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Abstract

Background: One of the leading causes of acute brain injury is cerebral ischemia/reperfusion (I/R) injury. It is an ailment
that occurs when the brain does not receive enough oxygen-rich blood supply, which damages brain cells. Oxidative stress
is recognized as a significant mechanism that causes I/R injury and is a critical focal point for therapy. Apoptosis and inflam-
mation are all pathogenic processes underpinning I/R damage. Eucalyptol (EU), a plant-derived substance, protects neuronal
damage. We postulate that EU inhibits apoptosis and oxidative stress after focal cerebral I/R damage in mice.

Objectives: Thus, the present work sought to examine the neurological protective benefits of EU in mice models of cere-
bral ischemia/reperfusion (CI/R) injury.

Materials and Methods: The measurement of neurological function, infarct volume, and the amount of water in the
brain were evaluated subsequently. The brain tissue was examined to assess the activities of oxidative stress, inflammatory
cytokines, and matrix metalloproteinases (MMP) levels, and histopathology was determined. Using enzyme-linked immuno-
sorbent assay (ELISA), apoptotic marker expression was used to measure the levels of B-cell ymphoma 2 (Bcl-2), caspase-3,
and Bcl-2 associated X-protein (Bax) proteins that exist as indicators of apoptosis.

Results: EU treatment malondialdehyde (MDA) levels decreased while glutathione (GSH), superoxide dismutase (SOD),
A-TOC, and catalase (CAT) activity increased. Following EU therapy dramatically reduced cerebral dysfunction, which was
supported by reduced histological damage in I/R injury. Furthermore, with lower levels of MMP-2 and 9, EU treatment could
be a novel approach for preventing CI/R injury. EU-treated mice had a notable reduction in cleaved Bax, caspase-3, and
increased Bcl-2 protein activities. EU therapy shields the brain against CI/R injury by inhibiting cell death.

Conclusion: According to the present study’s findings, EU is a promising neuroprotective agent that can be used to treat
CI/R injury in mice. By focusing on these aspects, nurses can provide comprehensive care to patients involved in studies
on the effects of EU on CI/R injury, promoting better outcomes through careful monitoring, supportive interventions, and
education.
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edema (Ma et al., 2014; Yao et al., 2014). This condition,
known as cerebral ischemia/reperfusion (CI/R) injury, is
facilitated through a succession of processes such as gluta-
mate excites toxicity, inflammation, oxidative stress, and
apoptosis ultimately resulting in cell death (Tabassum et al.,
2015; Zhang et al., 2013).

The resumption of blood circulation after a period of CI and
hypoxia causes CI/R injury (Wang et al., 2021). Characterized
by a high death and disability rate, CI/R injury adversely affects
patients’ health while also significantly reducing their stan-
dards of life (Tian et al., 2020). Nevertheless, because of the
intricate  mechanisms underlying the ischemia/reperfusion
(I/R) process, recombinant tissue plasminogen activator (rtPA)
exists as the exclusive drug approved by the Food and Drug
Administration (FDA) for treating stroke caused by ischemia
to date. The usefulness of this medicine in clinical therapy is
severely limited because of its bounded pharmacological scope
and heightened danger of subarachnoid hemorrhage (Micieli
et al., 2009). The exploration of the pathogenic causes and the
establishment of safe and efficient neuroprotective medicines
to combat the effects of ischemic stroke are therefore of para-
mount therapeutic importance.

