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Inflammatory responses and oxidative stress contribute to the pathogenesis of brain ischemia/reperfusion (IR)
injury. Naturally occurring bioflavonoids possess antioxidant and anti-inflammatory properties. The phyto-
chemicals of Juniperus sabina L., known as “Abhal” in Saudi Arabia, have been studied and cupressuflavone (CUP)
has been isolated as the major bioflavonoid. This study aimed to investigate the neuroprotective potential of CUP
in reducing brain IR damage in rats and to understand probable mechanisms. After 60 min of inducing cerebral
ischemia by closing the left common carotid artery (CCA), blood flow was restored to allow reperfusion. The
same surgical procedure was performed on sham-operated control rats, excluding cerebral IR. CUP or vehicle was
given orally to rats for 3 days prior to ischemia induction and for a further 3 days following reperfusion. Based on
the findings of this study, compared to the IR control group, CUP-administered group demonstrated reduced
neurological deficits, improved motor coordination, balance, and locomotor activity. Additionally, brain ho-
mogenates of IR rats showed a decrease in malondialdehyde (MDA) level, an increase in reduced glutathione
(GSH) content, and an increase in catalase (CAT) enzyme activity following CUP treatment. CUP suppressed
neuro-inflammation via reducing serum inflammatory cytokine levels, particularly those of tumor necrosis factor
alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1p) and enhancing the inflammatory cytokine
levels, such as Nuclear factor kappa- B (NF-kB), TANK-binding kinase-1 (TBK1), and interferon beta (IFN-f) in
brain tissues. Furthermore, CUP ameliorated the histological alterations in the brain tissues of IR rats. CUP
significantly suppressed caspase-3 expression and downregulated the Toll-like receptor 4 (TLR4)/NF-«B signaling
pathway as a result of suppressing High mobility group box 1 (HMGB1). To our knowledge, this is the first study
to document the neuroprotective properties of CUP. Thus, the study findings revealed that CUP ameliorates
IR-induced cerebral injury possibly by enhancing brain antioxidant contents, reducing serum inflammatory
cytokine levels, potentiating the brain contents of TBK1 and IFN-p and suppressing the HMGB1/TLR-4 signaling
pathway. Hence, CUP may serve as a potential preventive and therapeutic alternative for cerebral stroke.

1. Introduction Stroke is caused by one of two mechanisms: either ischemic or hemor-

rhagic, with ischemic stroke accounting for more than 80 % of all cases

Stroke is a life-threatening illness affecting the respiratory system
and circulatory function, resulting in severe neurological impairment.
Globally, it ranks among the top five causes of death (Frank et al., 2022),
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(Zhou et al., 2018). Inadequate blood flow and arterial blood obstruc-
tion are characteristics of ischemic stroke, resulting in considerable
number of fatalities or disabling conditions worldwide. In a short period,
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it can cause irreversible ischemic damage to nervous tissue (Kraft et al.,
2012). Furthermore, the progressive loss of uninterrupted cerebral
blood flow degrades memory and promotes the onset of dementia (Cao
et al., 2018).

The pathogenesis of stroke involves a complicated cascade of re-
actions, and the severity of these reactions is influenced by the length of
ischemia and the depth of the ischemic site (Xie et al., 2021). A growing
body of research indicates that the blood-brain barrier (BBB) is dis-
rupted, along with neuroinflammation, oxidative stress, mitochondrial
dysfunction, and neurotoxicity (Yuan et al., 2021). Within a few hours of
ischemia, apoptosis and necrosis have been seen in some cases (Wang
et al.,, 2015). These pathogenic reactions can damage brain tissue.
Therefore, early reperfusion of ischemic brain tissue, restoration of
normal blood flow and blocking the aforementioned pathogenic pro-
cesses, such as inflammation and oxidative stress are crucial to treating
cerebral ischemia/reperfusion (IR) injury.

