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SUMMARY

Brain edema after a large stroke causes significant morbidity and mortality. Here, we seek to identify phar-
macodynamic markers of edema that are modified by intravenous (i.v.) glibenclamide (glyburide; BIIB093)
treatment. Using metabolomic profiling of 399 plasma samples from patients enrolled in the phase 2 Glybur-
ide Advantage in Malignant Edema and Stroke (GAMES)-RP trial, 152 analytes are measured using liquid
chromatography-tandem mass spectrometry. Associations with midline shift (MLS) and the matrix
metalloproteinase-9 (MMP-9) level that are further modified by glibenclamide treatment are compared with
placebo. Hypoxanthine is the only measured metabolite that associates with MLS and MMP-9. In sensitivity
analyses, greater hypoxanthine levels also associate with increased net water uptake (NWU), as measured on
serial head computed tomography (CT) scans. Finally, we find that treatment with i.v. glibenclamide reduces
plasma hypoxanthine levels across all post-treatment time points. Hypoxanthine, which has been previously
linked to inflammation, is a biomarker of brain edema and a treatment response marker of i.v. glibenclamide

treatment.

INTRODUCTION

The development of malignant brain edema is a leading cause of
early clinical deterioration and death after ischemic stroke." Le-
sional swelling exacerbates tissue injury and portends poor long-
term functional outcome after stroke.® Malignant brain edema,
the rapid clinical decline in the first 24-72 h after stroke due to
mass-occupying tissue swelling, is a highly morbid sequela of
large hemispheric stroke.* Limited therapies exist for the treat-
ment of brain edema.®

The Glyburide Advantage in Malignant Edema and Stroke
(GAMES)-RP trial (ClinicalTrials.gov: NCT01794182) evaluated
the safety and efficacy of intravenous (i.v.) glibenclamide (glybur-
ide; BIIB093) to mitigate brain edema in patients suffering large
hemispheric infarction and demonstrated a reduction in midline
shift (MLS) and the plasma matrix metalloproteinase-9 (MMP-
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9) level in glibenclamide-treated patients.®® Preclinical data
have suggested that glibenclamide binds the sulfonylurea-1 re-
ceptor-transient receptor potential melastatin 4 channel
(SUR1-TRPM4) and may mitigate brain edema by blocking
non-specific ion influx into ischemic cells;® however, the exact
mechanism of glibenclamide in patients is not fully understood.

Metabolomics measures circulating metabolites, the level of
which represents an integrated view of metabolism. For
example, metabolite levels may directly reflect metabolic distur-
bances from ischemia or indirectly relate to changes in the meta-
bolic programs that mediate the post-ischemic inflammatory
response.'®'" Therefore, changes in metabolite levels may
reflect underlying pathophysiologic mechanisms and can pro-
vide insight into disease mechanisms.'?'®

In this study, we investigated potential mechanisms of malig-
nant edema by identifying metabolomic markers that were also
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Table 1. Characteristics of the study cohort

i.v. p
glibenclamide Placebo value
(n=44) (n=39)
Age, years, mean (SD) 58 (11) 62 (9.0) 0.06
Gender, female, n (%) 16 (36) 11 (28) 0.43
Received i.v. tPA, n (%) 25 (57) 24 (62) 0.66
Baseline NIHSS, 20 (16-22) 19 (17-23) 0.48
median (IQR)
Baseline DWI volume, 154 (105-182) 159 (113-200) 0.59
mL, median (IQR)
Received 13 (30) 9 (23) 0.62
hemicraniectomy, n (%)
Baseline MMP-9, ng/mL, 270 (215-503) 322 (238-442) 0.48
median (IQR)*
Follow-up MMP-9, ng/mL, 194 (119-295) 254 (182-453) 0.01°¢
median (IQR)°
Baseline hypoxanthine, 3.34 + 3.1 3.45+1.3 0.83
mean + SD*
Follow-up hypoxanthine, 2.27 £ 0.9 294 +£141 0.002°

mean + SD°

DWI, diffusion weighted imaging; i.v. tPA, intravenous tissue plasmin-
ogen activator; IQR, interquartile range; NIHSS, National Institutes of
Health Stroke Scale score; ng/mL, nanograms per milliliter; MMP-9, ma-
trix metalloproteinase-9; SD, standard deviation.

