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Time-Dependent Neurovascular Effects of Thymoquinone on 
Basilar Artery Morphometry in a Rat Model of Subarachnoid 
Haemorrhage

ABSTRACT

AIM: To investigate the effects of short- and long-term intraperitoneal thymoquinone administration on basilar artery morphometry 
and cerebral perfusion in a subarachnoid haemorrhage (SAH) model. 
MATERIAL and METHODS: Forty-two adult male Wistar rats were randomly allocated to seven experimental groups, including 
control, sham, untreated SAH, and SAH groups treated with vehicle or thymoquinone (10 mg/kg/day) for 3 or 8 days. SAH was 
induced by autologous blood injection into the cisterna magna, and animals were sacrificed on days 3 or 8. Basilar artery luminal 
and tunica media areas were assessed using unbiased stereological methods. Cerebral blood flow was measured by laser Doppler 
flowmetry, and neurological function was evaluated as a secondary outcome.
RESULTS: Basilar artery luminal area differed significantly among experimental groups (p<0.001), with pronounced luminal narrowing 
in vehicle-treated SAH animals during the delayed phase (day 8). Prolonged thymoquinone administration significantly attenuated 
delayed luminal narrowing, whereas short-term treatment did not produce a measurable morphometric effect. Long-term treatment 
was associated with partial preservation of cerebral blood flow. No significant differences were observed in basilar artery tunica 
media area. Neurological deficit scores differed among groups, with significant impairment in vehicle-treated SAH animals at day 
8 compared with both control and thymoquinone-treated SAH animals at the same time point. This study demonstrates duration-
dependent vascular effects of thymoquinone in experimental SAH. 
CONCLUSION: Prolonged intraperitoneal thymoquinone administration exerts time-dependent neurovascular effects in experimental 
SAH by attenuating delayed basilar artery luminal narrowing and partially preserving cerebral perfusion, highlighting the importance 
of treatment duration in delayed vascular pathology. 
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proval No: 2014/35; Approval Date: 29 September 2014). A 
total of 42 adult male Wistar rats (3.0±0.3 months old; body 
weight 280±12 g) were used in this study and randomly allo-
cated into seven experimental groups (n=6 per group).

Animals were bred and housed in the institution’s experimen-
tal animal facility and were allowed to acclimatise to the lab-
oratory environment for at least 7 days prior to experimental 
procedures. Rats were housed in standard polycarbonate 
cages (three animals per cage) under controlled environmental 
conditions (temperature 22±2 °C; relative humidity 50–60%) 
with a 12-hour light/dark cycle, and had ad libitum access to 
standard laboratory chow and water. 

All experimental procedures were conducted in accordance 
with the ARRIVE guidelines for reporting animal research (19).

Study Design and Experimental Groups

Animals were randomly assigned to experimental groups using 
the sealed-envelope method. Group allocation was concealed 
throughout the experimental period, and all experimental in-
terventions, neurological assessments, cerebral blood flow 
measurements, and histomorphometric analyses were per-
formed by investigators blinded to group allocation. Based on 
the well-established temporal profile of cerebral vasospasm, 
two predefined termination time points were selected to rep-
resent the early and delayed phases following subarachnoid 
haemorrhage (SAH): day 3 and day 8, respectively (23,26,34).

To evaluate baseline and early procedural effects, a control 
group without SAH and a sham group undergoing all surgical 
procedures except autologous blood injection into the cister-
na magna were assessed on day 3. In addition, untreated SAH 
animals and SAH groups receiving either vehicle or thymoqui-
none for three consecutive days were evaluated at this early 
time point.

To examine treatment effects during the delayed phase of va-
sospasm, separate SAH groups received either vehicle or thy-
moquinone for eight consecutive days and were evaluated on 
day 8. As the primary hypothesis focused on delayed-phase 
vascular alterations, comparisons at day 8 were performed be-
tween thymoquinone-treated and vehicle-treated SAH groups. 
Each experimental group consisted of six animals (n=6), no an-
imals were excluded from the final analysis, and no unexpect-
ed deaths occurred during the experimental period.

Subarachnoid Haemorrhage and Sham Procedures

In animals assigned to subarachnoid haemorrhage (SAH) in-
duction, general anaesthesia was achieved by intraperitoneal 
administration of ketamine (50 mg/kg; Pfizer, New York, NY, 
USA) and xylazine (10 mg/kg; Rompun® 2%, Bayer, Germa-
ny). Prior to the procedure, prophylactic intraperitoneal ce-
fazolin (50 mg/kg; Sandoz, Kundl, Austria) was administered. 
Animals were positioned in a stereotaxic frame with the head 
fixed at 45° flexion, and a midline occipitocervical incision was 
performed to expose the atlanto-occipital membrane.

