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A B S T R A C T

Despite advances in intravenous thrombolysis and endovascular thrombectomy, numerous acute ischemic stroke
survivors continue to experience various disability levels. The nitric oxide (NO) donor, Glyceryl Trinitrate (GTN),
has been identified as a potential neuroprotective agent against ischemic damage. We evaluated the safety and
feasibility of intravenous GTN in AIS patients. Subsequently, we conducted a secondary analysis to assess for
possible efficacy of GTN as a neuroprotectant. We conducted a prospective, double-blind, randomized controlled
trial in the Stroke Intervention & Translational Center (SITC) in Beijing Luhe Hospital, Capital Medical University
(ChiCTR2100046271). AIS patients within 24 h of stroke onset were evenly divided into GTN or control groups
(n ¼ 20 each). The GTN group received intravenous GTN (5 mg in 50 ml saline at a rate of 0.4 mg/h for 12.5 h/
day over 2 days), while controls were administered an equivalent volume of 0.9% saline. Both groups followed
standard Stroke Guidelines for treatment. Safety measures focused on SBP<110 mmHg and headache occurrence.
Efficacy was assessed via the 90-day modified rankin score (mRS) and the national institutes of health stroke score
(NIHSS). Of the 40 AIS patients, baseline characteristics such as age, gender, risk factors, and pre-mRS scores
showed no significant difference between the groups. Safety measures of SBP<110 mmHg and headache
occurrence were comparable. Overall, 90-day mRS (1 vs. 1) and NIHSS (1 vs. 1) did not significantly differ be-
tween groups. However, the GTN-treated group had a benefit in enhancing NIHSS recovery (△NIHSS 4.5 vs. 3,
p ¼ 0.028), indicating that GTN may augment recovery. Subgroup analyses revealed a benefit in the GTN group at
the 90-day NIHSS score and △NIHSS follow up for non-thrombolysis patients (1 vs. 2, p ¼ 0.016; 5 vs. 2,
p ¼ 0.001). Moreover, the GTN group may benefit mild stroke patients in NIHSS score at 90 day and △NIHSS
observed at 90 days (1 vs. 1, p ¼ 0.025; 3 vs. 2 p ¼ 0.002). Overall, while preliminary data suggest GTN might aid
recovery in NIHSS improvement, the evidence is tempered due to sample size limitations. The RIGID study
confirms the safety and feasibility of intravenous GTN administration for AIS patients. Preliminary data also
suggest that the GTN group may provide improvement in NIHSS recovery compared to the control group.
Furthermore, a potential benefit for non-thrombolysis patients and those with mild stroke symptoms was iden-
tified, suggesting a possible potential role as a tailored intervention in specific AIS subgroups. Due to the limited
sample size, further larger RCT will be necessary to replicate these results.
Trial Registration: www.chictr.org.cn, identifier: ChiCTR2100046271.
Introduction

Ischemic stroke remains a pivotal public health challenge due to its
association with high mortality, morbidity, and the consequent socio-
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economic burden [1–5]. While reperfusion strategies, including me-
chanical thrombectomy and intravenous thrombolysis, has enhanced the
therapeutic landscape for acute ischemic stroke (AIS), a significant
portion of stroke patients continue to grapple with disabilities (46%) and
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mortalities (15.3%) post-treatment [6–9]. This underscores the extreme
need for exploration of neuroprotection strategies that can be utilized to
ameliorate functional deficits in AIS patients.

Nitric oxide plays a crucial role in hypoxic signaling, and its physio-
logical and therapeutic levels have been linked to significant cytopro-
tective effects in ischemic-reperfusion injuries, particularly in the brain
[10,11]. Glyceryl Trinitrate (GTN), an FDA-approved vasodilator and an
NO donor, has showed potential benefits in this setting [12–14]. How-
ever, its application has faced challenges, particularly with the delivery
method. Transdermal administration, despite proving effective for blood
pressure modulation, has not yielded consistent results for functional
improvement in AIS [15,16]. This inconsistency is due to various factors,
such as dosage, time, and delivery method, which all play crucial roles in
determining the neuroprotective effects of NO donors [17].

