’ © 2026 Journal of Pharmacy & Pharmacognosy Research, 14 (2), 2474, 2026
ISSN 0719-4250

https://jppres.com

N
w DOI: https://doi.org/10.56499/jppres 14.2.2474
Review

Systematic review of N-acetylcysteine as an adjunct therapy in
acute stroke: Clinical outcomes, biomarker modulation, and safety

[Revisién sistematica de la N-acetilcisteina como terapia adyuvante en el ictus agudo: resultados clinicos, modulaciéon de
biomarcadores y seguridad]

Dodik Tugasworo®, Retnaningsih, Arrizki Azka Pratama, Elvika Chandra

Department of Neurology, Dr. Kariadi Hospital. Faculty of Medicine. Diponegoro University, Semarang, Indonesia.
*E-mail: dodiktugasworo152314@gmail.com

Abstract

Context: Oxidative stress and neuroinflammation contribute significantly to acute stroke pathophysiology. N-acetylcysteine (NAC), a thiol-containing
antioxidant and glutathione precursor, exhibits neuroprotective effects in preclinical models. However, its clinical efficacy remains unclear.

Aims: To systematically evaluate the efficacy and safety of NAC as an adjunct therapy in acute stroke, focusing on neurological outcomes, biomarker
modulation, and tolerability.

Methods: A PRISMA-guided search of PubMed, Scopus, ScienceDirect, Google Scholar, and Cochrane Library identified randomized controlled trials (RCTs) of
NAC in ischemic or hemorrhagic stroke (2013-2025). Risk of bias was assessed using the Cochrane RoB 2.0 tool.

Results: Five RCTs involving 408 patients were included. NAC improved early NIH Stroke Scale (NIHSS) scores in four trials, particularly with intravenous or
selenium-combined formulations. Biomarker studies reported reduced oxidative (MDA, TOS) and inflammatory markers (IL-6, ICAM-1) with increased
antioxidant enzymes (SOD, GPx). Functional recovery at 90 days (mRS) was inconsistent. No significant increase in adverse events, bleeding, or mortality was
observed.

Conclusions: NAC may provide short-term neurological and biochemical benefits in acute stroke without added safety risks. However, its impact on long-term
functional recovery remains inconclusive, warranting larger biomarker-guided trials.
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Resumen

Contexto: El estrés oxidativo y la neuroinflamacién contribuyen de manera significativa a la fisiopatologia del ictus agudo. La N-acetilcisteina (NAC), un
antioxidante que contiene grupo tiol y precursor del glutation, exhibe efectos neuroprotectores en modelos preclinicos. Sin embargo, su eficacia clinica atn
no esta clara.

Objetivos: Evaluar sistematicamente la eficacia y la seguridad de la NAC como terapia adyuvante en elictus agudo, centrandose en los resultados neuroldgicos,
la modulacién de biomarcadoresy la tolerabilidad.

Métodos: Se realizé una blsqueda guiada por PRISMA en PubMed, Scopus, ScienceDirect, Google Scholar y la Biblioteca Cochrane para identificar ensayos
controlados aleatorizados (ECA) sobre la NAC en el ictus isquémico o hemorragico (2013-2025). El riesgo de sesgo se evalué mediante la herramienta Cochrane
RoB 2.0.

Resultados: Se incluyeron cinco ECA, con un total de 408 pacientes. La NAC mejord las puntuaciones iniciales de la escala NIHSS (NIHSS) en cuatro ensayos,
especialmente con formulaciones intravenosas o combinadas con selenio. Los estudios de biomarcadores mostraron una reduccién de los marcadores
oxidativos (MDA, TOS) e inflamatorios (IL-6, ICAM-1), junto con un aumento de las enzimas antioxidantes (SOD, GPx). La recuperacion funcional a los 90 dias
(mRS) fue inconsistente. No se observé un aumento significativo de eventos adversos, de hemorragias ni de mortalidad.

Conclusiones: La NAC podria proporcionar beneficios neurolégicos y bioquimicos a corto plazo en el ictus agudo sin riesgos adicionales para la seguridad. Sin
embargo, su impacto en la recuperacidn funcional a largo plazo sigue siendo incierto, lo que justifica la realizacién de ensayos mas amplios guiados por
biomarcadores.

Palabras Clave: N-acetilcisteina; ictus agudo; antioxidantes; ictus hemorragico; ictus isquémico; neuroproteccion.
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Abbreviations: aSAH: Aneurysmal Subarachnoid Hemorrhage; AE: Adverse Event; BBB: Blood-Brain Barrier; BID: Twice Daily; CAT:
Catalase; CT: Computed Tomography; GPx: Glutathione Peroxidase; ICU: Intensive Care Unit; ICAM-1: Intercellular Adhesion Molecule-1;
ICH: Intracerebral Hemorrhage; IL-6: Interleukin-6; LOS: Length of Stay; MDA: Malondialdehyde; mRS: Modified Rankin Scale; NAC: N-
acetylcysteine; NF-xB: Nuclear Factor Kappa-light-chain-enhancer of activated B cells; NIHSS: National Institutes of Health Stroke Scale;
NSE: Neuron-Specific Enolase; NO: Nitric Oxide; PHE: Perihematomal Edema; RASS: Richmond Agitation-Sedation Scale; RCT: Randomized
Controlled Trial; ROS: Reactive Oxygen Species; rtPA: Recombinant Tissue Plasminogen Activator; SAE: Serious Adverse Event; Se:
Selenium; SICH: Symptomatic Intracerebral Hemorrhage; sSICAM-1: Soluble Intercellular Adhesion Molecule-1; TAC: Total Antioxidant
Capacity; TNF-a: Tumor Necrosis Factor-alpha; TOS: Total Oxidant Status; TTG: Total Thiol Group; VWE: Von Willebrand Factor.

INTRODUCTION

Acute stroke remains a major contributor to global
disability-adjusted life years (DALYs) and is recog-
nized as one of the leading causes of mortality world-
wide. Stroke is defined as a sudden onset of neurolog-
ical deficit due to either interruption (ischemic stroke)
or rupture (hemorrhagic stroke) of cerebral blood ves-
sels. The clinical presentation varies depending on the
affected brain region but often includes motor weak-
ness, speech disturbances, visual impairment, and al-
tered consciousness (Sacco et al., 2013). Prompt recog-
nition and treatment are essential to minimize irre-
versible brain injury and improve outcomes.