The cisterna magna was accessed using a 27-gauge needle, 
0.1 mL of cerebrospinal fluid was gently aspirated, and an 
equal volume of fresh autologous arterial blood was slowly in-
jected to induce SAH. Following wound closure, animals were 

█   INTRODUCTION

Subarachnoid haemorrhage (SAH) induces a complex cas-
cade of neurovascular alterations that extend beyond the 
initial haemorrhagic insult and evolve over time. Among 

these secondary processes, cerebral vasospasm represents 
a hallmark delayed vascular pathology characterized by pro-
gressive arterial narrowing and impaired cerebral perfusion. 
In experimental models, vasospasm typically emerges several 
days after haemorrhage and reaches peak severity between 
days 7 and 10, reflecting a delayed and sustained disturbance 
of cerebrovascular regulation rather than an acute response 
to bleeding (4,8,18,22,34).

Despite extensive investigation, the mechanisms underlying 
cerebral vasospasm remain incompletely understood. Accu-
mulating experimental and translational evidence suggests 
that vasospasm arises from the convergence of multiple inter-
related processes, including the presence of oxyhaemoglo-
bin within the subarachnoid space, excessive generation of 
reactive oxygen species, increased endothelin signaling, re-
duced nitric oxide bioavailability, inflammatory cell infiltration, 
and progressive endothelial dysfunction (21,36). Importantly, 
these mechanisms exhibit a time-dependent evolution, which 
is considered central to the delayed onset and persistence of 
vasospasm-associated neurovascular dysfunction.

Thymoquinone is the principal bioactive constituent of the 
volatile oil of Nigella sativa and has attracted considerable 
interest due to its antioxidant and anti-inflammatory proper-
ties (37). Experimental evidence indicates that thymoquinone 
modulates key pathways relevant to neurovascular regulation, 
including free radical scavenging, suppression of nuclear fac-
tor-κB activation, attenuation of pro-inflammatory cytokine 
release, and regulation of nitric oxide and endothelin signaling 
(12,15). In experimental models of neurological injury—such 
as cerebral ischaemia–reperfusion, traumatic brain injury, and 
spinal cord ischaemia—thymoquinone administration has 
been associated with reduced tissue damage and preserva-
tion of vascular structure and function (1,11,17). However, 
studies directly examining its effects on cerebral vasospasm 
following subarachnoid haemorrhage, particularly with re-
spect to treatment duration and temporal alignment with va-
sospasm development, remain limited.

Delayed cerebral vasospasm constitutes a progressive neu-
rovascular process rather than an abrupt post-haemorrhagic 
event, suggesting that sustained and temporally aligned phar-
macological interventions may be required to influence its 
course. Accordingly, the present study was designed to eval-
uate the duration-dependent effects of intraperitoneal thymo-
quinone administration on basilar artery morphometry and 
cerebral perfusion in an experimental subarachnoid haemor-
rhage model, with particular emphasis on vascular alterations 
associated with the delayed phase of vasospasm rather than 
acute early brain injury.

█   MATERIAL and METHODS
Animals

This experimental study was approved by the Ondokuz Mayıs 
University Animal Experiments Local Ethics Committee (Ap-
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effects within a comparable dosage range (9,14,25,29); dose–
response evaluation was beyond the scope of the present 
study.

Thymoquinone (≥98% purity; Sigma-Aldrich, St. Louis, MO, 
USA) was prepared immediately before administration by dis-
solution in a co-solvent vehicle consisting of 5% dimethyl sulf-
oxide (DMSO), 40% polyethylene glycol 300 (PEG300), and 
55% 0.9% saline (v/v), according to formulations previously 
reported to be well tolerated for intraperitoneal administra-
tion of hydrophobic compounds (6,25). All formulations were 
freshly prepared on the day of administration and visually in-
spected for precipitation.

Thymoquinone was administered intraperitoneally once dai-
ly at a dose of 10 mg/kg/day using a fixed injection volume 
of 10 mL/kg/day, consistent with dosage ranges previously 
shown to exert vascular and neuroprotective effects (9,14, 
29). This dose has been reported to be well tolerated and not 
associated with significant toxicity following intraperitoneal 
administration (14). However, the present study was not de-
signed to evaluate dose–response relationships or long-term 
safety outcomes. The intraperitoneal route was selected over 

maintained in a supine position with the head tilted downward 
at 45° for 15 minutes to standardise clot distribution within 
the cisternal space. After recovery from anaesthesia, animals 
were returned to their cages and monitored daily throughout 
the postoperative period (Figure 1). Supportive care was pro-
vided as needed, and animals were evaluated for predefined 
humane endpoints.