Considering the short half-life of GTN and the challenges associated
with transdermal patches in achieving effective cerebrovascular con-
centrations, this study posits the potential benefits of intravenous
administration of GTN [17]. Given that continuous 24-h GTN adminis-
tration can induce tolerance, leading to sub-therapeutic levels, an inter-
mittent therapeutic approach could potentially produce better outcomes
[18–20]. Here we report a single-center, prospective and randomized
controlled study on “Rapid Intravenous Glyceryl Trinitrate in Ischemic
Damage (RIGID). This study primarily focuses on assessing the safety and
feasibility of intravenous GTN in AIS patients, subsequently, a secondary
analysis was conducted to evaluate its possible efficacy, in order to
establish RIGID as a possible transformative neuroprotective strategy in
stroke management.

Methods

Study design

The study protocol (previously published) and informed consent
received approval from the Ethics Committee at Beijing Luhe Hospital.
Between May 15, 2021, and June 30, 2022, patients were continuously
admitted to the Stroke Intervention & Translational Center (SITC) in
Beijing Luhe Hospital, Capital Medical University (ChiCTR2100046271).
Over the course of the study, a total of 40 patients were randomized into
either the GTN group or the control group, following a 1:1 allocation
ratio. Safety endpoints, specifically SBP<110 mmHg and headache oc-
currences were carefully monitored. For evaluating efficacy, assessments
were conducted using the 90-day modified rankin scale/score (mRS) and
the National Institutes of Health Stroke Scale (NIHSS) score. Addition-
ally, the rate of 90-day mRS scores between 0 and 2 and the recovery
differential based on the baseline NIHSS score (△NIHSS) were
measured.

Patient population: inclusion and exclusion criteria

We conducted a prospective, double-blind, randomized controlled
trial at Beijing Luhe Stroke Center, focusing on stroke patients who are
not suitable for EVT. The inclusion criteria are (1) �18 and � 80 years
old; (2) clinical diagnosis of AIS, (3) systolic blood pressure (SBP)�120
mmHg; (4) NIHSS score�3 and� 16; (5) patients with time from onset to
treatment �24 h that did not receive endovascular treatment (EVT); (6)
pre-stroke mRS �2; (7) informed consent provided by participant or le-
gally authorized representative.

Exclusion criteria are as follows: (1) Patients who were suitable for
EVT; (2) Severe anemia, HGB �60 g/L; (3) allergy to GTN; (4) glaucoma;
(5) participant in another ongoing clinical trial; (5) life expectancy of
fewer than 1 year due to comorbidities.

Randomization and blindness

During the recruitment period, participants were allocated 1:1 to two
groups (n ¼ 40) by computer-generated randomization procedures using
2

opaque envelopes. During the study, an assistant who was not involved in
the study prepared the envelopes. Patients were randomly assigned to
either the intervention or the control group by treating physicians
opening sealed opaque envelopes. Patients and assessors involved in the
trial were blinded to treatment allocation to minimize selection bias. The
outcomes were evaluated by two blinded observers. Lastly, blinded in-
dependent investigators collected and analyzed group outcomes and in-
formation as described previously [21,22].

Interventions

All participants, regardless of their group allocation, underwent
standard care as per the established guidelines [23]. Within 24 h of
displaying symptoms, those in the GTN group were given intravenous
GTN, dosed at 5 mg in 50 ml saline, delivered at a rate of 0.4 mg/h for
12.5 h each day over a 2-day period. In contrast, the control group
received an equivalent volume of 0.9% saline (refer to Fig. 1 for illus-
tration). Throughout the treatment duration, physicians closely moni-
tored and documented any adverse reactions resulting from the
intravenous therapy.

Outcomes

Primary outcomes (safety assessment)

The chief safety measurement under evaluation was SBP<110mmHg.
This primary outcome, delineated as SBP<110 mmHg, was characterized
by an average SBP reading of less than 110 mmHg within the initial 24 h
following the commencement of GTN treatment. During the starting 2 h
of GTN application, blood pressure was assessed at 15-min intervals, then
at 30-min intervals from the 2nd to the 12th hour, and subsequently
every 120 min from the 12th to the 48th hour. Post the 48-h mark,
measurements were taken twice daily.