Ischemic stroke accounts for over 80% of cases, typ-
ically resulting from cerebral vessel occlusion, ische-
mia, mitochondrial dysfunction, and the excessive
generation of reactive oxygen species (ROS) (Li et al.,
2024). Crucial pathophysiological processes in stroke
involve oxidative stress, endothelial dysfunction, dis-
ruption of the blood-brain barrier (BBB), and neuroin-
flammation (Li et al., 2024; Nian et al., 2020). These
pathways are characterized by elevated levels of oxi-
dative markers such as malondialdehyde (MDA) and
total oxidant status (TOS), and inflammatory markers
like interleukin-6 (IL-6) (Mahmoudinezhad et al.,
2023). Additionally, reduced plasma glutathione levels
have been linked to a poor prognosis in acute stroke
patients (Maksimova et al., 2021).

Despite continuous advancements in reperfusion
therapy, neuroprotective options for acute stroke re-
main extremely limited. While recombinant tissue
plasminogen activator (rtPA) and mechanical throm-
bectomy are time-dependent, their applicability is re-
stricted to a subset of patients. Furthermore, these in-
terventions do not directly address secondary neu-
ronal injury mechanisms, including oxidative stress
and neuroinflammation. Consequently, pharmacolog-
ical agents targeting these downstream pathways are
of significant interest, particularly those with favorable
safety profiles, such as N-acetylcysteine (NAC) (Koma-
kula et al., 2024).

NAC, a cysteine-derived compound, possesses
well-established antioxidant and anti-inflammatory
properties. It functions as a precursor to glutathione,
directly scavenges ROS, and downregulates pro-in-
flammatory molecules like intercellular adhesion
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molecule-1 (ICAM-1) and matrix metalloproteinase-9
(Fernandez-Léazaro et al., 2023; Mahmoudinezhad et
al., 2023). Excitotoxicity may also be reduced by NAC
through the modulation of glutamate levels (Kim et al.,
2024; Sonia et al., 2025; Wright et al., 2016). Preclinical
studies have consistently demonstrated that NAC re-
duces oxidative stress, cerebral edema, and neuronal
apoptosis, alongside improving survival in ischemia-
reperfusion models of stroke (Tugasworo et al., 2023).
More recent approaches, including the combination of
NAC with selenium or its delivery via nanoparticle-
based systems, have been explored to enhance central
nervous system penetration and therapeutic efficacy
(Fayyazi et al., 2023).

Given the escalating global burden of stroke and
the limited therapeutic arsenal available for modulat-
ing secondary brain injury, there is a compelling need
to evaluate agents that may offer clinical benefit be-
yond reperfusion. NAC’s widespread availability, es-
tablished safety profile, and plausible biological activ-
ity position it as a strong candidate for repurposing in
acute stroke management. However, existing clinical
trials vary significantly in design, outcome measures,
and population characteristics, necessitating a system-
atic assessment of the current evidence base (Sa-
betghadam et al., 2020).

This systematic review aims to address the follow-
ing research question based on the PICO framework:
In adult patients with acute stroke (Population), does
N-acetylcysteine (Intervention), compared to placebo
or standard care (Comparison), improve neurological
outcomes, modulate oxidative and inflammatory bi-
omarkers, and maintain safety (Outcomes)? Previous
randomized controlled trials (RCTs) investigating
NAC in acute ischemic and hemorrhagic stroke have
yielded inconsistent findings, particularly regarding
long-term functional recovery and biomarker re-
sponse. Furthermore, prior reviews of NAC have often
focused on preclinical data or failed to systematically
assess human RCTs using standardized tools. With the
recent emergence of new clinical trials between 2020
and 2024, there is a clear need to consolidate and eval-
uate this updated evidence on NAC's efficacy and
safety. Therefore, this systematic review was con-
ducted to synthesize current clinical trial data on NAC
in acute stroke, clarify its therapeutic potential, and
identify gaps for future research. By comprehensively
incorporating both neurological and biochemical
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outcomes and utilizing rigorous quality assessment
tools, this review aims to provide a clinically relevant
evaluation to inform future clinical trials, guidelines,
and policy recommendations.

MATERIAL AND METHODS

This systematic review was conducted in accord-
ance with the PRISMA 2020 guidelines (Page et al.,
2021). Prior to its initiation, this review was not pro-
spectively registered in a public database such as
PROSPERO; however, all methodological steps were
meticulously planned and executed to ensure trans-
parency and reproducibility.

Search strategy

A comprehensive search was performed across five
electronic databases —PubMed, Scopus, Cochrane Li-
brary, ScienceDirect, and Google Scholar — from incep-
tion to April 18 2025.

The full search strings utilized for each database are
provided in Appendix 1 to ensure reproducibility. The
search strategy combined Medical Subject Headings
(MeSH) and free-text keywords related to the interven-
tion and condition, including: (“N-acetylcysteine” OR
“NAC”) AND (“stroke” OR “acute stroke” OR “is-
chemic stroke” OR “hemorrhagic stroke”) AND (“neu-
roprotection” OR “antioxidant” OR “inflammation”)

Search terms were adapted to each database's syn-
tax. Boolean operators (AND, OR) were applied to re-
fine the search. Additionally, reference lists of relevant
articles were manually screened to identify eligible
studies. The final search was conducted on April 18,
2025.

Inclusion criteria

Studies were included in the review if they were
published between 2013 and 2025 and involved human
participants aged 18 years or older diagnosed with
acute stroke (ischemic, hemorrhagic, or subarachnoid).
The intervention required NAC administered as either
primary or adjunctive therapy. Eligible study designs
were limited to randomized controlled trials, compar-
ative clinical trials, or pilot trials. For a study to be in-
cluded, at least one specified outcome had to be re-
ported. These outcomes were categorized as neurolog-
ical and functional recovery (e.g., National Institutes of
Health Stroke Scale [NIHSS], modified Rankin Scale
[mRS]); inflammatory biomarkers (e.g., interleukin-6
[IL-6], tumor necrosis factor-alpha [TNF-a], soluble in-
tercellular adhesion molecule-1 [sICAM-1], neopterin);
oxidative stress markers (e.g., malondialdehyde
[MDA], total oxidant status [TOS], total antioxidant ca-
pacity [TAC], superoxide dismutase [SOD], glutathi-
one peroxidase [GPx], total thiol group [TTG], Nitric
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Oxide [NOJ); or safety outcomes (e.g., Intensive Care
Unit [ICU]/hospital stay, adverse events [AE], serious
adverse events [SAE], mortality, Perihematomal
Edema [PHE], Intracerebral Hemorrhage [ICH], Symp-
tomatic Intracerebral Hemorrhage [SICH]). Inclusion
was restricted to studies with full-text availability in
English.

Exclusion criteria

Studies were excluded if they were identified as an-
imal or in vitro studies. Publication types such as re-
views, editorials, letters, or case reports were also ex-
cluded. Furthermore, studies were excluded if NAC
was used only as a background treatment or in combi-
nation therapies where its specific effect could not be
isolated. Exclusion criteria were also met if relevant
outcomes related to neurological function, oxidative
stress, or inflammation were not reported. Finally,
studies were excluded if full-text access was not avail-
able or if the publication was in a language other than
English.

