansion was 
defined as a binary measure and the outcome was the pro-
portion of patients with expansion by 96 h. If participants 
undergo decompressive craniectomy, intraparenchymal 
hematoma evacuation, or transition toward comfort meas-
ures, the scan immediately prior will be used for comparison 
to baseline. Other important secondary outcome measures 
that will be obtained in ASTRAL include the proportion 
of patients requiring delayed intubation (between 24 and 

96 h post-injury), the proportion of patients with improved 
modified Rankin scale by 90 days, as well as overall survival 
at 90 days and functional outcome measured by an ordinal 
Glasgow Outcome Scale-Extended score at 180 days. Based 
on the current rate of enrollment and the sample size needed 
to power the study, ASTRAL is expected to be completed 
with final data collection for the primary outcome measure 
by January 2025.

Conclusions

Patients with brain contusion (a pathoanatomic endotype of 
TBI) are at risk for the devastating secondary injury process 
of contusion expansion. No therapies are currently available 
to prevent or treat this process. Preclinical and molecular 
research over the past decade strongly implicates a key role 
of the SUR1-TRPM4 channel in secondary injury and contu-
sion expansion with benefit of glibenclamide. ASTRAL is 
an actively enrolling innovative phase-II randomized clini-
cal trial evaluating the safety and efficacy of intravenous 
glibenclamide in contusional TBI. It addresses the “Achil-
les heel” of TBI trials, i.e., heterogeneity by focusing on 
brain contusion (the subpopulation most likely to benefit) 
and an outcome measure (contusion-expansion) that is both 
mechanistically linked to glibenclamide and a key driver 
of morbidity and mortality. It is a first and exciting step 
toward executing an endotype-driven precision medicine 
trial in TBI with results anticipated in 2025. Ultimately, an 
integrative multimodal approach to brain contusion may 
combine targetable mechanisms with both molecular- and 
imaging-based endotyping, including biofluid and genetic 
markers to truly bring precision medicine to the bedside in 

Fig. 2  Schematic of the current clinical trial design of ASTRAL: a 
phase-2 multicenter, international double-blind, placebo-controlled, 
multi dose randomized clinical trial evaluating the safety and efficacy 
of BIIB093 in contusional-traumatic brain injury. The timeline from 
injury to randomization is presented (10 h), and within 6 h of presen-
tation to the study site. Participants are randomized into four groups: 

low vs high dose BIIB093 and low vs high dose placebo. Drug or pla-
cebo need to be infused within 6.5 h of arrival to the study site.The 
primary endpoint is change in contusion volume from baseline CT 
(on admission) versus 96-h imaging (either CT or MRI), with several 
secondary endpoints also being evaluated
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TBI. Given the strength of the underlying science, develop-
ing and validating such tools for the SUR1-TRPM4 pathway 
may be particularly rewarding.

Acknowledgements The authors are grateful to support for their time 
from the National Institutes of Health/National Institute of Neurologi-
cal Disorders and Stroke R01NS115815 (RMJ), R21NS131689 (RMJ) 
and R01NS102589 (JMS); the Barrow Neurological Foundation (RMJ).

Declarations 

Conflict of Interest R.M.J is a paid consultant and on the advisory 
board for Biogen. J.M.S. holds a US patent (7,285,574), ‘A novel non-
selective cation channel in neural cells and methods for treating brain 
swelling.’ J.M.S. is a member of the Board of Directors and holds 
shares in Remedy Pharmaceuticals and is a paid consultant for Biogen. 
This study was not funded, reviewed, edited or influenced in any way 
by Biogen.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Maas AIR, et al. Traumatic brain injury: integrated approaches to 
improve prevention, clinical care, and research. Lancet Neurol. 
2017;16:987–1048.

 2. Andrews PJD, et al. Hypothermia for intracranial hypertension 
after traumatic brain injury. N Engl J Med. 2015;373:2403–12.

 3. Roberts I, et al. Effect of intravenous corticosteroids on death 
within 14 days in 10008 adults with clinically significant head 
injury (MRC CRASH trial): randomised placebo-controlled trial. 
Lancet. 2004;364:1321–8.