In sham-operated animals, the same anaesthesia, positioning, 
surgical exposure, and cisterna magna access procedures 
were performed; however, no blood was injected into the cis-
terna magna. All remaining procedural steps, including wound 
closure and postoperative positioning, were identical to those 
used in the SAH group. Successful induction of subarachnoid 
haemorrhage was confirmed by visualisation of blood within 
the basal cisterns during dissection and by the presence of 
early neurological deficits and reductions in cerebral blood 
flow following the procedure.

Preparation and Administration of Thymoquinone and 
Vehicle

The thymoquinone dose was selected based on previous 
experimental studies reporting vascular and neuroprotective 

Figure 1: Establishment of the experimental subarachnoid haemorrhage (SAH) model in rats. A) Midline occipitocervical incision 
performed under general anaesthesia; B) exposure of the atlanto-occipital membrane; C) femoral artery cannulation for collection 
of fresh autologous arterial blood; D) gentle aspiration of cerebrospinal fluid from the cisterna magna; E) slow injection of an equal 
volume of autologous arterial blood into the cisterna magna to induce SAH; and F) wound closure following completion of the surgical 
procedure. Representative images illustrating the stepwise induction of experimental SAH are shown.

A

D

B

E

C

F



Atis C. et al: Thymoquinone and Basilar Artery After SAH

674 | Turk Neurosurg 36(5):671-681, 2026

were conducted on days 3 and 8, corresponding to the early 
and delayed phases of vasospasm, respectively. To enable 
inter-individual comparison, CBF values were normalised to 
baseline and expressed as a percentage of each animal’s 
pre-SAH value. Cerebral blood flow measurements were ob-
tained using a laser Doppler flowmetry system (PeriFlux Sys-
tem 5000; Perimed AB, Järfälla, Sweden). Each recording was 
performed for at least 5 minutes after stabilisation of the sig-
nal, and mean values were used for analysis.

Physiological Monitoring and Perfusion Conditions

During anaesthesia, sacrifice, and transcardial perfusion, 
physiological variables known to influence vascular tone were 
monitored and maintained within predefined ranges. Depth of 
anaesthesia, respiratory pattern, and core body temperature 
were regularly assessed, with core temperature continuously 
maintained at 37±0.5 °C using a rectal probe.

Transcardial perfusion was performed under standardised 
pressure and duration conditions to minimise variability in 
vascular diameter attributable to systemic haemodynamic 
fluctuations.

Tissue Processing and Histology

Upon completion of the experimental procedures, animals 
were sacrificed under general anaesthesia induced by intra-
peritoneal ketamine (50 mg/kg; Pfizer, New York, NY, USA) 
and xylazine (10 mg/kg; Rompun® 2%, Bayer, Germany), fol-
lowed by transcardial perfusion with 200 mL of heparinised 
0.9% saline (10 IU/mL) and fixation with 200 mL of 10% neu-
tral buffered formalin.

After craniotomy, the entire brain was removed and post-fixed 
overnight in 10% neutral buffered formalin. In all experimen-
tal groups, the brainstem—preserving the pons and basilar 
artery—was separated from the cerebral hemispheres and 
maintained in the same fixative (Figure 2).

Following routine tissue processing, basilar artery specimens 
were embedded in paraffin, and 5-µm-thick sections were ob-
tained using a rotary microtome (Leica RM 2135, Leica Instru-
ments, Nussloch, Germany) according to systematic random 
sampling principles. Sections were stained with haematoxylin 
and eosin and examined under light microscopy; representa-
tive histological images are presented in Figure 3.

Morphometric measurements of basilar artery luminal area 
and tunica media area were performed using standard stereo-

oral gavage to minimise variability related to oral bioavailabil-
ity during the post–subarachnoid haemorrhage period, which 
may confound assessment of duration-dependent treatment 
effects (3,31). 

Vehicle-treated SAH groups received the identical vehicle for-
mulation without thymoquinone, administered intraperitoneal-
ly at the same volume and schedule for the corresponding 
treatment duration (3 or 8 days). Animals in the sham group 
received the same vehicle formulation via the same route and 
administration schedule. Thus, each animal received a fixed 
intraperitoneal injection volume of 2.8–3.0 mL per dose, cor-
responding to its body weight.

Neurological Evaluation

Neurological status was assessed using a standardized neu-
rological deficit scoring system adapted from previously de-
scribed experimental subarachnoid haemorrhage models (10). 
All assessments were performed by an investigator blinded 
to group allocation and were conducted daily until sacrifice. 
Neurological evaluations were analysed primarily at days 3 
and 8, corresponding to the early and delayed phases of va-
sospasm, respectively.