Blood pressure targets, as set out in the AIS guidelines, differ based on
several parameters, encompassing whether a patient has been treated
with alteplase, has undergone mechanical embolectomy, or has experi-
enced a hemorrhage. The scientific community has not reached a unan-
imous agreement on the ideal blood pressure levels post-stroke. Prior
research [24–27] has highlighted a U-shaped correlation between blood
pressure levels and functional outcomes, identifying both exceedingly
low and high blood pressure readings as predictors of adverse outcomes.
Consequently, for the purpose of this study, we introduced a threshold of
110 mmHg for systolic blood pressure (SBP) to denote a low SBP.

Headache was our secondary safety outcome. According to GTN
responder definitions, mild to moderate headaches (headache score 3–6
score) occur within 5–15 min with a short lasting duration (maximum of
30 min), and spontaneously recover within 1 h after administration of
GTN without the need for any rescue medication [28]. Therefore, severe
headaches (score 7–10) and analgesic use for GTN headaches were
included as secondary safety outcomes. When patients experienced se-
vere headaches, they were closely monitored for vital signs (blood
pressure, heart rate, body temperature, breathing rate) and a CT scan was
obtained to determine the cause of the headaches.

Secondary outcomes (efficacy assessment)

The main efficacy measurement was based on the 90-day modified
Rankin Scale (mRS), with a score ranging from 0 to 2 indicative of
functional independence. Other efficacy measurement included: the rate
of mRS scores between 0 and 2 and NIHSS scores at the 90-day mark,and
the recovery differential based on the NIHSS score (△NIHSS), as well as
the incidence of death within this 90-day period. Assessment of mRS and
NIHSS scores were conducted by personnel blinded to the study specifics.
For accuracy in these evaluations, face-to-face consultations were
employed within the study environment to determine both mRS and
NIHSS scores.



Fig. 1. Timelines for experimental procedure Abbreviations: NS, normal saline.

Fig. 2. mRS shift: the percentage of patients achieving each mRS score at onset.

Fig. 3. mRS shift: the percentage of patients achieving each mRS score at
90 day.

Table 1
Demographic and clinical characteristics of all patients.

Characteristics GTN group
(n ¼ 20)

Control group
(n ¼ 20)

P Value

Age, years (median [IQR]) 63 (50.0–68.0) 66 (58.2–74.8) 0.068
Sex, male (%) 13 (65) 14 (70) 0.736
Previous history
Hypertension n (%) 18 (90) 16 (80) 0.453
Diabetes n (%) 8 (40) 5 (25) 0.311
Hyperlipidemia n (%) 8 (40) 10 (50) 0.525
Coronary heart disease n (%) 0 (0) 8 (40) NA
Atrial fibrillation 3 (15) 2 (10) 0.633
Stroke n (%) 2 (10) 7 (35) 0.058
Smoking n (%) 4 (20) 6 (30) 0.465
Pre-mRS score (median [IQR]) 0 (0–0) 0 (0–0) 0.799
Clinical data
NIHSS score (onset) (median [IQR]) 6 (3.3–9.5) 4 (3–8.5) 0.049
rt-PA treatment n (%) 6 (30) 5 (25) 0.723
mRS score (onset) (median [IQR]) 4 (3–5) 4 (3–5) 0.316
mRS 0–2 rate (onset) n (%) 2 (10) 6 (30) 0.114

Abbreviations: NIHSS, the National Institute of Health Scale Score; mRS, modi-
fied Rankin score; rt-PA, intravenous recombinant tissue plasminogen activator;
IQR, Interquartile range.
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Estimation of sample size

This was a phase II study to determine safety and feasibility.
Currently, there are no completed clinical studies on intravenous GTN in
AIS patients, so there was no data available for reference. Nevertheless,
Hertzog suggested that a pilot study with 10–20 patients in each group
would be sufficient to assess feasibility [29]. According to Dobkin, 15
patients in each group were usually enough to decide whether a larger
multicenter trial is needed [30]. The sample size for each group was
determined by conducting a power analysis based on the results of prior
research that compared to placebo groups, GTN had reduced SBP by 10
mmHg12. For the difference in blood pressure at 10 mmHg, standard
deviation at 10 mmHg, in order to have alpha exceed 95%, and beta ¼
0.8, a sample size of 16 patients per group has been calculated. Due to
treatment dropouts, crossovers, and losses to follow-up, we increased this
sample size with 20% and recruited 40 patients. Results from this study
can be used to determine whether intravenous GTN infusion is safe and
3

feasible for patients with AIS. Based on the data, a sample size estimate
and power calculation were conducted to plan a phase-III trial.

