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this Phase I, randomized, double blinded, multi-center study aims to explore
whether intravenous edaravone dexborneol (ED) could improve clinical out-
comes in patients with anterior circulation stroke with successful endovascular
reperfusion (ClinicalTrials.gov: NCT04667637, Eligible patients were ran-
domly (1:1) assigned into ED, which received intravenous ED (37.5 mg, 2/day,
for 12 days) or control group, which received placebo. The primary endpoint
was favorable functional outcome (a modified Rankin Scale [mRS] of 0-2 at
90 days). Two hundred patients were enrolled, including 97 in ED group and
103 in control group. The proportion of patients with 90-day mRS (0-2) was
58.7% (54/92) in ED group and 52.1% (49/94) in control group (unadjusted odds
ratio 1.37, [95% C1 0.76-2.44], P= 0.29). This work suggests that intravenous ED
is safe, but do not statistically improve 90-day functional outcomes in patients
with anterior circulation stroke with successful endovascular reperfusion.

Acute ischemic stroke (AIS) is one of the leading causes of morbidity
and mortality worldwide'. Based on several randomized controlled
trials, endovascular treatment (EVT) has been recommended as the
most effective therapy for anterior circulation AIS patients with large
vessel occlusion (LVO) by current guidelines®’. However, despite the

To date, no drug has been shown to be effective in AlS although
many were found to be neuroprotective in animal stroke models®.
Subgroup analysis of the ESCAPE-NAL trial showed that nerinetide may
improve clinical outcome in AIS-LVO patients who do not receive
alteplase, which offers hope for neuroprotection in AIS’. Furthermore,

high rate of recanalization after EVT, 46% to 51% of patients with suc-
cessful reperfusion achieve functional independence at 90 days*”.
Improving outcomes in patients who achieve reperfusion without
regaining functional independence is an unmet need’. Given the
involvement of the inflammatory response and oxidative stress in
acute stroke, anti-inflammation and anti-oxidative pathways have been
attractive targets to improve the outcomes of patients with LVO-AIS
after EVT®/.

recent BAST (Butylphthalide for Acute Ischemic Stroke Patients
Receiving Intravenous Thrombolysis or Endovascular Treatment)
provided the evidence for the cerebroprotective effect of Butylph-
thalide in patients who received intravenous thrombolysis or EVT™.
These studies further support the cerebroprotective strategy to
improve reperfusion injury in patients who received reperfusion
treatments" . Reperfusion injury may result in clinically ineffective
reperfusion after EVT by generation of harmful free radicals such as the
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superoxide, hydroxyl, and peroxynitrite radicals", which may lead to
apoptosis or programmed cell death", disruption of neurovascular
unit®, endothelial injury’®, and aggravation of inflammation and
immune dysregulation>”. Edaravone dexborneol (ED), a compound
composed of edaravone and dexborneol with both antioxidative and
anti-inflammatory properties, was found to exert multiple neuropro-
tective effects in pre-clinical studies®'. Edaravone has been recom-
mended for AIS therapy with the ability of scavenging free radical,
preventing neuronal and endothelial cell injury by excessive Ca2+
influx reactive oxygen species”'. Dexborneol was reported to exert
neuroprotective effects through inhibiting nitric oxide (NO) and NO
synthase pathways, reducing ROS generation, restraining inflamma-
tory process and caspase-related apoptosis’*. Furthermore, the
TASTE (Treatment of Acute Ischemic Stroke with Edaravone Dexbor-
neol) trial showed that a 14-day infusion of ED produced better 90-day
functional outcomes (mRS 0-1) compared to the edaravone group in
AIS patients who did not received thrombolysis or EVT presenting
within 48 h of symptom onset*. The recent TASTE-SL (TASTE sub-
lingual) phase 3 trial showed in patients with AIS presenting within 48 h
and not candidate for EVT, patients who received sublingual ED had
higher rates of 90-day good functional outcome (mRS 0-1) compared
to those who received placebo®.

Given the multiple cerebroprotective effects of ED, we hypothe-
sized that intravenous ED could improve clinical outcomes in anterior
circulation LVO-AIS patients who achieve successful recanalization
after EVT.

Results

Trial population

Between February 23, 2021, and July 9, 2022, 200 patients were
enrolled and randomly assigned to the ED group (97 patients) or
control group (103 patients), and were included in the modified
intention-to-treat (mITT) population (Fig. 1). A total of 42 patients
(21.0%) were excluded were excluded from the per-protocol popula-
tion (38 due to incomplete treatment, 2 due to loss of follow-up, 1
withdrew consent, 1 treated beyond 9 h of symptom onset) leading
to 158 patients who completed the study according to trial protocol

(79 [81.4%] in the ED group and 79 [76.7%] in the control group).
Reasons for incomplete procedure are shown in Fig. 1. The trial was
completed in October 2022.