Due to the multifunctional complex mechanisms of cerebral ischemic
injury, finding efficient medications become censorious, to inspect po-
tential prophylactic agents. Recently, the neuroprotective potential of
natural compounds has attracted the attention of researchers. Many
natural agents with anti-inflammatory, antioxidant, and anti-apoptotic
properties have demonstrated positive effects on brain damage (Moh-
senpour et al., 2021). Flavonoids, including bioflavonoids, are the most
prevalent plant polyphenols which confer color and flavor to fruits and
vegetables (Teixeira, 2002). Bioflavonoids have antioxidant, anti-
angiogenic, and anti-inflammatory properties beside the capability to
reduce fluid retention and strengthen capillary membranes (Majumdar
and Srirangam, 2010). These properties are attributed to their ability to
inhibit enzymes that produce free radicals, scavenge free radicals, and
chelate iron (Russo et al., 2000). Flavonoids, such as scutellarin, benefit
brain injury induced by cerebral IR, owing to their anti-oxidative and
anti-inflammatory properties, as well as their capacity to reduce
neuronal damage (Wang and Ma, 2018).

Interestingly, the pathogenesis of cerebral ischemia involves free
radical-mediated oxidative damage, inflammation, and apoptosis (Yuan
et al., 2021). Thus, bioflavonoids may be useful to prevent or treat ce-
rebral ischemia, which can lead to death if left untreated.

Members of the genus Juniperus are evergreen shrubs or trees char-
acterized by needle- or scale-like leaves (Ogren, 2015). J. sabina, known
in Saudi Arabia as “Al Abhal, described in folk medicine as abortifacient,
diuretic, emetic, emmenagogue and irritant (Abdel-Kader et al., 2017;
Lust, 1982; Chiej, 1984). The antimicrobial activity of the Essential oil of
the plant reported to express antimicrobial activity correlated to the
terpene contents (Akimov et al., 1977). Our phytochemical study of the
non-polar fractions of J. sabina resulted in the identification of trans-
calamenene, cadalene, epi-cubenol, manool, calamenene-104-ol, cala-
menene-10a-ol, 4-epi-abietic acid, sandaracopimaric acid and iso-
pimaric acid (Abdel-Kader et al., 2019) The polar fraction afforded
Cupressuflavone (CUP) as the major bioflavonoid in addition to amen-
toflavone and robustaflavone (Khafagy et al., 2023). The present study
aims to explore the neuroprotective benefits of CUP by improving
behavioral imbalance, oxidant/antioxidant dysfunction, and histologi-
cal abnormalities resulting from cerebral IR injury in rats.

2. Materials and methods

Approximately 48 mature male Wistar rats (180-200 g) were ob-
tained from Animal Unit of the National Research Centre, Egypt, after
approval of the animal experimentation process from Ethical Committee
for Medical Research (approval no. 1416072022). The animals were
kept in standard cages at constant room temperature with regular
light-dark cycle and free access to food and water. The regulations of
Institutional Animal Ethical Committee (IAEC) and National Regulations
for Animal Welfare were followed during the experiments.
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2.1. Preparation and isolation of CUP

The CUP used in this study was isolated from J. sabina and identified
as previously described (Khafagy et al., 2023). In brief the lyophilized
aqueous ethanol fraction of 1 kg of the dried aerial parts was recon-
stituted in water and filtered to yield 37.54 g of water insoluble fraction.
Twenty grams of the insoluble fraction were purified over Sephadex LH-
20 column (300 g, 5 cm id) eluting with methanol. Fractions 14-28 of
the 20 mL fractions collected from the column provided 435 mg of CUP
(Fig. 1).

2.1.1. Characterization of CUP

Yellow powder; mp 392 °C Decomp.; UV Amax (MeOH) 329, 276,
and 226 nm; H- and '3C NMR (CD30D, 8): (Khafagy et al., 2023).
HRESIMS: m/z 539.0972.

(Cal. 539.0978 for C3gH1g011) (100, [M + H]™).