Data extraction

Data were independently extracted from each in-
cluded study by two reviewers using a standardized
form. Information was recorded on study characteris-
tics (first author, year, country, study design), popula-
tion details (sample size, age, inclusion criteria), and
specifics of the NAC intervention (dose, route, dura-
tion) and its comparator (placebo or standard treat-
ment). Furthermore, data on all relevant outcome
measures were collected, including neurological and
functional recovery, inflammatory biomarkers, oxida-
tive stress markers, and safety outcomes, along with
the key results. Any disagreements between reviewers
during this process were resolved through discussion
or by consulting a third reviewer.

Risk of bias

The methodological quality of each study was eval-
uated using the Cochrane Risk of Bias 2.0 (RoB 2) tool
for randomized trials. Five domains were assessed: the
randomization process, deviations from intended in-
terventions, missing outcome data, measurement of
outcomes, and selection of the reported result. Each
domain was rated as “low risk,” “some concerns,” or
“high risk,” and an overall risk of bias assessment was
determined accordingly.

To ensure the rigor and reliability of the risk of bias
assessment, two independent reviewers assessed the
risk of bias for each included study using the prede-
fined criteria of the RoB 2 tool. Any discrepancies in
the initial ratings were resolved through thorough dis-
cussion between the two reviewers. When consensus
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could not be reached, a third senior reviewer was con-
sulted to arbitrate and facilitate a final agreement.

Data synthesis

Given the significant clinical and methodological
heterogeneity observed among the included studies, a
formal meta-analysis was precluded. These differences
included variations in stroke subtype, patient popula-
tion characteristics, NAC dosing regimens, administra-
tion routes, treatment durations, and diverse outcome
measures. Consequently, a comprehensive narrative
synthesis was performed to systematically summarize
the findings. Data were organized into four primary
domains: neurological and functional recovery (e.g.,
NIHSS, mRS), inflammatory biomarkers (e.g., IL-6,
TNF-a, sSICAM-1, neopterin), oxidative stress markers
(e.g., MDA, TOS, TAC, SOD, GPx), and safety out-
comes (e.g., ICU/hospital stay, adverse events, mortal-
ity).

To enhance interpretability despite the absence of a
meta-analysis, quantitative summary measures, such
as effect size ranges or reported mean differences with
confidence intervals, were extracted and presented
where available. Findings were compared across stud-
ies to identify patterns of consistency or divergence,
with interpretation being guided by individual study
quality, intervention specifics, and population profiles.
Furthermore, a planned subgroup synthesis was con-
ducted to differentiate the effects of pure NAC inter-
ventions from those involving NAC combined with
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selenium, aiming to clarify differential efficacy. Out-
comes measured at standardized time points (e.g., 30
days, 90 days) and subgroup analyses (e.g., responders
vs. non-responders) were highlighted when reported
by the original studies.

RESULTS

Study selection

A total of 1,179 records were initially identified
through database searches: PubMed (n =12), Scopus (n
= 84), ScienceDirect (n = 270), and Google Scholar (n =
813). No relevant records were retrieved from the
Cochrane Library. After removing 50 duplicates, 1,129
titles and abstracts were screened for relevance. Dur-
ing the screening phase, 1,117 records were excluded
for failing to meet the inclusion criteria or being irrele-
vant to the study objective. Twelve full-text articles
were retrieved and assessed for eligibility.

Following the full-text review, seven articles were
excluded for specific reasons. Four studies were ex-
cluded because they were identified as preclinical ani-
mal models; two were excluded for lacking relevant
clinical outcomes, and one study was removed because
its full text could not be obtained. As a result, five ran-
domized controlled trials were deemed eligible and
were included in the final synthesis. The entire study
selection process is summarized in the PRISMA flow
diagram (Fig. 1).

Records identified from
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Google Scholar= 813
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Figure 1. PRISMA flowchart.

Records removed before
screening:

Duplicate records =
50

Reports excluded: (7)

+ Animal models (4)
Outcomes not relevant (2)
+  Full text not available (1)

https://jppres.com

J Pharm Pharmacogn Res (2026) 14(2): 4


https://jppres.com/

Tugasworo et al.

Study characteristics

Five RCTs published between 2020 and 2024 were
included in this review. The studies were conducted in
three countries: South Korea (n = 2), Iran (n = 2), and
India (n =1), encompassing a total of 408 patients, with
individual sample sizes ranging from 40 to 123.

All studies enrolled adult patients with acute
stroke, though the subtype varied. Three trials focused
on acute ischemic stroke (Farzandway et al., 2023; Ko-
makula et al., 2024; Sabetghadam et al., 2020), one ex-
amined intracerebral hemorrhage (ICH) (Kim et al,,
2021), and one investigated aneurysmal subarachnoid
hemorrhage (aSAH) (Kim et al., 2023). Most trials in-
cluded patients aged 18-80 years, with additional cri-
teria such as ICU admission, symptom onset within 24
hours, or minimum NIHSS scores applied variably.

Intervention characteristics varied substantially.
Three studies administered intravenous NAC: one
used continuous infusion after a bolus dose (Far-
zandway et al., 2023), while two combined NAC with
selenium (Kim et al., 2021; 2023). Komakula et al. (2024)
applied a single high-dose bolus (150 mg/kg) along-
side rtPA, and Sabetghadam et al. (2020) administered
oral NAC over 72 hours (12 g total).

Comparators included standard care or placebo in
most studies, with Komakula et al. (2024) using rtPA
alone as the control. NAC was initiated between 4.5 to
24 hours of symptom onset or hospital admission, with
durations ranging from a single bolus to 14 days. These
trials exhibited heterogeneity in design, dosing, ad-
ministration route, stroke subtype, and outcome
measures, underscoring the need for more standard-
ized protocols in the future. Detailed study character-
istics are presented in Table 1.

Risk of bias assessment

Risk of bias (RoB) was assessed across the five in-
cluded randomized controlled trials using the
Cochrane RoB 2 tool, which evaluates five domains:
the randomization process, deviations from intended
interventions, missing outcome data, outcome meas-
urement, and selection of the reported result.

Three studies—Kim et al. (2021), Kim et al. (2023),
and Farzandway et al. (2023) —were rated as having
“some concerns” in the domain of deviations from in-
tended interventions, primarily due to their single-
blind design. In these trials, participants were aware of
their group allocation, while outcome assessors re-
mained blinded.