The baseline characteristics were well balanced between the two
groups in mITT analysis (Table 1) and per-protocol analysis (Supple-
mentary Table 1 in Supplementary information). The median NIHSS
score at baseline was 14 in both the ED group and the control group.
The median time from onset to recanalization was 383 min in the ED
group and 386 min in the control group, respectively. A total of 24 and
28 patients received intravenous alteplase before EVT in ED group
(24.7%) and control group (27.2%), respectively. All patients were
treated with mechanical thrombectomy under local anesthesia.

Primary outcome

For the primary outcome, the proportion of patients with mRS 0-2 at
90 days was 58.7% (54/92) in the ED group and 52.1% (49/94) in the
control group in the mITT population (unadjusted odds ratio, OR, 1.37,
95% Cl 0.76-2.44; P=0.29; adjusted OR, aOR, 1.36, 95% Cl 0.71-2.58;
P=0.35; Table 2, Fig. 2). Similar results were observed in the PP analysis
(unadjusted OR 1.39, 95% Cl, 0.73-2.66; P=0.32; aOR 1.30, 95% ClI,
0.64-2.67; P=0.47; Supplementary Fig. 1 and Supplementary Table 2
in Supplementary information). The exploratory analyses for primary
outcome by prespecified subgroups in the mITT and the PP set are
shown in Fig. 3 and Supplementary Fig. 2 (Supplementary informa-
tion). Similar OR results were observed in the last observation carried
forward, worst-case scenario, and best-case scenario sensitivity ana-
lyses (Supplementary Table 3 in Supplementary information). A sig-
nificant interaction between the time-of-day of recanalization and
treatment with regard to the primary outcome was observed (Fig. 3,
P=0.004; Supplementary Fig. 2, P=0.001), suggesting the benefit of
ED treatment during day-time of recanalization, compared with night-
time of recanalization. Exploratory Tipping point analysis indicated
that the proportion of patients with mRS (0-2) at 90 days was 60.8%
(54/97) in the ED group and 56.3% (58/103) in the control group
(unadjusted odds ratio, OR, 0.97, 95% CI 0.56-1.7; P=0.93; adjusted
OR 0.88, 95% CI 0.48-1.61; P=0.68; Supplementary Fig. 3 in Supple-
mentary information).

249 Patients assessed for eligibility

49 Excluded:
43 Not meeting inclusion/exclusion criteria
5 Enrolled in error
1 Declined to participate

’ 200 Completed baseline assessments and underwent randomization ‘

[

!

‘ 97 Assigned to receive edarvone dexborneol? |

l

‘ 97 Included in the modifiedintention-to-treat analysis set

18 Excluded:

- 15 Treatment not completed due
to unplanned discharge®

- 1 Loss of follow-up

- 1 Withdrew consent

- 1 Beyond the time window

79 Included in per-protocol analysis set

Fig. 1| Screening, randomization, and follow-up of the patients. “After rando-
mization, 101 patients assigned into ED group and 103 patients assigned into
Control group. In ED group, 4 patients were excluded due to decline to participate
(n=1) and error enrollment after randomization (n = 3). °Included giving up

1

‘ 103 Assigned to receive placebo ‘

l

‘ 103 Included in the modified intention-to-treat analysis set ‘

24 Excluded:

- 23 Treatment not completed due
to unplanned discharge ©

- 1 Loss of follow-up

le—

79 Included in per-protocol analysis set

treatment due to clinical deterioration (n=6) and economic reasons (n=6), and
transferring to other hospitals (n = 3). ‘included giving up treatment due to clinical
deterioration (n =8) and economic reasons (n=7), and transferring to other hos-
pitals (n=8).
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Table 1| Baseline characteristics in intention-to-treat analy-
sis set

Table 1 (continued) | Baseline characteristics in intention-to-
treat analysis set

Characteristics ED group (n=97) Control group (n=103)

Characteristics ED group (n=97) Control group (n=103)

Age, mean (SD), years 63.61(10.75) 63.31(10.84)

mTICl score at the end of the procedure, n (%)