The scoring system comprised five components: spontaneous 
activity, symmetry of limb movements, forelimb outstretch-
ing, climbing ability, and response to tactile stimulation. Each 
component was scored on a scale from 0 to 2, with higher 
scores indicating better neurological function and a maximum 
total score of 10.

Animals exhibiting severe neurological impairment or distress 
unrelated to the experimental protocol were predefined to be 
excluded according to established humane endpoints; no an-
imals met these exclusion criteria. Detailed neurological scor-
ing criteria are provided in Table I.

Cerebral Blood Flow Measurement

Cerebral blood flow (CBF) was assessed using laser Doppler 
flowmetry to evaluate haemodynamic changes associated 
with experimental cerebral vasospasm. Measurements were 
performed under standardised anaesthesia to minimise physi-
ological variability. Under light anaesthesia, the Doppler probe 
was positioned over the parietal cortex, and relative cortical 
perfusion values were continuously recorded.

Baseline CBF measurements were obtained prior to sub-
arachnoid haemorrhage induction. Subsequent assessments 

Table I: Neurological Deficit Scoring System

Parameter Score 0 Score 1 Score 2

Spontaneous activity No spontaneous movement Reduced activity Normal activity

Symmetry of limb movement Marked asymmetry Mild asymmetry Symmetric movement

Forelimb extension No extension Partial extension Full symmetric extension

Climbing ability Unable to climb Impaired climbing Normal climbing

Response to tactile stimulation No response Delayed response Normal response
Total score range: 0–10, with higher scores indicating better neurological function.
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Basilar artery luminal area and tunica media area were esti-
mated in the x–y plane using a point-counting method based 
on the Cavalieri principle (2,13). Systematic random sampling 
was applied throughout the analysis, and all measurements 
were performed by an investigator blinded to group allocation, 
as illustrated in Figure 3.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statis-
tics software (version 21.0; IBM Corp., Armonk, NY, USA). 
Continuous variables are presented as mean±standard devi-
ation (SD). Data normality was assessed using the Shapiro–
Wilk test, and homogeneity of variances was evaluated using 
Levene’s test.

logical techniques by investigators blinded to group allocation. 
To minimise measurement bias, all stereological assessments 
were performed by the same investigator, and repeated mea-
surements were conducted on randomly selected sections to 
confirm intra-observer consistency.

Stereology

The section sampling fraction for the basilar artery was set at 
1/4. The first section was selected at random, and every fourth 
consecutive section was included in the analysis. Stereolog-
ical evaluations were performed using a dedicated analysis 
workstation (StereoInvestigator 9.0; MicroBrightField, Col-
chester, USA).

Figure 2: Tissue harvesting procedure. A) Transcardial perfusion performed under deep anaesthesia during sacrifice; B) excised brain 
and brainstem, including the pons and basilar artery, obtained from a control animal; and C) excised brain and brainstem following 
experimental subarachnoid haemorrhage induction. Representative gross anatomical images demonstrating tissue collection are 
presented.

A B C

Figure 3: Stereological assessment and representative histological sections of the basilar artery. A) Schematic illustration of luminal 
area and tunica media area estimation using the Cavalieri principle with a point-counting grid. Representative haematoxylin and eosin–
stained basilar artery sections from the experimental groups: B) Control; C) Sham + Vehicle (3 d); D) SAH; E) SAH + Vehicle (3 d); F) 
SAH + Thymoquinone (3 d); G) SAH + Vehicle (8 d); and H) SAH + Thymoquinone (8 d). Each group consisted of six animals (n=6). The 
asterisk indicates the basilar artery lumen. Scale bar=250 µm.
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Post hoc analyses indicated that relative CBF in this group 
was significantly lower than that observed in both the con-
trol group (adjusted p=0.0013) and the thymoquinone-treated 
SAH group evaluated on day 8 (adjusted p=0.0018). By con-
trast, no statistically significant difference in relative CBF was 
detected between treated and untreated SAH groups during 
the early phase (day 3) (p>0.05). Descriptive CBF data are pre-
sented in Table IV.

Basilar Artery Luminal Area

Basilar artery luminal area values differed significantly among 
the experimental groups (Kruskal–Wallis test, H=26.32, df=6, 
p<0.001), with a very large effect size (η²h=0.89), as shown 

Table II: Baseline Characteristics of Animals in the Experimental 
Groups

Group n Body weight (g), 
mean±SD

Age (months), 
mean±SD

Control 6 285±13 3.1±0.4

Sham + Vehicle (3 d) 6 282±11 3.0±0.3

SAH 6 287±12 3.1±0.3

SAH + Vehicle (3 d) 6 284±10 3.0±0.3

SAH + TQ (3 d) 6 286±14 3.1±0.2

SAH + Vehicle (8 d) 6 283±12 3.0±0.3

SAH + TQ (8 d) 6 285±11 3.1±0.4
Values are presented as mean±standard deviation (SD).
Sham and control groups were evaluated only at day 3 to reduce 
animal use.
SAH: Subarachnoid haemorrhage; TQ: Thymoquinone; d: Days.