#Two patients randomized to i.v. glibenclamide and one patient random-
ized to placebo did not have baseline samples.

PData are for values averaged over 24, 48, and 72 h time points.

°p values meeting 0.05 threshold of significance.

modified by i.v. glibenclamide treatment. To address this objec-
tive, we first identified candidates associated with MLS and the
MMP-9 level, two markers of malignant brain edema that have
been shown to be attenuated by i.v. glibenclamide in GAMES-
RP."5'* Second, leading candidates were then evaluated as
potential pharmacodynamic markers of i.v. glibenclamide treat-
ment. We hypothesized that a marker associated with these
criteria would provide insight into the mechanisms of malignant
edema after stroke.

RESULTS

Study population

Of 86 patients enrolled in the GAMES-RP trial, 83 had plasma
samples drawn and stored for the current analysis, which corre-
sponded to the modified intention-to-treat cohort as originally
reported.® This study cohort included 44 patients randomly allo-
cated to the i.v. glibenclamide treatment group, and 39 allocated
to the placebo group. The baseline characteristics by treatment
arm are shown in Table 1.

Metabolites associated with markers of edema

Metabolites were measured in plasma samples collected from
patients at baseline (at time of enrollment and prior to study
drug initiation) and after study drug bolus at hours 4-6, 24, 48,
and 72. Metabolites were detected and quantified using liquid
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chromatography-tandem mass spectrometry. A total of 152
unique metabolites selected as sentinel markers for a broad
array of biochemical pathways were measured and quantified
in each plasma sample. Final values for each metabolite were re-
ported as a ratio to normal human pooled plasma samples.' "
We first examined the association of each metabolite with two
orthogonal measures of brain edema, MLS'®"'® and MMP-9."*
Regression analyses identified 18 metabolites in association
with MLS at a nominal p value threshold <0.05 (Table S1). How-
ever, only one metabolite, hypoxanthine, remained significant af-
ter Bonferroni adjustment of the false discovery rate (Figure 1A,
volcano plot; B = 1.99, 95% confidence interval [Cl] 1.09-2.89,
p = 3.41 x 10°). The volcano-plot association results for
MMP-9 are shown in Figure 1B, with 10 metabolites surpassing
Bonferroni correction, including hypoxanthine (8 = 0.34, 95% CI
0.21-0.48, p = 2.1 x 10°°). The full list of results for MMP-9 are
provided in Table S2.

Hypoxanthine is associated with MLS and MMP-9

Having identified hypoxanthine as the top candidate, we next
examined the relationship between hypoxanthine and edema
in further detail. A positive correlation was found between hypo-
xanthine and MLS (Figure S1A; Spearman’s p = 0.37, p =
5.08 x 10™) and for MMP-9 (Figure S1B; Spearman’s p = 0.46,
p = 1.46 x 107®). To examine whether this relationship was inde-
pendent of other known factors that influence edema, multivari-
able regression analysis was adjusted for age, gender, baseline
National Institutes of Health Stroke Scale score (NIHSS), base-
line diffusion weighted imaging (DWI) lesion volume, i.v. tissue
plasminogen activator (tPA) treatment, decompressive crani-
ectomy, and recanalization status. Hypoxanthine remained an
independent predictor of MLS (8 = 1.83, 95% CI 1.01-2.65,
p =2.99 x 10 and MMP-9 (8 = 0.32, 95% CI 0.18-0.45, p =
1.56 x 10'5), with the full results shown in Table 2. These multi-
variable analyses were repeated with inclusion of time from
stroke onset to enroliment, and the results were similar. We
also repeated the multivariable analysis for MLS with the inclu-
sion of MMP-9 in the model. In doing so, we found that hypoxan-
thine remained an independent predictor of MLS independent of
MMP-9 (8 = 1.66, 95% CI 0.72-2.61, p = 7.8 x 10™).

In follow-up sensitivity analysis to examine the serial sampling
design, we evaluated the association of hypoxanthine at each in-
dividual time point with markers of brain edema. Using a mixed
effects repeated measures model, hypoxanthine was associated
with increased MLS (8 = 0.09, 95% C10.04-0.13, p=1.15 x 107
and increased MMP-9 (8 = 0.60, 95% CIl 0.43-0.77, p =
1.28 x 107").

