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Abstract

Background: Subarachnoid hemorrhage (SAH) is a cerebrovascular disease with high mortality and long-term neurological sequelae,
largely driven by early brain injury, inflammation, neuronal apoptosis, and oxidative stress. Umbelliferone (7-hydroxycoumarin) exhibits
notable antioxidant and anti-inflammatory properties. This study aimed to investigate the neuroprotective effect of umbelliferone in a
mouse model of SAH and explore the underlying mechanisms. Materials and Methods: Following SAH induction, mice received
the oral administration of umbelliferone (2.5, 5, or 10 mg/kg). Body weight, brain weight, and brain water content were measured
to assess cerebral edema and neurological injury. Tight junction protein levels were quantified to assess blood brain barrier (BBB)
integrity; meanwhile, antioxidant markers, inflammatory cytokines, and apoptosis-related parameters were also evaluated. Furthermore,
mRNA expression levels in brain tissue were analyzed to elucidate the underlying molecular mechanisms. Results: Umbelliferone
significantly improved body weight and enhanced brain weight (p < 0.001). Umbelliferone also altered the level of tight junction
parameters (occludin, claudin-5, zonula occludens-1 (ZO-1)); oxidative stress parameters (glutathione (GSH), superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), malonaldehyde (MDA)); mitogen-activated protein kinase (MAPK) parameters
(phosphorylated c-Jun N-terminal kinase(p-JNK), phosphorylated extracellular signal-regulated kinase (p-ERK), phosphorylated p38
MAPK (p-38)); inflammatory cytokines (tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-18
(IL-18)); inflammatory parameters (cyclooxygenase-2 (COX-2), nuclear factor kappa B (NF-κB), transforming growth factor-β (TGF-
β)); apoptosis parameters (Bcl-2-associated X protein (Bax), B-cell lymphoma 2 (Bcl-2), caspase-3, Bax/Bcl-2 ratio). Umbelliferone
also significantly (p< 0.001) altered the mRNA expression of matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-
9), basigin (BSG2), TNF-α, IL-6, monocyte chemoattractant protein-1 (MCP-1), claudin-5, occludin, phosphoinositide 3-kinase (PI3K),
protein kinase B (AkT), toll-like receptor 2 (TLR2) and toll-like receptor 4 (TLR4). Conclusion: Umbelliferone exerts neuroprotective
effects against SAH in mice, at least in part, by modulating the TLR2/TLR4–NF-κB–MMP-9 and PI3K/Akt signaling pathways.

Keywords: subarachnoid hemorrhage; neuroprotection; umbelliferone; oxidative stress; apoptosis; toll-like receptor 2; nuclear factor-
kappa B; matrix metalloproteinase 9

1. Introduction
Early brain injury (EBI), following subarachnoid

hemorrhage (SAH) shows a complex cascade of cellular
and molecular events that progress beyond the primary me-
chanical insult, which contributes to secondary neuronal in-
jury and neurological dysfunction [1]. The quick enhance-
ment in intracranial pressure and the resultant cerebral hy-
poperfusion initiate a series of events that disrupt blood
brain barrier (BBB) homeostasis, ultimately leading to va-
sogenic edema and subsequent influx of proinflammatory
mediators [2,3]. Neuroinflammation, driven by activated
microglia and immune cell infiltration, exacerbates tissue
damage by releasing pro-inflammatory mediators, includ-
ing cytokines and chemokines. Mitochondrial dysfunction
further aggravates the cellular energy deficit and activates
apoptotic cascades, establishing a vicious cycle that ampli-
fies neuronal degeneration. The pathophysiological envi-

ronment in the brain is very complex, as it not only compro-
mises immediate neuronal survival but also predisposes the
brain to delayed complications like cerebral vasospasm and
ischemia [4–6]. Apoptosis, a tightly regulated form of pro-
grammed cell death, plays a critical pathophysiological role
in EBI and largely determines the extent of glial and neu-
ronal cell loss after SAH. Cellular degradation and DNA
fragmentation are mediated by caspases, which are acti-
vated through both intrinsic and extrinsic apoptotic path-
ways. Modulation of these apoptotic pathways has been
shown to significantly affect the progression of brain injury
in experimental models; therefore, apoptosis has emerged
as a promising therapeutic target for the treatment of SAH.
The preclinical studies suggest that pharmacological com-
pounds that block major intracellular apoptotic cascades
(e.g., caspase inhibitors, mitochondrial membrane stabilis-
ers) are effective in suppressing brain edema and improv-
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ing functional outcome. Preliminary clinical trials investi-
gating anti-apoptotic therapies have demonstrated promis-
ing neuroprotective potential, but more research needs to be
required to scrutinize the initiating molecular mechanisms
and to determine the optimal timing for potential interven-
tion [1,6,7]. Apoptosis-targeted treatments may transform
the current therapeutic paradigm for SAH, shifting the focus
from merely preventing re-rupture to actively amelioration
of early neuronal injury, and improving the long-term neu-
rological complications.