 4. Edwards P, et al. Final results of MRC CRASH, a randomised pla-
cebo-controlled trial of intravenous corticosteroid in adults with 
head injury-outcomes at 6 months. Lancet. 2005;365:1957–9.

 5. Clifton GL, et al. Very early hypothermia induction in patients 
with severe brain injury (the National Acute Brain Injury 
Study: Hypothermia II): a randomised trial. Lancet Neurol. 
2011;10:131–9.

 6. Temkin NR, et al. Magnesium sulfate for neuroprotection after 
traumatic brain injury: a randomised controlled trial. Lancet Neu-
rol. 2007;6:29–38.

 7. Wright DW, et al. Very early administration of progesterone for 
acute traumatic brain injury. N Engl J Med. 2014;371:2457–66.

 8. Nichol A, et al. Erythropoietin in traumatic brain injury (EPO-
TBI): a double-blind randomised controlled trial. Lancet. 
2015;386:2499–506.

 9. Schwamm LH. Progesterone for traumatic brain injury–resisting 
the sirens’ song. N Engl J Med. 2014;371:2522–3.

 10. Jha RM, Kochanek PM. Adding insight to injury: a new era in 
neurotrauma. Lancet Neurol. 2017;16:578–80.

 11. Galimberti S, et al. Effect of frailty on 6-month outcome after 
traumatic brain injury: a multicentre cohort study with external 
validation. Lancet Neurol. 2022;21:153–62.

 12. Yue JK, et  al. Pre-injury comorbidities are associated with 
functional impairment and post-concussive symptoms at 3- and 
6-months after mild traumatic brain injury: a TRACK-TBI study. 
Front Neurol. 2019;10:343.

 13. Schneider ALC, et al. Associations of preexisting vascular risk 
factors with outcomes after traumatic brain injury: a TRACK-TBI 
study. J Head Trauma Rehabil. 2023;38:E88–98.

 14. McMahon P, et al. Symptomatology and functional outcome in 
mild traumatic brain injury: results from the prospective TRACK-
TBI study. J Neurotrauma. 2014;31:26–33.

 15. Carney N, et al. Guidelines for the management of severe trau-
matic brain injury, fourth edition. Neurosurgery. 2017;80:6–15.

 16. Stocchetti N, et al. Severe traumatic brain injury: targeted manage-
ment in the intensive care unit. Lancet Neurol. 2017;16:452–64.

 17. Jha RM, Kochanek PM. A precision medicine approach to cerebral 
edema and intracranial hypertension after severe traumatic brain 
injury: quo vadis? Curr Neurol Neurosci Rep. 2018;18:105.

 18. Jha RM, Kochanek PM, Simard JM. Pathophysiology and treat-
ment of cerebral edema in traumatic brain injury. Neuropharma-
cology. 2019;145:230–46.

 19. Cooper DJ, et al. Effect of early sustained prophylactic hypo-
thermia on neurologic outcomes among patients with severe 
traumatic brain injury: the POLAR randomized clinical trial. 
JAMA. 2018;320:2211–20.

 20. Chesnut RM, et al. A trial of intracranial-pressure monitoring 
in traumatic brain injury. N Engl J Med. 2012;367:2471–81.

 21. Hawryluk GWJ, Manley GT. Classification of traumatic brain 
injury: past, present, and future. Handb Clin Neurol. 2015;127: 
15–21.

 22. Maas AIR, et al. Traumatic brain injury: progress and challenges 
in prevention, clinical care, and research. Lancet Neurol. 2022;21: 
1004–60.

 23. Battaglia M, et al. Introducing the endotype concept to address 
the challenge of disease heterogeneity in type 1 diabetes. Dia-
betes Care. 2020;43:5–12.

 24. Azad TD, Shah PP, Kim HB, Stevens RD. Endotypes and 
the path to precision in moderate and severe traumatic brain 
injury. Neurocrit Care. 2022. https:// doi. org/ 10. 1007/ s12028-  
022- 01475-6.

 25. Okonkwo DO, et al. Point-of-care platform blood biomarker test-
ing of glial fibrillary acidic protein versus S100 calcium-binding 
protein B for prediction of traumatic brain injuries: a transforming 
research and clinical knowledge in traumatic brain injury study. J 
Neurotrauma. 2020;37:2460–7.

