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The treatment of acute ischaemic stroke (AIS) has been 
revolutionized by the development of therapies — such 
as thrombolysis and endovascular thrombectomy — that 
open occluded cerebral vessels and restore perfusion to 
the ischaemic brain. Reperfusion salvages ischaemic 
brain tissue by restoring the supply of oxygen and glu-
cose and arresting the ischaemic cascade initiated by 
a lack of these vital nutrients. An additional approach 
in the treatment of AIS is to directly target the ischae-
mic cascade in the ischaemic region1. Traditionally, this 
approach has been referred to as neuroprotection, but the 
term cytoprotection is more appropriate because all cells 
of the neurovascular unit — including neurons, astro-
cytes, microglia, pericytes and the endothelia — in the 
ischaemic region are at risk of damage2,3. Nevertheless, 
among these cells, neurons are likely to be the most vul-
nerable and their death is probably the most important 
contributor to clinical deficits in AIS2.

Cytoprotective therapies for AIS have remained elu-
sive — a long history of failures and disappointments 
spans more than 40 years. Many pharmaceuticals that 
target different components of the ischaemic cascade 

have produced promising results in animal models of 
stroke with varying degrees of methodological rigour, 
but none has had clear, reproducible efficacy on primary 
clinical end points in clinical trials. Reasons for the lack 
of translational success have been thoroughly discussed 
for more than 20 years, and include broad deficiencies 
in preclinical modelling and clinical trial design4 (Box 1). 
Most clinical trials of neuroprotective approaches have 
been designed to evaluate one agent in comparison with 
placebo, and most enrolled patients have not received 
concomitant thrombolysis and were unlikely to have 
had substantial reperfusion before or after the neuro-
protective drug was administered5. Given that eventual 
reperfusion is probably a necessity for neuroprotection 
to be clinically beneficial, the use of neuroprotective 
agents in isolation is likely to be a major reason for their 
failure to date.

In this context, the development of cytoprotective 
drugs should be reconsidered in the current era of highly 
successful reperfusion, as use of such drugs as an adjunct 
to thrombolysis, thrombectomy or both considerably 
increases the likelihood of success. Indeed, use of such 
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an approach with the cytoprotective drug nerinetide in 
combination with thrombectomy was evaluated in a 
recent clinical trial6 and seems to have produced ther-
apeutic benefits in some patients, providing new hope. 
In this Review, we consider how cytoprotection for AIS 
can now be developed in the era of acute stroke ther-
apy, taking into account recent developments in imag-
ing and advances in health-care delivery services. We 
discuss the trial of nerinetide in detail and consider the 
lessons learned and the next steps towards finally achiev-
ing approval of a cytoprotective drug for the clinical 
management of AIS.

Therapeutic targets
The ischaemic cascade is a multifaceted and complex 
pathophysiological process with a multitude of intercon-
nected pathways that evolve over time and involve differ-
ent cell types that are activated in concert or sequentially 
by marked reductions in oxygen and glucose supply7 
(Fig. 1). Among the most salient components of this 
process are glutamate-mediated excitotoxicity, calcium 
signalling, oxidative stress and inflammation that can 
originate from peripheral immune cells that migrate 
to the brain and/or from the neurovascular unit at the 
level of the microglia and endothelium. Neuronal injury 
and trafficking of peripheral immune cells into the CNS 
amplifies microglial activation, which results in further 
neuronal damage. In parallel, neuroprotective responses 
are initiated, in which astrocytes and microglia respond 
to so-called ‘help me’ signals from injured neurons by 
releasing trophic factors and extracellular vesicles and  
by transferring mitochondria to neurons. The com-
plexity of the ischaemic cascade cannot be overstated. 
Cell-to-cell signalling among the components of the 
neurovascular unit either amplify injury or promote 
protection of neurons, and some components of the 
intercellular signalling can change from being detri-
mental to being beneficial or vice versa over the course 
of hours or days after stroke onset. In addition, extra-
cellular signalling can disrupt the blood–brain barrier 
(BBB), which can lead to haemorrhagic transformation 
as a consequence of reperfusion injury (see below).

Over the past 40 years, trials of cytoprotective mono-
therapy have focused on pharmaceutical agents that tar-
get one component of the ischaemic cascade. However, 
such single-target therapeutics are likely to have a lim-
ited impact on the complex array of pathophysiological 

mechanisms unleashed by focal cerebral ischaemia. 
A more attractive prospect is the use of cytoprotective 
approaches that affect multiple aspects of the ischaemic 
cascade; for example, 3K3A-activated protein C acts on 
protease-activated receptor 1 to alter multiple down-
stream pathways involved in the ischaemic cascade, 
and nerinetide is an upstream inhibitor of excitotoxic 
glutamate signalling8,9. Hypothermia, although not a 
pharmacological therapy, is an example of an attractive 
multimodal approach that targets various components of 
the ischaemic cascade and that cytoprotective therapies 
could emulate. Hypothermia has not been successful in 
clinical trials owing to its adverse effects, such as pneu-
monia, and the need for anti-shivering medication10, 
but new approaches that achieve rapid reductions in 
temperature are focusing on focal brain cooling.