Secondary complications after SAH, such as brain
edema, BBB permeability disruption, neuronal cell apop-
tosis, and cerebral vasospasm (CVS) are sequential patho-
physiological events that have important roles in the prog-
nosis of SAH in patients. These complications are, in part,
facilitated by biochemical dysregulation, including oxida-
tive stress, increased inflammation, and toxic metabolite
accumulation [1,3]. Oxidative stress is a major contrib-
utor to cellular damage and enhances neuroinflammation,
compromising neuronal survival and vascular stability. The
interactive effects of these factors result in a vicious cy-
cle that aggravates brain injury and hinders recovery fol-
lowing SAH. Recently, activation of nuclear factor ery-
throid 2-related factor 2 (Nrf2) was considered as an essen-
tial mediator in the amelioration of these secondary injuries
through coordinating cellular protective responses against
oxidative and inflammatory insults [8]. This involves the
cytoplasmic retention of Nrf2 by its repressor, kelch-like
ECH-associated protein 1 (Keap1), under basal conditions.
Under resting conditions, Nrf2 is sequestered by its nega-
tive regulator, Keap1, which retains the transcription fac-
tor in the cytoplasm for degradation via the ubiquitin-
proteasome pathway. But under oxidative or xenobiotic
stimuli, Nrf2 dissociates from its tether to the Keap1 com-
plex and translocates to the nucleus, where it induces the
transcription of antioxidant response element (ARE) genes,
thereby controlling the expression of antioxidant and detox-
ifying enzymes. In fact, studies in experimental models of
CNS injury demonstrate that Nrf2 deficiency exacerbates
neural injury, whereas pharmacological induction of Nrf2
with agents such as tert-butylhydroquinone (tBHQ) or sul-
foraphane results in neuroprotection [9–11]. However, the
exact mechanisms of Nrf2 activation and its potential ther-
apies for SAH remain poorly understood, despite positive
results in other CNS injuries; thus, more studies are needed
to elucidate the underlying mechanisms and refine targeted
intervention strategies.

The Bcl-2/Bax/Cleaved caspase-3 signaling pathway
plays a significant role in the regulation of intrinsic
apoptotic pathways, especially mitochondrial dysfunction,
which is considered to have an integral role in several ner-
vous system diseases [12]. Bcl-2 is an anti-apoptotic pro-
tein that maintains mitochondrial integrity, and Bax pro-
motes apoptosis by inducing the breakdown of the mito-
chondrial outer membrane and activating downstream ef-

fectors such as cleaved caspase-3, resulting in cell death.
Dysfunction of such a pathway may thus participate in
pathological neuronal death, and has been involved in dis-
orders, for instance, neurodegenerative diseases, ischemic
insults or SAH [13,14]. Among the sirtuins, Sirt3 is
a mitochondrial NAD(+)-dependent deacetylase that pro-
tects against oxidative stress by modulating the activity
of antioxidant enzymes, including superoxide dismutase 2
(SOD2). Sirt3 expression in cortical neurons is downreg-
ulated in a time-dependent manner after SAH, in paral-
lel with SOD2 levels, suggesting that it plays an impor-
tant role as an antioxidant factor that attenuates oxidative
damage following hemorrhage. This decrease in Sirt3 may
further enhance mitochondrial dysfunction and apoptosis
by decreasing the cell’s level of reactive oxygen species
scavenging, resulting in the augmentation of neuronal in-
jury [14,15]. Therefore, Sirt3 and its downstream signaling
might be good targets for treatment to increase neuronal
survival in SAH and other oxidative stress-related central
nervous system diseases.

Umbelliferone (UF), or 7-hydroxycoumarin, is a
derivative of coumarin, and a type of phenylpropanoid. It
forms colourless crystals with a characteristic odor remi-
niscent of vanilla [16]. It is known for its unique chem-
ical structure, which contains a benzopyrone core featur-
ing a hydroxyl group at the seventh position. It has been
shown that 5-(Tetradecyloxy)-2-furoic acid (TOFA) has
anti-inflammatory, antimicrobial and anticancer activities,
which make it as a potential therapeutic agent [17–19]. In
this experimental study, we explore the neuroprotective ef-
fect of UF against SAH in mice and explore the underlying
mechanism.

2. Material and Method
2.1 Experimental Mice

In this experimental study, we used the C57BL/6 mice
(sex: male; aged: 8–10 weeks and weight: 25–30 g). The
mice were received by the department’s animal house and
kept in single cages. The mice were kept in standard lab-
oratory conditions (22 ± 2 °C; 60–70% relative humidity;
12 h/12 h light/dark cycle) and had free access to water and
food. The experimental protocols were reviewed and ap-
proved by the Animal Ethics Committee of and all proce-
dures were performed under the approved ethical standards.
The ethics approval number is [Approval No. 12783948].

