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Abstract: Stroke is a major cause of death and disability worldwide. Endovascular thrombectomy has
been impactful in decreasing mortality. However, many clinical results continue to show suboptimal
functional outcomes despite high recanalization rates. This gap in recanalization and symptomatic
improvement suggests a need for adjunctive therapies in post-thrombectomy care. With greater
insight into ischemia-reperfusion injury, recent preclinical testing of neuroprotective agents has
shifted towards preventing oxidative stress through upregulation of antioxidants and downstream
effectors, with positive results. Advances in multiple neuroprotective therapies, including uric
acid, activated protein C, nerinetide, otaplimastat, imatinib, verapamil, butylphthalide, edaravone,
nelonemdaz, ApTOLL, regional hypothermia, remote ischemic conditioning, normobaric oxygen,
and especially nuclear factor erythroid 2-related factor 2, have promising evidence for improving
stroke care. Sedation and blood pressure management in endovascular thrombectomy also play
crucial roles in improved stroke outcomes. A hand-in-hand approach with both endovascular therapy
and neuroprotection may be the key to targeting disability due to stroke.

Keywords: acute ischemic stroke; thrombectomy; neuroprotection

1. Introduction

The global incidence of ischemic strokes is estimated at 7.6 million per year [1]. In
addition to increased focus on risk factor modification, recent groundbreaking advances in
acute ischemic stroke (AIS) treatment were impactful in decreasing mortality rates [2,3].
Consequently, the prevalence of individuals afflicted with disability due to stroke has
increased, making stroke the leading cause of long-term disability worldwide [4]. Growing
efforts in post-stroke care with neuroprotective agents may have the potential to mitigate
the disability associated with ischemic stroke.

1.1. Stroke Epidemiology and Pathophysiology

Stroke risk factors are often multifactorial and complex but can be subdivided into
nonmodifiable and modifiable. Nonmodifiable risk factors include age, sex, ethnicity, and
genetics [5]. Modifiable risk factors include hypertension, hyperlipidemia, atrial fibrillation,
cardiovascular disease, diabetes mellitus, and cigarette smoking [6–10]. Aggressive modifi-
able risk factor management has been shown to reduce stroke risk and is the mainstay of
primary and secondary stroke prevention. Lowering blood pressure by 10 mmHg systolic
or 5 mmHg diastolic was associated with a 41% reduction in stroke incidence [11]. In
a review of 18 studies on hypertension and stroke risk in women, a 10 mmHg systolic
increase was associated with a 38% increased risk of stroke and a 31% decreased risk of
stroke with the use of just one antihypertensive medication [12]. Similarly, in a randomized
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controlled trial of patients treated with a high-intensity statin daily, there was a 16% relative
risk reduction of fatal and nonfatal strokes [13]. A meta-analysis showed treatment of atrial
fibrillation with warfarin reduced stroke by 62% [14]. A subsequent meta-analysis revealed
that non-vitamin K oral anticoagulants were superior to warfarin for stroke prevention and
systemic embolism [15].

AIS occurs due to an abrupt cessation of blood flow to the brain parenchyma via
vaso-occlusive disease, leading to a lack of oxygenation and eventual cell death [16]. Large
vessel occlusions (LVO), which are the prime focus of reperfusion therapy, can become
occluded due to plaque rupture of pre-existing intracranial atherosclerosis, cardioembolic
phenomenon, vascular dissection, or embolic stroke of an undetermined source. LVOs
constitute 40% of AIS etiology and carry the worst prognosis with high morbidity and
mortality [17–19]. Furthermore, infarcted tissue experiences acidosis, inflammation, ex-
citotoxicity, free radical-mediated toxicity, cytokine-mediated cytotoxicity, complement
activation, oxidative stress, breakdown of the blood–brain barrier, and infiltration of leuko-
cytes [5]. This pro-inflammatory cellular cascade is the cornerstone of current investigations
in neuroprotection after treatment of the occlusive etiology.

1.2. Penumbra

The discovery of the ischemic core versus penumbra paved the way for current stroke
reperfusion therapies by identifying a new treatment target: salvageable ischemic tissue. Initial
animal studies in the 1970s surfaced evidence of an irreversibly infarcted core surrounded by
a halo of critically hypoperfused brain tissue with potential for recovery [20,21]. In addition
to distance from the core, progressive tissue death was consequently determined to be time-
dependent [22,23]. Over the next few decades, advances in AIS management have been focused
on penumbra detection and reperfusion therapies aimed at parenchymal salvage.

1.3. Stroke and LVO Detection

First-line imaging for initial evaluation of stroke is typically non-contrast computer
tomography head (NCCTH), which is highly sensitive for distinguishing hemorrhagic
versus ischemic stroke. In AIS specifically, NCCTH can uncover LVO via hyperdense
signs or early ischemic changes such as loss of gray–white matter differentiation or sulcal
effacement. NCCTH is an optimal first-choice imaging modality due to its rapid acquisition
while providing enough clinical information to screen for reperfusion candidacy [24].
Magnetic resonance imaging (MRI) with diffusion weighted imaging (DWI) is the gold
standard of stroke delineation due to its high sensitivity, specificity, and accuracy [24–26].

Multimodal stroke protocols, including computer tomography angiography or mag-
netic resonance angiography, identify extra- and intracranial vaso-occlusive disease, which
can also serve as indicators for reperfusion candidate selection. MRI DWI/perfusion
weighted imaging (PWI) and cerebral computed tomography with perfusion (CTP) are
the most widely utilized imaging modalities for penumbra detection. MRI PWI within
6 h of stroke onset has high sensitivity and specificity for salvageable penumbra [27,28].
Practical limitations such as extensive pre-screening, claustrophobia, and pacemaker con-
traindications make MRI less suitable for acute settings. In this regard, CTP delivers faster
acquisition with the additional benefit of artificial intelligence processing software for LVO
and penumbra detection. It offers high sensitivity in detecting core, however, has less
specificity for differentiating core from penumbra [25,29,30]. Additionally, CTP is limited in
differentiating other pathologies affecting cerebral blood flow, such as chronic strokes, mass
lesions, and seizures from acute stroke, despite artificial intelligence software. Ultimately,
selecting candidates for reperfusion therapy using core-penumbra mismatch is associated
with favorable clinical outcomes [31].

2. Current Stroke Treatment

The natural course of LVO without revascularization results in severe disability (mod-
ified Rankin scale [mRS] 3–6) in 87–95% of patients and mortality in 78% of patients,
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indicating an imperative need for reperfusion therapies [32–35]. The two mainstays of AIS
treatment are intravenous thrombolytics (IVT) and endovascular thrombectomy (EVT).
Both techniques are rooted in recanalizing a LVO either by chemically dissolving or mechan-
ically retrieving a clot, respectively. They can be used in tandem or in isolation, broadening
the scope of treatment. The mantra “time is brain” is a cornerstone of reperfusion therapy
and led to system-wide efforts to streamline administration of IVT and activation of the
angiography suite. Early reperfusion therapy in the so-called “golden hour”, defined as the
first 60 min after symptom onset, is thought to improve clinical outcomes due to greater
tissue salvage with earlier recanalization [36–39].

2.1. Intravenous Thrombolysis

Intravenous tissue plasminogen activator (tPA), or alteplase, was the first approved
IVT for AIS treatment in 1996 based on the National Institute of Neurological Disorders
study showing the benefit of tPA administered within 3 h of symptom onset as compared to
placebo in regard to 24-hour and 90-day mRS. tPA was proven to improve clinical outcomes
at 3 months, despite a 6% increased incidence of intracerebral hemorrhage (ICH) [40]. A
subsequent trial in 2008, ECASS III, extended the narrow therapeutic window to 4.5 h but
introduced stricter inclusion criteria regarding age, concurrent use of anticoagulants, history
of prior stroke, and high symptom severity [41–43]. These contraindications were revised in
later guidelines to suggest a more nuanced approach to determining eligibility [44]. More
recently, tenecteplase (TNK) has begun to replace tPA as the new IVT after the Tenecteplase
Versus Alteplase Before Endovascular Therapy for Ischemic Stroke (EXTEND-IA TNK) trial
showed higher rates of reperfusion, better functional outcomes, and comparable rates of
ICH [45]. In contrast to the two-step bolus and continuous infusion set up for tPA, TNK
offers the appeal of a single-dose bolus administration.

Limitations of IVT include a narrow therapeutic window (3–4.5 h), prior history of
ICH or risk of hemorrhagic transformation (HT), prior use of novel oral anticoagulants,
and low recanalization rates in large arteries [46]. Despite practicing extended window
tPA per American Heart Association (AHA) guidelines, about 75% of candidates were
ineligible solely due to delay in presentation [42,47]. The risk of symptomatic ICH is low
for both tPA and TNK at about 1% [45], but not negligible as all ICH rates are higher. Most
notably, the low recanalization rate after IVT is likely the strongest indicator for needing
additional interventions. A study of 60 patients by Christou et al. [48] reported a low
complete recanalization rate of only about 32% after IV tPA. Another study of 300 patients
reported an even lower early recanalization rate of 12% after IV tPA [49]. A meta-analysis
by Rha et al. [50] found the recanalization rate with IVT was about 46% as compared to
84% with EVT.

2.2. Thrombectomy

Endovascular therapy has transformed acute stroke treatment in fundamental ways.
The first series of pivotal clinical trials describing the benefit of EVT for anterior circulation
LVO were the Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute
Ischemic Stroke in the Netherlands (MR CLEAN), Endovascular Treatment for Small
Core and Anterior Circulation Proximal Occlusion with Emphasis on Minimizing CT
to Recanalization Times (ESCAPE), Solitaire with the Intention for Thrombectomy as
Primary Endovascular Treatment (SWIFT PRIME), Extending the Time for Thrombolysis in
Emergency Neurological Deficits—Intra-Arterial (EXTEND IA) and Randomized Trial of
Revascularization with Solitaire FR Device versus Best Medical Therapy in the Treatment
of Acute Stroke Due to Anterior Circulation Large Vessel Occlusion Presenting within
Eight Hours of Symptom Onset (REVASCAT) conducted from 2010 to 2014 with a burst of
results all published in 2015. The MR CLEAN trial revealed EVT within 6 h of symptom
onset was effective and safe, as well as having higher rates of improved outcomes of mRS
0–2 as compared to IV tPA alone [51]. The ESCAPE trial was stopped early due to the
efficacy of EVT, which showed improved functional outcomes and reduced mortality as
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compared to IV tPA alone [52]. The SWIFT PRIME trial was also stopped early due to
the efficacy of stent retriever EVT within 6 h, showing improved 90-day mRS [53]. The
EXTEND-IA trial used perfusion imaging guidance and was similarly stopped early due
to the efficacy of stent retriever EVT based on improved reperfusion, early neurologic
recovery, and better functional outcomes [54]. Lastly, the REVASCAT trial also showed
the benefit of EVT within 8 h of symptom onset and better functional independence at 90
days [55]. A pivotal meta-analysis in 2016, HERMES, performed a pooled analysis of these
five trials and ultimately showed improved functional outcome in patients treated with
EVT within 12 h of symptom onset as compared to standard medical care, thereby paving
the way for EVT to become a pillar of emergency revascularization for AIS [56].

Subsequent EVT trials focused on expanding the scope of EVT. The initial trials stud-
ied EVT in populations with symptom onset within 12 h, anterior circulation LVO, and
small-sized core infarcts. In 2018, the EVT therapeutic window was extended to 24 h based
on the results of the Diffusion Weighted Imaging or Computerized Tomography Perfu-
sion Assessment With Clinical Mismatch in the Triage of Wake-Up and Late Presenting
Strokes Undergoing Neurointervention (DAWN) and Endovascular Therapy Following
Imaging Evaluation for Ischemic Stroke 3 (DEFUSE 3) trials [57,58]. Analysis of Pooled
Data From Randomized Studies of Thrombectomy More Than 6 Hours After Last Known
Well (AURORA), a meta-analysis of six late-window EVT trials, showed almost double
the rate of 90-day mRS 0–2 in the EVT group compared to the control [59]. Despite the
immense success of EVT in anterior circulation, EVT for basilar artery LVO was not demon-
strated to be superior to medical management until 2022 in the Endovascular Treatment
for Acute Basilar Artery Occlusion (ATTENTION) and Basilar Artery Occlusion Chinese
Endovascular (BAOCHE) trials studying 12 h and 24 h windows, respectively [60,61]. Mul-
tiple meta-analyses confirmed that EVT for BAO was associated with lower mortality and
better outcomes than medical management in patients with high symptom severity [62–64].
Most recently, a series of clinical trials, including the Randomized Controlled Trial of En-
dovascular Therapy for Acute Large Vessel Occlusion With Large Ischemic Core (RESCUE
Japan LIMIT), the Trial of Endovascular Therapy for Acute Ischemic Stroke with Large
Infarct (ANGEL-ASPECT), and the Trial of Endovascular Thrombectomy for Large Ischemic
Strokes (SELECT2), have further broadened the scope of EVT to include large core infarcts
by showing the benefit of EVT over medical management alone, but at risk of higher rates
of ICH [65–67].

A summary of the above-mentioned studies can be found in Table 1. They show high
recanalization rates, measured using the Modified Thrombolysis in Cerebral Infarction
(mTICI) score, but suboptimal functional outcomes. The International Acute Ischemic
Stroke Registry with the Penumbra System Aspiration Including the 3D Revascularization
Device (COMPLETE) study showed about an 87% success rate of mTICI 2b-3 revasculariza-
tion [68]. However, a retrospective study showed lower rates of functional independence
at 90 days with mTICI 2b revascularization as compared to TICI 2c-3 [69]. Furthermore, in
the CT for Late Endovascular Reperfusion (CLEAR) study, about 50% of patients had mRS
3–6 at 90 days despite successful late-window mTICI 2c-3 revascularization [70]. This gap
between the outcomes of recanalization and symptomatic improvement suggests a need for
adjunctive therapies in post-thrombectomy care to further optimize functional outcomes.



Int. J. Mol. Sci. 2024, 25, 891 5 of 24

Table 1. Summary of endovascular trials. * Trials were stopped early due to efficacy. Abbreviations:
IVT, intravenous thrombolytic; EVT, endovascular thrombectomy; DSA, digital subtraction angiography;
BMM, best medical management; ICA, internal carotid artery; MCA, middle cerebral artery; ACA, anterior
cerebral artery; mRS, modified Rankin Scale; CT, computed tomography; CTA, computed tomographic
angiography; CTP, computed tomography perfusion; MRI, magnetic resonance imaging; MRA, magnetic
resonance angiography; MRP, magnetic resonance perfusion weighted imaging; CBF, cerebral blood flow.

Trial N Inclusion
Criteria Inclusion LVO Imaging

Modality
Therapeutic
Window

Control vs.
Intervention

Primary
Outcome Findings

MR CLEAN
(2010–2014) 500 NIHSS ≥ 2

Distal ICA,
proximal MCA
(M1 and M2)
or ACA

CT and CTA,
MRA or DSA 6 h IV tPA alone

vs. IVT + EVT 90-day mRS

EVT was effective and
safe. EVT had higher
rates of mRS 0–2 as
compared to IV
tPA alone (32.6% vs.
19.1%).

ESCAPE
(2013–2014) 315 NIHSS > 5 ICA or MCA

(M1 and M2) CT and CTA 12 h
IV tPA alone
vs. IV tPA +
EVT

90-day mRS

EVT group had
improved functional
outcomes (59% vs. 29%)
and reduced mortality
(10.4% vs. 19%) as
compared to IV
tPA alone.

SWIFT PRIME
(2012–2014) 196 *

NIHSS ≥ 8
and <30
TICI 0–1

Intracranial
ICA, MCA (M1
only)

CTA or MRA 6 h
IV tPA alone
vs. IV tPA +
EVT

90-day mRS

Stent retriever EVT with
Solitaire had improved
functional independence
(60% vs. 35%) as
compared to IV
tPA alone.

EXTEND IA
(2012–2014) 70 *

NIHSS ≥ 6
Mismatch > 10
mL and core
volume < 70
mL

ICA, MCA (M1
and M2) CTA and CTP 6 h

IV tPA alone
vs. IV tPA +
EVT

Reperfusion at
24 h and 3-day
reduction in
NIHSS

Stent retriever EVT with
Solitaire had improved
reperfusion, early
neurologic recovery, and
better
functional outcomes.

REVASCAT
(2012–2014) 206 *

NIHSS ≥ 8
ASPECTS CT >
7 or MR > 6

ICA, MCA (M1
only) CT or MRI 8 h BMM alone vs.

BMM + EVT 90-day mRS

Stent retriever EVT with
Solitaire has been shown
to have better functional
independence (43.7% vs.
28.2%).