Gender, No. (%) 2b 15 (15.5) 24 (23.3)
Male 71(73.2) 74 (71.8) 2c 2(2.1) 5(4.9)
Female 26 (26.8) 29 (28.2) 3 80 (82.5) 74 (71.8)
Weight, mean (SD), kg® 71.05 (10.81) 7112 (12.32) Location of responsible vessel, n (%)
BMI, mean (SD), kg/m* 24.64 (2.81) 25.12 (3.77) MCA-M1 47 (48.5) 51(49.5)
Medical History, n (%)° MCA-M2 3(3.1) 2(1.9)
Previous ischemic 18 (18.6) 21(20.4) ICA 41(42.3) 31(32.0)
S0 MCA-M1+ICA 16 (16.5) 9(87)
hiypertension 43 (44.3) 56 (54.4) Cerebral collateral circulation grade, n (%)
Hyperlipidemia 2(2.7) 1(1.0) 0 21(24.1) 27 (27.8)
Diabetes 18 (18.6) 17 (16.5) 1 19 (21.8) 15 (15.5)
Cardiac disease 14 (14.4) 18 (17.5) 2 25 (28.7) 24 (24.7)
Atrial fibrillation 24 (24.7) 19 (18.4) 3 13 (14.9) 20 (20.6)
Medications, n (%) 2 9(10.3) 1 (1.3)
ﬁnt;rtensive drugs 31(32.0) 30 (29.1) Recanalization during 71(73.2) 77 (74.8)
P 2 day time, n (%)
[Sc:\?vté?i:r Ztr:er zre e A Data are No. (%) or No./total (%), mean (SD), or median (IQR).
9 9 ED edaravone dexborneol, BMI body mass index, HR heart rate, NIHSS National Institutes of
Aspirin or other anti- 7(7.2) 9(8.7) Health Stroke Scale, ASPECTS Alberta Stroke Program Early CT Score, mTICI modified throm-
platelet drug bolysis in cerebral infarction, ICA internal carotid artery, MCA middle cerebral artery.
Anticoagulation drug 10 (10.3) 7(6.8) °Data missing for 3 participants for weight and BMI.
"Comorbidities based on family or patient report.
Current smoker, No./ 37/96 (38.5) 30/103 (29.1) °Currently drinks alcohol means consuming alcohol at least once a week within 1year prior to the

total (%)

Current drinker, No./ 20/97 (20.6) 19/102 (18.6)

total (%)°

Baseline breath, median 18 (18-18) 18 (18-18)
(IQR), /min
Baseline HR, median 70 (61-86) 73 (61-82)
(IQR), /min
Blood pressure at baseline, mean (SD), mm Hg
Systolic 141.8 (23.) 143.1(25.1)
Diastolic 83.2 (14.0) 82.9 (15.6)

Baseline blood glucose, 7.30 (6.07-8.64) 7.37 (6.12-8.83)

median (IQR)?

Baseline ASPECTS 8(7-9) 8 (7-9)
score, median (IQR)®
Baseline NIHSS score, 14 (10-17) 14 (11-18)
median (IQR)f
Pre-stroke score on the modified Rankin Scale (mRS), n (%)°
mRS O 89 (91.8) 90 (87.4)
mRS 1 8(8.2) 13 (12.6)

Median duration, median (IQR), min

Onset to puncture” 312 (242-386) 319 (246-395)

Onset to 383 (282-458) 386 (324-460)

recanalization

Groin puncture to 56 (40-87) 65 (44-99)

recanalization”

Onset to 421 (317-499) 422 (360-500)

randomization

Cause of large-vessel occlusion, n (%)

Intracranial 32(33.0) 30 (29.1)
atherosclerosis
Extracranial 23 (28.7) 31(30.1)
atherosclerosis
Cardioembolism 36 (37.1) 36 (35.0)
Other cause 6(6.2) 6(5.8)
Intravenous alteplase, 24 (24.7) 28 (27.2)

n (%)

onset of the disease.

9Data missing for 5 participants for blood-glucose at baseline.

°ASPECTS scores determine extent of ischemic tissue based on CT imaging. Scores range from O
to 10 with higher scores indicating less infarct volume. Data missing for 5 participants for
ASPECTS score at baseline.

fScores on National Institutes of Health Scale (NIHSS) range from O to 42, with higher scores
indicating more severe neurologic deficit; A mean NIHSS of 8-9 means moderate neurological
deficit.

9Scores on the modified Rankin Scale (mRS) of functional disability range from O (no symptoms)
to 6 (death).

"Data missing for 2 participants for time from onset to puncture and groin puncture to recana-
lization.

'Defined as half or more than standard alteplase dose (0.9 mg/kg).

IThe ASITN/SIR collateral circulation assessment system based on DSA examination. Grades
range from O to 4 with higher grades indicating better collateral circulation. Grade O-1indicates
poor collateral circulation; Grade 2 indicates moderate collateral circulation; and Grade 3-4
indicates better collateral circulation. Data missing for 10 participants for cerebral collateral
circulation grade.