Animals were anesthetized using pentobarbital
sodium administered intraperitoneally at a dose of 50
mg/kg body weight (10 mg/mL solution prepared in
sterile normal saline). Adequate depth of anesthesia was
confirmed by the absence of pedal withdrawal and corneal
reflexes before any experimental procedures were initiated.
At the end of the experiment, animals were euthanized
under deep anesthesia using an overdose of pentobarbital
sodium (≥150 mg/kg, intraperitoneally). Death was
confirmed by cessation of respiration and heartbeat,
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Fig. 1. Experimental group. SAH, subarachnoid haemorrhage; UF, umbelliferone.

followed by cervical dislocation to ensure irreversibility.
These procedures were performed in accordance with the
Regulations on the Administration of Laboratory Animals
of the People’s Republic of China and internationally
accepted animal welfare guidelines.

2.2 SAH Model
Mice were induced under SAH using the previously

reported method [12]. In short, the mice were anesthetized
with pentobarbital sodium (50 mg/kg) and the rectal tem-
perature was maintained using a heat blanket (37± 0.5 °C).
We exposed the carotid arteries (internal, external, and com-
mon), then ligated and cut the left external carotid artery,
leaving an arterial stump measuring 3 mm. Using a ny-
lon suture, the left side was accessed through the branch
of the middle cerebral artery and advanced approximately
3–5 mm into the lumen of the artery. SAH was constructed
for 10 s. Normal control mice were similarly treated, ex-
cept their blood vessels were not pricked, and there was no
significant change in the blood flow. We tracked changes
in blood flow before and after vessel puncture in all mice.
After the operation, the mice were returned to their cages to
recover.

2.3 Drug Preparation
Umbelliferone (98%, Sigma-Aldrich) was purchased

and administered to the mice as an oral suspension. Firstly,
prepare the oral suspension by dissolving the tested drug in
1% carboxymethylcellulose (CMC).

2.4 Experimental Group
After the induction of SAH, themicewere divided into

the following groups (n = 10), and the experimental group

is shown in Fig. 1. Animals were subsequently divided into
subgroups after SAH induction and randomization (n = 10
per group) to facilitate proper tissue processing. For neuro-
logical evaluation and naloxone administration (wet–dry)
measurement, five mice per group were used, while an-
other five mice were used for biochemical and molecular
analysis. For the ELISA and qRT-PCR assays, the ipsilat-
eral cerebral cortex was meticulously dissected at 4 °C, half
were homogenized for protein estimation, while the neigh-
bouring cortical area was flash-frozen in liquid nitrogen and
stored at –80 °C until further analysis of mRNA expression.

After isolating the ipsilateral cortical tissues, they
were lysed in ice-cold lysis buffer RIPA containing pro-
teases and phosphatase inhibitors (Thermo Fisher Scien-
tific, Waltham, MA, USA) followed by centrifugation at
12,000 rpm for 15 min at 4 °C. The supernatant was
retrieved and protein concentration was determined with
BCA protein assay kit (Thermo Fisher Scientific).

2.5 SAH Grade
For the estimation of SAH grade, the high-resolution

images of the blood clots in the basal cisterns [12]. As per
the score system, the following groups and their scores:

Mild SAH: 0–7 points,
Moderate SAH: 8–12 points, and
Severe SAH: 13–18 points.

2.6 Neurological Score
All mice in each group were assessed for neurologi-

cal performance using the modified Garcia scale and Ro-
tarod test following 48 h post-SAH period. The symme-
try movements of limbs, spontaneous activity, climbing,
forepaw outstretching, tentacle reaction and body proprio-
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Table 1. List of primers.

S. No Genes
Primer (5′- 3′)

Forward Reverse

1 CLDN5 TAAGGCACGGGTGGCACTCA CTACGATGTTGGCGAACCAG
2 BSG2 GTTTGTGAAGCTGATCTGCAAG ACAGCTCAGGCGTGGATATAAT
3 OCLN TAGCCATTGTCCTGGGGTTCAT TTTCTTCGGGTTTTCACAGCAAA
4 TNF-α AAGCATGATCCGAGATGTGGAACTG CGCCACGAGCAGGAATGAGAAG
5 IL-6 ACTTCCAGCCAGTTGCCTTCTTG TGGTCTGTTGTGGGTGGTATCCTC
6 MCP-1 CTCACCTGCTGTACTCATTCACTG CTTCTTTGGGACACCTGCTGCTG
7 MMP-2 GCAACCACAACCAACTACGA CCAGTGTCAGTATCAGCATCAG
8 MMP-9 GCAAACCCTGCGTATTTCCAT CCATCCGAGCGACCTTTAGTG
9 PI3K GCTGGACTTGGTGTTGAAGA GGATGTAGCCATCAGGTTGA
10 Akt TGGACTACATGAGCGACAAG GGTGCCGTAGTCATCCATAA
11 TLR2 GCTTTCCTGCTCAACTTCCT TGGTCATCTTGGGCTTCTTC
12 TLR4 GGACTCTGAATCGGAGGAAA CCAAGTCTCTGAAGGGTCTG
13 GAPDH TGGAAAGCTGTGGCGTGAT AACGGATACATTGGGGGTAG

ception were assessed by following the previously reported
literature by Garcia et al. [20]. For the rotarod test, wemea-
sured the performance of all mice before surgery (1 day) and
48 h post-SAH. To summarize, the mice were placed on a
cylinder, and the rotation rate was increased from 4 to 40
rpm for 5 minutes. As reported earlier [21], the latency to
falling off in three consecutive trials was calculated.