Specifically, in the Kim et al. (2021) study, patients
with ICH were aware whether they were receiving
NAC + selenium or a placebo. Similarly, in the Kim et
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al. (2023) study, patients with aSAH were unblinded to
their treatment assignment. The Farzandway et al.
(2023) study also employed a single-blind design, in
which patients knew their assigned group. This open-
label nature of the study introduced a potential for per-
formance bias, particularly in studies assessing subjec-
tive outcomes, as participants' expectations may influ-
ence their symptom reporting or behavior. While par-
ticipants' knowledge of group allocation is a limitation,
the consistent blinding of outcome assessors in these
trials mitigated the risk of detection bias, ensuring that
the measurement of clinical and biochemical outcomes
was not influenced by knowledge of the intervention
group. This specific type of "some concerns" highlights
a potential for performance bias rather than fundamen-
tal flaws in the data collection or reporting.

In contrast, Komakula et al. (2024) conducted a
Phase 2 randomized pilot trial using a Prospective
Randomized Open-label with Blinded Endpoint
(PROBE) design. As a feasibility and safety study, it
was not powered to detect significant clinical differ-
ences, and its small sample size introduced inherent
imprecision. Despite this, the trial demonstrated
strong methodological rigor, employing centralized
randomization, concealed allocation, and blinded end-
point evaluation. All RoB domains in this study were
rated as “low risk.”

Similarly, Sabetghadam et al. (2020) reported low
risk of bias across all five domains, reflecting high
methodological quality due to its double-blind, pla-
cebo-controlled design, in which both participants and
investigators were unaware of treatment assignments.

While most included trials had minor limitations,
particularly regarding blinding procedures, the pres-
ence of two studies with uniformly low risk of bias en-
hances the overall credibility of the evidence synthe-
sized in this review. A summary of RoB judgments is
presented in Fig. 2.

Synthesis

To address heterogeneity in outcomes and disen-
tangle the effects of NAC, particularly with selenium
co-administration, findings are synthesized by out-
come domain and, where feasible, by stroke subtype
and intervention type (pure NAC vs. NAC + sele-
nium).

Neurological and functional outcomes

Neurological and functional outcomes were as-
sessed in all five studies. In studies where NAC was
combined with selenium, no statistically significant
improvement in modified Rankin Scale (mRS) scores at
30 days was reported between NAC + selenium and
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Table 1. Characteristics of the five included studies.

N-acetylcysteine as an adjunct therapy in acute stroke

Intervention
First author, Stut!y Study . Population (NAC dose, Outcome
year setting: design Sample size characteristics route, Comparator measures Key results
country :
duration)
Kim, et al. South Multicen 103 (53 NAC Adults aged 18-80 NAC 2000 Placebo IV mRS at 30 v ICU stay (8.3 vs.
(2023) Korea ter, +Se, 50 with aSAH; ICU mg/day IV (1000 days; 11.2 days, p=0.008);
single- control) stay >48 hours mg BID) + Se ICU/hospital no difference in
blind 1600 pg/day IV stay; mRS or imaging
RCT for 14 days; vasospasm;
within 24 hours hydrocephalus;
of admission PHE
Kim, et al. South Multicen 123 (57 NAC Adults aged 18-80 NAC 2000 Placebo IV PHE volume v PHE volume
(2021) Korea ter, +Se, 66 with acute ICH; mg/day IV + Se (CT at 2 weeks);  (21.90 vs. 30.66,
single- control) ICU stay 248 hours 1600 pg/day IV RASS, p<0.01); ¥ ICU stay
blind for 14 days; ICU/hospital (6.46 vs. 12.66 days,
RCT <24h of stay, mRS at 30 p<0.01); v sedation
admission days time (5.98 vs. 8.42
hours, p<0.01); no
difference in mRS
Farzandway, et Iran Single- 74 (37 per Adults with NAC 100 mg/kg Standard care Biomarkers v TOS (p =0.02) ;
al. 2023 blind group) ischemic stroke; IV bolus + 10 only (TAC, TOS, improved NIHSS
RCT mean age ~62.5 mg/kg/h over MDA, catalase, (p<0.001);  CAT
years 10 hours; added paraoxonase, (p<0.001),
to standard neopterin); paraoxonase
care NIHSS (p<0.001), TAC
(p<0.001) in
responders; v MDA
(p<0.001), neopterin
(p=0.001), TOS
(p<0.001) in
responders
Sabetghadam, Iran Double- 68 (33 NAC, Ischemic stroke Oral NAC 4g Placebo oral NIHSS and ¥ NIHSS (-6 vs. -2,
etal. 2020 blind 35 control) within 24 hour, loading, then 4 solution mRS at 90 p=0.02); » favorable
RCT NIHSS 3-22 g/day (1g QID) x days; IL-6, MRS (57.6% vs.
2 days SICAM-1,MDA,  28.6%, p=0.02); &
SOD, GPx, TTG, SOD, GPx, TTG
NO, NSE, TNF-a (p<0.001, p=0.01,
p=0.01,
respectively); ¥ IL-6,
sICAM-1, MDA, NO,
NSE (p<0.001,
p<0.001, p=0.04,
p<0.001, p<0.001,
respectively)
Komakula, et India Open- 40 (19 NAC+  AIS within 4.5h, NAC 150 mg/kg IV alteplase Safety (ICH, 4 early neurological
al. 2024 label, rtPA, 21 eligible for IV IV once + IV (rtPA) only bleeding); improvement (v
blinded- control) thrombolysis alteplase NIHSS at 24h; NIHSS at 24 hours,
assessor mRS at 90d; p=0.03); safe (no
RCT mortality; ICH or bleeding); no
(PROBE) recanalization mRS differences; no

mortality
differences

Abbreviations: aSAH: Aneurysmal Subarachnoid Hemorrhage; AlS: Acute Ischemic Stroke; BID: Twice Daily; CAT: Catalase; CT: Computed Tomography; GPx: Glutathione Peroxidase; ICAM-1:
Intercellular Adhesion Molecule-1; ICH: Intracerebral Hemorrhage; ICU: Intensive Care Unit; IL-6: Interleukin-6; IV: Intravenous; MDA: Malondialdehyde; mRS: Modified Rankin Scale; NAC: N-
acetylcysteine; NIHSS: National Institutes of Health Stroke Scale; NO: Nitric Oxide; NSE: Neuron-Specific Enolase; PHE: Perihematomal Edema; PROBE: Prospective Randomized Open-label
with Blinded Endpoint; RASS: Richmond Agitation-Sedation Scale; RCT: Randomized Controlled Trial; rtPA: Recombinant Tissue Plasminogen Activator; Se: Selenium; sICAM-1: Soluble
Intercellular Adhesion Molecule-1; SOD: Superoxide Dismutase; TAC: Total Antioxidant Capacity; TNF-a: Tumor Necrosis Factor-alpha; TOS: Total Oxidant Status; TTG: Total Thiol Group.

control groups (e.g., mean mRS: 2.6 vs. 2.2, p=0.105
(Kim et al.,, 2021; 2023). However, in these studies,
NAC-treated patients achieved sedation targets earlier
and had shorter ICU stays.