DAWN
(2014–2017) 206

NIHSS ≥ 10
Age and
NIHSS based
core volume

ICA, MCA (M1
only)

CT/CTA/CTP
or MRI/MRA 6–24 h BMM alone vs.

BMM + EVT 90-day mRS

EVT improved
functional outcomes in
an extended
therapeutic window.

DEFUSE 3
(2016–2017) 182

NIHSS > 6
Core volume <
70 mL,
penumbra
volume ≥ 15

Proximal ICA
or MCA

CT/CTA/CTP
or
MRI/MRA/MRP

6–16 h BMM alone vs.
BMM + EVT 90-day mRS

EVT improved
functional outcomes in
an extended
therapeutic window.

ATTENTION
(2021–2022) 340 NIHSS ≥ 10 Basilar artery CT and CTA,

MRA or DSA 12 h BMM alone vs.
BMM + EVT 90-day mRS

EVT for basilar artery
LVO was superior to
BMM with improved
functional independence
(46% vs. 23%) and
reduced mortality (37%
vs. 55%).

BAOCHE
(2015–2019) 217 * NIHSS ≥ 10 Basilar artery CT and CTA or

MRI 6–24 h BMM alone vs.
BMM + EVT

Symptomatic
ICH at 24 h
and 90-day
mortality

EVT for basilar artery
LVO had better rates of
functional independence
at risk of more ICH and
complications.

RESCUE Japan
LIMIT
(2018–2021)

203 NIHSS ≥ 6
ASPECTS 3–5

ICA, MCA (M1
only)

CT and CTA or
MRA 6–24 h BMM alone vs.

BMM + EVT 90-day mRS

EVT had better
functional independence
compared to BMM but
was at risk of higher
rates of ICH.

ANGEL
ASPECT
(2020–2023)

456

NIHSS 6–30
ASPECT 3–5
Core volume
70–100 mL

Intracranial
ICA, MCA

CT and CTA or
MRA 24 h BMM alone vs.

BMM + EVT 90-day mRS

EVT had better
functional independence
compared to BMM but
was at risk of higher
rates of ICH.

SELECT2
(2019–2023) 352 *

ASPECTS 3–5
CTP CBF <
30% or MRI
core volume ≥
50 cc

Distal ICA,
MCA (M1
only)

CT and CTP or
MRI 24 h BMM alone vs.

BMM + EVT 90-day mRS

EVT had better
functional independence
compared to BMM (20%
vs. 7%), but at was risk
of higher rates of ICH.
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3. Neuroprotection

Stroke preclinical models showed recanalization alone does not halt infarct growth,
likely due to ischemia-reperfusion injury as well as inflammatory microthrombus forma-
tion [71]. EVT can lead to high production of reactive species secondary to reperfusion,
further damaging ischemic tissue, which is inherently vulnerable to oxidative stress [72].
A wide range of neuroprotective therapies have been under investigation to bridge this
discrepancy in continued infarct growth. Early preclinical models over the last 25 years
have shown poor translational promise as studies sifted through countless potential targets.
Major pitfalls of animal models included difficulties in replicating the heterogeneity of
stroke, modeling comorbidities, and utilizing aging populations [73]. The choice of animal
model used to induce ischemia also introduced significant variability in insult type and
likely contributed to translational failure [74]. These initial efforts were primarily focused
on neuron rescue and excitotoxicity suppression [75]. An extensive preclinical study on
meta-analysis of cellular agents as well as experimental combination therapy with magne-
sium, melatonin, and minocycline failed to show the benefit of this trio in reducing infarct
volume or mortality in rats [76]. However, with more insight into ischemia-reperfusion
injury, recent preclinical testing has shifted towards preventing oxidative stress through
upregulation of antioxidants and downstream effectors, with some positive results [77–79].
Just as recanalization alone is insufficient, neuroprotection alone will also not suffice. The
future of stroke care will likely require a hand-in-hand approach with tailored combination
therapies of reperfusion and neuroprotection. An overview of promising neuroprotective
therapies can be found in Table 2.

Table 2. Overview of neuroprotective therapies.

Trial Neuroprotective Therapies Mode of Action Findings

URICO-ICTUS: Phase II/III
(2011–2013) Uric Acid Antioxidant

Downregulation of VEGF-A

Significant improvement in functional
outcomes (mRS 0–2) at 90 days
compared to placebo in patients
receiving IVT followed by EVT.

RHAPSODY: Phase II
(2015–2017) 3K3A-APC

Activation of PAR-1, leading to
neurogenesis, anti-apoptosis,
anti-inflammatory effects

Dose-limiting toxicity for the highest
dose (540 µg/kg) was not statistically
different from placebo.
Reduction in intracerebral hemorrhage
(ICH) rates compared to placebo.

ESCAPE-NA1: Phase III
(2017–2019) Nerinetide Downregulation of excitotoxic cascade

via PSD-95 inhibition

Significant improvement in functional
outcomes (mRS 0–2) at 90 days
compared to placebo in the treatment
group that did not receive tPA.
7.5% absolute risk reduction in
mortality.

SAFE-TPA: Phase II
(2016–2017) Otaplimastat Downregulation of MMP

Antioxidant

No significant difference in the
incidence of parenchymal hematoma
compared to the placebo.

I-STROKE: Phase II
(2011–2014) Imatinib Downregulation of PDGF-alpha

Significant improvements in the mean
NIHSS scores with high-dose imatinib
compared to controls before and after
adjustment for thrombectomy.

SAVER-I: Phase I
(2013–2015) Verapamil Reduction in calcium-mediated

apoptosis
No patients met the primary safety
endpoint (i.e., significant ICH).

BAST: Phase III
(2018–2022) Butylphthalide (NBP)

Improvement in microcirculation
BBB protection
Reduction in
mitochondrial dysfunction

Significant improvement in functional
outcomes (mRS 0–2) at 90 days
compared to placebo.

TASTE: Phase III
(2015–2016) Edaravone dexborneol Antioxidant

Significant improvement in functional
outcomes (mRS 0–1) at 90 days
compared to edaravone alone.

SONIC: Phase II
(2016–2020) Nelonemdaz (Neu2000)

NMDA receptor subtype 2B
selective antagonist
Antioxidant

Favorable trend but no statistically
significant difference in the proportion
of patients achieving mRS 0–2 at
12 weeks.



Int. J. Mol. Sci. 2024, 25, 891 7 of 24

Table 2. Cont.

Trial Neuroprotective Therapies Mode of Action Findings

APRIL: Phase Ib/IIa
(2020–2022) ApTOLL TLR4 antagonist

Not sufficiently powered to determine
efficacy, but a 0.2 mg/kg dose reduced
mortality at 90 days.

Safety, feasibility, and potential efficacy
of intraarterial selective cooling
infusion for stroke patients treated
with mechanical thrombectomy
(2015–2017)

Regional Hypothermia Reduction of basal metabolic rate

No adverse events were associated
with intraarterial cold saline infusion
in combination with EVT.
Significant reduction in final infarct
volume but no difference in
functional outcomes.

Protective roles of intra-arterial mild
hypothermia and arterial thrombolysis
in acute cerebral infarction (2016)

Significant reduction in mean infarct
volumes and neurological deficits
compared to normothermia.

RESIST Trial
(2018–2022) Remote Ischemic Conditioning (RIC)

Strengthening endogenous
mechanisms to build tolerance against
more severe ischemia

No significant difference in mRS scores
at 90 days.

RICAMIS Randomized Clinical Trial
(2018–2021)

Significant improvement in functional
outcomes (mRS 0–1) at 90 days
compared to usual care.

Adjuvant High-Flow Normobaric
Oxygen after Mechanical
Thrombectomy for Anterior
Circulation Stroke: A Randomized
Clinical Trial (2017–2019)

Normobaric Oxygen (NBO) Increase in oxygen level of
ischemic penumbra

Significant reduction in 90-day
mortality and infarct volume
compared to controls in patients
receiving NBO therapy for 6 h
after recanalization.

3.1. Uric Acid

Uric acid is a product of purine metabolism whose mechanism of neuroprotection
is not fully elucidated, but the agent is well known for its antioxidant property. Uric
acid scavenges reactive nitrogen and oxygen species, suppresses the Fenton reaction,
and limits free radical damage to DNA, thus preventing oxidative stress [80]. Another
proposed neuroprotective pathway involves uric acid’s ability to downregulate vascular
endothelial growth factor (VEGF), particularly VEGF-A, via upregulation of Krüppel-like
factor 2, a transcription factor that regulates endothelial cell growth, differentiation, and
activation [81]. VEGF-A promotes angiogenesis, which is associated with neuroprotective
qualities. One of the body’s responses to ischemic stroke is upregulation of VEGF-A,
which contributes to exaggerated angiogenesis, leading to disruption of blood–brain barrier
(BBB) integrity, edema, hemorrhage, and brain damage [81]. In 2020, a retrospective
analysis was conducted on 247 patients who underwent EVT and experienced HT within
72 h [82]. Patients with HT had significantly lower uric acid levels compared to those
without HT (322.60 ± 94.49 vs. 350.25 ± 99.28 µmol/L, p = 0.032) [82]. Another prospective
cohort study evaluated uric acid levels within 24 h of EVT and their correlation with
an excellent 90-day functional outcome, defined by mRS 0–1 [83]. Multivariate analysis
showed that a higher uric acid level was significantly associated with an excellent functional
outcome (p = 0.018). In the Efficacy Study of Combined Treatment With Uric Acid and
r-tPA in Acute Ischemic Stroke (URICO-ICTUS) trial, patients were randomized to receive
either intravenous 1000 mg uric acid or placebo along with IVT. This was followed by
thrombectomy in a subgroup of 45 patients. The primary outcome, good functional outcome
defined by mRS 0–2, was observed in 67% of patients treated with uric acid and 48% treated
with placebo (adjusted odds ratio 6.12, 95% CI 1.08–34.56) when receiving both IVT and
EVT [84]. Support for these results requires further investigation in a larger clinical trial,
and in addition, it can focus more on EVT.

3.2. Activated Protein C: 3K3A-APC

Activated protein C (APC) is a serine protease with independent cytoprotective effects
mediated by activation of protease activated receptor 1 (PAR-1) and anticoagulant effects
mediated by inactivation of clotting factors Va and VIIIa [85]. APC cleaves PAR-1, initiating
the β-arrestin-2 pathway, with the downstream effects of promoting anti-inflammatory
and anti-apoptotic activities, BBB stabilization, neurogenesis, and neovascularization in
ischemic stroke recovery [86]. APC’s anticoagulation properties are less desirable due
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to concerns about post-perfusion hemorrhage [87]. In order to decrease bleeding risk
while preserving its effect on PAR-1, a variant of APC was engineered by ZZ Biotech,
resulting in the molecule 3K3A-APC, which has greater than 90% of the anticoagulant
activity removed. The NeuroNEXT trial, Safety Evaluation of 3K3A-APC in Ischemic
Stroke, which investigated 3K3A-APC’s cytoprotective properties in protecting ischemic
brain tissue while decreasing treatment-related bleeding, recently concluded phase II of its
clinical trials. One hundred and ten patients were randomized to one of four doses, 120,
240, 360, and 540 µg/kg, or placebo after receiving IVT, EVT, or both. The primary outcome
of this trial was to establish a maximum tolerated dose (MTD), defined as the highest study
dose with an estimated dose-limiting toxicity rate of 10% or less. Dose-limiting toxicity
for the highest dose, with an estimated toxicity rate of 7%, was not statistically different
from placebo. In exploratory analyses, 3K3A-APC reduced ICH rates by 67.4% compared
to placebo, 86.5% (p = 0.046). Total hemorrhage volume was also reduced from an average
of 2.1 ± 5.8 mL in the placebo to 0.8 ± 2.1 mL in the combined treatment arms but was
not statistically significant [87]. Rilonacept Inhibition of Interleukin-1 Alpha and Beta for
Recurrent Pericarditis: A Pivotal Symptomatology and Outcomes Study (RHAPSODY) II is
a phase III clinical trial that is planned and will further elucidate the safety and efficacy of
3K3A-APC.

3.3. Nerinetide

Nerinetide is a synthetic peptide designed to disrupt postsynaptic density protein
(PSD-95), a scaffolding protein that interacts with neurotoxic signaling agents, by inhibit-
ing PSD-95′s interactions with N-methyl-D-aspartate (NMDA) glutamate receptors and
negating downstream excitotoxicity effects [88]. The phase III trial, Efficacy and Safety of
Nerinetide for the Treatment of Acute Ischaemic Stroke (ESCAPE-NA1), with collaborative
efforts from eight different countries, evaluated the safety and efficacy of nerinetide [89].
The trial took approximately 2 years, in which 1105 patients were randomized to receive
nerinetide or placebo after EVT; select patients also received IVT before or during EVT, and
indications for administering alteplase were based on the national or regional guidelines of
each institution. The primary outcome was a favorable functional outcome after 90 days,
defined as mRS 0–2. Of the nerinetide group, 61.4% of patients achieved mRS 0–2, while in
the placebo group, 59.2% achieved mRS 0–2 at 90 days (adjusted risk ratio: 1.04, 95% CI
0.96–1.14; p = 0.35). Adverse outcomes such as symptomatic ICH, recurrent or new-onset
stroke, and progression of stroke were equal in both groups. The results suggested no
significant difference in the improvement of outcomes between nerinetide and placebo.
However, there was concern for effect modification resulting in inhibition of the treatment
effect in patients receiving tPA. The thrombolytic agent was given to 60.1% of the patients
in the nerinetide group. Upon pharmacokinetic analysis, patients who received tPA had
subtherapeutic plasma concentrations of nerinetide compared to those who received only
EVT. These subtherapeutic levels were thought to be the consequence of the cleavage of
nerinetides’ amino acid sequences by plasmin, formed from alteplase-activated plasmino-
gen. Consequently, they found a significant difference only when looking at the stratum
of patients that were not given tPA, with 59.3% of those receiving nerinetide achieving
favorable functional outcomes compared to 49.8% receiving placebo (adjusted RR 1.18,
95% CI 1.01–1.38). This led to a 7.5% absolute risk reduction in mortality at 90 days and a
halving of the hazard of death. With the drug-drug interaction considered, the next phase
of the nerinetide trial, ESCAPE-NEXT, is already in progress with the design to exclude
thrombolysis via tPA [89].

3.4. Otaplimastat

Otaplimastat (SP-8203) is a quinazoline molecule with cytoprotective properties. It
upregulates the inhibitor of metalloproteinase-1, thus inhibiting matrix metalloproteinase
(MMP), an enzyme associated with BBB breakdown leading to edema [90]. Otaplimastat
is also shown to inhibit NMDA receptor-mediated neuronal calcium influx and reduce
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the production of reactive oxygen species [91]. The Safety and Efficacy of Otaplimastat
in Patients with Acute Ischemic Stroke Requiring tPA (SAFE-TPA), a phase II clinical
trial, randomized 69 patients into three groups: otaplimastat 40 mg, otaplimastat 80 mg, or
placebo, after administering IVT along with EVT if LVO was detected on MRI and MRA [90].
The primary endpoint was the occurrence of parenchymal hematoma on day 1. Secondary
endpoints included mRS distribution at 90 days and serious adverse events (SAEs). The
secondary safety endpoint included the incidence rate of symptomatic ICH within 5 days.
There was no significant difference between the incidence of parenchymal hematoma: 0
of 22 with the placebo, 0 of 22 with otaplimastat 40 mg, and 1 of 21 with otaplimastat
80 mg. Fisher’s exact test suggests a significantly different distribution of mRS scores with
otaplimastat 40 mg versus placebo at 90 days (p = 0.026), but not with otaplimastat 80 mg
(p = 0.502). However, the true trends of otaplimastat’s efficacy were limited by the small
sample size (adjusted odds ratio 3.2, 95% CI 0.9–10.9, p = 0.068). The incidence of SAEs,
such as myocardial infarctions or cerebral infarctions, was similar between each group: 3%
for placebo, 17% for otaplimastat 40 mg, and 14% for otaplimastat 80 mg. Secondary safety
endpoints included the incidence rate of symptomatic ICH within 5 days, which none of the
three groups experienced. The study provided evidence that giving otaplimastat to patients
receiving IVT is generally safe. The efficacy of this drug cannot be firmly established due
to the small size of this trial [90]. Further studies are needed to examine the efficacy of
EVT alone.