 26. Mondello S, et al. Blood-based protein biomarkers for the man-
agement of traumatic brain injuries in adults presenting to emer-
gency departments with mild brain injury: a living systematic 
review and meta-analysis. J Neurotrauma. 2021;38:1086–106.

 27. Wang KKW, Kobeissy FH, Shakkour Z, Tyndall JA. Thorough 
overview of ubiquitin C-terminal hydrolase-L1 and glial fibril-
lary acidic protein as tandem biomarkers recently cleared by US 
Food and Drug Administration for the evaluation of intracranial 
injuries among patients with traumatic brain injury. Acute Med 
Surg. 2021;8:e622.

 28. Helmrich IRAR, et al. Incremental prognostic value of acute 
serum biomarkers for functional outcome after traumatic brain 
injury (CENTER-TBI): an observational cohort study. Lancet 
Neurol. 2022;21:792–802.

 29. Whitehouse DP, et  al. Relationship of admission blood pro-
teomic biomarkers levels to lesion type and lesion burden in 
traumatic brain injury: A CENTER-TBI study. EBioMedicine. 
2022;75:103777.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12028-022-01475-6
https://doi.org/10.1007/s12028-022-01475-6


1480 R. M. Jha, J. M. Simard 

1 3

 30. Czeiter E, et al. Blood biomarkers on admission in acute traumatic 
brain injury: relations to severity, CT findings and care path in the 
CENTER-TBI study. EBioMedicine. 2020;56:102785.

 31. Whitehouse DP, et al. Blood biomarkers and structural imaging 
correlations post-traumatic brain injury: a systematic review. Neu-
rosurgery. 2022;90:170–9.

 32. Yue JK, et al. Association between plasma GFAP concentrations 
and MRI abnormalities in patients with CT-negative traumatic 
brain injury in the TRACK-TBI cohort: a prospective multicentre 
study. Lancet Neurol. 2019;18:953–61.

 33. Adatia K, Newcombe VFJ, Menon DK. Contusion progression 
following traumatic brain injury: a review of clinical and radio-
logical predictors, and influence on outcome. Neurocrit Care. 
2021;34:312–24.

 34. Jha RM, et al. Genetic variants associated with intraparenchymal 
hemorrhage progression after traumatic brain injury. JAMA Netw 
Open. 2021;4:e2116839.

 35. Jha RM, et al. Role of sulfonylurea receptor 1 and glibenclamide 
in traumatic brain injury: a review of the evidence. Int J Mol 
Sci. 2020;21.

 36. Yue JK, et al. Temporal lobe contusions on computed tomography 
are associated with impaired 6-month functional recovery after 
mild traumatic brain injury: a TRACK-TBI study. Neurol Res. 
2018;40:972–81.

 37. Narayan RK, et al. Progression of traumatic intracerebral hemor-
rhage: a prospective observational study. J Neurotrauma. 2008;25: 
629–39.

 38. Kurland D, Hong C, Aarabi B, Gerzanich V, Simard JM. Hemor-
rhagic progression of a contusion after traumatic brain injury: a 
review. J Neurotrauma. 2012;29:19–31.

 39. Oertel M, et al. Progressive hemorrhage after head trauma: pre-
dictors and consequences of the evolving injury. J Neurosurg. 
2002;96:109–16.

 40. Servadei F, et al. The value of the “worst” computed tomographic 
scan in clinical studies of moderate and severe head injury. 
European Brain Injury Consortium. Neurosurgery. 2000;46: 
70–5; discussion 75.

 41. Allard CB, et al. Abnormal coagulation tests are associated with 
progression of traumatic intracranial hemorrhage. J Trauma. 
2009;67:959–67.

 42. Nelson DW, et al. Extended analysis of early computed tomog-
raphy scans of traumatic brain injured patients and relations to 
outcome. J Neurotrauma. 2010;27:51–64.

 43. Juratli TA, et al. Early hemorrhagic progression of traumatic brain con-
tusions: frequency, correlation with coagulation disorders, and patient 
outcome: a prospective study. J Neurotrauma. 2014;31:1521–7.