2.2. Induction of cerebral IR injury

A left common carotid artery occlusion (CCAO) model was created,
as previously mentioned (Das et al., 2018). Prior to surgery, the rats
received CUP or vehicle orally for 3 days. One hour after the last dose,
rats were anesthetized with an intraperitoneal dose of ketamine (75 mg/
kg) and xylazine (5 mg/kg). Subsequently, animals were positioned
supinely on a surgery table. Left CCA was dissected following a midline
neck incision and occluded using a noninvasive arterial clamp to induce
cerebral ischemia. The clamp was withdrawn 60 min after occlusion to
allow reperfusion. Control rats underwent sham surgery using the same
surgical technique, but without left CCAO. During operation, lamp ra-
diation maintained the animals’ body temperatures at 37 & 0.5 °C. The
neck incision was sutured after treatment with 0.5 % bupivacaine. All
rats were allowed a 24 h recovery period in individual cages.

2.3. Experimental design

Experimental design is illustrated in Fig. 2. Four groups of 12 rats
each were randomly distributed among 48 rats.

1. Sham group: The identical surgical method as the IR operation was
performed on the rats, with the exception of occlusion of the left CCA.
The rats were administered vehicle (2 % Tween 80 in sterile saline).

2. IR control group: Rats with CCAO were orally administered the
vehicle.

3. IR + CUP-20 group: Rats were subjected to left CCAO and orally
administered 20 mg/kg CUP.

4. IR + CUP-40 group: Rats were subjected to left CCAO and orally
administered 40 mg/kg CUP.

Cupressuflavone doses were determined based on Al-Sayed et al.
(2018). Rats received vehicle (Sham and IR control groups) and CUP (IR
+ CUP-20 and IR + CUP-40 groups) orally for three days before left CCA

o OH

OH o

Fig. 1. Chemical structure of cupressuflavone.
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Fig. 2. Schematic representation of the experimental design.

ligation, at the initiation of reperfusion, and for a further 3 days after
reperfusion.

Twenty-four hours after brain IR injury, the neurological deficit
scores of all rats were evaluated. In each group, rats were subdivided to
two subgroups. Animals in subgroup-1 (n = 6) were subjected to rotarod
experiment and biochemical evaluation, whereas animals in subgroup-2
(n = 6) were subjected to the activity cage experiment, histological
evaluation, immunohistochemical assessment, and gene expression
evaluation.

2.4. Assessment of neurological deficit score

The neurologic findings were assessed using the following five-point
scale (Longa et al., 1989): 0- no neurologic impotence; 1- light focal
neurologic impotence (inability to completely expand the left forepaw);
2- moderate focal neurologic impotence (spins to the left side); 3- severe
focal impotence (dropping to the left side); 4- rats unable to walk on
their own with low grade of consciousness. Animals scoring between
0 and 3 points were included in the study; those receiving 0 or 4 points
were excluded (Abdel-Rahman et al., 2020).

2.5. Rotarod test for assessing motor coordination and balance

According to the procedure described by Vijitruth et al. (Vijitruth
et al., 2006), motor coordination and balance were evaluated using a
rotarod device (Model No. 7750; Ugo Basile, Italy) two days after ce-
rebral IR injury. Three days before inducing cerebral IR damage, all rats
in subgroup-1 were trained using an accelerated rotating rod (4-40 rpm,
5 min). Three tests were performed for each rat at 10-min intervals. For
each rat, the delay to fall was measured in each trial with a maximum
recording period of 5 min, and average of three trials was counted.
Walking alongside the rod while in passive rotation was regarded as
falling (Abdel-Rahman et al., 2020).

2.6. Activity cage test for assessing motor activity

The rats’ spontaneous motor activity was measured two days after
brain IR injury using a grid floor activity cage (Model No. 7430; Ugo-
Basile, Comerio, Italy). Activity cage software automatically recog-
nizes rat movements disrupted by infrared beams and analyzes the in-
formation to provide counts of horizontal movements. Each rat in
subgroup-2 was separately placed in the activity cage for 300 s
training session 3 days prior to inducing cerebral IR damage, and basal

activity counts were recorded. The grid floor was thoroughly cleaned
between sessions using 70 % ethyl alcohol. Animals were reintroduced
to the activity cage on the test day and total horizontal and vertical
activity counts were recorded for 300 s session (Ogaly et al., 2022).