In contrast, favorable neurological effects, primar-
ily assessed using the NIH Stroke Scale (NIHSS), were
demonstrated in three trials that used either pure NAC
or NAC + rt-PA. Farzandway et al. (2023) reported sig-
nificantly lower NIHSS scores across all follow-up in-
tervals in the NAC group (p<0.001). Sabetghadam et
al. (2020) observed both a greater reduction in NIHSS
(=6 vs. =2, p=0.02) and a higher proportion of favorable
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mRS outcomes at 90 days (57.6% vs. 28.6%, p=0.02).
Komakula et al. (2024) also reported early neurological
recovery (median NIHSS: 2 vs. 8, p=0.03), although
mRS scores at 90 days did not differ significantly be-
tween groups.

While some studies reported significant reductions
in NIHSS scores, the clinical meaningfulness of these
changes warrants further discussion. A reduction of 4
points on the NIHSS is generally considered a minimal
clinically important difference, indicating a tangible
improvement in neurological deficit.
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Figure 2. Quality assessment of the five included studies, Cochrane RoB2.
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The observed reductions in NIHSS scores in some
trials appear to meet or approach this threshold. How-
ever, the inconsistent long-term functional recovery,
particularly regarding mRS at 90 days, remains a criti-
cal point of heterogeneity

Inflammatory biomarkers

Changes in inflammatory biomarkers following
NAC administration were evaluated in two studies.
Significant reductions in IL-6 and sICAM-1 were re-
ported by Sabetghadam et al. (2020) within 72 hours (p
< 0.001), indicating an acute anti-inflammatory re-
sponse. Similarly, Farzandway et al. (2023) observed a
significant decrease in neopterin levels among patients
classified as NAC responders (p=0.001), although no
significant group-level difference was noted. These re-
sults suggest possible inter-individual variability in
NAC’s immunomodulatory effects.

Oxidative stress biomarkers

Antioxidant effects of NAC, particularly in respon-
sive subgroups, were demonstrated in both biomarker-
focused studies. Farzandway et al. (2023) reported sig-
nificant reductions in TOS and MDA, along with in-
creases in total antioxidant capacity (TAC), catalase,
and paraoxonase (p<0.001 in responders). Sa-
betghadam et al. (2020) also reported decreased levels
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of MDA and nitric oxide (NO), as well as elevated en-
zymatic antioxidants, such as superoxide dismutase
(SOD) and glutathione peroxidase (GPx). These find-
ings indicate NAC’s role in mitigating oxidative stress
during the acute phase of stroke.

Safety, mortality, and adverse events

Favorable safety outcomes were reported across all
studies with NAC administration. No significant in-
crease in serious adverse events (SAEs) or mortality
was observed. Mild events, such as gastrointestinal
discomfort, pruritus, or minor bleeding, were infre-
quent, self-limiting, and non-severe. Notably, NAC-
treated groups experienced comparable or reduced
ICU stays without elevated risk of hemorrhagic com-
plications, indicating favorable tolerability in both is-
chemic and hemorrhagic stroke populations. Detailed
outcome data for each study are presented in Table 2.

A favorable safety profile was demonstrated with
NAC administration across all reviewed studies. No
significant increase in SAEs or mortality was observed.
Mild events, such as gastrointestinal discomfort, pruri-
tus, or minor bleeding, were reported to be infrequent,
self-limiting, and non-severe. Consistent tolerability
was indicated in both ischemic and hemorrhagic stroke
populations, with NAC-treated groups experiencing
comparable or reduced ICU stays without an elevated
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risk of hemorrhagic complications, even in patients re-
ceiving concurrent thrombolytics (Komakula et al.,
2024).

Mechanistic insights

The observed clinical and biochemical findings
align with mechanistic data primarily derived from
preclinical studies and broader reviews on NAC’s bio-
logical activities. NAC functions by replenishing glu-
tathione (GSH), a central intracellular antioxidant, and
directly scavenging ROS through its thiol group.17,18
Preclinical models of cerebral ischemia have demon-
strated NAC’s ability to reduce infarct size, preserve
blood-brain barrier integrity, and suppress pro-in-
flammatory mediators such as inducible nitric oxide
synthase and nuclear factor-kappaB (NF-xB) (Tu-
gasworo et al., 2023). These mechanisms are reflected
in clinical trials reporting reductions in TOS, MDA,
and NO, along with increases in catalase, paraoxonase,
and TAC. The clinical relevance of oxidative stress bi-
omarkers is underscored by the association of higher
circulating levels of TAC and MDA with increased 30-
day mortality in severe ischemic stroke (Lorente et al.,
2016).

Consistent with prior animal models, NAC signifi-
cantly reduced neuronal degeneration in an ischemia-
reperfusion model of acute stroke. Inflammatory

Table 2. Outcome synthesis of the five included studies.

N-acetylcysteine as an adjunct therapy in acute stroke

markers, including IL-6 and ICAM-1, also declined fol-
lowing NAC treatment, consistent with its inhibitory
effects on NF-kB signaling (Singh et al., 2007). Some ev-
idence suggests NAC may also reduce vascular cell ad-
hesion molecule-1 expression, thereby limiting leuko-
cyte-endothelial adhesion (Kesidou et al., 2022). These
pathways are supported by evidence from animal
models showing reduced microglial activation and
dampened neuroinflammation. NAC's neuroprotec-
tive effects are also implicated in the modulation of
glutamate levels and the detoxification of toxic alde-
hydes. such as acrolein via glutathione S-transferases.

Beyond classical oxidative and anti-inflammatory
actions, NAC may influence thrombotic processes. Dis-
rupting disulfide bonds in von Willebrand factor
(VWF) is suggested to facilitate clot resolution and im-
prove perfusion (Truini et al., 2015). This is supported
by a pilot trial showing that NAC combined with rtPA
improved early neurological outcomes without in-
creased bleeding risk. Furthermore, in hyperglycemic
animal models of stroke, NAC has been shown to in-
duce recanalization without increasing hemorrhagic
transformations, an effect attributed to its vVWF-target-
ing properties. However, detailed mechanisms under-
lying these findings within the scope of the included
human trials are limited, and further investigation is
needed to confirm these pathways (Saniei et al., 2024).