2.7 Brain Edema
For the estimation of brain edema, we estimated the

brain water level in the all-group mice. Briefly, after the
surgery, the brains were immediately removed (48 h) and
the brain tissue was quickly divided into four parts, such
as the hemisphere (right and left), the brain stem, and the
cerebellum. Each part was weighed quickly to get the wet
weight and dried in a 100 °C for 24 h using the oven to get
dry weight. The brain water level was estimated using the
following formula [21]:

brain water content (%) =
(Wet weight − Dry weight )

Wet weight
× 100

2.8 Biochemical Parameters
The antioxidant parameters such as MDA (Cat. No:

E-BC-K025-M), GSH (Cat. No: E-BC-K030-M), GPx
(Cat. No: E-BC-K096-M), CAT (Cat. No: E-BC-K031-
M) and SOD (Cat. No: E-BC-K020-M); inflammatory cy-
tokines include TNF-α (Cat. No: E-EL-M0049), IL-1β
(Cat. No: E-EL-M0037), IL-6 (Cat. No: E-EL-M0044),
IL-18 (Cat. No: E-EL-M0730); inflammatory parameters
include COX-2 (Cat. No: E-EL-M0959), NF-κB (Cat. No:
E-EL-M0054), TGF-β (Cat. No: E-EL-M0055); apoptosis
parameters viz., Bax (Cat. No: E-EL-M0007), Bcl-2 (Cat.
No: E-EL-M0008) and caspase-3 (Cat. No: E-EL-M0033)
were estimated using the ELISA kit following the manufac-
ture instruction (Elabscience Biotechnology Inc., Wuhan,
China).

Commercially available ELISA kits were used to de-
termine the protein amounts of ERK (Cat. No. E-EL-
R2665), JNK (Cat. No. E-EL-R2406), p38 (Cat. No.
E-EL-R2536) and their phosphorylated forms (p-ERK, p-
JNK, and p-p38) according to manufacturer’s instructions
with equal amounts of total proteins (Elabscience Biotech-
nology Inc., Wuhan, China).

2.9 Quantitative Real‑Time PCR

After the experimental phase, all the mice were sac-
rificed and their cortex was immediately frozen on dry ice
and stored in RNA buffer until the mRNA isolation pro-
tocol. mRNA was isolated using the Total RNA Mini Kit
(A&A Biotechnology, Poland) according to the manufac-
turer’s instructions. Reverse transcription was conducted
at 100 ng/µL using the NG dART RT Kit in a DNA En-
gine DNA thermocycler. mRNA expression was assessed
by quantitative real-time PCR in a standard mode using the
SYBR Green Master Mix and primers listed in Table 1.
GAPDH served as the internal standard.

2.10 Statistical Analysis

Values are presented as the mean and standard devi-
ation (SD). The statistical analyses were performed with
GraphPad Prism (version 8; GraphPad Software, San
Diego, CA, USA). Data normality was first checked by
the Shapiro-Wilk. Comparisons between more than two
groups were performed using one-way ANOVA followed
by Tukey’s multiple comparisons test. Two-group compar-
isons were done using an unpaired Student’s t-test. Statis-
tical significance was considered at p < 0.05.

3. Result
3.1 Body Weight and Brain Weight

SAHgroupmice exhibited reduced bodyweight, brain
damage, and increased brain water content compared with
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Fig. 2. Effect of umbelliferone on the body weight, brain weight and brain water content against SAH in mice. (a) body weight,
(b) brain weight and (c) brain water content. Data are presented as the mean ± standard deviation (SD), with ten mice in each group.
###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH.

Fig. 3. Effect of umbelliferone on the modified Garcia Score and Rotarod latency against SAH in mice. (a) Modified Garcia Score
and (b) Rotarod latency. Data are presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p <
0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH.

the normal control group. Umbelliferone treatment signif-
icantly (p < 0.001) improved the body weight (Fig. 2a),
brain weight (Fig. 2b) and brain water content (Fig. 2c).

3.2 Neurological Parameters

SAH group mice showed a suppressed modified Gar-
cia Score (Fig. 3a) and Rotarod latency (Fig. 3b) as com-
pared to the normal control group mice. Umbelliferone

treatment significantly (p < 0.001) improved the modified
Garcia Score and Rotarod Latency at dose dependent man-
ner.

3.3 SAH Assessment

The NC group displayed no signs of blood loss (score
= 0). In all groups of SAH-induced models, the magnitude
of haemorrhage was relatively consistent. The mean score
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Fig. 4. Effect of umbelliferone on the tight junction parameter against SAH in mice. (a) Occludin, (b) claudin-5 and (c) ZO-1. Data
are presented as the mean ± SD, with ten mice in each group. ns, not significant; ###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p
< 0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH. ZO-1, zonula occludens-1.