2.7. Blood collection

Two hours following last dose, rats were anesthetized using intra-
peritoneal injections of ketamine (75 mg/kg) and xylazine (5 mg/kg)
two hours after the last treatment. The retro-orbital venous plexus was
used to collect blood samples into sampling tubes. Blood samples were
centrifuged in a cooled centrifuge (Sigma and Laborzentrifugen, 2 k15,
Germany) at 3000 rpm for 10 min to separate the serum.

2.8. Analysis of serum inflammatory biomarkers

The levels of serum inflammatory cytokines such as interleukin-1
beta (IL-1B), tumor necrosis factor alpha (TNF-a) and interleukin-6
(IL-6) were estimated using commercially available enzyme linked
immunosorbent assay (Biovision, CA, USA) ELISA kits in accordance
with manufacturer’s instructions.

2.9. Euthanasia and samples of brain tissue

After decapitation of the anesthetized rats, their left hemispheres
were immediately dissected on ice plates. To assess the levels of anti-
oxidant biomarkers (GSH, CAT and MDA), and brain cytokines, rat
brains of subgroup-1 were recruited, whereas those from subgroup-2
were utilized for histological, immunohistochemical, and gene expres-
sion assessment.

2.10. Brain homogenates preparation

For biochemical investigation, brains were gathered and washed
using ice-cold saline. Brain tissue homogenate was obtained (10 % w/v)
in 0.1 M phosphate buffer (pH 7.4). Brain homogenates were centrifuged
in a cooled centrifuge at 10,000 rpm for 15 min. Supernatants that were
produced were kept at —80 °C until further examination.

2.11. Determination of brain antioxidant markers

The brain MDA and GSH contents were evaluated following the
procedures described by Ruiz-Larrea et al. and Ellman, respectively (Gl,
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1959, Ruiz-Larrea et al., 1994). The brain CAT content was determined
as described by Chance and Maehly (Chance and Maehly, 1955).

2.12. Determination of brain inflammatory cytokines

TBK1, NF-kB, and IFN-f levels were assessed in brain homogenates
using commercial ELISA kits (Biovision, CA, USA).

2.13. Histopathological evaluation of brain tissue

The left-brain hemispheres were kept in neutral-buffered formalin
(10 %) for 24 h, stained, and visualized using light microscopy. Serial
dilutions with alcohol were prepared to dehydrate the samples, followed
by cleaning in xylene, and embedding in paraffin wax for 6 h at 56 °C.
Approximately 4-6 p sections of paraffin wax tissue blocks were
sectioned by a microtome. These sections were assembled and depar-
affinized on glass slides. Hematoxylin and Eosin staining was used for
regular histological investigations (Bancroft and Gamble, 2008).

2.14. Immunohistochemical evaluation of Caspase-3

Deparaffinized and rehydrated brain tissues from each group were
used for this assessment. In accordance with the procedures outlined by
Abdel-Rahman et al. (Abdel-Rahman et al., 2020), antigen retrieval was
carried out using citrate buffer (10 mM, pH 6.0). Brain sections were
combined with mouse monoclonal anti-caspase-3 antibodies (Elabs-
cience, Cat# E-AB-63602, Dil.1:50) and incubated for 8 h. Additionally,
for negative control slides, the principle antisera were eliminated using
bovine serum albumin (Sigma). Unconjugated antibodies were removed
from the tissue slices by extensive washing with tris-buffered saline
(TBS). After incubation with biotinylated goat anti-rabbit antibodies
(Vector Laboratories’ Vectastain ABC-HRP kit) for 10 min, the sections
were thoroughly rinsed with TBS before being treated with 3,3-diamino-
benzidine (DAB). Sections were mounted using DPX and stained using
Mayer’s hematoxylin. The captured images were analyzed using the
ImageJ software. The percentage of immunostained cells that were
positive using 10 microscopic fields/group was quantified.