 44. Stein SC, Young GS, Talucci RC, Greenbaum BH, Ross SE. 
Delayed brain injury after head trauma: significance of coagu-
lopathy. Neurosurgery. 1992;30:160–5.

 45. Carnevale JA, et al. Blossoming contusions: identifying factors 
contributing to the expansion of traumatic intracerebral hemor-
rhage. J Neurosurg. 2018;129:1305–16.

 46. Wan X, et al. Progressive hemorrhagic injury in patients with trau-
matic intracerebral hemorrhage: characteristics, risk factors and 
impact on management. Acta Neurochir (Wien). 2017;159:227–35.

 47. Cepeda S, et al. Traumatic intracerebral hemorrhage: risk factors 
associated with progression. J Neurotrauma. 2015;32:1246–53.

 48. Cepeda S, et al. Contrecoup traumatic intracerebral hemorrhage: 
a geometric study of the impact site and association with hemor-
rhagic progression. J Neurotrauma. 2016;33:1034–46.

 49. Qureshi AI, et al. Hematoma enlargement among patients with 
traumatic brain injury: analysis of a prospective multicenter 
clinical trial. J Vasc Interv Neurol. 2015;8:42–9.

 50. Rehman L, et al. Radiological parameters to predict hemor-
rhagic progression of traumatic contusional brain injury. J Neu-
rosci Rural Pract. 2019;10:212–7.

 51. Allison RZ, Nakagawa K, Hayashi M, Donovan DJ, Koenig MA. 
Derivation of a predictive score for hemorrhagic progression 
of cerebral contusions in moderate and severe traumatic brain 
injury. Neurocrit Care. 2017;26:80–6.

 52. Kim H, et al. Risk factors for early hemorrhagic progression 
after traumatic brain injury: a focus on lipid profile. J Neuro-
trauma. 2015;32:950–5.

 53. Iaccarino C, et al. Patients with brain contusions: predictors 
of outcome and relationship between radiological and clinical 
evolution. J Neurosurg. 2014;120:908–18.

 54. Alahmadi H, Vachhrajani S, Cusimano MD. The natural his-
tory of brain contusion: an analysis of radiological and clinical 
progression. J Neurosurg. 2010;112:1139–45.

 55. White CL, Griffith S, Caron JL. Early progression of trau-
matic cerebral contusions: characterization and risk factors. J 
Trauma. 2009;67:508–14; discussion 514.

 56. Zhu Y, et al. Establishment and validation of a prediction model 
for intraparenchymal hematoma expansion in patients with cer-
ebral contusion: a reliable Nomogram. Clin Neurol Neurosurg. 
2022;212:107079.

 57. Wang R, et al. Classification, risk factors, and outcomes of patients 
with progressive hemorrhagic injury after traumatic brain injury. 
BMC Neurol. 2023;23:68.

 58. Chang EF, Meeker M, Holland MC. Acute traumatic intraparen-
chymal hemorrhage: risk factors for progression in the early post-
injury period. Neurosurgery. 2006;58:647–56; discussion 647.

 59. Fletcher-Sandersjöö A, et al. Time course and clinical signifi-
cance of hematoma expansion in moderate-to-severe traumatic 
brain injury: an observational cohort study. Neurocrit Care. 
2023;38:60–70.

 60. Flint AC, Manley GT, Gean AD, Hemphill JC, Rosenthal G. Post-
operative expansion of hemorrhagic contusions after unilateral 
decompressive hemicraniectomy in severe traumatic brain injury. 
J Neurotrauma. 2008;25:503–12.

 61. Beaumont A, Gennarelli T. CT prediction of contusion evolution 
after closed head injury: the role of pericontusional edema. Acta 
Neurochir Suppl. 2006;96:30–2.

 62. Yadav YR, Basoor A, Jain G, Nelson A. Expanding traumatic 
intracerebral contusion/hematoma. Neurol India. 2006;54:377–81.

 63. Pieracci FM, Eachempati SR, Shou J, Hydo LJ, Barie PS. Degree 
of anticoagulation, but not warfarin use itself, predicts adverse 
outcomes after traumatic brain injury in elderly trauma patients. 
J Trauma. 2007;63:525–30.