Table 2. SAH Grade Scores in Experimental Groups.
S. No Group Groups SAH Grade Score

1 A NC (Normal Control) 0
2 B SAH 12.8 ± 0.6###

3 C SAH + Umbelliferone (2.5 mg/kg) 11.1 ± 0.5*
4 D SAH + Umbelliferone (5 mg/kg) 8.6 ± 0.8**
5 E SAH + Umbelliferone (10 mg/kg) 5.4 ± 0.3***
Data are presented as the mean ± SD, with ten mice in each group.
###p< 0.001 SAH vs normal control; ∗p< 0.05, ∗∗p< 0.01 and ∗∗∗p
< 0.001 compared umbelliferone group vs SAH. SAH, subarachnoid
haemorrhage.

of SAH grade in SAH group was 12.8± 0.6, compared with
SAH + UM (2.5 mg/kg), SAH + UM (5 mg/kg) and SAH
+ UM (10 mg/kg) groups that had scores of 11.1 ± 0.5, 8.6
± 0.8 and 5.4 ± 0.3, respectively (Table 2). These results
verify that baseline hemorrhage volume was similar in the
entire SAH group before treatment, and are not affected by
differences between the initial grade of SAH on the thera-
peutic causative effects of umbelliferone.

3.4 Tight Junction Parameter
The results showed that the integrity of the BBB was

seriously compromised after SAH, which manifested as a
significant (p < 0.001) decrease of tight junction proteins
such as occludin (Fig. 4a), claudin-5 (Fig. 4b) and zonula
occludens-1 (ZO-1) (Fig. 4c) in Group B when compared
to the normal control (Group A). Occludin levels were sig-
nificantly decreased in the SAH control group. Similarly,
Fig. 4b indicated that the level of claudin-5 was signifi-
cantly (p < 0.001) reduced after SAH and gradually in-
creased with UF treatment. Consistent with these results,
Fig. 4c demonstrated a marked reduction in ZO-1 level for
Group B that was evidently counteracted by Groups C, D,
and E, in a dose-dependent manner.

3.5 Antioxidant Parameters
The results indicated a marked abnormality in the ox-

idative stress status after SAH induction, as demonstrated
in Fig. 5. Endogenous antioxidant defenses were signifi-
cantly altered (p < 0.001) in comparison with the normal
control group (Group A), as evidenced by modulated levels
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Fig. 5. Effect of umbelliferone on the oxidative stress parameters against SAH in mice. (a) GSH, (b) superoxide dismutase (SOD),
(c) CAT, (d) GPx and (e) MDA. Data are presented as the mean± SD, with ten mice in each group. ###p< 0.001 SAH vs normal control;
∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH. GSH, glutathione; CAT, catalase; GPx, glutathione
peroxidase; MDA, malonaldehyde.

Fig. 6. Effect of umbelliferone on theMAPK parameter against SAH in mice. (a) p-JNK, (b) p-ERK and (c) p-38. Data are presented
as the mean± SD, with ten mice in each group. ###p< 0.001 SAH vs normal control; ∗p< 0.05, ∗∗p< 0.01 and ∗∗∗p< 0.001 compared
umbelliferone group vs SAH. MAPK, mitogen-activated protein kinase; p-ERK, phosphorylated extracellular signal-regulated kinase;
p-JNK, phosphorylated c-Jun N-terminal kinase; p-38, phosphorylated p38 MAPK.
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Fig. 7. Effect of umbelliferone on the inflammatory cytokine parameters against SAH in mice. (a) TNF-α, (b) IL-1β, (c) IL-6 and
(d) IL-18. Data are presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p <

0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH. TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β.

of GSH (Fig. 5a), SOD (Fig. 5b), CAT (Fig. 5c) and GPx
(Fig. 5d), along with a significant altered in MDA levels
(Fig. 5e), indicating enhanced lipid peroxidation.

3.6 MAPK Parameters

The findings revealed a prominent induction of the
mitogen-activated protein kinase (MAPK) signalling path-
way after SAH. The level of phosphorylation of JNK
(Fig. 6a), ERK (Fig. 6b), and p38 (Fig. 6c) was signifi-
cantly (p< 0.001) enhanced in Group B compared to those
in Group A. This activation was markedly (p< 0.001) sup-
pressed by UF in a dose-related manner.

3.7 Inflammatory Cytokines and Parameters

Compared with the normal control (Group A), sig-
nificant (p < 0.001) increases in TNF-α (Fig. 7a), IL-1β
(Fig. 7b), IL-6 (Fig. 7c) and IL-18 (Fig. 7d) levels were
observed in Group B and marked upregulation of COX-
2 (Fig. 8a), NF-κB (Fig. 8b) and TGF-β (Fig. 8c) levels,
suggesting that inflammatory curiosity occurs after SAH.
These inflammatory changes were markedly diminished by

the treatment of UF in a dose-dependent manner. These
results suggest that UF possesses potent anti-inflammatory
power and attenuates SAH-induced neuroinflammation by
inhibiting cytokine release and critical inflammatory signal-
ing pathways.