2.15. Quantitative real-time polymerase chain reaction (RT-PCR)
analysis of toll-like receptor 4 (Tlr4) and high mobility group box 1
(Hmgb1) genes

Next, quantitative RT-PCR was used to evaluate the effect of CUP on
the mRNA expression levels of Tlr4 and Hmgb1 in acute focal cerebral
ischemia. Total RNA was purified from the brain, and subsequent
reverse transcription and RT-PCR amplification were performed using
commercially available RNA, as described previously (Althurwi et al.,
2022). The primer sequences used were: Tlr4-forward, 5- CCGTCAC-
CACATACTGCCTTTA-3' and Tir4-reverse, 5-GCAGTTTGGACTATT-
GAAATACGAAA-3' (NM_001109668.1); Hmgb1-forward, 5-
CCTAAGAAGCCGAGAGGCAA-3' and Hmgb1-reverse, 5- AAGTTGACA-
GAAGCATCCGGG-3' (NM_001409387.1); and GAPDH-forward, 5-
CCTCGTCTCATAGACAAGATGGT-3' and GAPDH-reverse, 5- GGGTA-
GAGTCATACTGGAACATG-3' (NM_001394060.2). The relative mRNA
expressions of the test genes were evaluated using GAPDH as an internal
control gene (Livak and Schmittgen, 2001).

2.16. Statistical analyses

Data of the current investigation are presented as M + SEM. Graph
Prism® software was used to statistically validate the results using one-
way ANOVA (analysis of variance) followed by Tukey’s test to deter-
mine intergroup variability. Statistical significance was set as p < 0.05.
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3. Results
3.1. Assessment of neurological deficit score

Neurological impotence was evaluated to detect neurological im-
pairments in all groups 24 h after reperfusion (Fig. 3). The sham-
operated rats did not exhibit any neurological deficits. However, the
neurological deficit score in IR control rats was markedly larger than
that in sham animals. In contrast, both doses of CUP markedly reduced
neurological deficit scores in IR-injured animals compared to those in
the IR control rats (Fig. 3).

3.2. Rotarod test for assessing motor coordination and balance

A rotarod test was conducted to assess motor coordination function
(Fig. 4). The results revealed that IR control rats had the lowest potential
to perform the test as evidenced by their shorter latency to fall off the
rotarod under acceleration (132.53 + 3.78 sec) than that in sham rats
(286.72 + 3.80 sec). In comparison to the IR control rats, those
administered CUP demonstrated significantly (p < 0.05) and dose-
dependently enhanced rotarod performance.

3.3. Activity cage test for assessing motor activity

Motor activities of rats were assessed using activity cage and the
results are recorded in Fig. 4. IR control rats demonstrated a significantly
lower level of locomotor activity (17.54 + 1.02 counts/5 min) than that
of sham-operated rats (53.04 + 1.84 counts/5 min). However, 20 mg/kg
CUP significantly improved the spontaneous motor activity counts
(23.71 + 1.85 counts/5 min) in the treated rats when compared with
those in IR control rats (p < 0.05). Additionally, CUP-40-treated rats
revealed a significant upsurge in the locomotor activity (30.84 + 0.93
counts/5 min).

3.4. Determination of serum inflammatory biomarkers

As seen in Fig. 5, IR control rats exhibited larger values of TNF-qa, IL-
1B, and IL-6 in serum than those in sham-operated rats. Compared to the
IR control rats, those treated with CUP (20 and 40 mg/kg) exhibited
significantly decreased values of pro-inflammatory cytokines.

Neurological deficit score
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Fig. 3. Evaluation of the neurological deficit score. Results are presented as M
+ SEM (n = 12). ? Significantly different in comparison with sham group (p <
0.05). P Significantly different in comparison with IR control group (p < 0.05).
IR: ischemia/reperfusion; CUP: cupressuflavone.
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Fig. 5. Effect of Cupressuflavone (CUP) on serum inflammatory biomarkers of IR rats. Values are expressed as Mean & SEM of six animals in each group. ?
Significantly different from the values of sham group at p < 0.05. ® Significantly different from the values of IR control group at p < 0.05. © Significantly different from
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3.5. Determination of brain inflammatory cytokines

IR control rats showed significantly lower levels of the brain TBK1
and IFN-f contents than those in the sham group (Fig. 6), whereas NF-xB
levels were significantly higher in IR control rats than those in sham
animals. As outlined in Fig. 6, both doses of CUP considerably and dose-
dependently elevated values of the inflammatory biomarkers (TBK1 and
IFN-p) in brain while significantly reducing the level of NF-kB.