A second target for cytoprotective approaches is 
reperfusion injury, a mechanism that has long been of 
theoretical interest but is now clinically relevant in the 
era of reperfusion for AIS11. The concept of reperfusion 
injury is that the restoration of oxygenated blood flow 
into previously ischaemic brain tissue can have delete-
rious consequences in addition to the obvious benefits. 
For example, oxygenated blood can lead to the genera-
tion of reactive oxygen species, such as superoxide and 
peroxynitrite, that can overwhelm endogenous protec-
tive mechanisms, leading to tissue injury12. In addition, 
oxygenated blood can activate the immune system 
through the recruitment of leukocytes — activation of 
microglia can lead to tissue injury through the release 
of cytokines, complement and chemokines13, and the 
release of matrix metalloproteinases from neutrophils 
can lead to degradation of the extracellular matrix and 
tight junctions, contributing to BBB disruption, leak-
age and rupture14. The most severe consequence of this 
BBB disruption is haemorrhagic transformation in the 
ischaemic territory14,15. The later perfusion is restored in 
the ischaemic territory, the higher the risk of haemorr-
hagic transformation16. Finally, the reperfusion treat-
ments can contribute to reperfusion injury themselves: 
tissue plasminogen activator (tPA) upregulates matrix 
metalloproteinases with the risk of BBB disruption, 
and thrombectomy can cause injury to the endothe-
lial lining. These processes can initiate haemorrhagic 
transformation and lead to intracerebral haemorrhage.

A third cytoprotective strategy in AIS is the activa-
tion of endogenous collaterals in the brain to increase 
blood flow into the ischaemic region, thereby extending 
survival of the penumbra17. The extent and adequacy of 
collateral blood flow is one of the most important fac-
tors that determines the speed of progression towards 
irreversible injury and the extent of that injury in AIS. 
Therefore, enhancing collateral blood flow should be 
viewed as a valuable way to protect brain cells dur-
ing ischaemia, especially soon after onset. Several 
approaches to increasing collateral blood flow are 
under development, including stimulation of the sphe-
nopalatine ganglion that is close to gaining regulatory 
approval18.

A fourth potential cytoprotective strategy is the devel-
opment of immunomodulators. Peripheral immune 
cells travel to the site of ischaemic injury and promote 

Key points

•	Highly successful reperfusion therapy with intravenous thrombolysis and endovascular 
thrombectomy is now widely available for the treatment of acute ischaemic stroke, 
making cytoprotective therapy a viable additional treatment approach.

•	previous attempts to develop cytoprotective therapy have been unsuccessful, but this 
approach should now be reconsidered as an adjunctive therapy to thrombolysis and 
thrombectomy.

•	New cytoprotective drugs should be developed to target multiple aspects of the 
ischaemic cascade, and previously developed drugs should be reconsidered.

•	Trials should be conducted to evaluate the effects of cytoprotective drugs when 
administered before or after reperfusion therapy or both.

•	Advanced brain imaging should be used to select patients who are most likely 
to benefit from cytoprotective treatment for enrolment in new trials.
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further damage through the release of cytokines and 
consequent amplification of pro-inflammatory micro-
glia and astrocytes13. To date, no anti-inflammatory 
drugs have been proven to improve outcomes in stroke 
clinical trials. However, our understanding of how and 
when to modify the inflammatory response to pro-
duce beneficial effects needs further study. We have 
learned from clinical trials that broadly suppressing 
immune cell trafficking to the brain is not beneficial 
after stroke19 and that broadly suppressing the inflam-
matory response can even be harmful20. Approaches 
that target microglial activation are under development, 
as are applications of cell-based therapies that selec-
tively downregulate pro-inflammatory signalling and 
upregulate anti-inflammatory signalling21.

Renewed drug development
With the widespread use of reperfusion therapy in clin-
ical practice, the development of cytoprotective drugs 
to use in combination with these therapies has been 
renewed. This research includes the identification and 
development of novel drugs but also the re-evaluation 
of the dozens of proposed cytoprotective drugs that 
have previously been tested in phase II and phase III 
randomized clinical trials (RCTs)22. Most of these drugs 
had been evaluated in preclinical testing and produced 
favourable outcomes to varying degrees, but none pro-
vided a reproducible benefit in RCTs. However, these 
drugs were tested in the absence of reperfusion, so their 
potential should be reassessed in the reperfusion era.