3.5. Imatinib

Imatinib, more widely recognized as a chemotherapy agent, has been shown to have
neuroprotective properties as well. The proposed mechanism is its inhibitory effect on
signaling of platelet-derived growth factor alpha (PDGF-alpha) receptors on perivascular
astrocytes, which affects the opening of the BBB; downstream effects seen in experimental
models showed a decrease in BBB permeability and a reduction in infarct size with associ-
ated lower risks of HT and cerebral edema [92]. I-STROKE, a phase II trial, randomized
60 patients into four groups: three active treatments with differing doses and one placebo,
after receiving IVT along with EVT if LVO was detected on imaging. The primary outcome
was any adverse event; secondary outcomes were HT, neurological severity on the National
Institutes of Health Stroke Scale (NIHSS) at 7 days and at 3 months, and functional out-
comes based on mRS. A total of four serious adverse events were reported: three deaths that
investigators thought were unrelated to study treatment and one femoral artery puncture
site infection in the control group. No HT (0 of 5) occurred when high-dose imatinib was
initiated within 5 h after stroke onset. HT occurred in 4/9 patients in the medium dose
group and 4/8 patients in the small dose group when imatinib was initiated within 5 h
after stroke onset; in the controlled group, 7/18 patients experienced HT. There were signif-
icant improvements in the mean NIHSS scores in patients treated with high-dose imatinib
compared to controls before adjustment (p = 0.037) and after adjustment for thrombectomy
(p = 0.012). In terms of functional independence (mRS 0–2), the high-dose group saw an
18% absolute increase compared to control but not at statistical significance [92]. A larger
Phase III clinical trial is underway and will hopefully confirm the positive results of this
Phase II trial.

3.6. Verapamil

Verapamil, an L-type calcium channel blocker, was shown to have neuroprotective
qualities during in vivo experiments. In mouse models, administration of intra-arterial
verapamil following recanalization of middle cerebral artery occlusion reduced infarct
volume, improved immunohistochemical markers of neuron preservation, and reduced
astrogliosis. Though the mechanism remains to be elucidated, it is hypothesized to be
secondary to a reduction in excitotoxic damage from calcium-mediated apoptosis [93].
Superselective Administration of Verapamil during Recanalization in Acute Ischemic
Stroke (SAVER-I), a phase I trial, enrolled 11 of 104 patients who met inclusion criteria to
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undergo EVT immediately, followed by intra-arterial administration of 10 mg of verapamil.
All 11 subjects were successfully treated, and none met the primary safety endpoint, which
was significant ICH. The trial demonstrates the safety and potential neuroprotective efficacy
of direct verapamil administration after reperfusion from EVT. The obvious limitations,
such as the lack of a control group and the power of the study, should be addressed in
further trials [93].

3.7. Butylphthalide

Butylphthalide (NBP) is a compound that can be extracted from the seeds of Apium
graveolens (Chinese celery). The active form, dl-3-N-NBP, has been shown to reduce cerebral
ischemic damage based on animal experiments [94]. The underlying mechanisms include
promotion of microcirculation, protection of the BBB, reduction of mitochondrial dysfunc-
tion, and prevention of post-stroke inflammation and cerebral edema [94]. Butylphthalide
for Acute Ischemic Stroke Patients Receiving Intravenous Thrombolysis or Endovascular
Treatment (BAST), a phase III trial, randomized 1216 of 1236 patients to receive NBP or
placebo along with IVT, EVT, or both [95]. The primary efficacy outcome was the proportion
of patients with a favorable outcome at 90 days, defined by mRS 0–2. In the NBP group,
56.7% of patients achieved favorable functional outcomes, a significant difference com-
pared to 44.0% in the placebo group (OR 1.70, 95% CI 1.35–2.14, p < 0.001). Primary safety
outcomes were SAE within 90 days, which included prolonged hospital time, permanent
damage to the body or organ, and death. Of the NBP group, 61 (10.0%) experienced SAE,
compared to 73 (12.0%) in the placebo group [95]. Overall, the outcomes of this trial support
NBP’s efficacy in improving 90-day functional outcomes. Future studies should focus on
thrombectomy alone, as only a small percentage of the participants received EVT.

3.8. Edaravone Dexborneol

Edaravone is an antioxidant that improves ischemic stroke outcomes through scav-
enging hydroxyl-, peroxyl-, and superoxide-free radicals, relieving cerebral edema, and
inhibiting delayed neuronal death [96]. Moreover, (+)-bornel is a naturally occurring
compound that inhibits the production of inflammatory factors and preserves brain func-
tion in preclinical investigations. The novel drug edaravone dexborneol, composed of
edaravone and (+)-bornel, has shown synergistic effects in neuroprotection. Treatment of
Acute Ischemic Stroke with Edaravone Dexborneol (TASTE), a phase III trial, investigated
edaravone dexborneol versus edaravone on 90-day functional outcomes, defined by mRS
less than or equal to 1, in patients with AIS. The study randomized 1200 patients to receive
edaravone, dexborneol, or edaravone along with EVT. There were 393 (67.18%) patients in
the edaravone dexborneol group and 342 (58.97%) patients in the edaravone group with
a mRS score less than or equal to 1 (OR 1.42, 95% CI 1.12–1.81, p = 0.004). Analysis of
safety outcomes indicated that the two treatment groups had similar incidences of serious
adverse events such as cerebral infarction or lung infection: 54 (9.02%) with edaravone
dexborneol versus 47 (7.90%) with edaravone alone [96]. Results suggest 90-day good
functional outcomes favored the edaravone dexborneol group. A limitation in this study
was the lack of a placebo group, which will hopefully be addressed in future trials.

3.9. Nelonemdaz (Neu2000)

Nelonemdaz, previously known as Neu2000, is a synthetic derivative of sulfasalazine
and aspirin that acts as an NMDA receptor subtype 2B selective antagonist. In contrast
to the 2A subunit, the 2B subunit is mostly involved in pro-death signaling [97]. Gluta-
mate is released and accumulates during ischemia, leading to the activation of NMDA
receptors and an influx of excess calcium, resulting in the activation of cytotoxic proteins
and eventual cell death [98]. In addition, nelonemdaz acts as a free radical scavenger to
mitigate the oxidative damage that results not only downstream of NMDA activation but
also following reperfusion [98,99]. By targeting two different pathways of nerve cell death
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following ischemic injury, there is potential for enhanced neuroprotection compared to
monotherapy alone.

Following preclinical studies that showed efficacy against middle cerebral artery
occlusion in rats and phase I studies that showed safety in total doses up to 6000 mg in
healthy volunteers, Hong et al. [100] conducted the Safety and Optimal Neuroprotection of
Neu2000 in Acute Ischemic Stroke With Recanalization (SONIC) trial, a phase II randomized
controlled trial (RCT) in 208 patients with AIS due to anterior circulation LVO receiving
EVT within eight hours of symptom onset [98,101]. Nelonemdaz was administered in
either low-dose or high-dose groups. An initial larger infusion (500 or 750 mg) before
thrombus retrieval as well as multiple smaller doses (250 or 500 mg q12h over five days)
allow targeting of both the initial glutamate-mediated excitotoxicity and the subsequent free
radical-mediated oxidative damage. There were no significant adverse events. However,
there was no statistically significant difference between these two groups or placebo in
the proportion of patients achieving mRS 0–2 at 12 weeks. Nevertheless, its safety and
favorable trend in mRS are promising [100]. As a result, it is being further investigated in
a current phase III trial called Rescue on Reperfusion Damage in Cerebral Infarction by
Nelonemdaz (RODIN), with a look at the primary outcome of mRS at 90 days [97].

3.10. ApTOLL

ApTOLL is a single-stranded DNA aptamer that acts as an antagonist of toll-like
receptor 4 (TLR4), a receptor that is expressed in microglia and astrocytes and is involved
in innate immunity. It recognizes not only exogenous ligands from infectious agents, such
as pathogen-associated molecular patterns, but also endogenous ligands, such as damage-
associated molecular patterns, that are released as a result of cellular damage in a variety of
conditions. Its activation leads to the recruitment of adaptive proteins and the activation of
nuclear factor κ-B, resulting in the expression of proinflammatory mediators [102]. In AIS,
TLR4 was associated with poor outcomes, suggesting that inflammation further contributes
to the damage [102]. This is supported by preclinical studies. Mice deficient in TLR4
were found to have a reduced expression of proinflammatory mediators, such as inducible
nitric oxide synthase, cyclooxygenase-2, interferon regulatory factor-1, and MMP9 [103].
Furthermore, blocking TLR4 in wild-type mice had a protective effect against brain injury
in an experimental stroke [104].

A phase I study determined the half-life to be 9.3 h, which would allow ApTOLL to be
active during the acute inflammatory process and inactive during the later stages of tissue
repair [105]. Hernández-Jiménez et al. [106] then conducted a phase Ib/IIa study called
APRIL in patients with AIS due to anterior circulation large vessel occlusion receiving EVT
within six hours after symptom onset. The study was divided into two parts. The first
part was an ascending dose study in 32 patients that collected safety data. After using
this information to determine the appropriate doses, the second part randomized another
119 patients into three arms (0.05 or 0.2 mg/kg ApTOLL or placebo), with the trial drug
being administered as an infusion as soon as possible after randomization and before
initiation of EVT. They found that ApTOLL, in combination with EVT, was safe and well-
tolerated. While the study was not sufficiently powered to definitively determine efficacy,
patients receiving the 0.2 mg/kg dose had reduced mortality at 90 days, warranting further
phase III study [106].

3.11. Regional Hypothermia

Therapeutic regional hypothermia (TRH) consists of specifically targeting the brain for
cooling while keeping the remainder of the body at a higher temperature. Neuroprotection
is presumed to be achieved through a reduction in basal metabolic rate. Targeted regional
hypothermia provides the benefit of faster achievement of target temperatures while
attempting to avoid side effects associated with systemic cooling. TRH can be achieved
through helmets, intranasal sprays, and direct cooling via large arteries like the carotid
arteries. A pilot study investigated the safety and feasibility of intraarterial cold saline
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infusion in combination with EVT [107,108]. In this study, 26 patients with LVO had
cold saline directly infused into either the internal carotid artery or vertebral artery both
prior to and after EVT. The temperature of the ischemic tissue was reduced by about
2 degrees Celsius, but the overall body temperature was only mildly reduced (a maximum
of 0.3 degrees Celsius). There were no significant adverse events. Another RCT comparing
targeted hypothermia to normothermia in patients with middle cerebral artery occlusion
showed mean infarct volumes and neurological deficits were significantly lower in the
hypothermia group [109]. Studies have shown TRH to be both safe and effective. However,
larger clinical trials need to be conducted to show consistent results before consideration
can be given to the development of a universal TRH protocol and clinical application.

3.12. Remote Ischemic Conditioning

Remote ischemic conditioning (RIC) is the process of strengthening endogenous
mechanisms to build tolerance against ischemic damage. In this model, ischemia is induced
in tissue just below the threshold of damage to build tolerance against more severe ischemia.
A meta-analysis by Mollet et al. [110] has summarized remote ischemic conditioning
experimental models and mechanisms of action. When ischemic stimuli are applied to
a limb, there is inter-organ communication between limb and brain via activation of
hypoxia-inducible factor-alpha, which leads to downstream upregulation of over 200 genes
responsible for the adaptation to hypoxia. Although RIC was shown to be safe, there was
no proven benefit [110]. More recently, the REmote iSchemic conditioning in patients with
acute STroke (RESIST) trial used an inflatable cuff to apply pressure to one limb. This
trial failed to show functional improvement, measured as mRS at 90 days, in those who
received RIC compared to the control group [111]. However, a similarly designed study in
China (RICAMIS) showed that the likelihood of excellent functional outcome at 90 days,
defined as a mRS score of 0–1, was more likely in the group treated with RIC [112]. The
RICAMIS study applied cuff pressure to two limbs for 10–14 days, whereas in the RESIST
trial, the duration of therapy was 7 days and cuff pressure was applied to one limb. Given
the lack of consistent findings, replication is necessary, perhaps with other modalities of
ischemia induction, in order to better clarify the efficacy of RIC in neuroprotection after an
ischemic stroke.

3.13. Normobaric Oxygen

Lack of oxygen supply is a critical pathophysiology of ischemic stroke and, therefore,
another area of potential intervention for neuroprotection. Normobaric oxygen (NBO)
therapy aims to increase the partial pressure of oxygen, increase oxygen supply to the
penumbra, and thereby reduce ischemic damage [113]. NBO is defined as breathing oxygen
between 21 and 100%. The oxygen saturation of a healthy individual at sea level is at
least 95%, so supplemental oxygen cannot further increase the amount of oxygen bound to
hemoglobin. Therefore, NBO aims to increase the partial pressure of oxygen in the blood
and the partial pressure of oxygen in brain tissue. The hope is to increase the oxygen level
of the penumbra, thereby reducing infarct volume and deficits from stroke [113].

Studies in rat models showed smaller infarct sizes in NBO-treated rats [114]. However,
meta-analysis reveals that subsequent human model studies failed to show benefit with
NBO treatment, which could be due to the major limitation of including study participants
who did not receive recanalization therapy [114,115]. With continued efforts, a recent RCT
conducted at Beijing Luhe Hospital at Capital Medical University investigated the benefit
of high-flow NBO therapy after EVT of anterior circulation strokes. A total of 180 patients,
aged 18–80, with NIHSS 6–25 and anterior LVO and less than 6 h from stroke onset to EVT,
were enrolled in this study. Of the 180 participants, 91 were enrolled in the NBO group and
received oxygen via nasal cannula during thrombectomy and then supplemental high-flow
NBO treatment via Venturi mask for 6 additional hours. This study showed a significant
reduction in 90-day mortality (13.86%) and reduced infarct volume in those who received
NBO therapy for 6 h after recanalization [116].
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3.14. Nuclear Factor Erythroid 2-Related Factor 2

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that regulates
the activation of over 250 cytoprotective genes involved in the production of antioxidants,
anti-apoptotic proteins, and proteasome proteins [117–120]. Nrf2 signaling pathways are
also implicated in redox regulation, suppression of inflammatory genes, angiogenesis, and
cell proliferation and migration [121–125]. In particular, Nrf2 downstream proteins have
been shown to neutralize reactive oxygen species byproducts of ischemic reperfusion injury
by recruiting enzymes such as glutathione and superoxide dismutase [126,127]. Given its
essential role in maintaining homeostasis after ischemic injury, several studies exploring
the role of Nrf2 in neuroprotection after AIS are underway. Ischemic stroke models in
rodents have revealed neuroprotective effects of exogenously induced Nrf2 activation
with red ginseng, apelin 13, astragaloside IV, rehmannioside A, loureirin C, and Srs11-92,
among many others. In addition to inhibiting ferroptosis, decreasing neuroinflammation,
and reducing oxidative stress, the neuroprotective effects of these agents include reduced
brain infarct size, improved neurological outcomes, and improved cognition [128–134].
Ischemic preconditioning with icariside II, a naturally occurring Nrf2 activator, exerted
cytoprotective effects on astrocytes and inhibited ferroptosis [135]. More notably, ischemic
preconditioning with the BBB permeable Nrf2 activator 2-cyano-3,12-dioxo-oleana-1,9(11)-
dien-28-trifluoethyl amide was shown to reduce sensorimotor deficits, post-stroke cognitive
impairments, and brain tissue loss in mice [136]. However, dimethyl fumarate for the
treatment of multiple sclerosis is currently the only clinical therapeutic agent utilizing Nrf2
activation. With countless emerging studies on Nrf2 in AIS models, there is great promise
for the development of additional agents.

4. Anesthetic Management for Thrombectomy
4.1. General Anesthesia versus Sedation

Anesthesiologists play an essential role in the management of patients undergoing
EVT for AIS caused by LVO. Their goal is to facilitate recanalization as quickly as possible
while maintaining perfusion to the brain to prevent additional ischemic injury [137]. Some
considerations include the type of anesthesia and hemodynamic management, which have
an impact on functional outcomes. However, the optimal anesthetic strategy remains a topic
of debate, with each having its own advantages and disadvantages. Compared to general
anesthesia, sedation allows for the assessment of neurologic status during the procedure.
However, an unprotected airway poses a potential risk for pulmonary aspiration and
hypoventilation, and conversion to general anesthesia may be required in cases of clinical
deterioration. Furthermore, while the procedure is not very stimulating and requires
minimal analgesia, clot extraction could lead to some discomfort. As a result, general
anesthesia may potentially improve success rates by preventing patient movement and
improving imaging conditions. Nevertheless, the induction of general anesthesia may lead
to a delay in the start time of the procedure and can lead to hemodynamic instability [138].

While earlier retrospective and observational studies showed that general anesthesia
was associated with worse outcomes compared to sedation, more recent RCTs suggest
this may not be the case. The Sedation vs. Intubation for Endovascular Stroke Treatment
(SIESTA) study found no significant difference in early neurological improvement on NIHSS
after 24 h, but a higher percentage of those receiving general anesthesia were functionally
independent (mRS score 0–2) after 3 months (37% vs. 18.2%) [139]. The Anesthesia During
Stroke (AnStroke) trial found no significant difference in mRS scores at 3 months [140].
Finally, the General or Local Anesthesia in Intra Arterial Therapy (GOLIATH) trial found
smaller, but not statistically significant, infarct growth in those receiving general anesthesia
with an improvement in mRS scores at 90 days [141].