We further verified the association of hypoxanthine with brain
edema by examining the association with net water uptake
(NWU), a recently established marker of brain water content, >
which has also been demonstrated to be reduced by i.v. gliben-
clamide.”” NWU, which captures the quantitative change in
computed tomography (CT) radiodensity in the stroke lesion
compared with the contralateral cerebral hemisphere, was
measured serially on non-contrast CT scans obtained from pa-
tients between admission and day 7 (n = 254). A median of 3
CT scans were analyzed for each patient (interquartile range
[IQR] 2-4). In a mixed effects repeated measures analysis,
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Figure 1. Metabolite associations with MLS, MMP-9 level, and i.v. glibenclamide treatment
(A-C) Volcano plot of metabolite associations with (A) midline shift (MLS) (B) MMP-9 level, and (C) i.v. glibenclamide. The Bonferroni-corrected p value threshold is
shown as a dotted line. Metabolites that were significant are identified as red dots, and the location of the leading candidate hypoxanthine is labeled. The full list of

metabolite associations is provided in Tables S1-S3.

hypoxanthine was associated with higher NWU (8 = 1.57,95% CI
0.40-2.74, p = 8.28 x 107%). In multivariable analysis, hypoxan-
thine remained a predictor of NWU independent of age, gender,
baseline NIHSS, DWI lesion volume, tPA treatment, surgical
decompression with hemicraniectomy, and recanalization status
(Table 2; 8 =-1.15,95% CI -2.16-0.16, p = 0.03).

We next explored how baseline (i.e., pre-treatment; 9 h from
stroke onset) hypoxanthine compares with baseline MMP-9 as
a plasma biomarker for predicting edema formation. The base-
line hypoxanthine level predicted MLS by day 4 (odds ratio
[OR] = 3.35, 95% CI 1.29-8.72, p = 0.013) whereas baseline
MMP-9 did not (OR = 1.31, 95% CI1 0.82-2.11, p = 0.26). Accord-
ingly, patients with greater MLS (i.e., dichotomized at a median
MLS > 6 mm) also had higher post-treatment hypoxanthine
relative to those with less MLS (OR = 1.86, 95% CI = 1.14-
3.04, p = 0.012).

Since brain edema has been associated with worse clinical
outcome in prior studies,*** we also examined the association
of hypoxanthine level with clinical outcome at 90 days after
stroke. We found that higher baseline (pre-treatment) hypoxan-
thine predicted a worse 90 day modified Rankin Scale score
(OR 1.69, 95% CI = 1.12-2.56, p = 0.013).

i.v. glibenclamide reduces hypoxanthine level

We next sought to identify candidate metabolites that were
altered by i.v. glibenclamide, focusing on the leading candidates
identified in association with either MLS or the MMP-9 level. Four
metabolites were reduced by i.v. glibenclamide treatment
compared with patients in the placebo arm (Figure 1C). These
included hypoxanthine, 2-hydroxybutyric acid, 2-aminoadipic
acid, and pantothenic acid (see Table S3). However, of the 11
metabolites that were originally identified in association with
MLS or MMP-9, only hypoxanthine was reduced by i.v. gliben-
clamide treatment (mean reduction of 22.8%, 95% CI 7.8-
37.6%, p = 0.0031; Figure 2A). The level of hypoxanthine was
also examined across the individual plasma-collection time
points. We found that the hypoxanthine level was highest at
the first plasma time point, corresponding to shortly after study
enrollment, followed by a downward trend over time in both
treatment groups. Relative to placebo, however, i.v. glibencla-

mide reduced the hypoxanthine level at all time points after
initiation of study drug: hours 4-6, 24, 48, and 72 (Figure 2B;
8 =-0.62,95% Cl -1.03 t0 -0.22, p = 2.69 x 107).

Hypoxanthine is a mediator of MMP-9 and MLS attenu-
ation by i.v. glibenclamide

In the primary analysis of the GAMES-RP trial, i.v. glibenclamide
was found to reduce MLS and MMP-9.° We therefore evaluated
the extent to which hypoxanthine mediated the treatment-
induced reduction in MLS and MMP-9. Mediation analysis using
the change in coefficient approach showed that hypoxanthine
mediated the effect of i.v. glibenclamide on MLS (32% media-
tion, Sobel p = 0.017; Figure S2A). Hypoxanthine also mediated
the effect of i.v. glibenclamide on MMP-9 (52% mediation, Sobel
p = 0.0095; Figure S2B).