Selection of drugs for redevelopment. To determine 
which old cytoprotective drugs could be candidates for 
redevelopment, several factors should be considered. 
The previous preclinical studies of the drugs should have 
demonstrated robust evidence of cytoprotection in tem-
porary occlusion models in several species across multi-
ple laboratories. Candidates should also have been tested 
in at least phase II RCTs and preferably in a phase III 
RCT so that a favourable safety profile in humans is well 
established. Evidence that the drug is compatible and 
safe with tPA for thrombolysis would also be beneficial 
but not necessarily required. Furthermore, for the selec-
tion of drugs that target the ischaemic cascade, those 
with pleiotropic effects would be preferable.

Preclinical testing. Preclinical testing of new and repur-
posed cytoprotective drugs remains important in the 
development of AIS therapies23. Prior experience shows 
that efficacy in animal stroke models does not neces-
sarily predict a benefit in patients with AIS, but a lack 
of efficacy in animal models is highly likely to predict 
a lack of efficacy in humans. As set out by the Stroke 
Therapy Academic Industry Roundtable recommen-
dations, which were updated in 2021, initial studies of 
cytoprotective drug candidates should focus on demon-
strating efficacy and safety in rodent models of tran-
sient ischaemia in young animals; experiments should 
be conducted within a few days of stroke onset and at 
more delayed time points to assess effects on infarcts of 
different sizes. Long-term behavioural outcomes should 
also be assessed24. These studies should also provide 
information about the pharmacokinetics and dynamics 
of the study drug and should demonstrate either that 
the drug crosses the BBB to reach the ischaemic brain 
tissue or that it reaches the cerebral endothelium if 
vasculoprotection is the goal.

The use of reperfusion stroke models is based on the 
intention for the drug to be used in conjunction with 
reperfusion in clinical development. Demonstration of 
efficacy in permanent occlusion stroke models would 
also be desirable if the cytoprotective drug is likely to be 
studied for its ability to prolong survival of the ischae-
mic penumbra and lengthen the window of opportu-
nity for thrombectomy during, for example, transfer to 
a tertiary centre2. Drugs that demonstrate efficacy in 
these domains should be taken forward to later stages of 
development2 (Box 2).

Later studies in animal models should involve older 
animals of both sexes with comorbidities, such as hyper-
tension or diabetes mellitus, because patients with stroke 
are typically elderly and many have comorbid diseases24. 
Preclinical studies in species with gyrencephalic brains, 
such as non-human primates, should also be consid-
ered. Drugs should enter the last phase of preclinical 
testing if they have produced favourable outcomes in 
most, if not all, of these preliminary studies. In this 
phase, drugs should be tested in multiple laboratories in 
parallel with standardized protocols25. This last preclin-
ical step is akin to multicentre RCTs to obtain evidence 
that proceeding to formal clinical studies is warranted3.

In the USA, a structure for such preclinical animal 
stroke modelling has been implemented through the 

Box 1 | Potential preclinical and clinical explanations for failure of 
neuroprotective drugs

Preclinical
•	lack of randomized and blinded outcome assessment.

•	lack of allocation concealment so that investigators were aware of the treatment 
assignment.

•	lack of monitoring of physiological measurements, such as blood pressure and 
temperature.

•	inappropriate estimation of required sample size.

•	Treatment effects not assessed in animals with comorbidities and old age.

•	results from all included animals not reported in the study.

•	lack of dose–response and therapeutic time window studies.

•	lack of reproducibility between models and laboratories.

•	incomplete understanding of the pharmacological profile of the drug being tested.

Clinical
•	Drugs were tested in patients who were unlikely to benefit.

•	Studies were performed in an insufficient number of patients to detect a treatment 
effect.

•	Studies included too many patients with mild or severe stroke, in whom a clinical 
benefit is difficult to detect.

•	Drug induced serious adverse events that did not allow adequate serum 
concentrations to be achieved.

•	Trials included a substantial number of patients with lacunar stroke with white matter 
infarction and no evidence suggests that the study drug affects white matter injury.

•	patients were assigned to treatment too late after stroke onset to allow substantial 
ischaemic tissue salvage

•	lack of advanced imaging in trials of treatment in later time windows to confirm 
whether the infarct size precluded beneficial treatment.
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creation of the Stroke Preclinical Assessment Network 
(SPAN), funded by the National Institutes of Health 
(NIH). Six laboratories with well-established histo-
ries are testing cytoprotective treatments in preclinical 
models that were selected by peer review by the NIH. 
Currently, SPAN is evaluating five cytoprotective drugs 
(TaBle 1), each of which was selected by a peer review 
process based on prior preclinical studies of efficacy. 
The objective of SPAN is to identify and select promis-
ing cytoprotective agents that should be taken into clin-
ical trials in StrokeNet, a preclinical trials network for 
promising stroke therapies in the USA. Platform trials to 
test adjunctive treatments with thrombectomy are being 
established in StrokeNet.