A meta-analysis of 19 observational studies and these 3 RCTs, including 4716 patients,
found that patients receiving general anesthesia had higher odds of mortality and lower
odds of a good functional outcome compared to patients receiving either local anesthesia
or sedation [142]. This was further supported by an updated meta-analysis of 13 non-
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randomized studies and 3 RCTs, including 5836 patients [143]. Conversely, when including
only the three RCTs, which had a total of 368 patients, general anesthesia was associated
with less disability at 3 months [144]. Reasons for this discrepancy could be due to several
factors, such as selection bias in retrospective and observational studies and the possibility
that patients with more severe symptoms are more likely to receive general anesthesia. The
RCTs had standardized protocols for the administration of anesthesia and hemodynamic
management but were limited to a single center and small sample sizes.

Maurice et al. [145] addressed these limitations with the General Anesthesia versus
Sedation for Acute Stroke Treatment (GASS) trial, which was multicenter and randomized
351 patients receiving endovascular therapy into either general anesthesia or conscious
sedation groups. Similar to the previous three studies, they implemented protocols for
intraoperative hemodynamic control with a goal of systolic blood pressure (SBP) between
140 and 185 mmHg and diastolic blood pressure less than 110 mmHg. They found no
difference in functional outcomes, with 36% of patients in the conscious sedation group
and 40% of patients in the general anesthesia group achieving the primary outcome of a
mRS score less than or equal to 2 at 3 months. Although those receiving general anesthesia
did have more episodes of hypotension or hypertension, the cumulative duration was
similar between the groups. Furthermore, while general anesthesia was associated with a
longer time from onset and arrival to groin puncture (additional 19 and 9 min, respectively),
there was increased success (85% vs. 75%) and a similar time to recanalization [145]. This
suggests that either option is reasonable if hemodynamics are well controlled.

Consistent with these findings, the 2019 guidelines from the American Heart Associa-
tion/American Stroke Association (AHA/ASA) recommend that the anesthetic technique
be chosen on an individual basis, considering patient risk factors and clinical characteris-
tics [44]. This recommendation is similar to the expert consensus statement from the Society
for Neuroscience in Anesthesiology and Critical Care (SNACC) [146]. Further research
continues with the multicenter RCT Sedation versus General Anesthesia for Endovascular
Therapy in Acute Ischemic Stroke (SEGA), which aims to compare functional outcomes
after successful endovascular therapy. The primary outcome will be the mRS score at 90
days, and results have yet to be released [138]. Finally, the neuroprotective properties of
different types of anesthetic agents may also be an avenue for future research.

4.2. Perioperative Blood Pressure Management

Hemodynamic management, especially blood pressure control, is a critical element
in maximizing functional outcomes in patients with AIS. The presenting blood pressure
in patients with AIS plays a complex role in the patient’s outcome. The AHA/ASA
guidelines recommend that patients treated with tPA maintain blood pressure less than
185/110 mmHg and patients not treated with tPA maintain blood pressure less than
220/120 mmHg [44]. Studies have shown a U-shaped relationship between presenting
blood pressure and outcomes, with high or low blood pressures correlating to worse
outcomes [147–149]. Furthermore, higher blood pressure variability (BPV) after an ischemic
stroke correlates to worse functional outcomes and death [150]. In patients undergoing
EVT, optimal blood pressure parameters have not been established given the multiple
factors that influence the effects of blood pressure on outcomes in these patients, such as
baseline blood pressure, size of the penumbra, degree of collateral blood flow, the risk of
reperfusion injury and hemorrhage, etiology of the stroke, etc.

High blood pressure, often SBP greater than 160 mmHg [151], is a typical presenting
symptom of AIS and is attributed to the cerebral ischemic response, which evokes auto-
nomic nervous system activation [152]. Blood pressure then decreases during the next
seven days [147,153]. Looking at the data of 17,398 patients from the International Stroke
Trial (IST), Leonardi-Bee et al. [147] found that 81.6% had an SBP greater than 140 mmHg
(mean SBP of 160.1 mmHg) at the time of enrollment within 48 h of stroke onset. There was
a U-shaped relationship, with baseline SBP 140 to 179 mmHg being associated with the
lowest frequency of poor outcomes. The nadir was around 150 mmHg, with the risk of
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early death increasing by 17.9% for every 10 mmHg below and 3.8% for every 10 mmHg
above [147]. Other studies have also found similar U-shaped relationships for presenting
blood pressure and outcomes following AIS. Castillo et al. [149] found SBP 180 mmHg
to be optimal, whereas Vemmos et al. [148] determined 130 mmHg as the optimal SBP.
Recanalization status and cerebral autoregulation affect blood pressure parameters in AIS
patients and contribute to this U-shaped curve [154]. Hypertension may lead to cerebral
edema, reperfusion injury, and cerebral hemorrhage in recanalized patients.

Blood pressure parameters in AIS patients undergoing EVT differ pre-, intra-, and
post-procedurally. In endovascular trials, pre-procedural blood pressure parameters fol-
lowed AHA/ASA guidelines of blood pressure < 180/105 mmHg since these trials included
patients eligible for intravenous t-PA [44]. The MR CLEAN trial showed that EVT was bene-
ficial regardless of pre-procedural blood pressure, but a mean SBP of 120 mmHg correlated
to more favorable outcomes. Poor functional outcomes, again, were correlated with low and
high baseline SBPs [155]. In terms of intra-procedural blood pressure, endovascular trials
did not show evidence to support specific blood pressure parameters during EVT. Most
endovascular trials did not include intra-procedural blood pressure management protocols.
The ESCAPE trial proposed the most specific intra-procedural blood pressure management
protocol, specifying the maintenance of SBP greater than or equal to 150 mmHg prior to
recanalization in order to promote collateral flow [52]. Intra-procedural blood pressure
decreases of mean arterial pressure (MAP) less than 40% from baseline were associated with
poorer outcomes and a greater infarct increase [156,157]. Analysis of blood pressure and
outcome data from three randomized trials comparing general anesthesia with conscious
sedation (GOLIATH, SIESTA, and AnStroke) demonstrated that intra-procedural MAP
less than 70 mmHg for more than 10 min correlated with higher mRS at 90 days [158].
These three trials also demonstrated that a MAP greater than 90 mmHg for more than
45 min correlated to worse outcomes. Chen et al. [159] showed poorer functional out-
comes in patients with intra-procedural SBP greater than 163 mmHg and MAP greater
than 117 mmHg pre-recanalization. In a retrospective review, John et al. [160] reported
a mean maximum intraprocedural SBP of 180.9 mmHg as an independent predictor of
poor outcome. Overall, based on limited data and a lack of standardized protocols for
intraprocedural blood pressure parameters in trials, generalizations advocating for specific
blood pressure values during EVT are not broadly supported by the current literature.
However, some trial evidence does point to intraprocedural hypotension correlating with
worse outcomes.

Blood pressure management post-thrombectomy in patients with AIS typically fo-
cuses on normotension following successful reperfusion and the avoidance of hypertension.
Hypertension following successful reperfusion can lead to reperfusion injury and hemor-
rhagic transformation. Mistry et al. [161] showed that maximum blood pressure within
the first 24 h after thrombectomy was independently associated with worse outcomes
at 3 months and HT at 48 h in patients with anterior circulation LVO. Hemorrhages oc-
curred at lower SBPs in patients who had successful reperfusion, supporting the theory
that HT is linked to reperfusion injury [161]. Numerous observational studies have re-
ported that high blood pressure and greater BPV post-recanalization are linked to worse
functional outcomes [162,163]. The REVASCAT study targeted a blood pressure of less
than 160/90 mmHg for patients with a TICI 2b flow or greater [55]. The Blood Pressure
after Endovascular Therapy for Ischemic Stroke Trial (BEST), a prospective, multi-center
cohort study, demonstrated that a maximum SBP > 158 mmHg was associated with a
worse outcome in patients post-EVT [164]. Similarly, higher BPV in the first 24 h after
thrombectomy correlated to worse outcomes at 90 days in a substudy of the BEST trial [165].
Current AHA/ASA guidelines recommend a blood pressure target of ≤180/105 mmHg
during and for 24 h following EVT (IIa recommendation) [44].

Considering these findings, further research is needed to establish blood pressure
parameters pre-, intra-, and post-thrombectomy. The AHA/ASA guidelines recommend a
blood pressure < 185/100 mmHg in patients receiving intravenous thrombolysis in order
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to lower the risk of cerebral hemorrhage. The guidelines recommend blood pressure up to
220/120 mmHg in patients not receiving thrombolysis [44]. Specific intra-procedural blood
pressure parameters for patients with AIS undergoing EVT remain uncertain. General
recommendations for blood pressure management during EVT include the avoidance of
hypotension (target SBP > 140 mmHg or MAP > 70 mmHg) until reperfusion is established.
Patients with very high SBP prior to reperfusion appear to have worse outcomes, but data re-
main limited. After recanalization, the avoidance of hypertension (target SBP < 140 mmHg)
is paramount in order to decrease the risk of reperfusion injury and HT [166]. Most im-
portantly, understanding the limitations of these guidelines is essential in the provision of
care to maximize functional outcomes in AIS. The hemodynamic parameters should be
tailored to each patient based on the baseline blood pressure, collateral perfusion, degree
of revascularization, and risk of reperfusion injury and hemorrhagic transformation. More
large-scale studies are necessary to clarify blood pressure goals in AIS undergoing EVT,
including the role of BPV and cerebral autoregulation.

5. Conclusions

Stroke is a major cause of death and disability worldwide. Although there have been
significant advancements in stroke risk factor optimization, acute stroke treatment, and
secondary stroke prevention, post-stroke care for improving functional status remains poor.
Recovery from EVT after AIS is challenging not only due to the damage of the stroke itself
but also the side effects of EVT treatment. Disability is largely treated with time and reha-
bilitation. Several studies have demonstrated the use of adjunctive therapy in improving
outcomes and mitigating the persistent symptoms and impairments seen after stroke treat-
ment. With more insight into the cytotoxic and inflammatory pathophysiology of stroke
and ischemia-reperfusion injury, a new era of neuroprotective agents may be underway.
Although blood pressure regulation takes the lead in post-stroke optimization, preliminary
neuroprotection studies on various cellular agents, free radical agents, neurotransmitter
agents, oxygen therapies, and hypothermia protocols may allow for a multi-pronged ap-
proach to healing ischemic injury from various mechanisms. In particular, the upcoming
ESCAPE-NEXT trial involving nerinetide is one to anticipate, as the design plans to exclude
thrombolytics, which were thought to have a drug-drug interaction. Other promising thera-
pies include the pharmacologic agents uric acid and APC, as well as regional hypothermia.
Future research on combination therapy with thrombectomy and neuroprotective agents is
needed to strengthen efforts to improve life with post-stroke disability.

Author Contributions: Conceptualization, S.B.; writing—original draft preparation, V.D., S.L., S.N.,
N.D. and A.C.; writing—review and editing, V.D., S.L., S.N., N.D., A.C., K.S. and S.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would like to thank Zhaosheng Jin for his assistance in the organiza-
tion of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2024, 25, 891 17 of 24

References
1. Feigin, V.L.; Brainin, M.; Norrving, B.; Martins, S.; Sacco, R.L.; Hacke, W.; Fisher, M.; Pandian, J.; Lindsay, P. World Stroke

Organization (WSO): Global Stroke Fact Sheet 2022. Int. J. Stroke 2022, 17, 18–29. [CrossRef] [PubMed]
2. Chobanian, A.V.; Bakris, G.L.; Black, H.R.; Cushman, W.C.; Green, L.A.; Izzo, J.L.; Jones, D.W.; Materson, B.J.; Oparil, S.; Wright,

J.T.; et al. The Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure: The JNC 7 report. JAMA 2003, 289, 2560–2572. [CrossRef] [PubMed]

3. Lackland, D.T.; Carey, R.M.; Conforto, A.B.; Rosendorff, C.; Whelton, P.K.; Gorelick, P.B. Implications of Recent Clinical Trials and
Hypertension Guidelines on Stroke and Future Cerebrovascular Research. Stroke 2018, 49, 772–779. [CrossRef] [PubMed]

4. Virani, S.S.; Alonso, A.; Aparicio, H.J.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.;
Cheng, S.; Delling, F.N.; et al. Heart Disease and Stroke Statistics-2021 Update: A Report From the American Heart Association.
Circulation 2021, 143, e254–e743. [CrossRef]

5. Kuriakose, D.; Xiao, Z. Pathophysiology and Treatment of Stroke: Present Status and Future Perspectives. Int. J. Mol. Sci. 2020, 21,
7609. [CrossRef]

6. Shi, Y.; Guo, L.; Chen, Y.; Xie, Q.; Yan, Z.; Liu, Y.; Kang, J.; Li, S. Risk factors for ischemic stroke: Differences between cerebral
small vessel and large artery atherosclerosis aetiologies. Folia Neuropathol. 2021, 59, 378–385. [CrossRef]

7. Cipolla, M.J.; Liebeskind, D.S.; Chan, S.L. The importance of comorbidities in ischemic stroke: Impact of hypertension on the
cerebral circulation. J. Cereb. Blood Flow Metab. 2018, 38, 2129–2149. [CrossRef]

8. Alloubani, A.; Nimer, R.; Samara, R. Relationship between Hyperlipidemia, Cardiovascular Disease and Stroke: A Systematic
Review. Curr. Cardiol. Rev. 2021, 17, e051121189015. [CrossRef]

9. Kamel, H.; Healey, J.S. Cardioembolic Stroke. Circ. Res. 2017, 120, 514–526. [CrossRef]
10. Migdady, I.; Russman, A.; Buletko, A.B. Atrial Fibrillation and Ischemic Stroke: A Clinical Review. Semin. Neurol. 2021, 41,

348–364. [CrossRef]
11. Law, M.R.; Morris, J.K.; Wald, N.J. Use of blood pressure lowering drugs in the prevention of cardiovascular disease: Meta-

analysis of 147 randomised trials in the context of expectations from prospective epidemiological studies. BMJ 2009, 338, b1665.
[CrossRef] [PubMed]

12. Gorgui, J.; Gorshkov, M.; Khan, N.; Daskalopoulou, S.S. Hypertension as a risk factor for ischemic stroke in women. Can. J.
Cardiol. 2014, 30, 774–782. [CrossRef]

13. Amarenco, P.; Bogousslavsky, J.; Callahan, A.; Goldstein, L.B.; Hennerici, M.; Rudolph, A.E.; Sillesen, H.; Simunovic, L.; Szarek,
M.; Welch, K.M.; et al. High-dose atorvastatin after stroke or transient ischemic attack. N. Engl. J. Med. 2006, 355, 549–559.
[CrossRef] [PubMed]

14. Hart, R.G.; Benavente, O.; McBride, R.; Pearce, L.A. Antithrombotic therapy to prevent stroke in patients with atrial fibrillation: A
meta-analysis. Ann. Intern. Med. 1999, 131, 492–501. [CrossRef]

15. Hicks, T.; Stewart, F.; Eisinga, A. NOACs versus warfarin for stroke prevention in patients with AF: A systematic review and
meta-analysis. Open Heart 2016, 3, e000279. [CrossRef] [PubMed]

16. Caplan, L.R. Lacunar infarction and small vessel disease: Pathology and pathophysiology. J. Stroke 2015, 17, 2–6. [CrossRef]
[PubMed]

17. Berrouschot, J.; Sterker, M.; Bettin, S.; Köster, J.; Schneider, D. Mortality of space-occupying (‘malignant’) middle cerebral artery
infarction under conservative intensive care. Intensive Care Med. 1998, 24, 620–623. [CrossRef]

18. Gorelick, P.B.; Wong, K.S.; Bae, H.J.; Pandey, D.K. Large artery intracranial occlusive disease: A large worldwide burden but a
relatively neglected frontier. Stroke 2008, 39, 2396–2399. [CrossRef]

19. Smith, W.S.; Tsao, J.W.; Billings, M.E.; Johnston, S.C.; Hemphill, J.C.; Bonovich, D.C.; Dillon, W.P. Prognostic significance of
angiographically confirmed large vessel intracranial occlusion in patients presenting with acute brain ischemia. Neurocrit. Care
2006, 4, 14–17. [CrossRef]

20. Hossmann, K.A.; Kleihues, P. Reversibility of ischemic brain damage. Arch. Neurol. 1973, 29, 375–384. [CrossRef]
21. Symon, L.; Pasztor, E.; Branston, N.M. The distribution and density of reduced cerebral blood flow following acute middle

cerebral artery occlusion: An experimental study by the technique of hydrogen clearance in baboons. Stroke 1974, 5, 355–364.
[CrossRef]