DISCUSSION

In this study, we identified plasma hypoxanthine as a marker of
brain edema after ischemic stroke. This association was inde-
pendent of age, gender, NIHSS, DWI lesion volume, tPA
treatment, decompressive hemicraniectomy, and recanalization
status. Further, we demonstrate that among 152 metabolites
analyzed, hypoxanthine was the only candidate that was associ-
ated with MMP-9 and MLS and modified by glibenclamide treat-
ment. Elevated plasma hypoxanthine was associated with
increased MMP-9 and greater MLS, whereas treatment with
i.v. glibenclamide significantly reduced plasma hypoxanthine.
We also demonstrate that the hypoxanthine level acts as a medi-
ator of the effect of glibenclamide on MMP-9 and MLS. Together,
these findings broaden our understanding of the mechanism of
glibenclamide beyond its effect on the SUR1-TRPM4 channel,
raising the possibility that glibenclamide also acts to attenuate
brain edema by reducing hypoxanthine.

Hypoxanthine is a reaction intermediate in the purine-degra-
dation pathway. It is catabolized into xanthine and uric acid by
xanthine oxidase (XO). In states of hypoxia, the degradation of
adenine nucleotides to hypoxanthine accelerates, and the rate
of conversion to xanthine and uric acid by XO is slowed because
O, is a required cofactor. As such, elevated hypoxanthine has
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Table 2. Univariable and multivariable predictors of MMP-9 and MLS

Univariable Multivariable

B 95% CI p value Adjusted B 95% CI p value
MMP-9
Age 0.01 —0.01 0.03 0.25 0.01 —0.01 0.03 0.22
Gender (female) 0.08 —0.26 0.42 0.65 —0.06 —0.42 0.30 0.75
Baseline NIHSS 0.02 —0.02 0.06 0.34 —0.01 —0.05 0.04 0.76
DWI lesion volume 0.60 —0.35 1.55 0.21 1.01 —0.11 212 0.08
Treatment with tPA —0.33 —0.65 —0.01 0.04% —0.41 —0.76 —0.07 0.02%
Hemicraniectomy 0.06 —0.30 0.42 0.75 -0.13 —0.55 0.28 0.52
Recanalization —0.07 —0.43 0.28 0.68 —0.04 —0.38 0.30 0.83
Hypoxanthine 0.34 0.21 0.48 2.09E-6° 0.32 0.15 0.50 5.30 E—47
MLS
Age —0.01 —0.11 0.10 0.87 —0.03 -0.12 0.06 0.58
Gender (female) 1.67 —0.53 3.88 0.135 0.75 -1.16 2.65 0.44
Baseline NIHSS 0.23 —0.01 0.48 0.06 0.11 —0.09 0.31 0.29
DWI lesion volume 13.34 7.80 18.88 7.43E-6° 10.23 4.65 15.81 4.79E—4%
Treatment with tPA —0.43 —2.56 1.70 0.69 -0.22 —2.01 1.56 0.81
Hemicraniectomy 3.32 1.06 5.58 4.5E-3° 1.37 -0.76 3.51 0.21
Recanalization —2.28 —4.31 —0.24 0.03" —0.93 —2.70 0.84 0.30
Hypoxanthine 1.99 1.09 2.89 3.41E-5° 1.70 0.86 2.53 1.20E—4*
NWU
Age 0.04 —0.21 0.14 0.67 0.06 —0.16 0.28 0.59
Gender (female) 6.22 2.56 9.89 8.69E-3° 4.55 0.20 8.90 0.04°
Baseline NIHSS 0.34 —0.10 0.77 0.13 0.38 —0.08 0.84 0.10
DWI lesion volume 0.01 —0.02 0.04 0.42 0.00 —0.03 0.04 0.93
Treatment with tPA —0.10 —3.65 3.44 0.95 0.43 —3.57 4.43 0.83
Hemicraniectomy 2.02 -1.79 5.83 0.30 3.36 -1.40 8.12 0.17
Recanalization 2.11 -1.39 5.61 0.24 —1.45 —5.30 2.41 0.46
Hypoxanthine -1.14 -2.12 —0.14 0.03" -1.15 -2.16 -0.15 0.03°