Nerinetide and a promising pathway forward
After years of disappointment, the 2020 publication of 
the phase III ESCAPE-NA1 trial of nerinetide in patients 
undergoing thrombectomy provided hope that a cyto-
protective drug might finally have a beneficial effect6. 
Nerinetide is a peptide that disrupts the function of the 
synaptic folding protein PSD-95 (reF.9). It affects protein– 
protein interactions and, as a consequence, inhibits 
neuronal excitotoxicity and downstream neurotoxic sig-
nalling. Preclinical studies in rodent and primate stroke 

models demonstrated robust treatment effects5. A sub-
sequent phase II RCT in patients who were undergoing 
endovascular treatment of brain aneurysms demon-
strated a reasonable safety profile and suggested that 
nerinetide reduces the development of procedure-related 
ischaemic brain lesions26.

In the phase III trial, patients who were undergoing 
thrombectomy were randomly assigned to receive a sin-
gle intravenous dose of nerinetide or placebo before the 
procedure6. Eligibility criteria were moderate-to-good 
filling of collateral vessels on CT angiography and no evi-
dence of an extensive region of early infarction on a CT 
scan of the head. In the placebo group, 59.2% of patients 
received tPA. In the nerinetide group, 60.1% received 
tPA. No significant difference in safety outcomes was 
observed. At 90 days, a favourable outcome — defined 
as a score of 0–2 on the modified Rankin scale — was 
achieved in 59.2% of patients who received placebo and 
61.4% of patients who received nerinetide. This differ-
ence did not reach statistical significance. However, in a 
pre-specified subgroup analysis of patients who did not 
receive tPA, 49.8% of patients who received placebo had 
a favourable outcome compared with 59.3% of patients 
who received nerinetide, and this difference was statis-
tically significant. Mortality was also significantly lower 
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Fig. 1 | Elements of the ischaemic cascade in the neurovascular unit during acute ischaemic stroke. Only selected 
elements are shown, and the signalling evolves over time after the onset of ischaemia. Oxygen and glucose deprivation 
leads to release of glutamate from astrocytes (1), which activates excitotoxic signalling within neurons, leading to 
neuronal injury and death, and activates microglia. Neuronal injury leads to the release of damage-associated molecular 
patterns (DAMPs), which also activate microglia (2), which consequently release pro-inflammatory cytokines that lead 
to further damage of neurons and promote endothelial activation and blood–brain barrier (BBB) opening. DAMPS also 
directly promote BBB breakdown. Leukocyte trafficking and migration to the ischaemic region (3) lead to further release 
of cytokines, amplification of neuroinflammation and continued neuronal damage. In parallel, neurons release ‘help me’ 
signals (4) that activate astrocytes and microglia to release factors that protect neurons. MMPs, matrix metalloproteinases; 
TH1 cell, T helper 1 cell; TH17 cell, T helper 17 cell.
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in the nerinetide group. Among patients who received 
tPA, no difference in these outcomes was seen and 
the peak serum levels of nerinetide were substantially 
lower among patients who did receive tPA than among 
those who did not, suggesting an interaction between 
nerinetide and tPA that altered the therapeutic effect.

To further explore the relationship between nerine-
tide and tPA, a series of elegant animal experiments was 
performed. These experiments showed in plasma sam-
ples and in vivo that nerinetide is cleaved by plasmin, 
which is produced when tPA cleaves plasminogen27. 
In a rat model of embolic stroke, administration of tPA 
and nerinetide at the same time negated the beneficial 
effect of nerinetide alone on infarct volume. When ner-
inetide was administered 30 min before tPA, a signif-
icant benefit on infarct volume was observed. On the 
basis of these findings, a d-enantiomer of nerinetide 
was developed, which is not degraded in rat or human 
plasma upon exposure to tPA. Use of the d-enantiomer 
of nerine tide in the same rat model of embolic stroke led 
to robust reductions in infarct volume even when it was 
administered at the same time as tPA.

The results of these preclinical experiments seem 
to provide an explanation for the outcomes of the 
ESCAPE-NA1 trial. The findings suggest that nerinetide 
could have a beneficial effect in AIS if administered ear-
lier than tPA and that the d-enantiomer should be con-
sidered for future clinical development. A new phase III  
clinical trial has begun with a similar design to the 
ESCAPE-NA1 trial but including only patients who did 
not receive tPA28. However, other possible explanations 
for the overall negative results of the ESCAPE-NA1 trial 
should not be discounted. For example, the infusion of 
nerinetide was initiated only shortly before thrombec-
tomy, so the time interval might not have been sufficient 

for it to have a cytoprotective effect. In addition, no 
advanced imaging was performed to visualize the 
penumbra so the extent of penumbral tissue available 
for protection was unknown.