22. Ermine, C.M.; Bivard, A.; Parsons, M.W.; Baron, J.C. The ischemic penumbra: From concept to reality. Int. J. Stroke 2021, 16,
497–509. [CrossRef]

23. Astrup, J.; Symon, L.; Branston, N.M.; Lassen, N.A. Cortical evoked potential and extracellular K+ and H+ at critical levels of
brain ischemia. Stroke 1977, 8, 51–57. [CrossRef] [PubMed]

24. Czap, A.L.; Sheth, S.A. Overview of Imaging Modalities in Stroke. Neurology 2021, 97 (Suppl. S2), S42–S51. [CrossRef]
25. Campbell, B.C.; Christensen, S.; Levi, C.R.; Desmond, P.M.; Donnan, G.A.; Davis, S.M.; Parsons, M.W. Comparison of computed

tomography perfusion and magnetic resonance imaging perfusion-diffusion mismatch in ischemic stroke. Stroke 2012, 43,
2648–2653. [CrossRef] [PubMed]

26. Latchaw, R.E.; Alberts, M.J.; Lev, M.H.; Connors, J.J.; Harbaugh, R.E.; Higashida, R.T.; Hobson, R.; Kidwell, C.S.; Koroshetz, W.J.;
Mathews, V.; et al. Recommendations for imaging of acute ischemic stroke: A scientific statement from the American Heart
Association. Stroke 2009, 40, 3646–3678. [CrossRef] [PubMed]

https://doi.org/10.1177/17474930211065917
https://www.ncbi.nlm.nih.gov/pubmed/34986727
https://doi.org/10.1001/jama.289.19.2560
https://www.ncbi.nlm.nih.gov/pubmed/12748199
https://doi.org/10.1161/STROKEAHA.117.019379
https://www.ncbi.nlm.nih.gov/pubmed/29467237
https://doi.org/10.1161/CIR.0000000000000950
https://doi.org/10.3390/ijms21207609
https://doi.org/10.5114/fn.2021.112007
https://doi.org/10.1177/0271678X18800589
https://doi.org/10.2174/1573403X16999201210200342
https://doi.org/10.1161/CIRCRESAHA.116.308407
https://doi.org/10.1055/s-0041-1726332
https://doi.org/10.1136/bmj.b1665
https://www.ncbi.nlm.nih.gov/pubmed/19454737
https://doi.org/10.1016/j.cjca.2014.01.007
https://doi.org/10.1016/j.jvs.2006.10.008
https://www.ncbi.nlm.nih.gov/pubmed/16899775
https://doi.org/10.7326/0003-4819-131-7-199910050-00003
https://doi.org/10.1136/openhrt-2015-000279
https://www.ncbi.nlm.nih.gov/pubmed/26848392
https://doi.org/10.5853/jos.2015.17.1.2
https://www.ncbi.nlm.nih.gov/pubmed/25692102
https://doi.org/10.1007/s001340050625
https://doi.org/10.1161/STROKEAHA.107.505776
https://doi.org/10.1385/NCC:4:1:014
https://doi.org/10.1001/archneur.1973.00490300037004
https://doi.org/10.1161/01.STR.5.3.355
https://doi.org/10.1177/1747493020975229
https://doi.org/10.1161/01.STR.8.1.51
https://www.ncbi.nlm.nih.gov/pubmed/13521
https://doi.org/10.1212/WNL.0000000000012794
https://doi.org/10.1161/STROKEAHA.112.660548
https://www.ncbi.nlm.nih.gov/pubmed/22858726
https://doi.org/10.1161/STROKEAHA.108.192616
https://www.ncbi.nlm.nih.gov/pubmed/19797189


Int. J. Mol. Sci. 2024, 25, 891 18 of 24

27. Lövblad, K.O.; Laubach, H.J.; Baird, A.E.; Curtin, F.; Schlaug, G.; Edelman, R.R.; Warach, S. Clinical experience with diffusion-
weighted MR in patients with acute stroke. AJNR Am. J. Neuroradiol. 1998, 19, 1061–1066. [PubMed]

28. Vupputuri, A.; Ashwal, S.; Tsao, B.; Haddad, E.; Ghosh, N. MRI based objective ischemic core-penumbra quantification in adult
clinical stroke. In Proceedings of the 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Jeju, Republic of Korea, 11–15 July 2017; Volume 2017, pp. 3012–3015. [CrossRef]

29. Tan, J.C.; Dillon, W.P.; Liu, S.; Adler, F.; Smith, W.S.; Wintermark, M. Systematic comparison of perfusion-CT and CT-angiography
in acute stroke patients. Ann. Neurol. 2007, 61, 533–543. [CrossRef]

30. Murphy, B.D.; Fox, A.J.; Lee, D.H.; Sahlas, D.J.; Black, S.E.; Hogan, M.J.; Coutts, S.B.; Demchuk, A.M.; Goyal, M.; Aviv, R.I.; et al.
Identification of penumbra and infarct in acute ischemic stroke using computed tomography perfusion-derived blood flow and
blood volume measurements. Stroke 2006, 37, 1771–1777. [CrossRef]

31. Mishra, N.K.; Albers, G.W.; Davis, S.M.; Donnan, G.A.; Furlan, A.J.; Hacke, W.; Lees, K.R. Mismatch-based delayed thrombolysis:
A meta-analysis. Stroke 2010, 41, e25–e33. [CrossRef]

32. Shi, Z.S.; Loh, Y.; Walker, G.; Duckwiler, G.R.; The MERCI and Multi-MERCI Investigators. Clinical outcomes in middle cerebral
artery trunk occlusions versus secondary division occlusions after mechanical thrombectomy: Pooled analysis of the Mechanical
Embolus Removal in Cerebral Ischemia (MERCI) and Multi MERCI trials. Stroke 2010, 41, 953–960. [CrossRef] [PubMed]

33. The Penumbra Pivotal Stroke Trial Investigators. The penumbra pivotal stroke trial: Safety and effectiveness of a new generation
of mechanical devices for clot removal in intracranial large vessel occlusive disease. Stroke 2009, 40, 2761–2768. [CrossRef]

34. Tarr, R.; Hsu, D.; Kulcsar, Z.; Bonvin, C.; Rufenacht, D.; Alfke, K.; Stingele, R.; Jansen, O.; Frei, D.; Bellon, R.; et al. The POST trial:
Initial post-market experience of the Penumbra system: Revascularization of large vessel occlusion in acute ischemic stroke in the
United States and Europe. J. Neurointerv. Surg. 2018, 10 (Suppl. S1), i35–i38. [CrossRef] [PubMed]

35. Hacke, W.; Schwab, S.; Horn, M.; Spranger, M.; De Georgia, M.; von Kummer, R. ‘Malignant’ middle cerebral artery territory
infarction: Clinical course and prognostic signs. Arch. Neurol. 1996, 53, 309–315. [CrossRef] [PubMed]

36. Ash, M.; Dimisko, L.; Chalhoub, R.M.; Howard, B.M.; Cawley, C.M.; Matouk, C.; Pabaney, A.; Spiotta, A.M.; Jabbour, P.; Maier, I.;
et al. Comprehensive analysis of the impact of procedure time and the ‘golden hour’ in subpopulations of stroke thrombectomy
patients. J. Neurointerv. Surg. 2023. [CrossRef]

37. Wessell, A.P.; Carvalho, H.D.P.; Le, E.; Cannarsa, G.; Kole, M.J.; Stokum, J.A.; Chryssikos, T.; Miller, T.R.; Chaturvedi, S.; Gandhi,
D.; et al. A Critical Assessment of the Golden Hour and the Impact of Procedural Timing in Stroke Thrombectomy. AJNR Am. J.
Neuroradiol. 2020, 41, 822–827. [CrossRef] [PubMed]

38. Spiotta, A.M.; Vargas, J.; Turner, R.; Chaudry, M.I.; Battenhouse, H.; Turk, A.S. The golden hour of stroke intervention: Effect of
thrombectomy procedural time in acute ischemic stroke on outcome. J. Neurointerv. Surg. 2014, 6, 511–516. [CrossRef] [PubMed]

39. Saver, J.L.; Smith, E.E.; Fonarow, G.C.; Reeves, M.J.; Zhao, X.; Olson, D.M.; Schwamm, L.H.; GWTG-Stroke Steering Committee
and Investigators. The “golden hour” and acute brain ischemia: Presenting features and lytic therapy in >30,000 patients arriving
within 60 minutes of stroke onset. Stroke 2010, 41, 1431–1439. [CrossRef]

40. National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. Tissue plasminogen activator for acute
ischemic stroke. N. Engl. J. Med. 1995, 333, 1581–1587. [CrossRef]

41. Clark, W.M.; Albers, G.W.; Madden, K.P.; Hamilton, S. The rtPA (alteplase) 0- to 6-hour acute stroke trial, part A (A0276g): Results
of a double-blind, placebo-controlled, multicenter study. Thromblytic therapy in acute ischemic stroke study investigators. Stroke
2000, 31, 811–816. [CrossRef]

42. de Los Ríos la Rosa, F.; Khoury, J.; Kissela, B.M.; Flaherty, M.L.; Alwell, K.; Moomaw, C.J.; Khatri, P.; Adeoye, O.; Woo, D.; Ferioli,
S.; et al. Eligibility for Intravenous Recombinant Tissue-Type Plasminogen Activator Within a Population: The Effect of the
European Cooperative Acute Stroke Study (ECASS) III Trial. Stroke 2012, 43, 1591–1595. [CrossRef] [PubMed]

43. Hacke, W.; Kaste, M.; Bluhmki, E.; Brozman, M.; Dávalos, A.; Guidetti, D.; Larrue, V.; Lees, K.R.; Medeghri, Z.; Machnig, T.; et al.
Thrombolysis with alteplase 3 to 4.5 hours after acute ischemic stroke. N. Engl. J. Med. 2008, 359, 1317–1329. [CrossRef] [PubMed]

44. Powers, W.J.; Rabinstein, A.A.; Ackerson, T.; Adeoye, O.M.; Bambakidis, N.C.; Becker, K.; Biller, J.; Brown, M.; Demaerschalk,
B.M.; Hoh, B.; et al. Guidelines for the Early Management of Patients With Acute Ischemic Stroke: 2019 Update to the 2018
Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline for Healthcare Professionals From the American
Heart Association/American Stroke Association. Stroke 2019, 50, e344–e418. [CrossRef]

45. Campbell, B.C.V.; Mitchell, P.J.; Churilov, L.; Yassi, N.; Kleinig, T.J.; Dowling, R.J.; Yan, B.; Bush, S.J.; Dewey, H.M.; Thijs, V.;
et al. Tenecteplase versus Alteplase before Thrombectomy for Ischemic Stroke. N. Engl. J. Med. 2018, 378, 1573–1582. [CrossRef]
[PubMed]

46. Yang, S.H.; Liu, R. Four Decades of Ischemic Penumbra and Its Implication for Ischemic Stroke. Transl. Stroke Res. 2021, 12,
937–945. [CrossRef]

47. Del Zoppo, G.J.; Saver, J.L.; Jauch, E.C.; Adams, H.P.; Council, A.H.A.S. Expansion of the time window for treatment of acute is-
chemic stroke with intravenous tissue plasminogen activator: A science advisory from the American Heart Association/American
Stroke Association. Stroke 2009, 40, 2945–2948. [CrossRef] [PubMed]

48. Christou, I.; Burgin, W.S.; Alexandrov, A.V.; Grotta, J.C. Arterial status after intravenous TPA therapy for ischaemic stroke. A
need for further interventions. Int. Angiol. 2001, 20, 208–213.

49. Lee, M.H.; Im, S.H.; Jo, K.W.; Yoo, D.S. Recanalization Rate and Clinical Outcomes of Intravenous Tissue Plasminogen Activator
Administration for Large Vessel Occlusion Stroke Patients. J. Korean Neurosurg. Soc. 2023, 66, 144–154. [CrossRef]

https://www.ncbi.nlm.nih.gov/pubmed/9672012
https://doi.org/10.1109/EMBC.2017.8037491
https://doi.org/10.1002/ana.21130
https://doi.org/10.1161/01.STR.0000227243.96808.53
https://doi.org/10.1161/STROKEAHA.109.566869
https://doi.org/10.1161/STROKEAHA.109.571943
https://www.ncbi.nlm.nih.gov/pubmed/20378867
https://doi.org/10.1161/STROKEAHA.108.544957
https://doi.org/10.1136/jnis.2010.002600.rep
https://www.ncbi.nlm.nih.gov/pubmed/30037952
https://doi.org/10.1001/archneur.1996.00550040037012
https://www.ncbi.nlm.nih.gov/pubmed/8929152
https://doi.org/10.1136/jnis-2023-020792
https://doi.org/10.3174/ajnr.A6556
https://www.ncbi.nlm.nih.gov/pubmed/32414902
https://doi.org/10.1136/neurintsurg-2013-010726
https://www.ncbi.nlm.nih.gov/pubmed/24014466
https://doi.org/10.1161/STROKEAHA.110.583815
https://doi.org/10.1056/NEJM199512143332401
https://doi.org/10.1161/01.STR.31.4.811
https://doi.org/10.1161/STROKEAHA.111.645986
https://www.ncbi.nlm.nih.gov/pubmed/22442174
https://doi.org/10.1056/NEJMoa0804656
https://www.ncbi.nlm.nih.gov/pubmed/18815396
https://doi.org/10.1161/STR.0000000000000211
https://doi.org/10.1056/NEJMoa1716405
https://www.ncbi.nlm.nih.gov/pubmed/29694815
https://doi.org/10.1007/s12975-021-00916-2
https://doi.org/10.1161/STROKEAHA.109.192535
https://www.ncbi.nlm.nih.gov/pubmed/19478221
https://doi.org/10.3340/jkns.2022.0120


Int. J. Mol. Sci. 2024, 25, 891 19 of 24

50. Rha, J.H.; Saver, J.L. The impact of recanalization on ischemic stroke outcome: A meta-analysis. Stroke 2007, 38, 967–973.
[CrossRef]

51. Berkhemer, O.A.; Fransen, P.S.; Beumer, D.; van den Berg, L.A.; Lingsma, H.F.; Yoo, A.J.; Schonewille, W.J.; Vos, J.A.; Nederkoorn,
P.J.; Wermer, M.J.; et al. A randomized trial of intraarterial treatment for acute ischemic stroke. N. Engl. J. Med. 2015, 372, 11–20.
[CrossRef]

52. Goyal, M.; Demchuk, A.M.; Menon, B.K.; Eesa, M.; Rempel, J.L.; Thornton, J.; Roy, D.; Jovin, T.G.; Willinsky, R.A.; Sapkota,
B.L.; et al. Randomized assessment of rapid endovascular treatment of ischemic stroke. N. Engl. J. Med. 2015, 372, 1019–1030.
[CrossRef] [PubMed]

53. Saver, J.L.; Goyal, M.; Bonafe, A.; Diener, H.C.; Levy, E.I.; Pereira, V.M.; Albers, G.W.; Cognard, C.; Cohen, D.J.; Hacke, W.; et al.
Stent-retriever thrombectomy after intravenous t-PA vs. t-PA alone in stroke. N. Engl. J. Med. 2015, 372, 2285–2295. [CrossRef]

54. Campbell, B.C.; Mitchell, P.J.; Kleinig, T.J.; Dewey, H.M.; Churilov, L.; Yassi, N.; Yan, B.; Dowling, R.J.; Parsons, M.W.; Oxley,
T.J.; et al. Endovascular therapy for ischemic stroke with perfusion-imaging selection. N. Engl. J. Med. 2015, 372, 1009–1018.
[CrossRef]

55. Jovin, T.G.; Chamorro, A.; Cobo, E.; de Miquel, M.A.; Molina, C.A.; Rovira, A.; San Román, L.; Serena, J.; Abilleira, S.; Ribó, M.;
et al. Thrombectomy within 8 hours after symptom onset in ischemic stroke. N. Engl. J. Med. 2015, 372, 2296–2306. [CrossRef]
[PubMed]

56. Goyal, M.; Menon, B.K.; van Zwam, W.H.; Dippel, D.W.; Mitchell, P.J.; Demchuk, A.M.; Dávalos, A.; Majoie, C.B.; van der Lugt,
A.; de Miquel, M.A.; et al. Endovascular thrombectomy after large-vessel ischaemic stroke: A meta-analysis of individual patient
data from five randomised trials. Lancet 2016, 387, 1723–1731. [CrossRef]

57. Albers, G.W.; Marks, M.P.; Kemp, S.; Christensen, S.; Tsai, J.P.; Ortega-Gutierrez, S.; McTaggart, R.A.; Torbey, M.T.; Kim-Tenser,
M.; Leslie-Mazwi, T.; et al. Thrombectomy for Stroke at 6 to 16 Hours with Selection by Perfusion Imaging. N. Engl. J. Med. 2018,
378, 708–718. [CrossRef]