3.6. Determination of brain antioxidant markers

MDA, GSH, and CAT levels were assessed in brain homogenates
(Fig. 7). The brains of IR controls showed significantly lower levels of
GSH and activity of CAT than those in sham-operated rats. In contrast,
the MDA contents were significantly larger in IR control group than
those in sham animals. In comparison to IR control rats, those treated
with CUP (20 and 40 mg/kg) demonstrated significantly lower MDA
levels, increased GSH levels, and increased CAT activity in the brain
homogenate (p < 0.05).

3.7. Histopathological examination of brain tissue

As depicted in Fig. 8, histopathological investigations of brain sec-
tions from IR rats revealed hemorrhage with congestion of the cerebral
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blood vessels. However, brain sections from CUP-treated animals
exhibited slight congestion of the cerebral blood capillaries and slight
perivascular edema.

3.8. Immunohistochemical examination of Caspase-3 in neurons of the
brain

Caspase 3 expression in the brain neurons is shown in Fig. 9. Brain
tissue sections from the IR control rats revealed increased expression of
Caspase-3 immunopositive cells (Fig. 9-b). Reduced expression of
caspase-3 was recorded in CUP-20-treated group (Fig. 9-c), whereas no
reaction for caspase 3 was observed in neurons of the brains from CUP-
40-treated rats (Fig. 9-d).

3.9. Effect of CUP on Tlr4 and Hmgb1 gene expression

TIlr4 mRNA level in IR control rats were significantly larger than
those in sham animals (Fig. 10A). However, CUP treatment ameliorated
the IR-induced upregulation of Tlr4 mRNA expression (p < 0.05;
Fig. 10A). Similarly, the Hmgbl mRNA level in IR control rats was
markedly higher than that of sham group and was significantly down-
regulated in CUP treated groups (p < 0.05; Fig. 10B).
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Fig. 6. Effect of Cupressuflavone (CUP) on brain inflammatory cytokines of IR rats. Values are expressed as Mean 4 SEM of six animals in each group. ? Significantly
different from the values of sham group at p < 0.05. ® Significantly different from the values of IR control group at p < 0.05. ¢ Significantly different from the values of
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4. Discussion

The current investigation investigated the neuroprotective effects of
CUP against IR injury induced by unilateral CCAO and reperfusion in
rats. Impaired brain circulation is an underlying cause of many neuro-
logical and mental ailments. While a progressive loss in sustained ce-
rebral blood flow diminishes memory functions and aids in the onset of
dementia A. Furthermore, a sudden disruption of blood supply to
particular brain areas may cause stroke (Duncombe et al., 2017).

Experimentally, the induction of cerebral transient hypoperfusion
can be achieved through unilateral CCAO, followed by reperfusion,
resulting in severe vascular alterations and impaired neuronal activities
(Das et al., 2018).

In the current study, the left CCA of rats was blocked for one hour
then perfused, causing evident neurological impairments which were
detected 24 h after reperfusion in the IR groups. Treatment of IR rats
with CUP improved their neurological performance.

Flavonoids and their metabolites can penetrate the BBB, although
their ability to do so depends on compound lipophilicity and/or trans-
porters (Faria et al., 2011). CUP, a naturally occurring bioflavonoid, has
shown neuroprotective benefits, prevents neurodegeneration via inhib-
iting cyclin-dependent kinases, and is effective in cases of oxidative
stress and amyloid B-peptide-induced cell death in brain (Khafagy et al.,
2023).