Nevertheless, the findings of ESCAPE-NA1 and the 
subsequent animal studies provide important lessons on 
the need to test interactions between thrombolytics and 
cytoprotective agents. Indeed, this trial is not the first to 
reveal such interactions. Erythropoietin was considered 
to be a promising cytoprotective agent (although not as 
well supported by preclinical studies as nerinetide) but 
did not improve outcomes in clinical trials and actually 
increased mortality29. Subsequent studies suggested 
that erythropoietin was beneficial in patients who did 
not receive tPA30 and that the combination of tPA and 
erythropoietin increases haemorrhagic transformation 
in animal models31.

Moving forward with clinical trials
Given the effectiveness of thrombectomy in some 
patients and the results of the ESCAPE-NA1 trial, cyto-
protective agents could be applied in various clinical sce-
narios to extend the survival of penumbral tissue before 
definitive reperfusion therapy (Fig. 2). In the following 
sections, we discuss clinical trial settings and designs 
to evaluate cytoprotective therapies in various scenar-
ios. Proof-of-concept phase II trials should involve 
more homogeneous patient populations than phase III 
pragmatic trials.

Bridge therapy before thrombectomy. The ESCAPE-NA1 
trial6 provides a model for future clinical trials to eval-
uate cytoprotective agents in the context of transient 
ischaemia–reperfusion. The objective in ESCAPE-NA1 
was to determine whether a purported anti-excitotoxic 
agent conferred additional benefits in combination with 
thrombectomy, a clinical scenario akin to the transient 
ischaemia–reperfusion that we commonly model in ani-
mals. The patients enrolled had moderate-to-good collat-
eral blood flow, indicating high potential for salvageable 
brain tissue to persist for an extended time period and 
facilitating drug access to the ischaemic bed. The out-
come was chosen on the basis of the trajectories of com-
parable patients who have undergone thrombectomy in 
recent RCTs. In considering the design of similar trials 
in future, some important aspects need to be considered.

Box 2 | Steps for preclinical evaluation of purported cytoprotective drugs

Early stage
•	initial randomized and blinded studies should be performed with appropriate 

physiological monitoring (including blood pressure, temperature and blood gases)  
in young or middle-aged rodents of both sexes.

•	Histological, imaging and behavioural outcomes should be assessed in a blinded 
manner at early and delayed time points after stroke onset.

•	An adequate sample size should be studied to provide sufficient statistical power.

•	A reasonable safety profile should be demonstrated.

•	only drugs with favourable outcomes in early-stage studies should be taken forward 
to late-stage studies.

Late stage
•	efficacy studies in rodent models of stroke should be done in elderly animals and 

those with comorbidities, such as diabetes mellitus and hypertension.

•	Studies in stroke models should be performed according to the circadian rhythm of 
the species being studied; given that most patients with acute ischaemic stroke are 
awake at stroke onset, animals should be studied during the wakeful period of their 
sleep–wake cycle.

•	The same modelling procedures and treatment protocols should be used in multiple 
laboratories to enable data pooling and meta-analysis of the results.

•	A variety of animal models of stroke should be studied in multiple laboratories.

•	interactions of cytoprotective agents with thrombolytics should be studied to rule out 
negative interactions.

•	Studies in gyrencephalic species, such as non-human primates, should be considered.

Table 1 | Cytoprotective drugs currently being 
evaluated by the SPAN network

Cytoprotective drug57 Mechanism of action

Fingolimod Immunomodulation

Fasudil Selective RhoA/Rho kinase 
inhibitor

Tocilizumab IL-6 receptor antagonist

Uric acid Free radical scavenger, 
antioxidant

Veliparib Poly(ADP-ribose) polymerase 
(PARP) inhibitor

Drugs for study were selected on the basis of a peer review 
process that took into account previous studies of drug 
properties.
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One key question is the therapeutic window for admin-
istration of cytoprotective agents. In the ESCAPE-NA1 
trial, nerinetide was administered up to 12 h after stroke 
onset as long as the Alberta Stroke Program Early CT 
Score (ASPECTS) was ≥5, which indicates that infarcts 
are not large. This wide treatment window enabled enrol-
ment of substantial numbers of patients, including those 
with wake-up stroke. Another important factor is effect 
size — the number of patients needed to demonstrate a 
significant difference in the primary outcome measure. 
When determining the number of patients needed, sev-
eral factors need to be taken into account: the predicted 
percentage of patients who will receive thrombolytics 
(which will depend on the treatment window chosen); 
the predicted reperfusion status after thrombectomy; and 
when the cytoprotective agent is administered relative to 
the thrombolytic agent. One potential problem with this 
type of trial is that door-to-groin puncture times have 
decreased at top stroke centres, leading to implementation 
of ‘direct to angiosuite’ protocols32. These ultrafast transfer 
protocols to the angiosuite reduce the feasibility of trials of 
cytoprotection at this stage, as enrolment into such trials 
could interfere with time-based performance metrics.