Figure 4: Neurological deficit scores across experimental groups. 
Box-and-whisker plots illustrating neurological deficit scores 
assessed on days 3 and 8 following subarachnoid haemorrhage. 
The central line represents the median, boxes indicate the 
interquartile range (25th–75th percentiles), and whiskers denote 
minimum and maximum values. Each group consisted of six 
animals (n=6). Intergroup comparisons were performed using 
the Kruskal–Wallis test followed by Mann–Whitney U test 
with Bonferroni correction. Statistical significance was set at 
p<0.00238. SAH: Subarachnoid haemorrhage.

For variables meeting the assumptions of normality and homo-
geneity of variance, intergroup comparisons were performed 
using one-way analysis of variance (ANOVA), followed by ap-
propriate post hoc analyses when a significant overall effect 
was detected. For variables not satisfying these assumptions, 
intergroup comparisons were conducted using the Kruskal–
Wallis test. When a significant difference was identified, pair-
wise comparisons were performed using the Mann–Whitney U 
test with Bonferroni correction for multiple comparisons.

Given the 21 pairwise comparisons among the seven exper-
imental groups, the adjusted threshold for statistical signifi-
cance was set at p<0.00238. For analyses not involving multi-
ple comparisons, a p value<0.05 was considered statistically 
significant. The sample size per group was selected based 
on previous experimental studies using similar subarachnoid 
haemorrhage models and morphometric endpoints. A formal 
a priori power calculation was not performed because this 
was an exploratory stereology-based study, and group sizes 
were determined based on precedent in comparable experi-
mental SAH morphometric designs and ethical/practical con-
straints inherent to animal research. In addition to the global 
Kruskal–Wallis analysis, a limited set of pre-specified primary 
comparisons focused on the delayed-phase hypothesis (SAH 
+ Vehicle day 8 vs SAH + TQ day 8). These comparisons were 
evaluated separately from the full set of exploratory pairwise 
tests, which were adjusted using Bonferroni correction.

█   RESULTS
Baseline Characteristics

No statistically significant differences were observed among 
the experimental groups with respect to baseline age or body 
weight. All animals included in the study were male. Evaluation 
of the control and sham groups at the early time point showed 
no statistically significant differences in baseline physiological 
or morphometric parameters (Table II).

Neurological Deficit Scores

The distribution of neurological deficit scores differed signifi-
cantly among the experimental groups (Kruskal–Wallis test, 
p<0.001), as shown in Figure 4. Post hoc pairwise compari-
sons performed using the Mann–Whitney U test with Bonfer-
roni correction demonstrated that the SAH + Vehicle group 
evaluated on day 8 exhibited significantly lower neurological 
scores compared with both the control group and the thymo-
quinone-treated SAH group evaluated at the same time point 
(adjusted p=0.002165 for both comparisons).

In contrast, no statistically significant difference was observed 
between thymoquinone-treated and untreated SAH groups 
during the early phase (day 3) (adjusted p>0.00238). Descrip-
tive statistics for neurological deficit scores are provided in 
Table III.

Cerebral Blood Flow (CBF)

Cerebral blood flow (CBF) values differed significantly among 
the experimental groups (Kruskal–Wallis test, p<0.001), as il-
lustrated in Figure 5. In the SAH + Vehicle group evaluated on 
day 8, relative CBF values were markedly reduced.
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No significant difference in luminal area was detected between 
the SAH + Vehicle and SAH + Thymoquinone groups evaluat-
ed during the early phase (day 3) (adjusted p=0.699134). Ad-
ditionally, a significant increase in luminal area was observed 
between the SAH + Thymoquinone groups evaluated on days 
3 and 8 (adjusted p=0.002165). Detailed results of post hoc 
pairwise comparisons are presented in Table VI.

Basilar Artery Tunica Media Area

No statistically significant differences were detected among 
the experimental groups with respect to basilar artery tunica 

in Figure 6. Descriptive statistics for each group (mean±stan-
dard deviation) are provided in Table V.