58. Nogueira, R.G.; Jadhav, A.P.; Haussen, D.C.; Bonafe, A.; Budzik, R.F.; Bhuva, P.; Yavagal, D.R.; Ribo, M.; Cognard, C.; Hanel, R.A.;
et al. Thrombectomy 6 to 24 Hours after Stroke with a Mismatch between Deficit and Infarct. N. Engl. J. Med. 2018, 378, 11–21.
[CrossRef]

59. Jovin, T.G.; Nogueira, R.G.; Lansberg, M.G.; Demchuk, A.M.; Martins, S.O.; Mocco, J.; Ribo, M.; Jadhav, A.P.; Ortega-Gutierrez, S.;
Hill, M.D.; et al. Thrombectomy for anterior circulation stroke beyond 6 h from time last known well (AURORA): A systematic
review and individual patient data meta-analysis. Lancet 2022, 399, 249–258. [CrossRef]

60. Jovin, T.G.; Li, C.; Wu, L.; Wu, C.; Chen, J.; Jiang, C.; Shi, Z.; Gao, Z.; Song, C.; Chen, W.; et al. Trial of Thrombectomy 6 to 24
Hours after Stroke Due to Basilar-Artery Occlusion. N. Engl. J. Med. 2022, 387, 1373–1384. [CrossRef] [PubMed]

61. Tao, C.; Nogueira, R.G.; Zhu, Y.; Sun, J.; Han, H.; Yuan, G.; Wen, C.; Zhou, P.; Chen, W.; Zeng, G.; et al. Trial of Endovascular
Treatment of Acute Basilar-Artery Occlusion. N. Engl. J. Med. 2022, 387, 1361–1372. [CrossRef]

62. Xu, J.; Chen, X.; Chen, S.; Cao, W.; Zhao, H.; Ni, W.; Zhang, Y.; Gao, C.; Gu, Y.; Cheng, X.; et al. Endovascular treatment for basilar
artery occlusion: A meta-analysis. Stroke Vasc. Neurol 2023, 8, svn-2022. [CrossRef]

63. Abdalkader, M.; Finitsis, S.; Li, C.; Hu, W.; Liu, X.; Ji, X.; Huo, X.; Alemseged, F.; Qiu, Z.; Strbian, D.; et al. Endovascular versus
Medical Management of Acute Basilar Artery Occlusion: A Systematic Review and Meta-Analysis of the Randomized Controlled
Trials. J. Stroke 2023, 25, 81–91. [CrossRef] [PubMed]

64. Lin, C.H.; Liebeskind, D.S.; Ovbiagele, B.; Lee, M.; Saver, J.L. Efficacy of endovascular therapy for basilar and vertebral artery
occlusion: A systematic review and meta-analysis of randomized controlled trials. Eur. J. Intern. Med. 2023, 110, 22–28. [CrossRef]
[PubMed]

65. Yoshimura, S.; Sakai, N.; Yamagami, H.; Uchida, K.; Beppu, M.; Toyoda, K.; Matsumaru, Y.; Matsumoto, Y.; Kimura, K.; Takeuchi,
M.; et al. Endovascular Therapy for Acute Stroke with a Large Ischemic Region. N. Engl. J. Med. 2022, 386, 1303–1313. [CrossRef]
[PubMed]

66. Huo, X.; Ma, G.; Tong, X.; Zhang, X.; Pan, Y.; Nguyen, T.N.; Yuan, G.; Han, H.; Chen, W.; Wei, M.; et al. Trial of Endovascular
Therapy for Acute Ischemic Stroke with Large Infarct. N. Engl. J. Med. 2023, 388, 1272–1283. [CrossRef]

67. Sarraj, A.; Hassan, A.E.; Abraham, M.G.; Ortega-Gutierrez, S.; Kasner, S.E.; Hussain, M.S.; Chen, M.; Blackburn, S.; Sitton, C.W.;
Churilov, L.; et al. Trial of Endovascular Thrombectomy for Large Ischemic Strokes. N. Engl. J. Med. 2023, 388, 1259–1271.
[CrossRef]

68. Zaidat, O.O.; Fifi, J.T.; Nanda, A.; Atchie, B.; Woodward, K.; Doerfler, A.; Tomasello, A.; Tekle, W.; Singh, I.P.; Matouk, C.; et al.
Endovascular Treatment of Acute Ischemic Stroke With the Penumbra System in Routine Practice: COMPLETE Registry Results.
Stroke 2022, 53, 769–778. [CrossRef]

69. Naragum, V.; Jindal, G.; Miller, T.; Kole, M.; Shivashankar, R.; Merino, J.G.; Cole, J.; Chen, R.; Kohler, N.; Gandhi, D. Functional
Independence after Stroke Thrombectomy Using Thrombolysis in Cerebral Infarction Grade 2c: A New Aim of Successful
Revascularization. World Neurosurg. 2018, 119, e928–e933. [CrossRef]

70. Seker, F.; Qureshi, M.M.; Möhlenbruch, M.A.; Nogueira, R.G.; Abdalkader, M.; Ribo, M.; Caparros, F.; Haussen, D.C.; Moham-
maden, M.H.; Sheth, S.A.; et al. Reperfusion Without Functional Independence in Late Presentation of Stroke With Large Vessel
Occlusion. Stroke 2022, 53, 3594–3604. [CrossRef]

71. Sheth, S.A. Mechanical Thrombectomy for Acute Ischemic Stroke. Continuum 2023, 29, 443–461. [CrossRef]

https://doi.org/10.1161/01.STR.0000258112.14918.24
https://doi.org/10.1056/NEJMoa1411587
https://doi.org/10.1056/NEJMoa1414905
https://www.ncbi.nlm.nih.gov/pubmed/25671798
https://doi.org/10.1056/NEJMoa1415061
https://doi.org/10.1056/NEJMoa1414792
https://doi.org/10.1056/NEJMoa1503780
https://www.ncbi.nlm.nih.gov/pubmed/25882510
https://doi.org/10.1016/S0140-6736(16)00163-X
https://doi.org/10.1056/NEJMoa1713973
https://doi.org/10.1056/NEJMoa1706442
https://doi.org/10.1016/S0140-6736(21)01341-6
https://doi.org/10.1056/NEJMoa2207576
https://www.ncbi.nlm.nih.gov/pubmed/36239645
https://doi.org/10.1056/NEJMoa2206317
https://doi.org/10.1136/svn-2022-001740
https://doi.org/10.5853/jos.2022.03755
https://www.ncbi.nlm.nih.gov/pubmed/36746382
https://doi.org/10.1016/j.ejim.2022.12.011
https://www.ncbi.nlm.nih.gov/pubmed/36572580
https://doi.org/10.1056/NEJMoa2118191
https://www.ncbi.nlm.nih.gov/pubmed/35138767
https://doi.org/10.1056/NEJMoa2213379
https://doi.org/10.1056/NEJMoa2214403
https://doi.org/10.1161/STROKEAHA.121.034268
https://doi.org/10.1016/j.wneu.2018.08.006
https://doi.org/10.1161/STROKEAHA.122.039476
https://doi.org/10.1212/CON.0000000000001243


Int. J. Mol. Sci. 2024, 25, 891 20 of 24

72. Amaro, S.; Jiménez-Altayó, F.; Chamorro, Á. Uric acid therapy for vasculoprotection in acute ischemic stroke. Brain Circ. 2019, 5,
55–61. [CrossRef]

73. Lestage, P.; Lockhart, B.; Roger, A. Exploration de l’ischémie cérébrale in vivo: Application à l’étude des neuroprotecteurs chez
l’animal [In vivo exploration of cerebral ischemia: Use of neuroprotective agents in animal studies]. Therapie 2002, 57, 554–563.
[PubMed]

74. Hoyte, L.; Kaur, J.; Buchan, A.M. Lost in translation: Taking neuroprotection from animal models to clinical trials. Exp. Neurol.
2004, 188, 200–204. [CrossRef] [PubMed]

75. Chamorro, Á.; Lo, E.H.; Renú, A.; van Leyen, K.; Lyden, P.D. The future of neuroprotection in stroke. J. Neurol. Neurosurg.
Psychiatry 2021, 92, 129–135. [CrossRef]

76. O’Collins, V.E.; Macleod, M.R.; Cox, S.F.; Van Raay, L.; Aleksoska, E.; Donnan, G.A.; Howells, D.W. Preclinical drug evaluation for
combination therapy in acute stroke using systematic review, meta-analysis, and subsequent experimental testing. J. Cereb. Blood
Flow. Metab. 2011, 31, 962–975. [CrossRef] [PubMed]

77. Davis, S.M.; Pennypacker, K.R. Targeting antioxidant enzyme expression as a therapeutic strategy for ischemic stroke. Neurochem.
Int. 2017, 107, 23–32. [CrossRef]

78. Sun, M.S.; Jin, H.; Sun, X.; Huang, S.; Zhang, F.L.; Guo, Z.N.; Yang, Y. Free Radical Damage in Ischemia-Reperfusion Injury: An
Obstacle in Acute Ischemic Stroke after Revascularization Therapy. Oxid Med. Cell. Longev. 2018, 2018, 3804979. [CrossRef]

79. Choi, J.H.; Pile-Spellman, J. Reperfusion Changes After Stroke and Practical Approaches for Neuroprotection. Neuroimaging Clin.
N. Am. 2018, 28, 663–682. [CrossRef]

80. Llull, L.; Laredo, C.; Renú, A.; Pérez, B.; Vila, E.; Obach, V.; Urra, X.; Planas, A.; Amaro, S.; Chamorro, Á. Uric Acid Therapy
Improves Clinical Outcome in Women With Acute Ischemic Stroke. Stroke 2015, 46, 2162–2167. [CrossRef]

81. Vila, E.; Solé, M.; Masip, N.; Puertas-Umbert, L.; Amaro, S.; Dantas, A.P.; Unzeta, M.; D’Ocon, P.; Planas, A.M.; Chamorro, Á.;
et al. Uric acid treatment after stroke modulates the Krüppel-like factor 2-VEGF-A axis to protect brain endothelial cell functions:
Impact of hypertension. Biochem. Pharmacol. 2019, 164, 115–128. [CrossRef]

82. Chen, Z.; Chen, H.; Zhang, Y.; He, Y.; Su, Y. Lower uric acid level may be associated with hemorrhagic transformation but not
functional outcomes in patients with anterior circulation acute ischemic stroke undergoing endovascular thrombectomy. Metab.
Brain Dis. 2020, 35, 1157–1164. [CrossRef]

83. Bai, H.; Nie, X.; Leng, X.; Wang, D.; Pan, Y.; Yan, H.; Yang, Z.; Wen, M.; Pu, Y.; Zhang, Z.; et al. Increased serum uric acid level is
associated with better outcome after endovascular treatment for acute ischemic stroke-a prospective cohort study. Ann. Transl.
Med. 2022, 10, 1111. [CrossRef]

84. Chamorro, Á.; Amaro, S.; Castellanos, M.; Gomis, M.; Urra, X.; Blasco, J.; Arenillas, J.F.; Román, L.S.; Muñoz, R.; Macho, J.; et al.
Uric acid therapy improves the outcomes of stroke patients treated with intravenous tissue plasminogen activator and mechanical
thrombectomy. Int. J. Stroke 2017, 12, 377–382. [CrossRef]

85. Lyden, P.; Levy, H.; Weymer, S.; Pryor, K.; Kramer, W.; Griffin, J.H.; Davis, T.P.; Zlokovic, B. Phase 1 safety, tolerability and
pharmacokinetics of 3K3A-APC in healthy adult volunteers. Curr. Pharm. Des. 2013, 19, 7479–7485. [CrossRef] [PubMed]

86. Amar, A.P.; Sagare, A.P.; Zhao, Z.; Wang, Y.; Nelson, A.R.; Griffin, J.H.; Zlokovic, B.V. Can adjunctive therapies augment the
efficacy of endovascular thrombolysis? A potential role for activated protein C. Neuropharmacology 2018, 134 Pt B, 293–301.
[CrossRef]

87. Lyden, P.; Pryor, K.E.; Coffey, C.S.; Cudkowicz, M.; Conwit, R.; Jadhav, A.; Sawyer, R.N.; Claassen, J.; Adeoye, O.; Song, S.; et al.
Final Results of the RHAPSODY Trial: A Multi-Center, Phase 2 Trial Using a Continual Reassessment Method to Determine
the Safety and Tolerability of 3K3A-APC, A Recombinant Variant of Human Activated Protein C, in Combination with Tissue
Plasminogen Activator, Mechanical Thrombectomy or both in Moderate to Severe Acute Ischemic Stroke. Ann. Neurol. 2019, 85,
125–136. [CrossRef] [PubMed]

88. Fraser, J.F.; Pahwa, S.; Maniskas, M.; Michas, C.; Martinez, M.; Pennypacker, K.R.; Dornbos, D. Now that the door is open: An
update on ischemic stroke pharmacotherapeutics for the neurointerventionalist. J. Neurointerv. Surg. 2023. [CrossRef]

89. Hill, M.D.; Goyal, M.; Menon, B.K.; Nogueira, R.G.; McTaggart, R.A.; Demchuk, A.M.; Poppe, A.Y.; Buck, B.H.; Field, T.S.;
Dowlatshahi, D.; et al. Efficacy and safety of nerinetide for the treatment of acute ischaemic stroke (ESCAPE-NA1): A multicentre,
double-blind, randomised controlled trial. Lancet 2020, 395, 878–887. [CrossRef] [PubMed]

90. Kim, J.S.; Lee, K.B.; Park, J.H.; Sung, S.M.; Oh, K.; Kim, E.G.; Chang, D.I.; Hwang, Y.H.; Lee, E.J.; Kim, W.K.; et al. Safety
and Efficacy of Otaplimastat in Patients with Acute Ischemic Stroke Requiring tPA (SAFE-TPA): A Multicenter, Randomized,
Double-Blind, Placebo-Controlled Phase 2 Study. Ann. Neurol. 2020, 87, 233–245. [CrossRef]

91. Song, H.Y.; Chung, J.I.; Jalin, A.M.A.; Ju, C.; Pahk, K.; Joung, C.; Lee, S.; Jin, S.; Kim, B.S.; Lee, K.S.; et al. The Quinazoline Otapli-
mastat (SP-8203) Reduces the Hemorrhagic Transformation and Mortality Aggravated after Delayed rtPA-Induced Thrombolysis
in Cerebral Ischemia. Int. J. Mol. Sci. 2022, 23, 1403. [CrossRef]

92. Wahlgren, N.; Thorén, M.; Höjeberg, B.; Käll, T.B.; Laska, A.C.; Sjöstrand, C.; Höijer, J.; Almqvist, H.; Holmin, S.; Lilja, A.; et al.
Randomized assessment of imatinib in patients with acute ischaemic stroke treated with intravenous thrombolysis. J. Intern. Med.
2017, 281, 273–283. [CrossRef] [PubMed]

93. Fraser, J.F.; Maniskas, M.; Trout, A.; Lukins, D.; Parker, L.; Stafford, W.L.; Alhajeri, A.; Roberts, J.; Bix, G.J. Intra-arterial verapamil
post-thrombectomy is feasible, safe, and neuroprotective in stroke. J. Cereb. Blood Flow Metab. 2017, 37, 3531–3543. [CrossRef]
[PubMed]

https://doi.org/10.4103/bc.bc_1_19
https://www.ncbi.nlm.nih.gov/pubmed/12666263
https://doi.org/10.1016/j.expneurol.2004.05.008
https://www.ncbi.nlm.nih.gov/pubmed/15246820
https://doi.org/10.1136/jnnp-2020-324283
https://doi.org/10.1038/jcbfm.2010.184
https://www.ncbi.nlm.nih.gov/pubmed/20978519
https://doi.org/10.1016/j.neuint.2016.12.007
https://doi.org/10.1155/2018/3804979
https://doi.org/10.1016/j.nic.2018.06.008
https://doi.org/10.1161/STROKEAHA.115.009960
https://doi.org/10.1016/j.bcp.2019.04.002
https://doi.org/10.1007/s11011-020-00601-7
https://doi.org/10.21037/atm-22-4494
https://doi.org/10.1177/1747493016684354
https://doi.org/10.2174/1381612819666131230131454
https://www.ncbi.nlm.nih.gov/pubmed/24372304
https://doi.org/10.1016/j.neuropharm.2017.09.021
https://doi.org/10.1002/ana.25383
https://www.ncbi.nlm.nih.gov/pubmed/30450637
https://doi.org/10.1136/jnis-2022-019293
https://doi.org/10.1016/S0140-6736(20)30258-0
https://www.ncbi.nlm.nih.gov/pubmed/32087818
https://doi.org/10.1002/ana.25644
https://doi.org/10.3390/ijms23031403
https://doi.org/10.1111/joim.12576
https://www.ncbi.nlm.nih.gov/pubmed/27862464
https://doi.org/10.1177/0271678X17705259
https://www.ncbi.nlm.nih.gov/pubmed/28429604