Ischemia/hypoxia and trauma-induced brain damage are associated
with an increase in values of inflammatory cytokines (Saito et al., 1996,
Thong-Asa and Tilokskulchai, 2014). In case of ischemic stroke, TNF-a,
TGF-f, IL-1p and IL-6 are the most frequently examined cytokines

related to inflammation, wherein TNF-o and IL-1p, seem to worsen ce-
rebral injury. Remarkably, a higher level of pro-inflammatory cytokines
and lower values of the anti-inflammatory IL-10 are associated with
infarctions and defective clinical outcomes (Zhu et al., 2002). In line
with these findings, the data from the current study identified significant
increase in the serum levels of TNF-q, IL-1p, and IL-6 in IR animals, in
comparison with those in sham group. However, compared to the IR
group, the CUP-treated groups demonstrated significant decrease in
serum values of TNF-a, IL-1p, and IL-6. CUP has potent anti-
inflammatory properties, as evidenced by Al-Sayed et al. (Al-Sayed
et al.,, 2018), as evidenced by reduction of paw edema induced by
carrageenan. It significantly reduces plasma prostaglandin E2 and TNF-«
levels. CUP significantly reduces plasma IL-1p and IL-6. Additionally,
CUP demonstrates dose-dependent antiulcerogenic efficacy on stomach
ulcers (Koriem et al., 2015).

Because the brain is extremely sensitive to hypoxia, ischemia-
induced hypoxia is a major cause of brain IR injury (Chong et al.,
2005). Considerable amounts of reactive oxygen species (ROS) are
produced during brain ischemia. Consequently, ROS generation mod-
ifies vascular reactivity and damages BBB (Wang et al., 2019).
Furthermore, ROS cause cell and organelle membrane degradation and
impairment by inducing the lipid peroxidation of unsaturated fatty acids
(Xing et al., 2018). In addition, brain is particularly vulnerable to
oxidative stress due to its lack of antioxidant defense mechanisms, high
peroxidizable unsaturated fatty acid content, excessive oxygen con-
sumption per unit weight, high iron concentration, and ascorbate, which
is an essential constituent of lipid peroxidation (Gorman et al., 1996).
Finally, because of cerebral edema, inflammation, neuronal cell
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Fig. 8. Histopathological photomicrographs of the Hematoxylin and eosin stained brain sections (x400) from different groups. (a) Sham group showing normal
B-cells, (b) IR control group showing hemorrhage [Hg] with congestion of cerebral blood vessels [C]. (¢) IR + CUP-20 group showing congestion of cerebral blood
vessels [C], and (d) IR + CUP-40 group showing perivascular edema [E] in the cerebrum. IR: ischemia/reperfusion; CUP: cupressuflavone.

apoptosis, and infarct size expansion, brain tissue damage worsens until
death (Wu et al., 2020). Endogenous antioxidant substances found in the
human body include free radical-metabolizing enzymes such as CAT and
GSH, which scavenge free radicals to prevent oxidative stress.

CUP can exert antioxidant effects by enhancing the efficiency of
antioxidant enzymes GSH and SOD (Al-Sayed and Abdel-Daim, 2014).
The present results demonstrated that IR animals had significantly lower
brain GSH and CAT activity compared to sham-operated animals.
Moreover, MDA levels in the brain were markedly higher in IR animals
than those in sham-operated group. In contrast, CUP-treated rats showed
significantly enhanced GSH brain content and CAT activity, and signif-
icantly decreased MDA levels. In addition to its anti-apoptotic activity,
Koriem et al. and Sepehrimanesh et al. (Koriem et al., 2015, Sepehri-
manesh et al., 2018) reported that CUP presumably suppresses gastro-
intestinal disorders (gastric ulceration and ulcerative colitis) by
enhancing endogenous antioxidant enzymes and eliminating free
radicals.

TBK1 is a crucial element in microglial reactivity and is associated
with increased neuroinflammatory responses (Rehman et al., 2021).
Additionally, TBK1 inhibition enhances neuroprotection in stroke
(Kundu et al., 2022). In addition, IFN- possesses anti-inflammatory
capabilities to protect against ischemic stroke. Moreover, NF-kB is
crucial for triggering inducible nitric oxide synthase and other inflam-
matory responses (Kuo et al., 2016). Moreover, the brain levels of TBK1
and IFN-f are significantly lower in IR rats than those in sham-operated
rats, although NF-kB levels are significantly higher, supporting the in-
duction of neuroinflammation. Compared to IR control rats, CUP

administration in IR rats significant enhanced brain TBK1 and IFN-f,
and significantly reduced NF-kB levels.