Pairwise comparisons performed using the Mann–Whitney U 
test with Bonferroni correction demonstrated that basilar ar-
tery luminal area was significantly reduced in the SAH + Vehi-
cle group evaluated on day 8 compared with the control group 
(adjusted p=0.002165). In addition, basilar artery luminal area 
was significantly greater in the SAH + Thymoquinone group 
than in the SAH + Vehicle group evaluated on day 8 (adjusted 
p=0.002165).

Figure 6: Basilar artery luminal area across experimental groups. 
Box-and-whisker plots illustrating basilar artery luminal area 
measurements obtained on days 3 and 8 following subarachnoid 
haemorrhage. Boxes represent the interquartile range with median 
values, whiskers indicate minimum and maximum values, and 
individual points represent single animals. Each group consisted 
of six animals (n=6). Intergroup comparisons were performed 
using the Kruskal–Wallis test followed by Mann–Whitney U tests 
with Bonferroni correction.
SAH: Subarachnoid haemorrhage.

Figure 5: Relative cerebral blood flow (CBF) across experimental 
groups. Box-and-whisker plots showing relative cerebral blood 
flow values measured on days 3 and 8 and expressed as a 
percentage of baseline (pre-subarachnoid haemorrhage) values. 
The median is indicated by the central line, boxes represent the 
interquartile range, and whiskers denote minimum and maximum 
values. Each group consisted of six animals (n=6). Statistical 
analysis was performed using the Kruskal–Wallis test followed by 
Mann–Whitney U tests with Bonferroni correction.
SAH: Subarachnoid haemorrhage; CBF: Cerebral blood flow.

Table III: Neurological Deficit Scores Across Experimental 
Groups

Group Neurological deficit score
(mean±SD; median (IQR))

Control 9.8±0.4; 9.8 (9.65–10.00)

Sham + Vehicle (3 d) 9.6±0.5; 9.6 (9.35–9.85)

SAH 6.1±0.9; 6.1 (5.70–6.60)

SAH + Vehicle (3 d) 7.6±0.8; 7.6 (7.20–8.10)

SAH + TQ (3 d) 7.9±0.7; 7.9 (7.50–8.25)

SAH + Vehicle (8 d) 6.4±0.8; 6.4 (6.00–6.80)

SAH + TQ (8 d) 8.3±0.6; 8.3 (8.05–8.65)
Data are presented as mean±standard deviation (SD) and median 
(interquartile range, IQR). Each group consisted of six animals (n=6).
SAH: Subarachnoid haemorrhage; TQ: Thymoquinone; d: Days.

Table IV: Relative Cerebral Blood Flow (CBF) Values Across 
Experimental Groups

Group Measurement 
Day

Relative CBF 
(% of baseline), 

mean±SD; median 
(IQR)

Control 3 99.8±4.5; 99.9 
(97.25–102.35)

Sham + Vehicle (3 d) 3 96.8±5.2; 96.8 
(94.65–100.05)

SAH 3 58.4±7.8; 58.4 
(54.75–63.05)

SAH + Vehicle (3 d) 3 60.1±8.0; 60.1 
(56.65–65.00)

SAH + TQ (3 d) 3 62.3±7.5; 62.3 
(58.15–66.75)

SAH + Vehicle (8 d) 8 59.6±7.9; 59.6 
(56.05–63.75)

SAH + TQ (8 d) 8 69.5±6.8; 69.5 
(65.80–72.90)

Data are presented as mean±standard deviation (SD) and median 
(interquartile range, IQR). Each group consisted of six animals (n=6).
CBF: Cerebral blood flow, SAH: Subarachnoid haemorrhage,              
TQ: Thymoquinone, d: days.
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media area (one-way ANOVA, p=0.294), indicating compara-
ble medial thickness across groups. Corresponding descrip-
tive data are provided in Table VII.

█   DISCUSSION
In the present study, we quantitatively demonstrate that thy-
moquinone exerts a time-dependent neurovascular effect on 
basilar artery morphology following experimental subarach-
noid haemorrhage (SAH). Using unbiased stereological anal-
ysis, we show that prolonged thymoquinone administration 
attenuates delayed basilar artery luminal narrowing and is 
associated with partial preservation of cerebral blood flow, 
whereas short-term treatment does not produce a measur-
able morphometric effect. These findings indicate that treat-
ment duration and temporal alignment with the evolution of 
vasospasm, rather than drug exposure alone, are critical de-
terminants of the vascular response to thymoquinone. Impor-
tantly, by applying unbiased stereology, our study provides 
one of the first quantitative demonstrations that the vascular 
effect of TQ after SAH is duration-dependent, and that short-
term administration is insufficient to induce a detectable mor-
phometric benefit.