Int. J. Mol. Sci. 2024, 25, 891 21 of 24

94. Zhang, X.; Wang, A.; Zhang, J.Y.; Jia, B.; Huo, X.; Zuo, Y.; Tian, X.; Wang, Y.; Miao, Z. Efficacy and safety of butylphthalide for
patients who had acute ischaemic stroke receiving intravenous thrombolysis or endovascular treatment (BAST trial): Study
protocol for a randomised placebo-controlled trial. BMJ Open 2021, 11, e045559. [CrossRef] [PubMed]

95. Wang, A.; Jia, B.; Zhang, X.; Huo, X.; Chen, J.; Gui, L.; Cai, Y.; Guo, Z.; Han, Y.; Peng, Z.; et al. Efficacy and Safety of Butylphthalide
in Patients With Acute Ischemic Stroke: A Randomized Clinical Trial. JAMA Neurol. 2023, 80, 851–859. [CrossRef] [PubMed]

96. Xu, J.; Wang, A.; Meng, X.; Yalkun, G.; Xu, A.; Gao, Z.; Chen, H.; Ji, Y.; Geng, D.; Zhu, R.; et al. Edaravone Dexborneol Versus
Edaravone Alone for the Treatment of Acute Ischemic Stroke: A Phase III, Randomized, Double-Blind, Comparative Trial. Stroke
2021, 52, 772–780. [CrossRef]

97. Lee, J.S.; Lee, J.S.; Gwag, B.J.; Choi, D.W.; An, C.S.; Kang, H.G.; Song, T.J.; Ahn, S.H.; Kim, C.H.; Shin, D.I.; et al. The Rescue
on Reperfusion Damage in Cerebral Infarction by Nelonemdaz (RODIN) Trial: Protocol for a Double-Blinded Clinical Trial
of Nelonemdaz in Patients with Hyperacute Ischemic Stroke and Endovascular Thrombectomy. J. Stroke 2023, 25, 160–168.
[CrossRef]

98. Cho, S.I.; Park, U.J.; Chung, J.M.; Gwag, B.J. Neu2000, an NR2B-selective, moderate NMDA receptor antagonist and potent spin
trapping molecule for stroke. Drug News Perspect. 2010, 23, 549–556. [CrossRef]

99. Visavadiya, N.P.; McEwen, M.L.; Pandya, J.D.; Sullivan, P.G.; Gwag, B.J.; Springer, J.E. Antioxidant properties of Neu2000 on
mitochondrial free radicals and oxidative damage. Toxicol. Vitr. Int. J. Publ. Assoc. BIBRA 2013, 27, 788–797. [CrossRef]

100. Hong, J.M.; Lee, J.S.; Lee, Y.B.; Shin, D.H.; Shin, D.I.; Hwang, Y.H.; Ahn, S.H.; Kim, J.G.; Sohn, S.I.; Kwon, S.U.; et al. Nelonemdaz
for Patients With Acute Ischemic Stroke Undergoing Endovascular Reperfusion Therapy: A Randomized Phase II Trial. Stroke
2022, 53, 3250–3259. [CrossRef]

101. Gwag, B.J.; Lee, Y.A.; Ko, S.Y.; Lee, M.J.; Im, D.S.; Yun, B.S.; Lim, H.R.; Park, S.M.; Byun, H.Y.; Son, S.J.; et al. Marked prevention
of ischemic brain injury by Neu2000, an NMDA antagonist and antioxidant derived from aspirin and sulfasalazine. J. Cereb. Blood
Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2007, 27, 1142–1151. [CrossRef]

102. Brea, D.; Blanco, M.; Ramos-Cabrer, P.; Moldes, O.; Arias, S.; Pérez-Mato, M.; Leira, R.; Sobrino, T.; Castillo, J. Toll-like receptors 2
and 4 in ischemic stroke: Outcome and therapeutic values. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2011,
31, 1424–1431. [CrossRef]

103. Caso, J.R.; Pradillo, J.M.; Hurtado, O.; Lorenzo, P.; Moro, M.A.; Lizasoain, I. Toll-like receptor 4 is involved in brain damage and
inflammation after experimental stroke. Circulation 2007, 115, 1599–1608. [CrossRef]

104. Fernández, G.; Moraga, A.; Cuartero, M.I.; García-Culebras, A.; Peña-Martínez, C.; Pradillo, J.M.; Hernández-Jiménez, M.;
Sacristán, S.; Ayuso, M.I.; Gonzalo-Gobernado, R.; et al. TLR4-Binding DNA Aptamers Show a Protective Effect against Acute
Stroke in Animal Models. Mol. Ther. J. Am. Soc. Gene Ther. 2018, 26, 2047–2059. [CrossRef] [PubMed]

105. Hernández-Jiménez, M.; Martín-Vílchez, S.; Ochoa, D.; Mejía-Abril, G.; Román, M.; Camargo-Mamani, P.; Luquero-Bueno, S.;
Jilma, B.; Moro, M.A.; Fernández, G.; et al. First-in-human phase I clinical trial of a TLR4-binding DNA aptamer, ApTOLL: Safety
and pharmacokinetics in healthy volunteers. Mol. Ther. Nucleic Acids 2022, 28, 124–135. [CrossRef] [PubMed]

106. Hernández-Jiménez, M.; Abad-Santos, F.; Cotgreave, I.; Gallego, J.; Jilma, B.; Flores, A.; Jovin, T.G.; Vivancos, J.; Hernández-Pérez,
M.; Molina, C.A.; et al. Safety and Efficacy of ApTOLL in Patients With Ischemic Stroke Undergoing Endovascular Treatment: A
Phase 1/2 Randomized Clinical Trial. JAMA Neurol. 2023, 80, 779–788. [CrossRef] [PubMed]

107. Chen, J.; Liu, L.; Zhang, H.; Geng, X.; Jiao, L.; Li, G.; Coutinho, J.M.; Ding, Y.; Liebeskind, D.S.; Ji, X. Endovascular Hypothermia
in Acute Ischemic Stroke: Pilot Study of Selective Intra-Arterial Cold Saline Infusion. Stroke 2016, 47, 1933–1935. [CrossRef]

108. Wu, C.; Zhao, W.; An, H.; Wu, L.; Chen, J.; Hussain, M.; Ding, Y.; Li, C.; Wei, W.; Duan, J.; et al. Safety, feasibility, and potential
efficacy of intraarterial selective cooling infusion for stroke patients treated with mechanical thrombectomy. J. Cereb. Blood Flow
Metab. 2018, 38, 2251–2260. [CrossRef]

109. Peng, X.; Wan, Y.; Liu, W.; Dan, B.; Lin, L.; Tang, Z. Protective roles of intra-arterial mild hypothermia and arterial thrombolysis in
acute cerebral infarction. Springerplus 2016, 5, 1988. [CrossRef]

110. Mollet, I.; Marto, J.P.; Mendonça, M.; Baptista, M.V.; Vieira, H.L.A. Remote but not Distant: A Review on Experimental Models
and Clinical Trials in Remote Ischemic Conditioning as Potential Therapy in Ischemic Stroke. Mol. Neurobiol. 2022, 59, 294–325.
[CrossRef]

111. Blauenfeldt, R.A.; Hjort, N.; Valentin, J.B.; Homburg, A.M.; Modrau, B.; Sandal, B.F.; Gude, M.F.; Hougaard, K.D.; Damgaard, D.;
Poulsen, M.; et al. Remote Ischemic Conditioning for Acute Stroke: The RESIST Randomized Clinical Trial. JAMA 2023, 330,
1236–1246. [CrossRef]

112. Chen, H.S.; Cui, Y.; Li, X.Q.; Wang, X.H.; Ma, Y.T.; Zhao, Y.; Han, J.; Deng, C.Q.; Hong, M.; Bao, Y.; et al. Effect of Remote
Ischemic Conditioning vs Usual Care on Neurologic Function in Patients With Acute Moderate Ischemic Stroke: The RICAMIS
Randomized Clinical Trial. JAMA 2022, 328, 627–636. [CrossRef] [PubMed]

113. Shi, S.H.; Qi, Z.F.; Luo, Y.M.; Ji, X.M.; Liu, K.J. Normobaric oxygen treatment in acute ischemic stroke: A clinical perspective. Med.
Gas. Res. 2016, 6, 147–153. [CrossRef] [PubMed]

114. Mahmood, A.; Neilson, S.; Biswas, V.; Muir, K. Normobaric Oxygen Therapy in Acute Stroke: A Systematic Review and
Meta-Analysis. Cerebrovasc. Dis. 2022, 51, 427–437. [CrossRef] [PubMed]

115. Poli, S.; Baron, J.C.; Singhal, A.B.; Härtig, F. Normobaric hyperoxygenation: A potential neuroprotective therapy for acute
ischemic stroke? Expert. Rev. Neurother. 2017, 17, 1131–1134. [CrossRef] [PubMed]

https://doi.org/10.1136/bmjopen-2020-045559
https://www.ncbi.nlm.nih.gov/pubmed/34035100
https://doi.org/10.1001/jamaneurol.2023.1871
https://www.ncbi.nlm.nih.gov/pubmed/37358859
https://doi.org/10.1161/STROKEAHA.120.031197
https://doi.org/10.5853/jos.2022.02453
https://doi.org/10.1358/dnp.2010.23.9.1513493
https://doi.org/10.1016/j.tiv.2012.12.011
https://doi.org/10.1161/STROKEAHA.122.039649
https://doi.org/10.1038/sj.jcbfm.9600418
https://doi.org/10.1038/jcbfm.2010.231
https://doi.org/10.1161/CIRCULATIONAHA.106.603431
https://doi.org/10.1016/j.ymthe.2018.05.019
https://www.ncbi.nlm.nih.gov/pubmed/29910175
https://doi.org/10.1016/j.omtn.2022.03.005
https://www.ncbi.nlm.nih.gov/pubmed/35402075
https://doi.org/10.1001/jamaneurol.2023.1660
https://www.ncbi.nlm.nih.gov/pubmed/37338893
https://doi.org/10.1161/STROKEAHA.116.012727
https://doi.org/10.1177/0271678X18790139
https://doi.org/10.1186/s40064-016-3654-7
https://doi.org/10.1007/s12035-021-02585-6
https://doi.org/10.1001/jama.2023.16893
https://doi.org/10.1001/jama.2022.13123
https://www.ncbi.nlm.nih.gov/pubmed/35972485
https://doi.org/10.4103/2045-9912.191360
https://www.ncbi.nlm.nih.gov/pubmed/27867482
https://doi.org/10.1159/000521027
https://www.ncbi.nlm.nih.gov/pubmed/34983045
https://doi.org/10.1080/14737175.2017.1376657
https://www.ncbi.nlm.nih.gov/pubmed/28872934


Int. J. Mol. Sci. 2024, 25, 891 22 of 24

116. Cheng, Z.; Geng, X.; Tong, Y.; Dornbos, D.; Hussain, M.; Rajah, G.B.; Gao, J.; Ma, L.; Li, F.; Du, H.; et al. Adjuvant High-
Flow Normobaric Oxygen After Mechanical Thrombectomy for Anterior Circulation Stroke: A Randomized Clinical Trial.
Neurotherapeutics 2021, 18, 1188–1197. [CrossRef] [PubMed]

117. Kaspar, J.W.; Niture, S.K.; Jaiswal, A.K. Nrf2:INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med. 2009, 47, 1304–1309.
[CrossRef]

118. Dodson, M.; de la Vega, M.R.; Cholanians, A.B.; Schmidlin, C.J.; Chapman, E.; Zhang, D.D. Modulating NRF2 in Disease: Timing
Is Everything. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 555–575. [CrossRef]

119. Kwak, M.K.; Wakabayashi, N.; Greenlaw, J.L.; Yamamoto, M.; Kensler, T.W. Antioxidants enhance mammalian proteasome
expression through the Keap1-Nrf2 signaling pathway. Mol. Cell. Biol. 2003, 23, 8786–8794. [CrossRef]

120. Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29, 1727–1745. [CrossRef]
121. Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D. Mechanisms of activation

of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status and the pathways through which it attenuates
degenerative disease. Free Radic. Biol. Med. 2015, 88 Pt B, 108–146. [CrossRef]

122. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 39, 199–218. [CrossRef] [PubMed]

123. Bendavit, G.; Aboulkassim, T.; Hilmi, K.; Shah, S.; Batist, G. Nrf2 Transcription Factor Can Directly Regulate mTOR: Linking
Cytoprotective Gene Expression to a Major Metabolic Regulator That Generates Redox Activity. J. Biol. Chem. 2016, 291,
25476–25488. [CrossRef] [PubMed]

124. Sykiotis, G.P.; Bohmann, D. Stress-activated cap’n’collar transcription factors in aging and human disease. Sci. Signal. 2010, 3, re3.
[CrossRef] [PubMed]

125. Ahmed, S.M.; Luo, L.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 585–597. [CrossRef]

126. David, J.A.; Rifkin, W.J.; Rabbani, P.S.; Ceradini, D.J. The Nrf2/Keap1/ARE Pathway and Oxidative Stress as a Therapeutic Target
in Type II Diabetes Mellitus. J. Diabetes Res. 2017, 2017, 4826724. [CrossRef]

127. Dhaliwal, N.; Dhaliwal, J.; Singh, A.; Chopra, K. Dimethyl fumarate attenuates 2-VO-induced vascular dementia via activating
the Nrf2 signaling pathway in rats. Inflammopharmacology 2021, 29, 537–547. [CrossRef] [PubMed]

128. Shih, A.Y.; Li, P.; Murphy, T.H. A small-molecule-inducible Nrf2-mediated antioxidant response provides effective prophylaxis
against cerebral ischemia in vivo. J. Neurosci. 2005, 25, 10321–10335. [CrossRef]

129. Liu, L.; Vollmer, M.K.; Fernandez, V.M.; Dweik, Y.; Kim, H.; Doré, S. Korean Red Ginseng Pretreatment Protects Against
Long-Term Sensorimotor Deficits After Ischemic Stroke Likely Through Nrf2. Front. Cell. Neurosci. 2018, 12, 74. [CrossRef]

130. Duan, J.; Cui, J.; Yang, Z.; Guo, C.; Cao, J.; Xi, M.; Weng, Y.; Yin, Y.; Wang, Y.; Wei, G.; et al. Neuroprotective effect of Apelin 13 on
ischemic stroke by activating AMPK/GSK-3β/Nrf2 signaling. J. Neuroinflamm. 2019, 16, 24. [CrossRef]

131. Wang, L.; Liu, C.; Tang, B. Astragaloside IV mitigates cerebral ischaemia-reperfusion injury via inhibition of P62/Keap1/Nrf2
pathway-mediated ferroptosis. Eur. J. Pharmacol. 2023, 944, 175516. [CrossRef]

132. Fu, C.; Wu, Y.; Liu, S.; Luo, C.; Lu, Y.; Liu, M.; Wang, L.; Zhang, Y.; Liu, X. Rehmannioside A improves cognitive impairment and
alleviates ferroptosis via activating PI3K/AKT/Nrf2 and SLC7A11/GPX4 signaling pathway after ischemia. J. Ethnopharmacol.
2022, 289, 115021. [CrossRef] [PubMed]

133. Liu, Y.; Mi, Y.; Wang, Y.; Meng, Q.; Xu, L.; Zhou, D.; Liang, D.; Li, W.; Li, N.; Hou, Y. Loureirin C inhibits ferroptosis after cerebral
ischemia reperfusion through regulation of the Nrf2 pathway in mice. Phytomedicine 2023, 113, 154729. [CrossRef] [PubMed]

134. Chen, Y.; He, W.; Wei, H.; Chang, C.; Yang, L.; Meng, J.; Long, T.; Xu, Q.; Zhang, C. Srs11-92, a ferrostatin-1 analog, improves
oxidative stress and neuroinflammation via Nrf2 signal following cerebral ischemia/reperfusion injury. CNS Neurosci. Ther. 2023,
29, 1667–1677. [CrossRef]

135. Gao, J.; Ma, C.; Xia, D.; Chen, N.; Zhang, J.; Xu, F.; Li, F.; He, Y.; Gong, Q. Icariside II preconditioning evokes robust neuroprotection
against ischaemic stroke, by targeting Nrf2 and the OXPHOS/NF-κB/ferroptosis pathway. Br. J. Pharmacol. 2023, 180, 308–329.
[CrossRef] [PubMed]

136. Yang, T.; Sun, Y.; Li, Q.; Li, S.; Shi, Y.; Leak, R.K.; Chen, J.; Zhang, F. Ischemic preconditioning provides long-lasting neuroprotection
against ischemic stroke: The role of Nrf2. Exp. Neurol. 2020, 325, 113142. [CrossRef] [PubMed]

137. Davis, M. Acute ischemic stroke: Practical considerations for anesthesiologists. Int. Anesthesiol. Clin. 2023, 61, 37–43. [CrossRef]
138. Farag, E.; Argalious, M.; Toth, G. Stroke thrombectomy perioperative anesthetic and hemodynamic management. J. Neurointerv.