3.8 Apoptosis Parameters

The result revealed an obvious upregulation of
mitochondrial-dependent apoptosis after SAH onset. As il-
lustrated in Fig. 9a–d, pro-apoptotic parameters were sig-
nificantly (p < 0.001) augmented, whereas anti-apoptotic
protein (Bcl-2) was decreased, compared with normal con-
trol mice (GroupA). These studies show increased neuronal
apoptotic signaling following SAH. UF treatment dramati-
cally (p < 0.001) reduced changes in apoptosis.

3.9 mRNA Expression

Gene expression experiments revealed significant
changes in inflammatory, matrix-degrading and blood–
brain barrier-related genes during SAH. As shown in
Fig. 10, there was a significant increase of mRNA levels
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Fig. 8. Effect of umbelliferone on the inflammatory parameters against SAH in mice. (a) COX-2, (b) NF-κB and (c) TGF-β. Data
are presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p <
0.001 compared umbelliferone group vs SAH. COX-2, cyclooxygenase-2; NF-κB, nuclear factor kappa B; TGF-β, transforming growth
factor-β.

of MMP-2 (Fig. 10a), MMP-9 (Fig. 10b), BSG2 (Fig. 10c),
TNF-α (Fig. 10d), IL-6 (Fig. 10e), MCP-1 (Fig. 10f) and
reduce claudin-5 (Fig. 10g), occludin (Fig. 10h) in Group
B (SAH control group) compared with that in Group A, in-
dicating more severe neuroinflammation and ECMs degra-
dation. The expression of these genes was significantly (p
< 0.001) down-regulated by UF.

This analysis revealed that the mRNA expression of
PI3K (Fig. 11a), Akt (Fig. 11b), TLR2 (Fig. 11c) and TLR4
(Fig. 11d) varied significantly (p < 0.001) among the ex-
perimental groups. The expression of PI3K and Akt mRNA
was significantly (p < 0.001) decreased in Group B vs the
normal control (Group A) after SAH. Treatment with UF
dose-dependently reversed the expression levels.

4. Discussion
Neuroinflammation is a key factor in secondary brain

injury and poor outcomes in patients with SAH. Natural
products with antioxidant and anti-inflammatory proper-
ties have gained attention as potential treatments for these
damaging processes. Umbelliferone may reduce oxidative
stress and the inflammatory cascade triggered by SAH and
could help protect neurological tissue from damage [1,2].

However, the exact mechanism through which umbellif-
erone influences SAH-induced neuroinflammation has not
yet been fully determined. It may also be valuable to in-
vestigate whether umbelliferone’s effects are mediated by
main molecular targets involved in post-SAH inflamma-
tory responses, such as microglial activation, cytokine re-
lease, and BBB permeability [2,3] Umbelliferone is a free
radical scavenger, possessing strong antioxidant activities
which are ascribed to its ability to inhibit xanthine oxidases
and metal chelating properties. These features indicate that
umbelliferone may inhibit oxidative stress and the inflam-
matory cascade induced by SAH, and may help protect neu-
rological tissue from damage. However, the exact mech-
anism by which umbelliferone exerts its effects on SAH-
induced neuroinflammation has yet to be fully elucidated.
It might be also interesting to validate whether the umbel-
liferone action is mediated via main molecular targets asso-
ciated with post-SAH inflammatory responses, such as mi-
croglial activation, cytokine release and blood-brain barrier
(BBB) permeability [1,3,6]. In the present study, we aim
to clarify these mechanisms by discussing current evidence
on umbelliferone’s effects on inflammatory mediators and
oxidative stress markers in SAH, as well as laying a solid
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Fig. 9. Effect of umbelliferone on the apoptosis parameters against SAH in mice. (a) Bax, (b) Bcl-2, (c) caspase-3 and (d) Bax/Bcl-2
ratio. Data are presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p < 0.01
and ∗∗∗p < 0.001 compared umbelliferone group vs SAH. Bax, Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2.

Fig. 10. Effect of umbelliferone on the mRNA expression (MMP-2, MMP-9, BSG2, TNF-α, IL-6, MCP-1, claudin-5 and occludin)
against SAH in mice. (a) MMP-2, (b) MMP-9, (c) BSG2, (d) TNF-α, (e) IL-6, (f) MCP-1, (g) claudin-5 and (h) occludin. Data are
presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p <

0.001 compared umbelliferone group vs SAH.MMP-2, matrix metalloproteinase-2; MMP-9, matrix metalloproteinase-9; BSG2, basigin;
MCP-1, monocyte chemoattractant protein-1.
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Fig. 11. Effect of umbelliferone on the mRNA expression (PI3K, Akt, TLR2 and TLR) against SAH in mice. (a) PI3K, (b) Akt,
(c) TLR2 and (d) TLR4. Data are presented as the mean ± SD, with ten mice in each group. ###p < 0.001 SAH vs normal control; ∗p
< 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001 compared umbelliferone group vs SAH. PI3K, phosphoinositide 3-kinase; AkT, protein kinase B;
TLR2, toll-like receptor 2; TLR4, toll-like receptor 4.

groundwork for future preclinical and clinical studies aimed
at improving outcomes for patients with this morbid disease
[1,3].