MMP-9 and DWI lesion volume log transformed. Cl: confidence interval; DWI: diffusion weighted imaging; MLS: midline shift, NWU: net water uptake,

MMP-9: matrix metalloproteinase-9, tPA: tissue plasminogen activator.
@p values meeting 0.05 threshold of significance.

been demonstrated to be a marker of hypoxia in several disease
states.”*?° Interestingly, the oxidation of hypoxanthine and
xanthine by XO also produces reactive oxygen species
(ROS)*” and triggers cytotoxicity.”® In healthy non-ischemic
cells, XO exists predominantly as xanthine dehydrogenase
(XD), which uses NAD+ instead of O, as a cofactor. In ischemia,
however, XD is rapidly converted to XO.?° When oxygen be-
comes available again during tissue reperfusion, XO, with its
required cofactor O,, then oxidizes hypoxanthine and xanthine,
generating abundant ROS in the process. Several studies have
linked hypoxanthine to the formation of free radicals and
R0OS.%%*" Accordingly, hypoxanthine has been implicated in
ischemia-reperfusion injury.*%-?

In large stroke, edema due to blood-brain-barrier breakdown
contributes to mass effect, MLS, and poor functional outcome.
Elevated plasma hypoxanthine can amplify ROS production
and induce endothelial cell dysfunction in vitro.>" Further, it is
known that oxidative stress induces MMP-9, which mediates
degradation of the tight junctions that make up the blood-brain
barrier (BBB).>® Taken together, it is a plausible hypothesis that

4 Cell Reports Medicine 3, 100654, June 21, 2022

elevated hypoxanthine promotes increased ROS, which in turn
causes an increase in MMP-9, further compromising the BBB
and leading to increased brain edema. Previous analysis of the
GAMES-RP trial has demonstrated that the MMP-9 level peaks
within hours after acute stroke then decreases over time and
that i.v. glibenclamide treatment attenuates the MMP-9 level
for up to 72 h after stroke.® Considering the current literature
on hypoxanthine and MMP-9, we posit that i.v. glibenclamide
may attenuate the overall severity of ischemic insult by reducing
the amount of swelling and/or by reducing oxidative injury. That
said, our study does not clarify the precise mechanism of hypo-
xanthine; rather, our data support a role for hypoxanthine as a
pharmacodynamic marker, which can serve as a serial marker
of treatment effect. Further study is needed to validate our
findings and explore the underlying mechanistic link between hy-
poxanthine, edema, and i.v. glibenclamide.

Limitations of the study
Our study has limitations. First, this was a post-hoc analysis of a
clinical trial with a relatively small sample size (n = 83). Second,
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Figure 2. Treatment with i.v. glibenclamide
reduces hypoxanthine level

(A) Hypoxanthine is reduced by treatment with i.v.
glibenclamide when averaged across post-treat-
ment time points. The box-and-whisker plot depicts
average hypoxanthine level in patients treated with
i.v. glibenclamide (n = 44) versus those randomly
assigned to placebo (n = 36). Boxes represent the
interquartile range with the median shown as a
horizontal black line, and the whiskers represent the
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(B) Hypoxanthine is reduced by treatment with i.v.

glibenclamide in mixed effects repeated measures analysis at individual post-treatment time points. The error bars are 95% confidence intervals at baseline and

4,24, 48, and 72 h from start of study drug.

our study may have limited generalizability because the GAMES-
RP study included only patients with large hemispheric infarc-
tion. Therefore, our findings may not reflect the pathophysiology
of small and/or moderate strokes. Further, none of GAMES-RP
patients were treated with mechanical thrombectomy. Although
thrombectomy is not routinely used to treat patients who have a
large core volume stroke, our cohort may not reflect the evolving
standard of care for large ischemic stroke. Prior studies have
shown that thrombectomy has a complex interaction with
edema formation,”>** and analysis of hypoxanthine in these
scenarios could provide further understanding of potentially con-
flicting results. Considering these limitations of our study’s
cohort, replication of our findings in a larger trial that includes pa-
tients undergoing thrombectomy is required to provide indepen-
dent confirmation of our findings (CHARM study, ClinicalTrials.
gov: NCT02864953, currently enrolling). Another limitation of
our study is the lack of in vitro study supporting our findings.
Because of this, we cannot draw conclusions about the underly-
ing causal mechanism of the association between hypoxanthine,
markers of edema, and glibenclamide treatment. Further in vitro
study is necessary to validate the mechanism by which i.v. gli-
benclamide reduces hypoxanthine.