Cytoprotection during thrombectomy. Another possi-
ble clinical scenario is the administration of cytopro-
tective agents intravenously during the thrombectomy 

procedure. The infusion could even be continued 
afterwards if the protective agent targets a pathophysio-
logical process that is ongoing after reperfusion or if 
it targets reperfusion injury, as discussed above. The 
goal of the cytoprotective therapy would be to add to 
the clinical benefit at 90 days derived from thrombec-
tomy at 90 days. Trials of this approach are likely to 
require a substantial sample size because of the treat-
ment effect of thrombectomy in the control group. In 
addition, depending on the anatomy and collateral cir-
culation, thrombectomy also provides the opportunity 
for selective intra-arterial delivery of cytoprotective 
agents into the previously ischaemic arterial territory33. 
Intra-arterial delivery should first be studied in animal 
models of stroke to determine whether this route of 
administration is superior to intravenous delivery.

Pre-hospital cytoprotection. Treatment of patients 
as early as possible remains the most effective strat-
egy to achieve an excellent outcome after stroke, so 
the pre-hospital setting seems to be the ideal location 
for administration of cytoprotective agents. For this 
reason, the Field Administration of Stroke Therapy–
Magnesium (FAST-MAG) trial34 generated an enor-
mous amount of enthusiasm. In this study, patients 
with suspected stroke were identified by emergency 
medical personnel in the field and randomly assigned 
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Fig. 2 | Outcomes of acute ischaemic stroke with and without cytoprotective therapy and reperfusion. The aim of 
cytoprotective therapy administered as early as possible after stroke onset, is to ‘freeze’ the penumbra (left) so that the 
infarct core does not grow further before definitive reperfusion therapy can be completed. This protection minimizes 
the size of the final infarct (bottom left). Without cytoprotective therapy, the final infarct size could be larger despite 
successful reperfusion (bottom right). Cytoprotective therapy can only be beneficial if reperfusion is achieved before the 
protective effects diminish. If reperfusion therapy is not administered within this time, the final infarct could be as large as 
it would have been without cytoprotection (bottom centre). Reperfusion injury can lead to haemorrhagic transformation 
regardless of whether cytoprotective therapy is used.
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to receive magnesium or placebo. However, unsurpris-
ingly, extensive heterogeneity in ischaemic stroke type 
was seen among the enrolled patients, and the study 
population also included people with haemorrhagic 
stroke and stroke mimics. Other pre-hospital studies 
have produced similar findings, highlighting that reli-
able identification of patients who would benefit from 
cytoprotective treatment is a major challenge in the 
pre-hospital setting.

Clinical assessment scales can be used to predict 
large-vessel occlusion (LVO) and could be applied in the 
pre-hospital setting to selectively enrich the population 
with patients with LVO. However, each of these scales 
also has limitations and none has been validated as being 
far superior to others35,36. Stroke mimic scales have also 
been developed but have not yet been adopted widely in 
health-care systems and, to the best of our knowledge, 
none is used in the pre-hospital setting37. Beyond clin-
ical scales, devices for mobile electroencephalography 
and measurement of somatosensory-evoked potentials 
are being developed to facilitate identification of LVOs, 
but we await studies on the use of these devices in the 
ambulance38.

Mobile stroke units. Mobile stroke units (MSUs) are 
transforming pre-hospital care for patients with sus-
pected acute stroke and will provide new opportunities 
to design better pre-hospital clinical trials of cytoprotec-
tion. Access to a CT scanner in the mobile unit enables 
haemorrhagic stroke to be ruled out, a CT angiogram 
can confirm an LVO, and CT perfusion is also possible, 
although brain coverage is limited. These investigations 
could, therefore, enable selection of patients for cytopro-
tection trials on the basis of a favourable ASPECTS and 
a substantial clinical deficit.

MSU trials performed in Houston, Texas, in the 
USA39, and in Germany40 have demonstrated that ini-
tiating tPA in the MSU led to significantly better out-
comes at 90 days than treatment initiated at the hospital. 
The results of these trials are likely to lead to prolifer-
ation of MSUs across the world, thereby substantially 
increasing the opportunities to conduct cytoprotection 
trials in future. However, given that thrombolysis can 
be administered in MSUs and reperfusion is the most 
effective treatment, possible interactions of cytopro-
tective agents with thrombolytics must be tested and 
taken into account so as not to delay the administration 
of thrombolytic agents or the transfer of patients with 
LVOs to centres for thrombectomy.