Basilar artery luminal area differed significantly among exper-
imental groups, with pronounced luminal narrowing observed 
in the SAH + Vehicle group evaluated during the delayed phase 
(day 8). In contrast, animals receiving thymoquinone through-
out this period exhibited a significant attenuation of luminal 
narrowing. The observation that control animals consistently 
displayed the largest basilar artery luminal areas supports the 
notion that basilar artery morphology remains stable under 
physiological conditions. Prior experimental studies similarly 
suggest that basilar artery morphology remains stable over 
comparable timeframes in the absence of SAH; however, 
baseline measurements at day 8 were not directly obtained in 
the present study. Therefore, the luminal narrowing observed 
following SAH most plausibly reflects progressive neurovas-
cular dysfunction. Experimental and translational studies have 
implicated inflammatory signaling, oxidative stress, endothe-
lial dysfunction, and altered vasoactive mediator balance as 
key contributors to delayed cerebral vasospasm (3,7).

Within this pathophysiological framework, the absence of 
significant changes in basilar artery tunica media area across 
experimental groups suggests that luminal narrowing in the 
present model is mediated predominantly by functional vas-
cular mechanisms, rather than by permanent structural re-
modeling of the vessel wall. This interpretation is consistent 
with previous experimental observations indicating that de-
layed vasospasm is largely driven by dynamic alterations in 
vascular tone and endothelial function (5,23,26,31,32).

Previous experimental studies investigating thymoquinone in 
SAH models have primarily employed oral administration at 
doses of approximately 10 mg/kg/day, with outcome mea-
sures focused mainly on biochemical markers, histopathologi-
cal injury, or neurological function (6,9,20). While these studies 
have consistently highlighted the antioxidant and anti-inflam-
matory properties of thymoquinone, the relationship between 

Table V: Basilar Artery Luminal Area Across Experimental 
Groups

Group n Basilar artery luminal area 
(×10⁶ µm²), mean±SD

Control 6 1.1276±0.0171

Sham + Vehicle (3 d) 6 1.1183±0.0170

SAH 6 0.9427±0.0284

SAH + Vehicle (3 d) 6 0.9584±0.0328

SAH + TQ (3 d) 6 0.9538±0.0300

SAH + Vehicle (8 d) 6 0.7897±0.0463

SAH + TQ (8 d) 6 1.0577±0.0446
Values are presented as mean±standard deviation (SD). Luminal area 
values are expressed as ×10⁶ µm². Each group consisted of six animals 
(n=6). SAH: Subarachnoid haemorrhage, TQ: Thymoquinone, d: Days.

Table VI: Post Hoc Pairwise Comparisons of Basilar Artery Lu-
minal Area Following Bonferroni Correction

Comparison Adjusted p-value 
(Bonferroni)

Control vs SAH + Vehicle (8 d) 0.002165

SAH + Vehicle (3 d) vs SAH + Vehicle (8 d) 0.002165

SAH + Vehicle (3 d) vs SAH + TQ (3 d) 0.699134

SAH + Vehicle (8 d) vs SAH + TQ (8 d) 0.002165

SAH + TQ (3 d) vs SAH + TQ (8 d) 0.002165
Pairwise comparisons were performed using the Mann–Whitney U test 
with Bonferroni correction following a significant Kruskal–Wallis test. 
The adjusted significance threshold was set at p<0.00238.
SAH: Subarachnoid haemorrhage, TQ: Thymoquinone, d: Days.

Table VII: Basilar Artery Tunica Media Area Across Experimental 
Groups

Group n Basilar artery tunica media 
area (µm²), mean±SD

Control 6 288.017±13.364

Sham + Vehicle (3 d) 6 281.450±9.787

SAH 6 277.583±8.794

SAH + Vehicle (3 d) 6 275.650±8.899

SAH + TQ (3 d) 6 280.667±7.380

SAH + Vehicle (8 d) 6 275.833±8.066

SAH + TQ (8 d) 6 277.833±8.128
Values are presented as mean±standard deviation (SD). Each group 
consisted of six animals (n=6). No statistically significant differences 
were detected among groups (one-way ANOVA, p=0.294).
SAH: Subarachnoid haemorrhage, TQ: Thymoquinone, d: Days.
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idence supporting a time-dependent neurovascular effect of 
thymoquinone, rather than as a comprehensive mechanistic 
characterization of its molecular actions.

Several limitations of the present study should be acknowl-
edged. The analysis relied primarily on morphometric out-
comes, and biochemical markers of oxidative stress or inflam-
mation were not assessed. In addition, direct angiographic 
confirmation of vasospasm was not performed. Control and 
sham groups were evaluated only at day 3 to reduce animal 
use, representing a methodological limitation. Although con-
trol and sham animals were not evaluated at day 8 to reduce 
animal use, prior experimental literature indicates that basi-
lar artery morphology remains stable over comparable time-
frames in the absence of SAH; therefore, the delayed lumi-
nal narrowing observed here is most plausibly attributable to 
SAH-related pathophysiology rather than temporal baseline 
drift (33,35). Nevertheless, the application of unbiased ste-
reological methods represents an important methodological 
strength, enhancing the objectivity and reproducibility of the 
morphometric measurements.