Statistical analyses

For categorical variables, the number and the proportions were pre-
sented and the groups were compared using chi-square tests or the
continuity correction chi-square tests. For continuous variables, the mean
and standard deviations or medians with IQRs are presented and the
groups were compared using the Mann-Whitney U test if not normally
distributed or the t-test if normally distributed. The significance level was
set at p < 0.05. SPSS 22.0 software (Armonk, NY, IBM Inc.) was used for
statistical analysis.

Results

From May 15, 2021 to June 30, 2022, 40 consecutive patients in our
Stroke Center were randomly assigned (1:1) to the two groups. All pa-
tients finished the treatment and follow-up assessment. No patients were
lost to follow up.

Baseline characteristics

Evaluating the GTN and control groups, there were no notable dif-
ferences in terms of age, gender, and past medical histories, which
included conditions, such as hypertension, diabetes, hyperlipidemia,
prior stroke, coronary heart disease, atrial fibrillation, smoking habits
and pre-mRS (Table 1). In our study, the median ages in the control and
GTN groups were 66 and 63, respectively, yielding a p-value of 0.068.
This marginal difference suggested minimal age-related impact on the
analysis outcome from the study. Although the prior history of stroke was
35% in the control group and 10% in the GTN group, this difference did
not reach statistical significance with a p-value of 0.058, suggesting that



Fig. 4. Blood pressure changes in GTN group within 48 h of treatment.

Fig. 5. Blood pressure changes in control group within 48 h of treatment.
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history of stroke has no effect on the efficacy of GTN (Table 1). No sig-
nificant differences were observed in pre-mRS score between the GTN
and control groups (0 vs. 0, p¼ 0.799), suggesting that stroke history has
no effect on the outcome of GTN and randomization was adequate
(Table 1).

Safety

Neither the GTN group nor the control group exhibited occurrences of
SBP<110 mmHg or headaches. The findings suggest that low-dose IV
GTN is well-tolerated. No significant adverse reactions were reported
(Table 2).

The administration of intravenous GTN resulted in a reduction of
systolic blood pressure by an average of 10 mmHg and a decrease in
diastolic blood pressure by 2 mmHg over a span of 24 h when compared
to baseline readings. However, a slight increase of 3 mmHg was observed
in both systolic and diastolic blood pressures between the 24-h and 48-h
marks (Fig. 4). In contrast, the control group, when compared to their
baseline readings, experienced a decline of 7 mmHg in systolic and 3
mmHg in diastolic blood pressures at the 24-h mark. This was followed
by a marginal drop of 1 mmHg for both systolic and diastolic readings
between 24 and 48 h (Fig. 5).

Efficacy

Upon examining the 90-day mRS and NIHSS outcomes, no signifi-
cant differences were observed between the GTN and control groups,
with both measures standing at 1 vs. 1. Importantly, an initial differ-
ence in stroke severity was noted between the groups as determined by
the NIHSS score, with the GTN group at 6 and the control group at 4 (p
¼ 0.049). Because of this barely significant level, we further analyzed
the change in NIHSS scores (ΔNIHSS) to assess neurological function
improvement post-treatment. Patients treated with GTN exhibited a
more pronounced recovery as assessed by NIHSS (△NIHSS of 4.5
compared to 3 in the control group, p ¼ 0.028), suggesting GTN's po-
tential role in facilitating recovery over this duration (Table 2). The
distribution of mRS scores at onset and 90 days (mRS shift data) indi-
cated equal results across both groups (Figs. 2 and 3). In addition, the
GTN group had apparent benefit at the 90-day NIHSS scores and
△NIHSS for those who had not undergone thrombolysis (1 vs. 2, p ¼
0.016; 5 vs. 2, p ¼ 0.001) (Table 3). Impressively, the GTN group with
milder strokes, represented by NIHSS scores under 6, had significant
improvements in NIHSS score and △NIHSS observed at 90 days (1 vs.
1, p ¼ 0.025; 3 vs. 2 p ¼ 0.002) (Table 4). In Patients with athero-
sclerosis, GTN also enhanced recovery on the NIHSS scale (△NIHSS of
6 versus 2.5 in the control, p ¼ 0.005) (Table 5). Overall, while pre-
liminary data suggest GTN might aid recovery in NIHSS improvement,
the evidence is tempered due to the small sample size. Finally, when
patients with stroke history and non-stroke history were evaluated after
GTN adminstration, there was no significant difference between the
two groups at the 90-day mRS score, NIHSS scores and△NIHSS. These
Table 2
Comparison of safety and efficacy outcomes.