Conclusion

Taken together, our findings demonstrate that i.v. glibenclamide
acts to reduce plasma hypoxanthine. Our results raise the possi-
bility that i.v. glibenclamide reduces MMP-9 and MLS in patients
via a reduction in hypoxanthine level. As a mediator of ROS gen-
eration following ischemia, hypoxanthine may be a candidate
biomarker for brain-edema formation after acute stroke.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

EDTA blood samples from subjects Sheth et al., 2016 https://clinicaltrials.gov/ct2/
enrolled in the GAMES-RP trial show/NCT01794182
Chemicals, peptides, and recombinant proteins

Acetonitrile, Optima LC/MS grade Thermo Fisher Cat# A955-212
Methanol, Optima LC/MS grade Thermo Fisher Cat# A456-212
Ammonium Acetate Millipore Sigma Cat# 73594-25G-F
Ammonium Hydroxide solution Millipore Sigma Cat# 338818-100ML

Critical commercial assays
MMP-9 Quantikine ELISA R&D Systems Cat# DMP900

Software and algorithms

Masshunter QQQ Agilent https://www.agilent.com/en/
product/software-informatics/
mass-spectrometry-software/data-
analysis/quantitative-analysis

STATA 15.1 MP StataCorp http://www.stata.com
Other

XBridge Amide column, Waters Cat# 186004860

2.1 x 100mm 3.5 um

1290 Infinity Il Multisampler Agilent Cat# G7167B

1290 Infinity Il HPLC binary pump Agilent Cat# G7120A

6495 QQQ tandem Agilent Cat# G6495AA

mass spectrometer

RESOURCE AVAILABILITY

Lead contact
Requests for additional information and resources should be directed to the lead contact, W. Taylor Kimberly (wtkimberly@mgh.
harvard.edu).

Materials availability
This study did not generate unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report the original code. Any
additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient characteristics

This was a post hoc, exploratory analysis of blood specimens collected during the GAMES-RP trial (Glyburide Advantage in Ma-
lignant Edema and Stroke). The double-blinded, randomized trial design and patient eligibility criteria have been previously
reported.®*° Briefly, female and male subjects aged 18-80 with large hemispheric infarction (e.g., baseline lesion volume 82—
300mL) were enrolled in the GAMES-RP study. Subjects were randomly assigned using a centralized, web-based randomization
algorithm to either placebo or IV glibenclamide (glyburide; BIIB093) treatment within 10 h of stroke onset. All subjects or their sur-
rogates provided informed consent, and this study was reviewed and approved by the Institutional Review Board at Mass General
Brigham.
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METHOD DETAILS

Study procedures and imaging analysis

Subjects had serial blood samples collected at baseline prior to study drug initiation, and at 4-6 h, 24, 48, and 72 h after the start of
study drug bolus. The mean MMP-9 level between 24 and 72 h was used for initial analysis since this value was pre-specified in the
original trial analysis. Additionally, MMP-9 level at each timepoint was analyzed in a sensitivity analysis.

All subjects also received a pre-treatment and a post-treatment brain MRI. The MLS value that was measured on the 72—
96 h brain MRI as part of the original trial was used for analyses. Net water uptake (NWU), which captures quantitative change
in CT radiodensity of infarcted tissue as compared to the contralateral cerebral hemisphere, was measured using region of
interest (ROI) analysis on serial head CT scans, as described previously.?” Non-contrast CT scans obtained from patients be-
tween admission and day 7 (n = 254) were included in this analysis. A median of 3 CT scans were analyzed for each patient
(IQR 2-4).

Metabolite profiling

The blood sample collection and processing methodology in GAMES-RP has been previously reported.® All EDTA plasma samples
collected in GAMES-RP were stored at —80°C until analysis. Metabolites were measured using liquid chromatography-triple quad-
rupole tandem mass spectrometry based on our prior methods.'*'®*¢ Briefly, 30uL of each plasma sample was deproteinized with
70uL of 3:1 acetonitrile:methanol and 5uL of the resulting supernatant was injected on a hydrophilic interaction column (XBridge
Amide column, Waters). Metabolites were detected and quantified using a targeted triple quadrupole mass spectrometer (QQQ
6495, Agilent) in both positive and negative ion modes. The mobile phase A was 95:5 (v/v) water:acetonitrile containing 20mM ammao-
nium acetate and 20mM ammonium hydroxide at pH 9.5. The Mobile phase B was acetonitrile. Ammonium acetate, ammonium hy-
droxide and Optima grade solvents were purchased from Thermo Fisher.