No Study Neurological/functional outcomes

Inflammatory
biomarkers

Safety,
mortality,
adverse events

Oxidative biomarkers

1 Kimetal., 2023  No mRS difference at 30 days; v ICU Not assessed Not assessed No 1 in SAE; well
stay (8.3 vs. 11.2 days, p=0.008) tolerated
2 Kimetal., 2021  No difference in 30-day mRS; v Not assessed 1 Seondays7&14 No SAE
sedation time (5.98 vs. 8.42 hours, difference; well
p<0.01); ¥ ICU stay (6.46 vs. 12.66 tolerated
days, p<0.01)
3 Farzandway et ¥ NIHSS at all time points (24 hto 3 Vv Neopterin (in ¥ TOS (in responders, p<0.001); v No SAE; good
al., 2023 months, p<0.001) responders, MDA (in responders, p<0.001); » tolerability
p=0.001) TAC (in responders, p<0.001); »
CAT (in responders, p<0.001); »
paraoxonase (in responders,
p<0.001)
4 Sabetghadam ¥ NIHSS (-6 vs. -2, p=0.02); » ¢ IL-6 (p<0.001); ¥ ¥ MDA (p=0.04); v NO (p<0.001); » Mild GI
etal., 2020 favorable mRS at 90 days (57.6% vs. sICAM-1 (p<0.001); SOD (p<0.001); » GPx (p=0.01); » symptoms; no
28.6%, p=0.02) v TNF-a (trend) TTG (p=0.01); » TAC (trend) SAE; low
mortality
5 Komakula et ¥ NIHSS at 24 hours (p=0.03); no Not assessed Not assessed No 2 inICH or
al., 2024 difference in mRS at 90d bleeding; mild
AEs only; no

mortality diff

Abbreviations: AE: Adverse Event; CAT: Catalase; Gl: Gastrointestinal; GPx: Glutathione Peroxidase; ICAM-1: Intercellular Adhesion Molecule-1; ICH: Intracerebral
Hemorrhage; ICU: Intensive Care Unit; IL-6: Interleukin-6; MDA: Malondialdehyde; mRS: Modified Rankin Scale; NAC: N-acetylcysteine; NIHSS: National Institutes of
Health Stroke Scale; NO: Nitric Oxide; SAE: Serious Adverse Event; Se: Selenium; sICAM-1: Soluble Intercellular Adhesion Molecule-1; SOD: Superoxide Dismutase; TAC:
Total Antioxidant Capacity; TNF-a: Tumor Necrosis Factor-alpha; TOS: Total Oxidant Status; TTG: Total Thiol Group.
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Figure 3. Integrative mechanism of action of N-acetylcysteine (NAC) in acute stroke.

| leukocyte
| fon' &

! infiltration

Inhibit

NF-kB pathway

Cytokine
activation

Apoptosis
Cell

{ Neuronal
apoptosis

Blood Brain
Barrier

This figure illustrates the primary pathways through which NAC exerts its therapeutic effects. Following an acute stroke, NAC acts via four main mechanisms: (A)
Antioxidant Effects: It serves as a precursor to glutathione (GSH) and directly scavenges reactive oxygen species (ROS), leading to a reduction in oxidative stress
markers (MDA, TOS) and an increase in antioxidant capacity (SOD, GPx, TAC). (B) Anti-inflammatory Effects: NAC inhibits the NF-kB pathway, downregulating the
expression of pro-inflammatory cytokines (IL-6) and adhesion molecules (sICAM-1), thereby reducing neuroinflammation. (C) Neuroprotective Effects: It helps
preserve blood-brain barrier (BBB) integrity and modulates glutamate levels, protecting against excitotoxicity and neuronal apoptosis. (D) Anti-thrombotic Effects:
NAC may disrupt von Willebrand factor (vWF) multimers, potentially improving reperfusion. These integrated actions lead to clinically relevant outcomes, including
reduced secondary brain injury, early neurological improvement (decreased NIHSS), and a favorable safety profile.

Integrative mechanism of action

To synthesize the biological rationale for NAC in
acute stroke, Fig. 3A-D maps four convergent path-
ways and links them to clinical signals discussed in this
review. NAC amplifies antioxidant defense by replen-
ishing glutathione, scavenging reactive oxygen spe-
cies, lowering lipid peroxidation and total oxidative
status, and boosting endogenous enzymes (SOD, GPx,
TAC). It attenuates inflammation by dampening NF-
kB activity, thereby downmodulating endothelial
ICAM-1 and cytokine output (e.g., IL-6), thereby limit-
ing leukocyte adhesion and microvascular injury.
NAC also provides neuroprotection/anti-excitotoxic
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effects by moderating glutamate/NMDA-dependent
Ca?" influx, curbing apoptosis, and helping maintain
blood-brain barrier integrity —mechanisms that relate
to edema control. Finally, an antithrombotic facet—
disruption of disulfide bonds within von Willebrand
factor multimers—may temper platelet aggregation
and aid reperfusion without a bleeding signal. Taken
together, these axes align with the pattern seen across
trials: improvements in oxidative/inflammatory bi-
omarkers (including lower circulating sICAM-1 and
IL-6), early neurological gains (lower NIHSS), reduced
perihematomal edema and shorter ICU stay in hemor-
rhagic cohorts, and an overall favorable safety profile.
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DISCUSSION

Overview of main findings

This review summarizes data from five random-
ized controlled trials that investigated NAC in acute
stroke, covering both ischemic and hemorrhagic forms.
Early neurological improvement, particularly in is-
chemic stroke, was associated with NAC administra-
tion, evidenced by reductions in NIHSS scores within
24-72 hours post-administration (Farzandway et al.,
2023; Komakula et al., 2024; Sabetghadam et al., 2020).
Sustained improvement at 90 days, including better
modified Rankin Scale (mRS) scores, was reported by
one study (Sabetghadam et al., 2020). These effects
were more pronounced in trials using intravenous
NAC or formulations combining NAC with selenium,
potentially indicating enhanced systemic bioavailabil-
ity and antioxidant capacity (Farzandway et al., 2023;
Kim et al., 2021).

Pharmacodynamic activity of NAC was supported
by biochemical endpoints. Decreased levels of oxida-
tive markers, such as MDA, TOS, and NO, alongside
inflammatory markers like IL-6 and ICAM-1, were ob-
served. These changes were accompanied by increases
in antioxidant enzymes, including SOD, GPx, and TTG
(Komakula et al., 2024; Sabetghadam et al., 2020). In
hemorrhagic stroke, while 30-day mRS outcomes did
not significantly differ, NAC-selenium combinations
were associated with shorter Intensive Care Unit (ICU)
stays and reduced PHE, suggesting a potential contri-
bution of NAC to early stabilization in neurocritical
care, though further confirmation is required (Kim et
al., 2021; 2023).