Interfacility transfer. On the surface, patients with an 
LVO who are at a community hospital and are waiting to 
be transferred to a centre for thrombectomy are excellent 
candidates for trials to test the hypothesis that cytopro-
tective agents can extend penumbral survival to improve 
outcomes after definitive reperfusion therapy41. In pro-
spective studies, the median between arrival at a com-
munity hospital and arrival at a hospital with facilities 
for thrombectomy is 2–3 h42. Given that CT scanners are 
available in most community hospitals, this time could 
be used to identify patients with LVOs with CT angio-
graphy or on the basis of a high NIH Stroke Scale score 

and a favourable ASPECTS. Eligible patients could then 
be randomly assigned to receive a cytoprotective agent or 
placebo before and during the transfer. Where available, 
telemedicine connections with advanced stroke centres 
could be exploited to conduct hub–spoke clinical trials  
in which an investigator at the hub could enrol patients 
at the spoke community hospital. Previous work has 
shown the feasibility of using telemedicine to obtain con-
sent and enrol patients with AIS into clinical trials of acute 
therapies43, and as a result of the COVID-19 pandemic, 
electronic consent is now used in many studies.

Despite the apparently ideal scenario described above, 
several challenges must be considered in the community 
setting. The rate of infarct progression during transfer is 
variable and highly dependent on clot location and the 
status of collateral blood flow44–46. Without at least a CT 
angiogram to confirm the location of the vascular occlu-
sion and provide quantitative data on the status of collat-
eral blood flow, the rate of infarct progression is difficult 
to predict. Availability and administration of thrombo-
lytic therapy at the community hospital will also generate 
substantial variability in the progression of the ischaemic 
lesion. One retrospective study showed that in some 
patients with large-artery clots, thrombolysis leads to 
recanalization and damage from ischaemia is minimized, 
but in other patients thrombolysis does not lead to com-
plete recanalization, so that infarcts are not minimized 
and grow substantially to the point that thrombectomy is 
precluded47. In a third population of patients, thromboly-
sis can lead to migration of the clot from a proximal to 
a distal location from which it cannot be retrieved with 
catheter-based approaches, meaning the patient is no 
longer eligible for thrombectomy47. Furthermore, some 
patients might experience substantial delays in transport, 
which adds to the variability, as does the duration of the 
cytoprotective effect when a cytoprotective agent is com-
bined with thrombolytic treatment. All of these scenarios 
must be considered in the design of a clinical trial of a 
cytoprotective agent combined with thrombolytics.

Further studies are needed to better define which 
patients are likely to progress quickly or slowly and to 
understand which patients are most likely to benefit from 
cytoprotective drugs while in the community hospital 
awaiting transfer. Poor collateral blood flow could limit 
drug access to the ischaemic territory, thereby limiting 
the therapeutic effect48. By contrast, good collateral blood 
flow alone could effectively preserve ischaemic territory 
over several hours so that cytoprotective approaches 
offer only marginal benefits or benefits that are difficult 
to detect with conventional clinical measures.

Imaging for penumbral protection. In order to better 
design proof-of-concept and phase III clinical trials to 
test cytoprotective agents, inclusion of brain imaging 
in the selection criteria is important because advanced 
brain imaging can identify patients who are most likely 
to benefit from the drug being evaluated. Imaging ena-
bles identification of patients with severe deficits caused 
by a large-artery occlusion but who have good collateral 
blood flow and small infarcts, implying a large penum-
bra. Such patients were the target population in the 
ESCAPE-NA1 trial.
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In the early time window (0–3 h after AIS onset), the 
use of CT and CT angiography for patient selection is logi-
cal. However, advanced CT and MRI perfusion sequences 
enable direct identification of potentially salvageable 
ischaemic brain tissue that is distinct from the infarcted 
core, especially beyond 3 h. These imaging approaches 
are moving the stroke field into an era in which decisions 
on reperfusion therapy can be based on brain tissue status 
rather than time. Use of standardized perfusion imaging 
sequences and algorithms to define the penumbra and 
infarct core in RCTs has proven that, in highly selected 
patients, thrombectomy is beneficial even up to 24 h after 
the patient was last known to be well49,50 and beyond50. 
Consequently, patients with identifiable salvageable tissue 
could benefit from cytoprotective agents regardless of the 
time from onset if the intention is to extend penumbral 
survival and prevent infarct progression before thrombec-
tomy. On this basis, advanced imaging modalities should 
be used in initial proof-of-concept clinical trials of cyto-
protective agents to ensure that the patients who are most 
likely to benefit from treatment are identified and those 
who are not are excluded.

Use of imaging to enrich patient populations with 
those who are most likely to benefit from cytoprotec-
tion therapy is most likely to succeed in tertiary centres. 
Application of imaging in trials to test the hypothesis 
that cytoprotectants can promote penumbral survival 
in patients with LVOs at community hospitals before 
transfer for thrombectomy requires several logistical and 
practical challenges to be overcome. CT perfusion is not 
available at most community hospitals51 but CT angio-
graphy is now possible at many, at least in the USA, so 
could be used to screen patients for endovascular ther-
apies and to facilitate implementation of cytoprotection 
studies. Furthermore, approaches based on machine 
learning are being studied to determine whether the 
images acquired with CT angiography can be analysed 
to distinguish the penumbra from the infarct core52. If 
successful, this advance will expand the opportunities to 
identify patients who are good candidates for cytopro-
tection studies at community hospitals and substantially 
broaden the population who could benefit from bridging 
therapies that temporally stabilize the penumbra.