“Day time referred to the time from 7 AM to 10 PM®",

Secondary outcomes

For the secondary outcomes, no significant differences between the
two groups were observed in both the unadjusted and the adjusted
mITT sets, including the proportion of patients with mRS 0-1 at
90 days; an ordinal shift of the mRS scores at 90 days; change in
NIHSS score compared with baseline at 24 h, 48 h and 12 +2 days;
infarct volume at 1 week; occurrence of all-cause mortality at
90 + 7 days. However, a numerically higher probability of mRS 0-1
(44.6% vs 40.4%) and numerically smaller median infarct volume at
1 week (16.00 vs 23.49 ml) were observed in ED vs control group
(Table 2). The same results were found in the PP analysis (Supple-
mentary Fig. 2 and Supplementary Table 2 in Supplementary
information).

Safety outcomes

As an exploratory analysis, no significant differences in the safety
outcomes were observed in both the unadjusted and adjusted ana-
lysis, including sICH, PH-2, HI-1, HI-2, and SAE in the mITT (Table 3),
and PP population (Supplementary Table 2 in Supplementary
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Table 2 | Primary and secondary outcomes in the modified intention-to-treat analysis set

ED
Group (n=97)

Treatment
Effect Metric

Control
Group (n=103)

Outcome

Unadjusted Adjusted®

Treatment Difference P Value Treatment Difference P Value
(95% ClI) (95% ClI)
Primary outcome
mRS score 0-2 at 54/92 (58.7) 49/94 (52.1) OR 1.37 (0.76-2.44) 0.29 1.36 (0.71-2.58) 0.35
90+ 7 days, No. (%)°
Secondary outcomes
mRS score 0-1 at 21/92 (44.6) 38/94 (40.4) OR 1.19 (0.66-2.12) 0.57 1.11 (0.59-2.09) 0.74
90+ 7 days, No. (%)°
mRS score distribu- OR® 0.74 (0.44-1.22) 0.24 0.79 (0.47-1.34) 0.38
tion at 90 + 7 days®
Change in NIHSS score from baseline, GM (GMSD)¢
at24h 0.651(1.85) 0.709 (1.81) GMR® -0.02 (-0.11t0 0.08) 0.70 0.00 (-0.09 to 0.09) 0.97
at48h 0.508 (2.05) 0.598 (1.89) GMR® -0.07 (-0.16 to 0.01) 0.09 -0.06 (-0.14 to 0.03) 0.20
at 12+ 2 days 0.297 (2.56) 0.384 (2.24) GMR® -0.11 (-0.23 to 0.00) 0.06 -0.09 (-0.20 to 0.03) 0.14
Infarct volume at 1 1170 (2.00) 1.291(1.58) GMR® 0.12 (-0.07 to 0.31) 0.22 0.09 (-0.09 to 0.26) 0.34
week, GM (GMSD)'
All-cause mortality 14 (14.4) 17 (16.5) HR? 0.84 (0.41-1.70) 0.62 0.95 (0.45-1.99) 0.89

within 907
days, No. (%)

ED edaravone dexborneol, Cl confidence interval, mRS modified Rankin Scale, OR odds ratio, NIHSS National Institutes of Health Stroke Scale, GM geometric mean, GMSD geometric mean standard

deviation, GMR geometric mean ratio, HR hazard ratio.

?Adjusted for key prognostic covariates (age, sex, pre-stroke score on the modified Rankin Scale, NIHSS score at baseline, previous ischemic stroke, time from onset to recanalization, cerebral
collateral circulation grade, number of thrombectomy device passes, and Intravenous thrombolysis).
®mRS scores range from O to 6: 0, no symptoms, 1=symptoms without clinically significant disability, 2 = slight disability, 3 = moderate disability, 4 = moderately severe disability, 5 = severe disability;

and 6 =death. Data missing for 14 participants for mRS score at 90 + 7 days.
°Calculated with ordinal regression analysis.

9INIHSS scores range 0-42, with higher scores indicating greater stroke severity. The log (NIHSS +1) was analyzed using a geometric mean ratio by generalized linear model. Data missing for 10

participants for NIHSS score at 24 h, 23 participants at 48 h, and 34 participants at 12 +2 days.

°GMR was used because normality assumption was assessed graphically and residual histogram showed serious violation of normality assumption.
Determined by brain CT or MRI. The log (Infarct volume +1) was analyzed using a geometric mean by generalized linear model. Data missing for 11 participants for infarct volume at 1 week. Data

eliminating for 1 participant due to excessive deviation.
9Calculated with Cox regression model.