A favorable safety profile was demonstrated with
NAC administration across all reviewed studies. No
significant increase in SAEs or mortality was observed.
Mild events, such as gastrointestinal discomfort, pruri-
tus, or minor bleeding, were reported to be infrequent,
self-limiting, and non-severe. Consistent tolerability
was indicated in both ischemic and hemorrhagic stroke
populations, with NAC-treated groups experiencing
comparable or reduced ICU stays without an elevated
risk of hemorrhagic complications, even in patients re-
ceiving concurrent thrombolytics (Komakula et al.,
2024).

Mechanistic insights

The observed clinical and biochemical findings
align with mechanistic data primarily derived from
preclinical studies and broader reviews on NAC’s bio-
logical activities. NAC functions by replenishing glu-
tathione (GSH), a central intracellular antioxidant, and
directly scavenging ROS through its thiol group (Singh
et al., 2007). Preclinical models of cerebral ischemia
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have demonstrated NAC’s ability to reduce infarct
size, preserve blood-brain barrier integrity, and sup-
press pro-inflammatory mediators such as inducible
nitric oxide synthase and nuclear factor-kappaB (INF-
kB) (Tugasworo et al., 2023). These mechanisms are re-
flected in clinical trials reporting reductions in TOS,
MDA, and NO, along with increases in catalase,
paraoxonase, and TAC. The clinical relevance of oxida-
tive stress biomarkers is underscored by the associa-
tion of higher circulating levels of TAC and MDA with
increased 30-day mortality in severe ischemic stroke
(Lorente et al., 2016).

Consistent with prior animal models, NAC signifi-
cantly reduced neuronal degeneration in an ischemia-
reperfusion model of acute stroke. Inflammatory
markers, including IL-6 and ICAM-1, also declined fol-
lowing NAC treatment, consistent with its inhibitory
effects on NF-xB signaling (Singh et al., 2007). Some ev-
idence suggests NAC may also reduce vascular cell ad-
hesion molecule-1 expression, thereby limiting leuko-
cyte-endothelial adhesion (Kesidou et al., 2022). These
pathways are supported by evidence from animal
models showing reduced microglial activation and
dampened neuroinflammation. NAC's neuroprotec-
tive effects are also implicated in the modulation of
glutamate levels and the detoxification of toxic alde-
hydes. such as acrolein via glutathione S-transferases.

Beyond classical oxidative and anti-inflammatory
actions, NAC may influence thrombotic processes. Dis-
rupting disulfide bonds in von Willebrand factor
(VWF) is suggested to facilitate clot resolution and im-
prove perfusion (Truini et al., 2015). This is supported
by a pilot trial showing that NAC combined with rtPA
improved early neurological outcomes without in-
creased bleeding risk. Furthermore, in hyperglycemic
animal models of stroke, NAC has been shown to in-
duce recanalization without increasing hemorrhagic
transformations, an effect attributed to its vVWF-target-
ing properties. However, detailed mechanisms under-
lying these findings within the scope of the included
human trials are limited, and further investigation is
needed to confirm these pathways (Saniei et al., 2024).

Integrative mechanism of action

NAC exerts a multifaceted biological effect in acute
stroke through four interconnected pathophysiological
pathways, as illustrated in Fig. 3A-D. NAC enhances
endogenous antioxidant capacity primarily by replen-
ishing intracellular glutathione stores, directly scav-
enging reactive oxygen species, reducing lipid peroxi-
dation and total oxidative burden, and upregulating
key antioxidant enzymes, including superoxide dis-
mutase (SOD), glutathione peroxidase (GPx), and total
antioxidant capacity (TAC). In parallel, NAC attenu-
ates neuroinflammatory signaling via inhibition of NF-
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kB, resulting in decreased endothelial expression of ad-
hesion molecules such as ICAM-1 and suppression of
pro-inflammatory cytokine production, particularly
IL-6. These effects collectively limit leukocyte recruit-
ment, microvascular dysfunction, and secondary is-
chemic injury.

Beyond its antioxidant and anti-inflammatory
properties, NAC confers direct neuroprotective and
anti-excitotoxic benefits by modulating glutamate-me-
diated N-methyl-D-aspartate (NMDA) receptor activa-
tion, thereby reducing pathological calcium influx, in-
hibiting apoptotic cascades, and preserving blood-
brain barrier integrity, which is closely linked to the
mitigation of cerebral edema. Additionally, NAC ex-
hibits antithrombotic activity through the reduction of
disulfide bonds within high-molecular-weight von
Willebrand factor multimers, leading to decreased
platelet aggregation and potentially improved micro-
vascular reperfusion without a concomitant increase in
hemorrhagic risk. These mechanistic pathways are
consistent with clinical observations across multiple
studies, including improvements in oxidative and in-
flammatory biomarkers (notably reductions in circu-
lating SICAM-1 and IL-6), early neurological recovery
reflected by lower NIHSS scores, decreased perihema-
tomal edema and shorter intensive care unit stays in
hemorrhagic stroke populations, and an overall favor-
able safety profile.

Clinical implications

Available data suggest that NAC may function as a
well-tolerated adjunct in acute stroke, particularly
when administered early, intravenously, or in combi-
nation with selenium. Early neurological improvement
(e.g., reduced NIHSS) and reductions in oxidative and
inflammatory markers were reported in several trials
(Farzandway et al., 2023; Kim et al., 2023).

In hemorrhagic stroke, NAC-selenium regimens
were associated with shorter ICU stays and reduced
perihematomal edema, despite no improvement in
mRS at 30 days (Kim et al., 2021; 2023). A pilot trial
combining NAC with rtPA showed early benefit with-
out increased bleeding risk (Komakula et al., 2024).

When stratified by outcome domain, the certainty
of evidence for short-term neurological improvement
and safety was considered moderate. Improvements in
NIHSS within the first 24-72 hours were consistently
observed across four trials using intravenous NAC or
NAC with selenium. In contrast, evidence for long-
term functional recovery, as measured by mRS at 90
days, was limited and inconsistent, indicating low cer-
tainty. Similarly, biomarker effects, although support-
ive of NAC’s pharmacological action, were of
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moderate certainty, often observed only in responsive
subgroups (Farzandway et al., 2023).

Across all studies, NAC was not associated with a
significant increase in adverse events, bleeding, or
mortality, including in patients receiving concurrent
thrombolysis. These findings collectively support a fa-
vorable safety profile of NAC in acute stroke, although
confirmation in larger trials remains warranted. Given
the current evidence, specific recommendations on
who should receive NAC, at what dose, or at what ex-
act time point are not yet fully established for routine
clinical practice; this area requires further definitive
studies (Kim et al., 2023; Komakula et al., 2024).

Research implications

Future research should prioritize large, multicenter
Phase III trials to confirm NAC's effect on long-term
functional recovery. Standardization of NAC dosage,
duration, and administration route is essential to im-
prove trial comparability and to define optimal clinical
protocols. Biomarker-guided trial designs could be
employed to identify patient subgroups more likely to
benefit from NAC, with stratification based on oxida-
tive/inflammatory profiles potentially enhancing ther-
apeutic precision.