Endpoints GTN group
(n ¼ 20)

Control group
(n ¼ 20)

P Value

Safty endpoints n (%)
SBP<110 mmHg 0 (0) 0 (0) NA
headache 0 (0) 0 (0) NA

Efficacy endpoints n (%)
mRS at 90d (median [IQR]) 1（1–2） 1（1–2） 0.488
mRS 0–2 rate at 90d n (%) 19（95） 17（85） 0.292
90d NIHSS(median [IQR]) 1（1-1） 1（1–2） 0.108
NIHSS recovered (△NIHSS)
(median [IQR])

4.5（3–10.5） 3（2–6） 0.028

Abbreviations: SBP, systolic blood pressure.
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results suggest that a history of previous stroke has no effect on the
efficacy of GTN (Table 6).

Discussion

In summary, RIGID was designed to primarily identify the safety and
feasibility of intravenous administration of GTN in AIS patients, a sec-
ondary analysis was conducted to evaluate its effectiveness. We found
that GTN was well-tolerated and safe in the early stage of stroke without
any significant adverse effects. However, the higher average NIHSS score
in the GTN group suggests that GTN conferred benefits in patients with
more severe stroke symptoms, indicating a potential therapeutic advan-
tage that warrants further investigation. Notably, while overall 90-day
mRS and NIHSS scores between the GTN and control groups did not
significantly vary, the GTN-treated group had a benefit in enhancing
superior NIHSS recovery. Additionally, the GTN group demonstrated a
potential benefit for non-thrombolysis patients and those with mild
stroke symptoms, suggesting a potential role as a tailored therapeutic in
specific AIS subgroups.

In patients with AIS, the NIHSS is commonly used to measure stroke
severity, which is a 15-item scale that quantifies neurological deficits in
several domains. High NIHSS scores indicate a severe patient condition
and a higher disability rate [31–33]. Results revealed that NIHSS scores
of patients in the GTN group were significantly higher than those in the
control group at the beginning of stroke and randomization. The
GTN-treated group revealed a superior NIHSS recovery (△NIHSS ¼
90-day NIHSS-onset NIHSS), indicating that GTN may allow patients to
recover faster through neuroprotective mechanisms. Although there was
no significant difference in mRS between the GTN and control groups at
90 days, a higher percentage of patients had a favorable outcome in the
GTN group compared to the control group (95% in GTN group vs. 85% in



Table 3
Efficacy outcomes in non-rt-PA treatment and rt-PA treatment patients.

Non-rt-PA treatment rt-PA treatment

GTN (n ¼ 14) Control (n ¼ 15) P Value GTN (n ¼ 6) Control (n ¼ 5) P Value

NIHSS score (onset) (median [IQR]) 5.5 (4.7–10.5) 4 (3–6) 0.010 7.5 (3–14) 9 (5–10) 1.000
NIHSS score (90d) (median [IQR]) 1 (0.75–1) 2 (1–2) 0.016 1 (0.75–3) 1 (0–2) 0.546
△NIHSS (median [IQR]) 5 (3.7–9.5) 2 (1–3) 0.001 3.5 (1.8–13) 6 (4.5–9.5) 0.537
mRS score (onset) (median [IQR]) 1 (0.75–1) 3 (2–5) 0.056 4 (2–5) 5 (2.5–5) 0.686
mRS score (90 d) (median [IQR]) 1 (1–2) 1 (1–2) 0.148 1.5 (0.75–2.25) 1 (0.5–1.5) 0.916

Table 4
Efficacy outcomes in NIHSS � 6 and NIHSS<6 patients.