Overall, the present findings demonstrate that prolonged thy-
moquinone administration preserves basilar artery luminal 
area and is associated with partial maintenance of cerebral 
perfusion during the delayed phase of experimental vaso-
spasm (6,9). These results support a time-dependent neuro-
vascular effect of thymoquinone in experimental subarachnoid 
haemorrhage. Further studies incorporating dose–response 
analyses, alternative routes of administration, and molecular 
assessments are warranted to clarify the mechanisms under-
lying these observations and to further define the therapeutic 
potential of thymoquinone (27,29).

█   CONCLUSION
This study demonstrates that intraperitoneal thymoquinone 
administration exerts duration-dependent neurovascular ef-
fects in an experimental subarachnoid haemorrhage model. 
Prolonged treatment for eight days, encompassing the de-
layed phase of vasospasm, attenuated delayed basilar artery 
luminal narrowing and was associated with partial preserva-
tion of cerebral blood flow, whereas short-term administration 
did not produce a measurable morphometric effect. These 
findings indicate that temporal alignment of treatment with 
vasospasm development is a critical determinant of the vas-
cular response to thymoquinone. Further experimental studies 
incorporating dose–response analyses, alternative routes of 
administration, and molecular assessments are warranted to 
clarify the underlying mechanisms and better define the neu-
rovascular actions of thymoquinone.
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treatment duration and vascular morphology has received 
limited attention. In this context, the present study extends 
existing knowledge by demonstrating that prolonged admin-
istration encompassing the delayed phase of vasospasm is 
required to elicit a measurable morphometric benefit at the 
level of the basilar artery.

Cerebral vasospasm following subarachnoid haemorrhage 
typically emerges around the third day and reaches peak 
severity between days 7 and 10 (22,24,30). Within this es-
tablished temporal profile, the absence of a significant ear-
ly-phase effect observed in the present study appears bio-
logically plausible. This pattern suggests that thymoquinone 
preferentially modulates vascular processes developing 
during the delayed phase of vasospasm, rather than mecha-
nisms associated with the immediate post-haemorrhagic pe-
riod or acute early brain injury (24,30).

The association between prolonged thymoquinone adminis-
tration and partial preservation of cerebral blood flow during 
the delayed phase further supports the haemodynamic rel-
evance of the morphometric findings. The concordance 
between basilar artery luminal area and cerebral perfusion 
suggests that attenuation of delayed luminal narrowing is ac-
companied by functionally meaningful alterations in cerebral 
haemodynamics. The observed preservation of cortical CBF 
should therefore be interpreted as a haemodynamic correlate 
consistent with improved vascular conditions rather than as a 
direct measure of basilar artery blood flow.

By contrast, the limited improvement observed in neurological 
deficit scores is consistent with the multifactorial nature of neu-
rological dysfunction following subarachnoid haemorrhage, in 
which vascular alterations represent only one of several con-
tributing mechanisms. In addition to large-artery vasospasm, 
early brain injury, microcirculatory impairment, blood–brain 
barrier disruption, neuroinflammation, and cortical spreading 
depolarizations may contribute to delayed neurological defi-
cits and poor functional recovery. Consequently, attenuation 
of basilar artery luminal narrowing and partial preservation of 
CBF may not translate proportionally into neurological score 
improvement, particularly in models where secondary injury 
pathways remain active (22,36). 

Although previous studies have demonstrated that thymo-
quinone modulates nitric oxide bioavailability, endothelin-1 
expression, and inflammatory cytokine release, these mo-
lecular pathways were not directly assessed in the present 
study (6,16,28). A parsimonious working hypothesis is that TQ 
exerts cumulative endothelial and redox-modulating effects 
that require sustained exposure to influence the delayed va-
sospasm milieu. Given the time-dependent evolution of ox-
idative stress, inflammatory signaling, and vasoactive medi-
ator imbalance after SAH, prolonged administration may be 
necessary to restore nitric oxide bioavailability, dampen en-
dothelin-driven vasoconstrictive tone, and reduce oxidative 
endothelial dysfunction sufficiently to yield a detectable mor-
phometric benefit. This framework is consistent with the ob-
served lack of early-phase effect and the preferential benefit 
during the delayed phase. Accordingly, the findings should be 
interpreted as structural, haemodynamic, and functional ev-
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