Surg. 2023, 15, 483–487. [CrossRef]
139. Schönenberger, S.; Uhlmann, L.; Hacke, W.; Schieber, S.; Mundiyanapurath, S.; Purrucker, J.C.; Nagel, S.; Klose, C.; Pfaff, J.;

Bendszus, M.; et al. Effect of Conscious Sedation vs General Anesthesia on Early Neurological Improvement Among Patients
With Ischemic Stroke Undergoing Endovascular Thrombectomy: A Randomized Clinical Trial. JAMA 2016, 316, 1986–1996.
[CrossRef]

140. Löwhagen Hendén, P.; Rentzos, A.; Karlsson, J.E.; Rosengren, L.; Leiram, B.; Sundeman, H.; Dunker, D.; Schnabel, K.; Wikholm,
G.; Hellström, M.; et al. General Anesthesia Versus Conscious Sedation for Endovascular Treatment of Acute Ischemic Stroke:
The AnStroke Trial (Anesthesia During Stroke). Stroke 2017, 48, 1601–1607. [CrossRef]

https://doi.org/10.1007/s13311-020-00979-3
https://www.ncbi.nlm.nih.gov/pubmed/33410112
https://doi.org/10.1016/j.freeradbiomed.2009.07.035
https://doi.org/10.1146/annurev-pharmtox-010818-021856
https://doi.org/10.1128/MCB.23.23.8786-8794.2003
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.tibs.2014.02.002
https://www.ncbi.nlm.nih.gov/pubmed/24647116
https://doi.org/10.1074/jbc.M116.760249
https://www.ncbi.nlm.nih.gov/pubmed/27784786
https://doi.org/10.1126/scisignal.3112re3
https://www.ncbi.nlm.nih.gov/pubmed/20215646
https://doi.org/10.1016/j.bbadis.2016.11.005
https://doi.org/10.1155/2017/4826724
https://doi.org/10.1007/s10787-020-00785-5
https://www.ncbi.nlm.nih.gov/pubmed/33459879
https://doi.org/10.1523/JNEUROSCI.4014-05.2005
https://doi.org/10.3389/fncel.2018.00074
https://doi.org/10.1186/s12974-019-1406-7
https://doi.org/10.1016/j.ejphar.2023.175516
https://doi.org/10.1016/j.jep.2022.115021
https://www.ncbi.nlm.nih.gov/pubmed/35091012
https://doi.org/10.1016/j.phymed.2023.154729
https://www.ncbi.nlm.nih.gov/pubmed/36878093
https://doi.org/10.1111/cns.14130
https://doi.org/10.1111/bph.15961
https://www.ncbi.nlm.nih.gov/pubmed/36166825
https://doi.org/10.1016/j.expneurol.2019.113142
https://www.ncbi.nlm.nih.gov/pubmed/31812555
https://doi.org/10.1097/AIA.0000000000000402
https://doi.org/10.1136/neurintsurg-2021-018300
https://doi.org/10.1001/jama.2016.16623
https://doi.org/10.1161/STROKEAHA.117.016554


Int. J. Mol. Sci. 2024, 25, 891 23 of 24

141. Simonsen, C.Z.; Yoo, A.J.; Sørensen, L.H.; Juul, N.; Johnsen, S.P.; Andersen, G.; Rasmussen, M. Effect of General Anesthesia
and Conscious Sedation During Endovascular Therapy on Infarct Growth and Clinical Outcomes in Acute Ischemic Stroke: A
Randomized Clinical Trial. JAMA Neurol. 2018, 75, 470–477. [CrossRef]

142. Brinjikji, W.; Pasternak, J.; Murad, M.H.; Cloft, H.J.; Welch, T.L.; Kallmes, D.F.; Rabinstein, A.A. Anesthesia-Related Outcomes for
Endovascular Stroke Revascularization: A Systematic Review and Meta-Analysis. Stroke 2017, 48, 2784–2791. [CrossRef]

143. Goyal, N.; Malhotra, K.; Ishfaq, M.F.; Tsivgoulis, G.; Nickele, C.; Hoit, D.; Arthur, A.S.; Alexandrov, A.V.; Elijovich, L. Current
evidence for anesthesia management during endovascular stroke therapy: Updated systematic review and meta-analysis. J.
Neurointerv. Surg. 2019, 11, 107–113. [CrossRef] [PubMed]

144. Schönenberger, S.; Hendén, P.L.; Simonsen, C.Z.; Uhlmann, L.; Klose, C.; Pfaff, J.A.R.; Yoo, A.J.; Sørensen, L.H.; Ringleb, P.A.;
Wick, W.; et al. Association of General Anesthesia vs Procedural Sedation With Functional Outcome Among Patients With Acute
Ischemic Stroke Undergoing Thrombectomy: A Systematic Review and Meta-analysis. JAMA 2019, 322, 1283–1293. [CrossRef]

145. Maurice, A.; Eugène, F.; Ronzière, T.; Devys, J.M.; Taylor, G.; Subileau, A.; Huet, O.; Gherbi, H.; Laffon, M.; Esvan, M.; et al.
General Anesthesia versus Sedation, Both with Hemodynamic Control, during Intraarterial Treatment for Stroke: The GASS
Randomized Trial. Anesthesiology 2022, 136, 567–576. [CrossRef]

146. Talke, P.O.; Sharma, D.; Heyer, E.J.; Bergese, S.D.; Blackham, K.A.; Stevens, R.D. Society for Neuroscience in Anesthesiology
and Critical Care Expert consensus statement: Anesthetic management of endovascular treatment for acute ischemic stroke*:
Endorsed by the Society of NeuroInterventional Surgery and the Neurocritical Care Society. J. Neurosurg. Anesthesiol. 2014, 26,
95–108. [CrossRef] [PubMed]

147. Leonardi-Bee, J.; Bath, P.M.; Phillips, S.J.; Sandercock, P.A.; IST Collaborative Group. Blood pressure and clinical outcomes in the
International Stroke Trial. Stroke 2002, 33, 1315–1320. [CrossRef] [PubMed]

148. Vemmos, K.N.; Tsivgoulis, G.; Spengos, K.; Zakopoulos, N.; Synetos, A.; Manios, E.; Konstantopoulou, P.; Mavrikakis, M.
U-shaped relationship between mortality and admission blood pressure in patients with acute stroke. J. Intern. Med. 2004, 255,
257–265. [CrossRef]

149. Castillo, J.; Leira, R.; García, M.M.; Serena, J.; Blanco, M.; Dávalos, A. Blood pressure decrease during the acute phase of ischemic
stroke is associated with brain injury and poor stroke outcome. Stroke 2004, 35, 520–526. [CrossRef]

150. Manning, L.S.; Rothwell, P.M.; Potter, J.F.; Robinson, T.G. Prognostic Significance of Short-Term Blood Pressure Variability in
Acute Stroke: Systematic Review. Stroke 2015, 46, 2482–2490. [CrossRef]

151. Qureshi, A.I.; Ezzeddine, M.A.; Nasar, A.; Suri, M.F.; Kirmani, J.F.; Hussein, H.M.; Divani, A.A.; Reddi, A.S. Prevalence of elevated
blood pressure in 563,704 adult patients with stroke presenting to the ED in the United States. Am. J. Emerg. Med. 2007, 25, 32–38.
[CrossRef]

152. Golanov, E.V.; Christensen, J.R.; Reis, D.J. Neurons of a limited subthalamic area mediate elevations in cortical cerebral blood
flow evoked by hypoxia and excitation of neurons of the rostral ventrolateral medulla. J. Neurosci. Off. J. Soc. Neurosci. 2001, 21,
4032–4041. [CrossRef]

153. Britton, M.; Carlsson, A.; de Faire, U. Blood pressure course in patients with acute stroke and matched controls. Stroke 1986, 17,
861–864. [CrossRef] [PubMed]

154. Reinhard, M.; Rutsch, S.; Lambeck, J.; Wihler, C.; Czosnyka, M.; Weiller, C.; Hetzel, A. Dynamic cerebral autoregulation associates
with infarct size and outcome after ischemic stroke. Acta Neurol. Scand. 2012, 125, 156–162. [CrossRef]

155. Mulder, M.J.H.L.; Ergezen, S.; Lingsma, H.F.; Berkhemer, O.A.; Fransen, P.S.S.; Beumer, D.; van den Berg, L.A.; Lycklama, À.;
Nijeholt, G.; Emmer, B.J.; et al. Baseline Blood Pressure Effect on the Benefit and Safety of Intra-Arterial Treatment in MR CLEAN
(Multicenter Randomized Clinical Trial of Endovascular Treatment of Acute Ischemic Stroke in the Netherlands). Stroke 2017, 48,
1869–1876. [CrossRef] [PubMed]

156. Petersen, N.H.; Ortega-Gutierrez, S.; Wang, A.; Lopez, G.V.; Strander, S.; Kodali, S.; Silverman, A.; Zheng-Lin, B.; Dandapat, S.;
Sansing, L.H.; et al. Decreases in Blood Pressure During Thrombectomy Are Associated With Larger Infarct Volumes and Worse
Functional Outcome. Stroke 2019, 50, 1797–1804. [CrossRef] [PubMed]

157. Löwhagen Hendén, P.; Rentzos, A.; Karlsson, J.E.; Rosengren, L.; Sundeman, H.; Reinsfelt, B.; Ricksten, S.E. Hypotension During
Endovascular Treatment of Ischemic Stroke Is a Risk Factor for Poor Neurological Outcome. Stroke 2015, 46, 2678–2680. [CrossRef]
[PubMed]

158. Rasmussen, M.; Valentin, J.B.; Simonsen, C.Z. Blood Pressure Thresholds During Endovascular Therapy in Ischemic Stroke-Reply.
JAMA Neurol. 2020, 77, 1579–1580. [CrossRef]

159. Chen, M.; Kronsteiner, D.; Pfaff, J.; Schieber, S.; Jäger, L.; Bendszus, M.; Kieser, M.; Möhlenbruch, M.A.; Ringleb, P.A.; Bösel, J.;
et al. Hemodynamic Status During Endovascular Stroke Treatment: Association of Blood Pressure with Functional Outcome.
Neurocritical Care 2021, 35, 825–834. [CrossRef]

160. John, S.; Hazaa, W.; Uchino, K.; Toth, G.; Bain, M.; Thebo, U.; Hussain, M.S. Lower Intraprocedural Systolic Blood Pressure
Predicts Good Outcome in Patients Undergoing Endovascular Therapy for Acute Ischemic Stroke. Interv. Neurol. 2016, 4, 151–157.
[CrossRef]

161. Mistry, E.A.; Mistry, A.M.; Nakawah, M.O.; Khattar, N.K.; Fortuny, E.M.; Cruz, A.S.; Froehler, M.T.; Chitale, R.V.; James, R.F.;
Fusco, M.R.; et al. Systolic Blood Pressure Within 24 Hours After Thrombectomy for Acute Ischemic Stroke Correlates with
Outcome. J. Am. Heart Assoc. 2017, 6, e006167. [CrossRef]

https://doi.org/10.1001/jamaneurol.2017.4474
https://doi.org/10.1161/STROKEAHA.117.017786
https://doi.org/10.1136/neurintsurg-2018-013916
https://www.ncbi.nlm.nih.gov/pubmed/29907575
https://doi.org/10.1001/jama.2019.11455
https://doi.org/10.1097/ALN.0000000000004142
https://doi.org/10.1097/ANA.0000000000000042
https://www.ncbi.nlm.nih.gov/pubmed/24594652
https://doi.org/10.1161/01.STR.0000014509.11540.66
https://www.ncbi.nlm.nih.gov/pubmed/11988609
https://doi.org/10.1046/j.1365-2796.2003.01291.x
https://doi.org/10.1161/01.STR.0000109769.22917.B0
https://doi.org/10.1161/STROKEAHA.115.010075
https://doi.org/10.1016/j.ajem.2006.07.008
https://doi.org/10.1523/JNEUROSCI.21-11-04032.2001
https://doi.org/10.1161/01.STR.17.5.861
https://www.ncbi.nlm.nih.gov/pubmed/3764955
https://doi.org/10.1111/j.1600-0404.2011.01515.x
https://doi.org/10.1161/STROKEAHA.116.016225
https://www.ncbi.nlm.nih.gov/pubmed/28432266
https://doi.org/10.1161/STROKEAHA.118.024286
https://www.ncbi.nlm.nih.gov/pubmed/31159701
https://doi.org/10.1161/STROKEAHA.115.009808
https://www.ncbi.nlm.nih.gov/pubmed/26173727
https://doi.org/10.1001/jamaneurol.2020.3819
https://doi.org/10.1007/s12028-021-01229-w
https://doi.org/10.1159/000444098
https://doi.org/10.1161/JAHA.117.006167


Int. J. Mol. Sci. 2024, 25, 891 24 of 24

162. Liu, D.; Nie, X.; Pan, Y.; Yan, H.; Pu, Y.; Wei, Y.; Cai, Y.; Ding, Y.; Lu, Q.; Zhang, Z.; et al. Adverse Outcomes Associated With
Higher Mean Blood Pressure and Greater Blood Pressure Variability Immediately After Successful Embolectomy in Those With
Acute Ischemic Stroke, and the Influence of Pretreatment Collateral Circulation Status. J. Am. Heart Assoc. 2021, 10, e019350.
[CrossRef] [PubMed]

163. Chang, J.Y.; Jeon, S.B.; Jung, C.; Gwak, D.S.; Han, M.K. Postreperfusion Blood Pressure Variability After Endovascular Thrombec-
tomy Affects Outcomes in Acute Ischemic Stroke Patients With Poor Collateral Circulation. Front. Neurol. 2019, 10, 346. [CrossRef]
[PubMed]

164. Mistry, E.A.; Sucharew, H.; Mistry, A.M.; Mehta, T.; Arora, N.; Starosciak, A.K.; De Los Rios La Rosa, F.; Siegler, J.E., 3rd; Barnhill,
N.R.; Patel, K.; et al. Blood Pressure after Endovascular Therapy for Ischemic Stroke (BEST): A Multicenter Prospective Cohort
Study. Stroke 2019, 50, 3449–3455. [CrossRef] [PubMed]

165. Mistry, E.A.; Mehta, T.; Mistry, A.; Arora, N.; Starosciak, A.K.; De Los Rios La Rosa, F.; Siegler, J.E., 3rd; Chitale, R.; Anadani, M.;
Yaghi, S.; et al. Blood Pressure Variability and Neurologic Outcome After Endovascular Thrombectomy: A Secondary Analysis of
the BEST Study. Stroke 2020, 51, 511–518. [CrossRef]

166. De Georgia, M.; Bowen, T.; Duncan, K.R.; Chebl, A.B. Blood pressure management in ischemic stroke patients undergoing
mechanical thrombectomy. Neurol. Res. Pract. 2023, 5, 12. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1161/JAHA.120.019350
https://www.ncbi.nlm.nih.gov/pubmed/33634704
https://doi.org/10.3389/fneur.2019.00346
https://www.ncbi.nlm.nih.gov/pubmed/31031686
https://doi.org/10.1161/STROKEAHA.119.026889
https://www.ncbi.nlm.nih.gov/pubmed/31587660
https://doi.org/10.1161/STROKEAHA.119.027549
https://doi.org/10.1186/s42466-023-00238-8

	Introduction 
	Stroke Epidemiology and Pathophysiology 
	Penumbra 
	Stroke and LVO Detection 

	Current Stroke Treatment 
	Intravenous Thrombolysis 
	Thrombectomy 

	Neuroprotection 
	Uric Acid 
	Activated Protein C: 3K3A-APC 
	Nerinetide 
	Otaplimastat 
	Imatinib 
	Verapamil 
	Butylphthalide 
	Edaravone Dexborneol 
	Nelonemdaz (Neu2000) 
	ApTOLL 
	Regional Hypothermia 
	Remote Ischemic Conditioning 
	Normobaric Oxygen 
	Nuclear Factor Erythroid 2-Related Factor 2 

	Anesthetic Management for Thrombectomy 
	General Anesthesia versus Sedation 
	Perioperative Blood Pressure Management 

	Conclusions 
	References