NIHSS � 6 NIHSS<6

GTN (n ¼ 10) Control (n ¼ 8) P Value GTN (n ¼ 10) Control (n ¼ 12) P Value

NIHSS score (onset) (median [IQR]) 12 (7.8–14) 9 (6.2–10.5) 0.080 4.5 (3.8–5) 3 (3–4) 0.027
NIHSS score (90d) (median [IQR]) 1 (1–1.5) 1.5 (0.2–2.8) 0.602 1 (0–1) 1 (1–2) 0.025
△NIHSS (median [IQR]) 10 (4.7–11.5) 7 (5.2–9.5) 0.360 3 (3–4) 2 (2–3) 0.002
mRS score (onset) (median [IQR]) 5 (4–5) 5 (4.25–5) 5 (4–5) 3 (2.5–4) 2.5 (2–3.8) 0.414
mRS score (90 d) (median [IQR]) 1 (1–2) 1.5 (1–2.8) 1 (1–2) 3 (1.8–3) 2 (1.3–3.0) 0.389

Table 5
Efficacy outcomes in large-artery atherosclerosis patients.

Large-artery atherosclerosis GTN group
(n ¼ 15)

Control group
(n ¼ 16)

P Value

NIHSS score (onset) (median [IQR]) 8 (5–12) 4 (3–6) 0.005
NIHSS score (90 d) (median [IQR]) 1 (1–1) 1.5 (1–2) 0.113
△NIHSS (median [IQR]) 6 (4–11) 2.5 (2–4.5) 0.005
mRS score (onset) (median [IQR]) 4 (4–5) 3.5 (2–4.75) 0.110
mRS score (90 d) (median [IQR]) 1 (1–2) 1 (1–2) 0.725
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control). GTN administration demonstrated particular efficacy for those
with mild stroke symptoms (NIHSS <6), suggesting its potential as a role
as tailored intervention in specific AIS subgroups. There was no signifi-
cant different between GTN and control groups for patient with NIHSS
>6. This result was similar to the results reported in a previous small
phase 2 ambulance-based trial (RIGHT) [16], in which GTN was associ-
ated with a tendency for a worse functional outcome in patients with
severe stroke (NIHSS>12). The potential risks of GTN therapy associated
with severe large territory stroke include nitro donors that have been
experimentally and clinically been documented to elevate intracranial
pressure, especially when this pressure is already high [34]. One antic-
ipated mechanism behind the rise in intracranial pressure due to sodium
nitroprusside is its ability to expand the intracranial blood volume by
inducing cerebrovascular dilation. In smaller stroke territories and lower
NIHSS strokes GTN therapy may allow for improved luxury perfusion via
dilated collaterals. Furthermore, GTN has been shown to be particularly
effective for patients who did not undergo thrombolysis, and to promote
faster patient recovery. This observation suggests that GTN offers a
promising adjunctive treatment strategy, potentially enhancing recovery
outcomes for AIS patients who have received or not received intravenous
thrombolysis.

NO, a multifaceted molecule in human, plays a multitude of physio-
logical roles. These roles encompass acting as a vasodilator, serving as a
Table 6
Efficacy outcomes in Non-stroke history and stroke history patients.

Non-stroke history

GTN (n ¼ 18) Control (n ¼ 6)

NIHSS score (onset) (median [IQR]) 5.5 (4.8–12) 9 (5.5–11.3)
NIHSS score (90d) (median [IQR]) 1 (1–1) 1 (0–2.3)
△NIHSS (median [IQR]) 5 (3–11) 7 (5.3–10.3)
mRS score (onset) (median [IQR]) 4 (3–5) 5 (3–5)
mRS score (90 d) (median [IQR]) 1 (1–2) 1 (0.8–2.3)

Abbreviations: In the GTN treatment group, there were 2 cases with a history of stro

5

neurotransmitter, modulating immune responses, and acting as an
antagonist to both platelets and leucocytes [35]. Its versatility demon-
strates the importance of NO in maintaining the physiological balance
and overall health.

Ischemia/reperfusion injury is a complex phenomenon that can lead
to organ damage and failure, primarily driven by inflammation that
stems from intracellular injuries [36–39]. When tissues are deprived of
oxygen, typically due to a blocked blood supply, it triggers a chain of
events known as ischemic injury. The most immediate consequence of
this deprivation is anoxic injury, characterized by diminished production
of adenosine triphosphate (ATP), a molecule essential for energy transfer
within cells. This depletion hinders the cell's ability to uphold homeo-
static functions, thereby increasing membrane permeability and causing
an influx of unwanted substances into the cytosol [40]. During reperfu-
sion, the restoration of blood flow and oxygen supply paradoxically in-
troduces another set of complications. The sudden surge in oxygen levels
can lead to the production of free radicals, which are highly reactive
molecules capable of damaging cells. To exacerbate the situation, the
reperfusion phase is also marked by a decline in NO production. This
decrease in NO, especially associated with endothelial nitric oxide syn-
thase activity, is a contributing factor to the damage experienced in
ischemia/reperfusion injury [41].