For Amide negative mode, the initial conditions were 0.25 mL/min of 85% mobile phase B followed by a linear gradient to
35% mobile phase B over 6 min. This was followed by a linear gradient to 2% mobile phase B over 0.5 min held for an addi-
tional 0.5 min, then a 0.5 min gradient return to 85% mobile phase B. Column equilibration was continued for 4.5 min at
0.5 mL/min for a total cycle time of ~12.5 min. The column compartment was maintained at 30°C. For Amide positive
mode, that initial conditions were 0.25 mL/min of 90% mobile phase B. A linear gradient to 10% mobile phase B over
6 min was followed by a hold for 1 min at 10% mobile phase B. The conditions to 90% mobile phase B were restored
over 0.5 min and then the column equilibrated for 4.5 min at 0.5 mL/min. Peak integration was performed in MassHunter
Quantitative Analysis software (Agilent). Peaks were quality checked and normalized to human pooled plasma samples
collected from healthy volunteers that were interspersed every 10 injections, using standard procedures.’®'®*” Final values
for each metabolite were reported as a ratio to the normal human pooled plasma samples. A total of 152 unique metabolites
were measured and quantified in each sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Wilcoxon rank sum or the Student’s t test was used to compare continuous variables and baseline characteristics. To identify candi-
date metabolites, we used a sequential approach. We reasoned that glibenclamide treatment might have off-target effects unrelated
to edema, therefore we first developed a focused list of candidates by examining relationships to markers of edema first. In the first
stage of analysis, linear regression was used to identify analytes associated with MLS or MMP-9 level. All candidates that were asso-
ciated with either MMP-9 or MLS and surpassed Bonferroni-correction (e.g., a < 3.29 x 10~*) were then carried forward for analysis
with IV glibenclamide treatment. In both stages of analyses, the average metabolite level between 24 and 72 h was used for each
metabolite, mirroring the pre-specified approach used for MMP-9 in the original study design.

As a further sensitivity analysis, we then examined the associations of the top candidate metabolites at each individual time point,
using a repeated-measures, mixed-effects linear regression model. A repeated-measures, mixed-effects model was also used for
analysis of hypoxanthine with NWU, which was measured serially on head CTs. Because CT scanning was not performed as a
research study procedure, the timing and frequency of CT scans varied among subjects, and as such a repeated-measures mixed
effect model allowed for the maximal inclusion of patients.

A multivariable linear regression model was also used to examine the association between hypoxanthine and MMP-9, MLS, or
NWU, adjusting for age, gender, baseline NIHSS, baseline DWI volume, treatment with IV tPA, decompressive craniectomy, and
recanalization status. Covariates were assessed for multicollinearity by examining variance inflation factor (VIF) values. All cova-
riates included in the multivariable analyses had VIF <5. To compare the performance of hypoxanthine and MMP-9 in predicting
edema, day 4 MLS was dichotomized at the median value (MLS = 6mm) and each biomarker was mean-centered and unit-stan-
dardized each biomarker in order to directly compare beta effect sizes. Logistic regression was used to compare effect sizes in
models that included hypoxanthine or MMP-9. To examine the association between hypoxanthine and 90-day modified Rankin
Scale score, shift analysis was performed using logistic regression. Mediation analysis®” was performed to evaluate whether hy-
poxanthine altered the association between treatment and MLS or MMP-9. The Sobel test was used to determine the significance
of mediation, and the difference in the coefficients was calculated after introducing hypoxanthine as mediator. For non-parametric
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variables (hypoxanthine and MMP-9), data were log-transformed prior to analysis. Statistical analysis was performed using STATA
15.1 (StataCorp).
ADDITIONAL DETAILS

The clinical trial identifier for the GAMES-RP trial is NCT01794182: https://www.clinicaltrials.gov/ct2/show/NCT01794182.
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