Caspase-3 predominates in many pathological conditions, such as
hypoxic brain injury. Immunostaining of brain sections has revealed a
significant increase in caspase-3 expression induced by cerebral IR
damage (Abdel-Rahman et al., 2020, Althurwi et al., 2022). In this
study, brain tissue sections from the IR-control group showed increased
expression of caspase-3 in immunopositive cells. However, moderate
caspase-3 expression was observed in CUP-20-treated groups and no
expression was detected in the CUP-40-treated rats (Fig. 8). These
findings supported the neuroprotective effects of CUP.

HMGBI is a key member of a family of non-histone DNA-binding
proteins called high mobility group box (HMGB) family (Jiang et al.,
2012, Tao et al., 2015). HMGB1 acts as a neuroinflammatory mediator,
activating microglial cells in neurodegenerative diseases and the post-
ischemic brain (Shichita et al., 2014). Under ischemic conditions,
HMGB-1 is released from its chromatin-bound state from the nucleus to
the extracellular space, where it links to its receptor sites and TLRs.
Activation of HMGB-1 induces NF-xB, which eventually aggravates
neuroinflammation through targeting several inflammatory cytokines,
including TNF-a, IL-1p, and IL-6 (Cai et al., 2016, Chen et al., 2017). In
addition, stimulation of NF-xB signaling pathway triggers oxidative
stress that follow brain ischemia (Tao et al., 2015).

The HMGB1/TLR4/NF-kB signaling pathway is activated during IR
injury in various tissues, which constitutes an important part of the
neuroinflammatory response mechanism in post-ischemic tissue injury
(Zhu et al., 2018, Zhang et al., 2020).
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Fig. 9. Photomicrographs of the brain sections from different groups (IHC- peroxidase — DAB). (a) Sham group showing negative reaction for caspase 3 in neurons of
the brain, (b) IR control group showing highly positive reaction for caspase 3 in the nuclei of neurons, (¢) IR + CUP-20 group showing moderate positive reaction for
caspase 3 in the nuclei of neurons, and (d) IR + CUP-40 group showing negative reaction for caspase 3 in neurons of the brain. (e) Bar chart depicting caspase 3
expression in the four groups. All values are expressed as M + SEM (n = 6); ® p < 0.05 versus the sham group, b p < 0.05versus IR control group. IR: ischemia/

reperfusion; CUP: cupressuflavone.

Quantitative RT-PCR revealed that IR injury significantly upregu-
lated the activation of HMGBI1-TLR-4 signaling, as indicated by a
marked increase in mRNA expression values of cerebral Hmgb1 and Tlr-
4. Compared to the IR group, the CUP-20 and CUP-40- treated groups
demonstrated significantly reduced Hmgbl and TIr4 upregulation in
ischemic brain tissue. Together with the suppressing effect of CUP on
NF-kB, our findings suggest that neuroprotective activities of CUP could
be partially referred to inhibition of inflammatory cascades by modu-
lating the HMGB1-mediated NF-kB signaling pathway.

5. Conclusion

In summary, to the best of our knowledge, this is the first study to
document the neuroprotective properties of CUP. The proposed mech-
anism of protection includes the enhancement of brain antioxidant
contents of GSH and CAT, reduction of serum inflammatory cytokine
levels, and potentiation of the brain contents of TBK1 and IFN-f. In
addition, the mechanism may involve HMGB1-dependent expression of
NF-kB via suppression of the HMGB1/TLR-4 signaling pathway. Thus,
CUP may serve as a potential preventive and therapeutic alternative for
cerebral stroke.
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Fig. 10. Effect of CUP on brain Tir4 and Hmgb1 expression in cerebral ischemic rats. (B) Quantitative analysis of Tlr4 gene expression. (C) Quantitative analysis of
Hmgb1 gene expression. Results are presented as M & SEM (n = 6). ? Significantly different in comparison with sham group (p < 0.05). ? Significantly different in
comparison with IR control group (p < 0.05). IR: ischemia/reperfusion; CUP: cupressuflavone.
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