 64. Della Pepa GM, et al. Are oral anticoagulants a risk factor for mild 
traumatic brain injury progression? A single-center experience 
focused on of direct oral anticoagulants and vitamin K antago-
nists. Acta Neurochir (Wien). 2002;164:97–105.

 65. Svedung Wettervik T, Enblad P, Lewén A. Pre-injury chronic 
alcohol abuse predicts intracranial hemorrhagic progression, 
unfavorable clinical outcome, and mortality in severe traumatic 
brain injury. Brain Inj. 2021;35:1569–1576.

 66. Shin SS, et  al. Comparison of traumatic intracranial hemor-
rhage expansion and outcomes among patients on direct oral 
anticoagulants versus vitamin k antagonists. Neurocrit Care. 
2020;32:407–18.

 67. Zeeshan M, et al. The novel oral anticoagulants (NOACs) have 
worse outcomes compared to warfarin in patients with intracranial 
hemorrhage after TBI. J Trauma Acute Care Surg. 2018. https:// 
doi. org/ 10. 1097/ TA. 00000 00000 001995.

 68. Shih YJ, et al. Prediction of intraparenchymal hemorrhage pro-
gression and neurologic outcome in traumatic brain injury patients 
using radiomics score and clinical parameters. Diagnostics 
(Basel). 2002;12.

 69. Rosa M, et al. Contusion contrast extravasation depicted on multide-
tector computed tomography angiography predicts growth and mor-
tality in traumatic brain contusion. J Neurotrauma. 2016;33:1015–22.

https://doi.org/10.1097/TA.0000000000001995
https://doi.org/10.1097/TA.0000000000001995


1481Glibenclamide for Brain Contusions: Contextualizing a Promising Clinical Trial Design that…

1 3

 70. Chieregato A, et al. Factors associated with neurological outcome 
and lesion progression in traumatic subarachnoid hemorrhage 
patients. Neurosurgery. 2005;56:671–80; discussion 671.

 71. Tian HL, et al D-dimer as a predictor of progressive hemorrhagic 
injury in patients with traumatic brain injury: analysis of 194 
cases. Neurosurg Rev. 2010;33:359–65; discussion 365.

 72. Stokum JA, et al. When the blood hits your brain: the neurotoxic-
ity of extravasated blood. Int J Mol Sci. 2021;22.

 73. CRASH-3 trial collaborators. Effects of tranexamic acid on 
death, disability, vascular occlusive events and other morbidities 
in patients with acute traumatic brain injury (CRASH-3): a ran-
domised, placebo-controlled trial. Lancet. 2019;394:1713–1723.

 74. Rowell SE, et  al. Effect of out-of-hospital tranexamic acid 
vs placebo on 6-month functional neurologic outcomes in 
patients with moderate or severe traumatic brain injury. JAMA. 
2020;324:961–74.

 75. Simard JM, et al. Key role of sulfonylurea receptor 1 in progres-
sive secondary hemorrhage after brain contusion. J Neurotrauma. 
2009;26:2257–67.

 76. Patel AD, Gerzanich V, Geng Z, Simard JM. Glibenclamide 
reduces hippocampal injury and preserves rapid spatial learning 
in a model of traumatic brain injury. J Neuropathol Exp Neurol. 
2010;69:1177–90.

 77. Gerzanich V, et al. Sulfonylurea receptor 1, transient receptor poten-
tial cation channel subfamily M member 4, and kir6.2:role in hemor-
rhagic progression of contusion. J Neurotrauma. 2019;36:1060–1079.

 78. Jha RM, et al. Sulfonylurea receptor 1 in central nervous system 
injury: an updated review. Int J Mol Sci 2021;22.

 79. Martínez-Valverde T, et al. Sulfonylurea receptor 1 in humans with 
post-traumatic brain contusions. J Neurotrauma. 2015;32:1478–87.

 80. Zusman BE, et al. Precision effects of glibenclamide on MRI 
endophenotypes in clinically relevant murine traumatic brain 
injury. Crit Care Med. 2023;51:e45–59.

 81. Jha RM, et al. Glibenclamide treatment in traumatic brain injury: 
operation brain trauma therapy. J Neurotrauma. 2021;38:628–45.