NO plays a pivotal role in ischemia reperfusion injury. The protective
effects have been consistently highlighted in stroke. NO not only inhibits
oxidative stress but also reduces leukocyte-endothelial adhesion, which
can lead to inflammatory responses and damage [42]. Additionally, NO
prevents programmed cell death or apoptosis. NO can diminish the size of
infarctions and inflammation following an ischemic stroke, bolster ce-
rebral blood flow and metabolism, and aid in neural function recovery
[43].

From a clinical perspective, past observational studies have unveiled
a correlation between ischemic strokes and NO levels [44]. Patients
suffering from ischemic stroke generally exhibited considerably reduced
Stroke history

P Value GTN (n ¼ 2) Control (n ¼ 14) P Value

0.537 7 (4.24) 3.5 (3–5.3) 0.200
0.923 4.5 (6.36) 1.5 (1–2) 1.000
0.581 3.5 (0.71) 2 (1–3) 0.933
0.137 2.5 (2.12) 3 (2–4.3) 0.600
0.923 2.5 (2.12) 2.5 (2.12) 0.600

ke, presented as Mean � SE.
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plasma NO levels compared to healthy counterparts. Furthermore, an
apparent relationship was established between decreased NO levels and
the severity of strokes; those with low NO levels tended to have more
severe strokes and consequently, poorer outcomes upon discharge [43].
This may represent autoregulation by the body to lower NO levels in the
setting of profound ischemia to avoid or slow intracranial pressure
problems from vasodilation.

Limitations

This study comes with certain limitations that need to be acknowl-
edged. 1) Single-Center and Sample Size. The study was conducted in a
single center with a relatively small sample size. This raises concerns
regarding the generalizability of the findings to a wider population,
spurious results and different clinical settings. 2) Population represen-
tativeness. The cohort in this study was not entirely indicative of the
broader stroke patient demographic. Our focus was primarily on patients
with mild to moderate AIS, as reflected in the NIHSS scores ranging be-
tween 3 and 16. 3) A bias related to unblinding should be noted.
Although we implemented a double-blind approach, the observable
changes in blood pressure might inadvertently hint at the treatment
being administered. We have therefore ensured that only patients and
outcome assessors were kept blinded to minimize this potential bias.
Lastly despite randomization, GTN vs. control groups reached near sig-
nificance in patient age and NIHSS.

Future Direction

The RIGID study provides valuable insights into the safety and effi-
cacy of intravenous GTN for AIS patients. Low-dose intravenous GTN
treatment after AIS has no significant impact on blood pressure, and no
other adverse effects of GTN treatment have been identified. These re-
sults suggest that low-dose intravenous GTN is safe and well-tolerated in
patients with AIS. Although the overall 90-daymRS and NIHSS scores did
not exhibit significant differences between the GTN and control groups,
there was a modest improvement in NIHSS recovery for those treated
with GTN. This finding becomes even more pronounced when consid-
ering specific patient categories, in which GTN seemed particularly
effective for non-thrombolysis patients and those showing mild stroke
symptoms. These results hint at the potential of GTN as a targeted ther-
apeutic strategy for specific AIS subpopulations. Due to the limited
sample size, further larger RCT will be necessary to replicate these
results.

Future research will need to elucidate the effects of GTN on moderate
to severe stroke patients, while the current study was primarily focused
on mild to moderate AIS patients. Multi-center randomized controlled
trials encompassing a variety of clinical settings, demographics, and ge-
ographies will offer a full understanding of GTN's therapeutic potential
and its generalizability. The optimal dosage, frequency, and duration of
GTN administration remain to be determined. Further research into the
molecular and cellular mechanisms by which GTN exerts its neuro-
protective effects can further refine our understanding, and thus allowing
us to modify the drug's application more effectively. Beyond the imme-
diate post-stroke phase, understanding the long-term implications of
GTN treatment on patients' neurological recovery, cognitive functions,
and overall quality of life can provide a more comprehensive
consideration.
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