Antioxidants such as SOD, CAT, GSH, and GPx
form a coordinated defense system against reactive oxy-
gen species (ROS), detoxifying them and thereby protect-
ing against oxidative damage. Redox balance is impaired
by a decrease in antioxidant activity or levels, predisposing
tissues to oxidative damage and disease progression [22].
Inflammation, which is closely associated with oxidative
stress, is a complex network of signaling molecules and
transcription factors that controls immune responses. Pro-
inflammatory cytokines that induce leukocyte recruitment
to the site of injury produce more ROS and initiate apop-
totic signaling pathways which can further destroy tissue
[1,4,23]. Conversely, anti-inflammatory cytokines such as
IL-10 check this response by repressing inflammation sig-
naling and promoting tissue healing. Inflammatory medi-
ators also participate in inflammation spreading and pain
sensation, with NF-κB playing a central role as a transcrip-
tion factor for these pro-inflammatory genes [24,25]. Col-
lectively, these biomarkers provide an overall view of the
interaction between oxidative stress and inflammation in
pathology.

The pro-inflammatory response significantly con-
tributes to the pathophysiology of EBI after experimental
SAH and transcription factor NF-κB has been proposed as
a key player in this process. NF-κB activation results in the
expression of pro-inflammatory cytokines such as TNF-α
and IL-1β, which intensify neuroinflammation and induce
neuronal damage. Our finding of an early rise in nuclear
NF-κB translocation and increased cytokines at 48 h af-
ter SAH implies a strong inflammatory cascade associated
with necroptosis activation [26,27]. Necroptosis, which is
marked by organelle swelling, plasma membrane rupture
and immune cell infiltration, enhances the inflammatory en-
vironment and thus exacerbates EBI outcomes [21]. Here,
umbelliferone blocks this cascade of events that leads to
necroptotic cell death and the liberation of proinflammatory
mediators, thereby reducing NF-κB activation and cytokine
induction. This bidirectionality restrains inflammation and
supports neuronal integrity, suggesting that umbelliferone
could be a potential therapeutic strategy for attenuating EBI
following SAH. In addition, anti-inflammation of multiple
agents has been highly associated with their effectiveness
in ameliorating EBI, thus indicating that the protective ac-
tion of umbelliferone could mainly come from its ability to
attenuate necroptosis-mediated neuroinflammation.
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Fig. 12. The mechanism diagram shows that SAH causes excessive oxidative stress, leading to the overproduction of reactive
oxygen species (ROS), which activate the MAPK signaling pathway (p-ERK, p-JNK, and p-p38). MAPK activation activates
NF-κB p65, which then translocates to the nucleus, where it upregulates the transcription of pro-inflammatory cytokines. This inflam-
matory environment worsens blood brain barrier (BBB) damage by decreasing tight junction proteins (occludin, claudin-5, ZO-1), leading
to leucocyte infiltration and neuroinflammation. Meanwhile, oxidative and inflammatory stress (R)-induced a mitochondria-mediated
apoptotic pathway, with increased Bax expression, decreased Bcl-2 levels, and increased caspase-3 activity, resulting in the death of both
neurons and glial cells, as demonstrated by current (and previous) data. The pathological events could be ameliorated by UF treatment,
which results from the inhibition of ROS production, MAPK and NF-κB activation, decreased release of pro-inflammatory cytokines,
maintenance of BBB integrity, and anti-apoptosis, thereby inhibiting neuroinflammation and BBB disruption after SAH.

MMP-9-mediated disruption of the BBB enhances the
entry of plasma proteins and immune cells into the brain
parenchyma, exacerbating neuroinflammation and leading
to vasogenic edema [28,29]. This pathological elevation of
vascular permeability exacerbates brain edema, and most
importantly, forms the basis for secondary neuronal in-
juries due to oxidative stress and excitotoxicity. The fact
that brain pericytes are a major source of MMP-9 upon
thrombin stimulation highlights the complicated crosstalk
between the coagulation cascade and NVCU members in
the acute phase of an insult to the brain. Pharmacolog-
ically, drugs against thrombin can be explored as an ef-
fective strategy in reducing MMP-9 induced BBB disrup-
tion and edema. Blocking thrombin activity early after
injury may downregulate MMP-9 expression in pericytes,
thus preventing BBB damage and the consequent entry of
detrimental inflammatory mediators. This treatment not
only prevents the development of secondary injury cascades
(e.g., microglial activation and neuronal apoptosis) but also

promotes functional recovery through stabilization of the
neurovascular microenvironment [28,30–32]. Elucidation
of relationships among thrombin signaling, pericyte acti-
vation, and MMP-9 release would provide additional ap-
proaches to treat edema associated with a large number of
devastating neuropathological conditions, including TBI,
stroke, and other ischemic insults. Gaining control over the
formation of edema would likely be therapeutic [28,30].