Modified Rankin Scale score

HO m1l m2 m3 W4 u5 06

e e _ - i o

Control group (n=94)

0%

10%

20% 30% 40%

Fig. 2 | Distribution of modified Rankin Scale Scores at 90 days in the intention-
to-treatment set. Scores range from O to 6 (0 =no symptoms, 1=symptoms

without clinically significant disability, 2 = slight disability, 3 = moderate disability,
4 =moderately severe disability, 5 = severe disability, and 6 = death). The odds ratio

G5NN 3.2 18.1

50% 60% 70% 80% 90% 100%

Patients, %

was 0.66(95% Cl, 0.40-1.08), and the P value was 0.10; the adjusted odds ratio was
0.79 (95% Cl, 0.48-1.30), and the P value was 0.35. Percentages may not total 100
because of rounding. Abbreviations: ED edaravone dexborneol. Source data are
provided as a Source Data file.

information). A significant decrease in PH-1 at 48 h was observed in
the ED vs control group (unadjusted OR 0.27, 95% CI, 0.07-1.00;
P=0.05; aOR 0.21, 95% ClI, 0.05-0.89; P=0.03; Table 3), and PP ana-
lysis (Supplementary Table 2 in Supplementary information). In sub-
group analysis, the point estimates favored patients with lower
baseline NIHSS and patients who presented in the early 0-6 h win-
dow; there was no treatment interaction in patients who received
IVT (Fig. 3)

Discussion

This phase 2, investigator-initiated, multicenter, randomized trial
investigated the effect of intravenous ED administered within 9 h of
symptom onset in anterior circulation LVO-AIS patients who achieved
successful recanalization after EVT. This trial showed that intravenous
ED did not improve clinical outcome, although showed a numerically
higher probability of favorable outcome and numerically lower risk of
intracranial hemorrhage, compared with the placebo.
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Subgroup No. of Patients ED group Control group Odds Ratio Interaction
Events, n/N (%) Events, n/N (%) (95% ClI) P value
Age (years)
<60 58 17127 (63.0) 20/31 (64.5) - 0.94 (0.32-2.73) 0.39
=60 128 37/65 (56.9) 29/63 (46.0) — 1.65 (0.82-3.32)
Sex
Male 136 41/68 (60.3) 36/68 (52.9) = 1.35(0.68-2.67) 0.96
Female 50 13/24 (54.2) 13/26 (50.0) — 1.40 (0.46-4.28)
NIHSS score at baseline
<14 85 31/41 (75.6) 23/44 (52.3) — 2.83 (1.12-7.15) 0.05
=14 101 23/51 (45.1) 26/50 (52.0) - 0.82 (0.38-1.79)
Pre-stroke score on the mRS
0 165 51/84 (58.7) 44/81 (54.3) [— 1.37 (0.74-2.54) 0.72
1 21 3/8 (37.5) 5/13 (38.5) B 0.96 (0.16-5.90)
Previous ischemic stroke
Yes 38 10/17 (58.8) 10/21 (47.6) N 1.38 (0.39-4.87) 0.87
No 148 47175 (62.7) 40/73 (54.8) - 1.54 (0.83-2.88)
Intravenous thrombolysis
Yes 55 13/26 (50.0) 14/29 (48.3) - 1.50 (0.75-3.02) 0.6
No 131 41/66 (62.1) 35/65 (53.8) i 1.07 (0.37-3.01)
Time from onset to recanalization (hours)
<6 72 28/40 (70.0) 18/32 (56.3) T 1.82(0.69-4.80) 0.4
26 114 26/52 (50.0) 31/62 (50.0) -+ 1.08 (0.52-2.26)
Cerebral collateral circulation grade
3-4 55 17/22 (77.3) 16/33 (48.5) —=————  3.61(1.08-12.10) 0.05
2 49 17127 (63.0) 13/22 (59.1) B 1.39 (0.43-4.45)
0-1 82 20/43 (46.5) 20/39 (51.3) - 0.83 (0.35-1.97)
Time-of-day of recanalization
Night-time 48 9/26 (34.6) 14/22 (63.6) -] 0.30 (0.09-0.99) 0.004
Day-time 138 45/66 (68.2) 35/72 (48.6) - 2.27(1.13-4.54)
Overall 186 54/92 (58.7) 49/94 (52.1) [_-— 1.37 (0.76-2.44)
01 10
<-- Control group better - - ED group better >

Fig. 3| ED treatment effect by prespecified subgroups. The primary outcome was  the NIHSS score, subgroups were dichotomized according to the median value.
the proportion of patients with mRS (0-2) at 90 + 7 days. For subcategories, black  Abbreviations: ED edaravone dexborneol, mRS modified Rankin scale, NIHSS
squares represent point estimates (with the area of the square proportional to the  National Institutes of Health Stroke Scale. Source data are provided as a Source
number of events) and horizontal lines represent the 95% CI. NIHSS scores range Data file.

from O to 42, with higher scores indicating more severe neurological deficits. For