Further investigation of combination strategies,
such as NAC with selenium or thrombolytics, and the
inclusion of comprehensive mechanistic endpoints
(e.g., neuroimaging, endothelial function, molecular
pathways) will be critical for fully clarifying NAC’s
therapeutic potential in acute stroke.

Consistent with findings from other systematic re-
views, such as those on NAC's effects on endothelial
function or physical performance, larger, more tar-
geted trials are needed to draw clear conclusions about
NAC's overall efficacy in specific clinical contexts. The
global burden of stroke underscores the urgent need
for such effective therapies (Kesidou et al., 2022; Kim
etal., 2021; Kim et al., 2023; Lebrun et al., 2024; Uemura
etal., 2018).

Strengths and limitations of this review

This review synthesizes evidence from randomized
controlled trials on NAC in acute stroke, emphasizing
clinical and biochemical endpoints. Restricting inclu-
sion to human trials avoids translational limitations in-
herent in preclinical data, thereby enhancing clinical
relevance. The diversity in stroke subtypes, admin-
istration methods, and adjunctive interventions across
the included studies increases the applicability of the
findings across various clinical contexts. Notably, par-
allel improvements in clinical scores and redox/in-
flammatory biomarkers were reported in several stud-
ies, reinforcing the biological plausibility of NAC’s
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effects. The consistent safety outcomes and early clini-
cal signals observed further suggest that NAC war-
rants continued evaluation as an adjunct intervention
in stroke care.

Nevertheless, the present review is constrained by
the limited number of eligible trials, the majority of
which were designed as exploratory or pilot studies
(Farzandway et al., 2023; Komakula et al., 2024). Small
sample sizes, together with pronounced heterogeneity
in stroke subtype, NAC dosing regimens, treatment
duration, and outcome measures, impaired cross-
study comparability and prevented the conduct of a
quantitative meta-analysis. Reporting of long-term
clinical outcomes — particularly 90-day modified Ran-
kin Scale (mRS) scores —was inconsistent and predom-
inantly failed to demonstrate statistically significant
benefits (Farzandway et al., 2023; Sabetghadam et al.,
2020). In addition, the concomitant administration of
selenium in certain trials complicates the attribution of
observed effects specifically to NAC (Kim et al., 2021,
2023). Although biochemical parameters were com-
monly evaluated, several studies did not incorporate
mechanistic endpoints, such as neuroimaging corre-
lates or molecular markers related to endothelial repair
and neurovascular integrity (Kesidou et al., 2022;
Uemura et al., 2018). Moreover, discrepancies between
an earlier abstract version of Farzandway et al. (2023),
which reported non-significant NIHSS outcomes, and
the subsequently published full article demonstrating
significant effects raise concerns regarding potential
reporting bias or iterative analytical refinement,
thereby further complicating interpretation of the ex-
isting evidence.

N-acetylcysteine as an adjunct therapy in acute stroke
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Supplementary data

Appendix 1. Search Strategy for Each Database.

This appendix details the full search strings used for each database. All searches were conducted on April 18, 2025, covering the period
from the inception of each database to that date. The search strategy was adapted to the specific syntax and indexing systems (e.g.,
MeSH for PubMed and Cochrane) of each database.

1. PubMed
e Database: PubMed (MEDLINE)
e Date of Search: April 18,2025

e Search String:
Search # Query
#1 ("N-acetylcysteine"[MeSH Terms] OR "N-acetylcysteine"[tiab] OR "NAC"[tiab])

("Stroke"[MeSH Terms] OR "stroke"[tiab] OR "acute stroke"[tiab] OR "ischemic stroke"[tiab] OR "hemorrhagic

#2 stroke"[tiab])

("Neuroprotective Agents"[MeSH Terms] OR "neuroprotection"[tiab] OR "Antioxidants"[MeSH Terms] OR

#3 "antioxidant"[tiab] OR "Inflammation"[MeSH Terms] OR "inflammation"[tiab])

#4 #1 AND #2 AND #3

Note: [MeSH Terms] denotes a search using the Medical Subject Headings controlled vocabulary. [tiab] limits the search to terms
appearing in the title or abstract.

2. Scopus
e Database: Scopus
e Date of Search: April 18,2025
e  Search String:
( TITLE-ABS-KEY ( "N-acetylcysteine" OR "NAC"))
AND
( TITLE-ABS-KEY ( "stroke" OR "acute stroke" OR "ischemic stroke" OR "hemorrhagic stroke" ) )
AND
( TITLE-ABS-KEY ( "neuroprotection" OR "antioxidant" OR "inflammation" ) )
Note: TITLE-ABS-KEY searches for terms in the document title, abstract, and keywords.

3. Cochrane Library (Cochrane Central Register of Controlled Trials - CENTRAL)
e Database: Cochrane Library
e Date of Search: April 18,2025

e  Search String:

ID Search

#1 [mh "N-acetylcysteine"] OR "N-acetylcysteine":ti,ab,kw OR "NAC":ti,ab,kw

4 [mh "Stroke"] OR "stroke":ti,ab,kw OR "acute stroke":ti,ab,kw OR "ischemic stroke":ti,ab,kw OR "hemorrhagic
stroke":ti,ab,kw

43 [mh "Neuroprotective Agents"] OR "neuroprotection":ti,ab,kw OR [mh "Antioxidants"] OR "antioxidant":ti,ab,kw OR
[mh "Inflammation"] OR "inflammation":ti,ab,kw

#4 #1 AND #2 AND #3

Note: [mh] denotes a search using the MeSH thesaurus. :ti,ab,kw limits the search to terms in the title, abstract, or keyword fields.
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4, ScienceDirect
e Database: ScienceDirect
e Date of Search: April 18,2025
e  Search String:
(Title, abstract, keywords: "N-acetylcysteine" OR "NAC")
AND
(Title, abstract, keywords: "stroke" OR "acute stroke" OR "ischemic stroke" OR "hemorrhagic stroke")
AND
(Title, abstract, keywords: "neuroprotection" OR "antioxidant" OR "inflammation")

Note: The search was configured using the advanced search form to specify that terms must appear in the title, abstract, or author-
supplied keywords.

5. Google Scholar
e  Database: Google Scholar
e Date of Search: April 18,2025
e  Search String:

("N-acetylcysteine” OR "NAC") AND ("stroke" OR "acute stroke" OR "ischemic stroke" OR "hemorrhagic stroke") AND
("neuroprotection" OR "antioxidant" OR "inflammation")

Note: Due to the limitations of Google Scholar's search syntax, this single string was used. The results were then manually screened
for relevance. No specific field tags were applicable.
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