 82. Khalili H, et al. Effects of oral glibenclamide on brain contusion 
volume and functional outcome of patients with moderate and 
severe traumatic brain injuries: a randomized double-blind pla-
cebo-controlled clinical trial. World Neurosurg. 2017;101:130–6.

 83. Zweckberger K, et al. Glibenclamide reduces secondary brain 
damage after experimental traumatic brain injury. Neuroscience. 
2014;272:199–206.

 84. Xu Z-M, Yuan F, Liu Y-L, Ding J, Tian H-L. Glibenclamide atten-
uates blood-brain barrier disruption in adult mice after traumatic 
brain injury. J Neurotrauma. 2017;34:925–33.

 85. Chen M, Simard JM. Cell swelling and a nonselective cation 
channel regulated by internal Ca2+ and ATP in native reactive 
astrocytes from adult rat brain. J Neurosci. 2001;21:6512–21.

 86. Simard JM, et al. Newly expressed SUR1-regulated NC(Ca-ATP) 
channel mediates cerebral edema after ischemic stroke. Nat Med. 
2006;12:433–40.

 87. Jha RM, et al. Glibenclamide produces region-dependent effects 
on cerebral edema in a combined injury model of traumatic 
brain injury and hemorrhagic shock in mice. J Neurotrauma. 
2018;35:2125–35.

 88. Kochanek PM, et al. Synthesis of findings, current investigations, 
and future directions: operation brain trauma therapy. J Neuro-
trauma. 2016;33:606–14.

 89. Eisenberg HM, et al. Magnetic resonance imaging pilot study of 
intravenous glyburide in traumatic brain injury. J Neurotrauma. 
2020;37:185–93.

 90. Jha RM, et al. Sulfonylurea receptor-1: a novel biomarker for 
cerebral edema in severe traumatic brain injury. Crit Care Med. 
2017;45:e255–64.

 91. Zusman BE, et al. Cerebrospinal fluid sulfonylurea receptor-1 is 
associated with intracranial pressure and outcome after pediatric 
TBI: an exploratory analysis of the cool kids trial. J Neurotrauma. 
2021;38:1615–9.

 92. Jha RM, et al. Regionally clustered ABCC8 polymorphisms in 
a prospective cohort predict cerebral oedema and outcome in 
severe traumatic brain injury. J Neurol Neurosurg Psychiatry. 
2018;89:1152–62.

 93. Jha RM, et al. ABCC8 Single nucleotide polymorphisms are 
associated with cerebral edema in severe TBI. Neurocrit Care. 
2017;26:213–24.

 94. Jha RM, et al. Downstream TRPM4 polymorphisms are associ-
ated with intracranial hypertension and statistically interact with 
ABCC8 polymorphisms in a prospective cohort of severe trau-
matic brain injury. J Neurotrauma. 2019;36:1804–17.

 95. Zafardoost P, Ghasemi AA, Salehpour F, Piroti C, Ziaeii E. 
Evaluation of the effect of glibenclamide in patients with diffuse 
axonal injury due to moderate to severe head trauma. Trauma 
Mon. 2016;21:e25113.

 96. Sheth KN, et al. Safety and efficacy of intravenous glyburide on 
brain swelling after large hemispheric infarction (GAMES-RP): a 
randomised, double-blind, placebo-controlled phase 2 trial. Lan-
cet Neurol. 2016;15:1160–9.

 97. Sheth KN, et al. Pilot study of intravenous glyburide in patients 
with a large ischemic stroke. Stroke. 2014;45:281–3.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Glibenclamide for Brain Contusions: Contextualizing a Promising Clinical Trial Design that Leverages an Imaging-Based TBI Endotype
	Abstract
	Introduction
	TBI Heterogeneity and the Need for Endotyping
	Contusional TBI—A Targetable Major Endotype of Morbidity and Mortality
	Risk and Effects of Contusional Hemorrhage Progression
	Mechanisms Underlying Contusional Hemorrhage Progression

	Research Supporting Benefit of Glibenclamide in Contusional-TBI
	ASTRAL Trial Design—Leveraging Underlying Biology and the Contusional-TBI Endotype
	Conclusions
	Acknowledgements 
	References