Activation of the PI3K/Akt signaling pathway is asso-
ciated with increased neuronal survival by blocking apop-
totic cascade via effectors including phosphorylation of Bad
and caspase-9, which are known to counteract programmed
cell death [33,34]. Furthermore, PI3K/Akt signaling also
regulates oxidative stress by up-regulating oxidant scav-
enger molecules and inhibits pro-inflammatory mediators,
promoting overall cerebrovascular hemostasis and blood–
brain barrier preservation following SAH [34,35]. Block-
ade of this pathway enhances EBI by promoting neuronal
apoptosis, inflammation, and vascular permeability that
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contribute to the development of SAH-related neurological
deficits. The neuroprotective effects of umbelliferone are
associated with the ability to modulate the PI3K/Akt path-
way and to leverage its antioxidant and anti-inflammatory
properties to prevent damage caused by SAH. Through the
mediation of PI3K/Akt activity to restore, umbelliferone
eliminates neuronal apoptosis and oxidative damage, pro-
viding structural integration as well as functional mainte-
nance for blood–brain barrier integrity, which is essential
to protect secondary injurious cascades [33,35,36]. These
multi-target effects emphasize umbelliferone’s therapeutic
potential, not only by targeting molecular signaling path-
ways but also by ameliorating complex pathophysiological
changes following SAH.

Importantly, although current work focuses on the role
of TLR2, the contribution of TLR4 as a co-stimulatory re-
ceptor for T cell activation has been less investigated. In
view of the complex immune environment in the brain,
in which cytokines such as IFN-γ and IL-1 play a crucial
role in modulating neuroinflammation/immune responses,
crosstalk between TLR2 and TLR4 might significantly im-
pact pathology. Exploring their potential synergistic ac-
tions will help to uncover new mechanisms regarding neu-
roimmune modulation following SAH [37,38]. Addition-
ally, the small sample sizes used in these experiments could,
to some extent, reduce statistical power and the general-
izability of these findings, so future studies should focus
on using larger samples to ensure robustness and repro-
ducibility. In addition to neuronal cells, the involvement
of glial cells, primarily microglia, is pivotal for the in-
flammatory environment after SAH [39,40]. The activated
microglia which are the CNS resident immune cells, re-
lease pro-inflammatory molecules, which further aggravate
neuro-injury and induce secondary damaging cascades.

Several studies found similar neuroprotective, antioxi-
dant and anti-inflammatory effects for coumarin derivatives
and related phenolic compounds as we have obtained with
umbelliferone. For instance, numerous simple coumarins
(e.g., esculetin and scopoletin) as well as more complex
derivatives (e.g., osthole and daphnetin) have been shown
to abrogate oxidative stress, decrease the production of
pro-inflammatory cytokines, and restrain apoptotic signal-
ing in models of cerebral ischemia, traumatic brain injury
and other acute CNS insults [41]. These compounds fre-
quently modulate shared injury pathways specifically ROS
scavenging, inhibition of NF-κB signaling, and repression
of MAPK phosphorylation which yield effects overlapping
with the decreases in MDA, proinflammatory cytokines,
and the ratios of p-ERK/p-JNK/p-p38 we noted follow-
ing umbelliferone treatment [42]. Emphasizing these com-
monalities situates our findings within a wider mechanistic
framework and strengthens the notion of umbelliferone as a
molecular candidate with similar pharmacological potential
to other neuroprotective coumarins [43].

5. Limitation
This study is not without its limitations, which the

reader should keep in mind when interpreting the results.
The experiments were performed in a single mouse model
of SAH, and therefore, the findings may not be directly
translated to human disease due to species differences in
pathophysiology or drug metabolism. Also, the experi-
mental study was confined to short-term biochemical and
molecular results and no long-term (neurological, behav-
ioral or cognitive) responses were measured; hence, it is
not known whether the demonstrated molecular/cell im-
provements lead to sustained functional recovery. Al-
though changes in the TLR2/TLR4–NF-κB–MMP-9 and
PI3K/Akt signaling pathways were identified, the causative
role of these pathways was not confirmed using specific in-
hibitors or genetic approaches, and themechanistic implica-
tions should be considered associative rather than definitive
(Fig. 12). In addition, the pharmacokinetic profiling and
brain distribution of umbelliferone were not determined,
which limits the interpretation of dose–response relation-
ships and target engagement.

6. Conclusion
The current study demonstrated that umbelliferone

has a strong neuroprotective effect on SAH-induced EBI
via multiple signaling pathways. The protective effects
of umbelliferone against oxidative stress and neuroinflam-
mation were successfully ameliorated, as indicated by the
restoration of antioxidant status and inhibition of pro-
inflammatory cytokines. At the molecular level, these ben-
efits were associated with inactivation of the TLR2/TLR4–
NF-κB–MMP-9 axis to attenuate BBB breakdown and
brain edema, as well as activation of the PI3K/Akt sur-
vival pathway to suppress neuronal apoptosis. These multi-
targeted effects together suggest that umbelliferone is a po-
tential candidate for the treatment of SAH-induced sec-
ondary brain injury.
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