Table 3 | Safety Outcomes in the Safety Population

Outcome ED Control Treatment Effect  Unadjusted Adjusted®
Group (n=97)" Group (n=103)* Metric = =
Treatment Difference P Value Treatment Difference P Value
(95% CI) (95% CI)
sICH at 48, 5/94 (5.3) 11/101 (10.9) OR 0.46 (0.15-1.37) 0.7 0.39 (0.11t0 1.35) 0.14
No. (%)°
Intracerebral hemorrhage at 48, No. (%)°
PH-1 3/94 (3.2) 11/101 (10.9) OR 0.27 (0.07-1.00) 0.05 0.21(0.05-0.89) 0.03
PH-2 5/94 (5.3) 4/101(4.0) OR 1.36 (0.36-5.23) 0.65 1.08 (0.25-4.73) 0.92
HI-1 3/94 (3.2) 1/101 (1.0) OR 3.30 (0.34-32.26) 0.31 4.01(0.21-76.58) 0.36
HI-2 4/94 (4.3) 13/101(12.9) OR 0.30 (0.09-0.96) 0.04 0.27 (0.08-0.95) 0.04
SAE within 90 21(21.6) 30 (29.1) HR® 0.75 (0.43-1.30) 0.30 0.90 (0.50-1.60) 0.72

days, No. (%)¢

sICH symptomatic intracranial hemorrhage, PH parenchymal hemorrhage, HI hemorrhagic infarct, SAE serious adverse events.

“Five patients lacked safety outcomes due to discharging within 48 h after receiving the treatment (3 in ED group and 2 in Control group).

PAdjusted for key prognostic covariates (age, sex, pre-stroke score on the modified Rankin Scale, NIHSS score at baseline, previous ischemic stroke, time from onset to recanalization, cerebral
collateral circulation grade, number of thrombectomy device passes, and intravenous thrombolysis).

°Defined according to European Cooperative Acute Stroke Study (ECASS).

9SAE included parenchymal hemorrhage, subarachnoid hemorrhage, cerebral hernia, respiratory failure, acute ischemic stroke, cerebral edema, sudden cardiac death, gastrointestinal hemorrhage,
liver dysfunction, etc. Two patients occurred SAE presented with liver dysfunction possibly related to ED.

°Calculated with Cox regression model.

Nature Communications | (2025)16:2393 5


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57774-x

Many pharmacologic agents have been demonstrated to be
effective in animal stroke studies, but, to date, they failed in phase I/
clinical trials®*°, A cerebroprotective strategy targeted to patients
who achieve successful recanalization may offer promising results'".
Another reason of translational failure may be attributed to single
mechanism target of the tested drugs given the complex processes
underlying brain ischemia including their interaction and overlap with
each other®””, Therefore, the ideal candidate should be a drug with
multiple protective targets on the neurovascular unit covering the
neuronal, glial and vascular compartment”. INSIST-ED was designed
with these considerations in mind. First, intravenous ED was given to
AIS-LVO patients with successful reperfusion after EVT. Reperfusion
injury may lead to clinically ine ffective reperfusion after EVT due to
multiple mechanisms including generation of harmful free radicals,
aggravation of inflammation and immune dysregulation. Second, ED
harbors multiple protective mechanisms involving anti-oxidative
stress, anti-excitotoxicity, anti-neuroinflammation, anti-neuron apop-
tosis, and microglial pyroptosis, which can cover multiple targets such
as the neuronal, glial and endothelial cells'**,

In the current study, no difference in functional outcome was
observed, but an absolute 6.6% increase in favorable outcome in ED vs
control was found, which was comparable to the effect size observed
in the subgroup of patients who received no alteplase in ESCAPE-NA1°.
The higher probability of favorable outcome was in parallel with the
decrease of median 7.49 ml of infarct volume in the ED vs control
group. Furthermore, a 50% decrease of sICH was observed in the ED vs
control group, which may suggest a potential safety profile of ED.
These findings seem plausible given the design of INSIST-ED: ED can
reach ischemic brain tissue after successful reperfusion to exert its
multiple cerebroprotective effects. It is worthy to note that ED treat-
ment may be favored if recanalization occurs during day-time. The
results of our phase II trial may inform the sample size and clinical
design of a future phase IlI trial. Collectively, these results suggest ED
may be a promising candidate as a cerebroprotective drug, which
warrants further investigation in larger trials.