Lastly, portable MRI scanners are emerging and 
becoming available in clinical settings53. A low-field 
(0.064 T) portable MRI device can be brought to the 
bedside, for example in a neurocritical care unit or in 
the emergency department54. These portable MRI scan-
ners have the potential to be used in MSUs. Though 
the available imaging sequences are currently limited 
in their brain coverage and the number of brain slices 
that can be acquired, the technology is likely to improve 
over time, just as stationary MRI scanners have been 
refined since the 1990s. Portable MRI devices in the 
emergency department and MSUs will enable direct 
measurement of infarcted tissue and have the potential 
to enable more direct assessment of the treatment effects 
of cytoprotective agents.

Reperfusion injury trials. Reperfusion therapy can pro-
mote BBB disruption and lead to haemorrhagic transfor-
mation, so cytoprotective agents could be beneficial to 

protect against this risk. First, in the pre-hospital setting, 
patients could be selected for prophylactic treatment 
on the basis of clinical rating scales and/or imag-
ing of perfusion with CT or MRI that can predict the 
risk of haemorrhagic transformation after reperfusion 
therapy55. Predictive scales are based on variables such 
as clinical severity, infarct size, age, blood pressure and 
glucose levels, all of which are associated with the risk 
of haemorrhagic transformation. Second, clinical trials 
could be designed to test whether prophylactic treatment 
preserves BBB integrity during thrombectomy. Studies 
have shown that patients who undergo multiple catheter 
passes into the affected artery have a higher risk of BBB 
disruption56, so trials could test whether prophylactic 
treatment can protect against this effect. In both scenar-
ios, cytoprotective agents that are intended to protect 
the BBB could also extend the therapeutic window for 
reperfusion therapy.

A third clinical scenario would be to use brain imag-
ing immediately after thrombectomy to look for markers 
of BBB injury as predictors of haemorrhagic transfor-
mation (for example, extravasation of contrast material 
on CT or the hyperintense acute reperfusion marker on 
MRI) and design clinical trials to test whether vasculo-
protective agents that repair the BBB reduce subsequent 
haemorrhagic injury. The optimal timing of administra-
tion for all of these approaches would need to be deter-
mined, and this optimization should follow preclinical 
studies that ensure optimal engagement of the target and 
rule out detrimental effects.

Immunoprotective therapies. Clinical trials of cytoprotec-
tive approaches that target immune responses to stroke 
typically involve patients who are beyond the hyperacute 
stage and need careful planning with respect to several 
important issues. For example, questions that need to be 
addressed are whether the treatment approach is com-
patible with reperfusion therapy, when treatment should 
begin in relation to reperfusion, and whether patients will 
benefit if they still have substantial penumbra or whether 
infarcted tissue drives the inflammatory response. 
Furthermore, the inflammatory response to stroke occurs 
in a highly orchestrated series of events that involve differ-
ent types of cells from the peripheral circulation and the 
brain. Optimal timing for immunoprotective therapies 
therefore depends on engagement of the desired cellular 
targets according to their temporal emergence, function-
alities and clearance from the brain. Optimal timing is 
needed to avoid potential detrimental effects. Another 
consideration for trials of immunoprotective therapy is 
that, while no specific imaging modalities enable moni-
toring of immunomodulator targets, MRI could be help-
ful for the selection of patients on the basis of infarct size 
and location. For example, in the MASTERS-2 phase III 
trial of bone marrow cell therapy 18–36 h after ischaemic 
stroke onset, patient selection is based on the presence of 
infarctions that involve the cortex on MRI21.

Conclusion
Despite the past failure of attempts to develop cytopro-
tective drugs to improve outcomes in AIS, developments 
in the past 5–10 years provide considerable hope that 
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success is close. The development and widespread clini-
cal application of thrombolysis and thrombectomy mean 
that reperfusion is routinely achievable. Consequently, 
we have entered an era in which cytoprotective therapies 
as an adjunct treatment could provide tangible clinical 
benefits by protecting salvageable tissue in advance of 
reperfusion therapy. In addition, technological and 
methodological advances have created conditions that 
are increasingly favourable for clinical application of 
cytoprotective therapy. We now have advanced imag-
ing that enables identification of patients in whom the 
therapeutic target for cytoprotection — the ischaemic 

penumbra — is present. Trial designs have improved 
so that the likelihood of detecting treatment effects is 
higher. We also have better processes for preclinical 
modelling in animals that emphasize rigour, reproduc-
ibility and the use of multicentre studies, making for 
more efficient identification of promising drugs that 
should be taken forward to clinical trials. These factors 
are converging to create an environment that is more 
likely than ever to produce successful cytoprotective 
therapies for AIS.
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