Limitations

The present study had limitations. As a phase Il study, the small sample
size renders our findings inconclusive. The failure to detect a differ-
ence in the primary outcome between the two groups can be attrib-
uted to the absence of sample size calculation due to the lack of
reference data from previous trials given this is a phase Il study.
Another limitation was that some serum biomarkers of NO synthase
pathways, ROS generation, inflammatory factors, and oxidative stress
were not measured, which can be helpful to understand the cere-
broprotective effect of ED. In addition, shorter time from groin
puncture to reperfusion occurred in the ED group, however there was
balanced time from onset to recanalization between groups, which was
set as covariate adjustment given its importance over time from groin
puncture to reperfusion in clinical outcome as well as their collinearity.
Furthermore, given that some clinically imbalance baseline char-
acteristics including hypertension and mTICI score may influence the
results, we further adjusted them and found that the results were
consistent. Finally, the treatment length in this study was 12 + 2 days,
which was obviously longer than previous studies, for example, the
DEFUSE 3 trial (6.5 days of median length)*. This treatment length time
was chosen based on two considerations: (1) the practical length of
hospital stay in this population was usually 10-14 days in China'®%’; (2)
TASTE trial suggested that al4-day infusion of ED improved clinical
outcome in AIS**. Whether or not a shorter course of ED could be as
effective in improving clinical outcomes is unknown.

In conclusion, the results of this study indicates that among
anterior circulation LVO-AIS patients with successful recanalization
after EVT, intravenous ED administration was safe and feasible, but did
not improve 90-day good functional outcomes. A numerically higher

probability of favorable outcome and numerically lower risk of sICH
may suggest ED as a promising cerebroprotective drug.

Methods

Study design and patients

The INSIST-ED study was a phase 2, randomized, double blinded,
placebo-controlled, multi-center trial conducted at 18 centers (Study
Protocol) in China. The trial was approved by the ethics committees of
the General Hospital of Northern Theatre Command and other parti-
cipating centers. All patients or legally acceptable surrogates provided
written informed consent before inclusion into the trial. An indepen-
dent data monitoring committee (listed in Clinical Trial information)
monitored the progress of the trial every 6 months. An independent
clinical research organization (Nanjing Service Pharmaceutical Tech-
nology Co.) monitored the trial for quality control. The study was
conducted in accordance with the principles of the Declaration of
Helsinki. The study was registered with https://www.clinicaltrials.gov
(unique identifier: NCT04667637).

Eligible patients were adults aged 18-80 years with anterior cir-
culation LVO-AIS and who achieved sufficient recanalization (modified
Thrombolysis In Cerebral Infarction [mTICI] 2b-3) within 9 h of stroke
onset after EVT (baseline NIHSS score > 6, range from O to 42, with
higher scores indicating greater stroke severity), who had been func-
tioning independently in the community (modified Rankin Scale [mRS]
score <1; range from O [no symptoms] to 6 [death]) before the index
stroke. Key exclusion criteria were as follows: if a patient was older
than 80 years given potentially increased risk of renal dysfunction and
death in this population; had hemorrhagic transformation (PH2) as
indicated by NCCT performed immediately after the procedure; had
severe hepatic or renal dysfunction, had severe uncontrolled hyper-
tension (systolic blood pressure over 200 mmHg or diastolic blood
pressure over 110 mmHg); had malignant tumor with estimated life-
time less than 3 months or pregnancy. A full list of inclusion and
exclusion criteria is available in the Study Protocol.

Randomization and masking

In the trial, patients were randomly assigned into the experiment or
control group using a randomization (1:1) method with block rando-
mization (block size: 4) through a computer-generated sequence that
was centrally administered via a password-protected, web-based pro-
gram at https://www.91trial.com (ShangHai Ashermed healthcare
communications co., Ltd). The investigators were blinded to treatment
allocation due to the double blinded design.

Procedures

Patients were randomly assigned to the ED group (intravenous ED
[37.5 mg, dissolved in 100 ml saline] twice a day for 12 days), or control
group (intravenous placebo [dissolved in 100 ml saline] twice a day for
12 days). Intravenous ED or placebo was administered within 60 min
after successful recanalization. Neurological status, measured with the
NIHSS, was assessed at baseline, 24 h, 48 h, 7 days, and 12 days after
randomization. Demographic and clinical details were obtained at
randomization. Follow-up data were collected at 24 h, 48 h, 7 days,
12 days (or at hospital discharge if earlier), and 90 days after rando-
mization. Remote and on-site quality control monitoring and data
verification were performed throughout the study. All patients
received standard medical management according to national stroke
guidelines®.

Outcomes
The primary endpoint was favorable functional outcome, defined as a
mRS of 0-2 at 90 days after randomization.

The secondary endpoints were excellent functional outcome
(mRS 0-1) at 90 days after randomization; an ordinal shift of the full
range of mRS scores at 90 days; change in NIHSS score compared with
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baseline at 24 h, 48 h and 12 + 2 days; infarct volume at 1 week; all-cause
mortality at 90 + 7 days.

The safety outcomes included symptomatic intracranial hemor-
rhage (sICH) within 48 h, defined as an increase in the NIHSS score of
>4 points as a result of the intracranial hemorrhage®, parenchymal
hemorrhage at 48 h*, and serious adverse events (SAE).

Statistical analysis

Given that this was a phase 2 study, no formal sample size calculation
was performed due to the absence of relevant data availability from
previous trials. A total of 200 patients (100 patients per group) was set
based on the recommendation of the Steering Committee. According
to our recent unpublished data, the proportion of expected favorable
functional outcome (mRS 0-2) at 90 days in control group is estimated
to be about 50%. Using power = 80% and a = 0.05 to carry out the two-
side test, the 200 size will test the superiority hypothesis with about
19% difference, namely the proportion of expected favorable func-
tional outcome at 90 days is about 69%.

Statistical analyses were performed on the mITT analysis principle.
All data were analyzed with SPSS 26 Software or R software. The
mean = standard deviation (SD) was used if continuous data were nor-
mally distributed; the median and interquartile range (IQR) were used if
continuous data were non-normally distributed. Categorical data were
expressed as a number (percentage). Differences of the primary end-
point and secondary endpoints such as mRS (0-1) at 90 days, propor-
tion of symptomatic intracranial hemorrhage at 48 h, and proportion of
intraparenchymal hemorrhage at 48 h were compared using binary
logistic regression and adjusted a priori by key prognostic covariates
(age, sex, pre-stroke score on the mRS, NIHSS score at baseline, pre-
vious ischemic stroke, time from onset to recanalization, cerebral col-
lateral circulation grade, number of thrombectomy device passes, and
intravenous thrombolysis). According to previous studies**'*, these
covariates were associated with outcomes after endovascular therapy in
AIS. The 90-day mRS score was compared using ordinal logistic
regression. Changes in NIHSS score or infarct volume between the two
groups were compared using a geometric mean ratio by generalized
linear model. Time-to-events of stroke recurrence and other vascular
events, as well as occurrence of all-cause mortality at 90-days were
compared using the Cox regression model. Proportional hazard
assumption was tested by including an interaction between time and
trial group in the model. The missing data in mRS score was imputed in
sensitivity analyses using the last observation carried forward method,
worst-case scenario, and best-case scenario. The last observation car-
ried forward method was defined as that the missing mRS score at
90 days was imputed using the value of NIHSS measured at 24 h-12 days
using the following relationship: NIHSS 0-3 at 24 h, or NIHSS 0-5 at
7-12 days will correspond to mRS 0-1 at 90 days, while others corre-
spond to mRS 2-6 at 90 days. Given that different approaches for the
missing outcome would affect the result, exploratory Tipping point
analysis was also performed. Detailed statistical analyses are described
in the statistical analysis plan (SAP). The SAP was revised at 28/05/2024,
but the statistical methods were not changed, and the data was analyzed
in accordance with the original SAP (shown in Clinical Trial information
file). The multivariable models and imputation of missing of mRS score
were performed as post-hoc analyses given that they were not descri-
bed in SAP. Statistical tests were considered significant when the two-
sided P value was less than 0.05.

The per-protocol population was defined as a sub-population of
the mITT population whereby participants were excluded if they were
lost to follow-up, withdrew consent, or did not adhere to study treat-
ment (e.g., treated with incomplete ED treatment, or unplanned dis-
charge). Statistical methods of the per-protocol population were the
same as in the mITT analysis.

Stratification: The primary endpoint in the INSIST-ED study was
further stratified by age (<60 vs. =60), sex (male vs female), pre-stroke

mRS (0 vs. 1), NIHSS score at baseline (6-14 vs. >14), previous ischemic
stroke, time from onset to recanalization (0-6 h vs. 6-9 h), cerebral
collateral circulation grade (poor vs good), intravenous alteplase (yes
vs no), and time-of-day of recanalization (day vs night). Differences of
primary endpoint in the above specific stratifications were assessed by
testing for interaction of the pre-set baseline variable with the primary
endpoint.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data supporting the findings described in this manuscript are available
in the article, in the Supplementary Information, and from the corre-
sponding author upon request. Source data are provided with the
paper. De-identified data collected for the study, including age, sex,
baseline NIHSS score, treatment allocation, and functional outcome,
will be shared following publication by requesting the corresponding
author (Hui-Sheng Chen, email: chszh@aliyun.com) for academic
purposes. The corresponding author will reply to the request within 2
months, subject to the approval of the ethics committees of the Gen-
eral Hospital of Northern Theater Command. Source data are provided
with this paper.
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