Natural products have been important parts of traditional
medicine since ancient times, with various promising health
effects (Cerqua et al., 2022; Ferrarini et al., 2022; Rai et al.,
2019; Sahin et al., 2023). Eucalyptol (EU), a natural monoter-
pene in eucalyptus oil, has potential therapeutic benefits for
treating cerebral I/R injury. Its neuroprotective properties
reduce oxidative stress, inflammation, and apoptosis, pre-
serving brain tissue and improving neurological function.
EU’s mechanisms include scavenging free radicals, enhanc-
ing antioxidant enzyme activity, inhibiting proinflammatory
cytokines, and improving cerebral blood flow. There has
recently been an increase in interest in the use of natural prod-
ucts therapeutically for I/R, particularly those that are plant-
based (Agar et al., 2023; D’ Avino et al., 2023; Mostofa et al.,
2024; Singh et al., 2018). Eucalyptus species are one such
plant material that has gained the interest of academics and
environmentalists all over the world for their enormous
source of wood and oil. The terpenoid oxide, EU existing
with a chemical name 1,8-cineole, extracted from eucalyptus
species, is extensively known for its anti-inflammatory, anti-
bacterial, and antioxidant characteristics. A prior study
revealed that EU alleviated cerulein-induced acute pancreati-
tis by reducing stress caused by oxidation in mice (Lima
etal., 2013). A clinical trial found that inhaling eucalyptus oil,
which contains EU, can reduce inflammation in individuals
who have undergone complete knee replacements (Jun et al.,
2013). Because of its secretolytic characteristics, eucalyptus
has been utilized to treat respiratory disorders (Bastos et al.,
2011). EU, when inhaled, reduces inflammation in the air-
ways of guinea pigs challenged with ovalbumin. According
to reports, EU helps reduce asthmatic inflammation (Zhou
et al., 2007). EU, having the potential to cross BBB, may
directly regulate brain receptors and enzymes (Moss &

Oliver, 2012). EU may therefore have significant uses in
acute lung inflammation.

As part of our investigation, we developed a CI/R injury-
triggered mice model to determine if EU can reduce neuro-
logical impairment by acting as an antioxidant and preventing
apoptosis. Further research was executed to validate the effi-
cacy of EU in treating CI/R injury and to determine whether
it can be used to decrease neuronal degeneration, cellular oxi-
dative stress, and inflammation in the brain. EU, a medication
used to treat CI/R injuries, has various mechanisms that help
reduce oxidative stress and prevent cell death. It is essential
to monitor the patient’s neurological status, manage oxygen-
ation and perfusion, administer EU, provide nutritional sup-
port, maintain fluid balance, prevent secondary complications,
and initiate rehabilitation activities.

Materials and Methods

Materials

Eucalyptol (Eucal) and nimodipine were purchased from
Sigma—Aldrich (USA). We bought tumor necrosis factor
(TNF)-a, interleukin-1 beta (IL-1p), interleukin (IL)-6, and
IL-10 enzyme-linked immunosorbent assay (ELISA) Kkits
from R&D Systems (Minneapolis, MN). The investigations
employed only analytical-grade chemicals; all other chemi-
cals were purchased from standard suppliers.

Animals

The applicable national laws and institutional guidelines for
animal use and care were followed, and mice were procured
from the Approved Animal Center with the appropriate ethi-
cal approval for animal experimentation study. Featuring a
22-24°C temperature, a 12-h light—dark cycle, and a relative
humidity of 60 + 5%, the animals were acclimated to their
surroundings and were given unlimited accessibility to water
and nourishment. The mice’s cage was lined with autoclaved
rice husk bedding, which was replaced daily.

An lllustration of Localized Cerebral Ischemia and
Reperfusion

Before middle cerebral artery occlusion (MCAO) surgery, the
mice were fasted overnight to create models of localized cere-
bral ischemia. To anesthetize the mice before surgery, intra-
peritoneal injections of (w/v) chloral hydrate were
administered at 37°C. Intraluminal filaments were used to
cause focal cerebral ischemia. The mice’s neck was incised
midline while it was fixed on a table. The right internal, exter-
nal, and common carotid arteries were exposed by a skin inci-
sion. To establish an occlusion, the Vagus nerve was separated
from the common carotid artery on the right. Next, a 6-0
nylon monofilament was administered into the middle
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cerebral artery from the external carotid artery incision. The
occlusion lasted for 1 h. Brain blood circulation was deter-
mined by utilizing a laser to confirm successful occlusion
(Wang et al., 2021; Zhang et al., 2023). Reperfusion began
after 2 h of MCAO by withdrawing the monofilament. After
anesthesia, mice were given free access to nourishment and
water. The mice were observed for heart rate, temperature,
and blood pressure throughout the entire surgical operation.
The control group lacked clamping CCA.

Grouping and Treatment

Following MCAO surgery, the mice were separated into four
different groups, with the sham-operated animals serving as
group I controls. Group II includes MCAO-induced animals
(I/R group) who receive no treatment. Group III was induced
with MCAO and given 50 mg/kg of EU by oral gavage 2 h
after the MCAO procedure. Group IV received oral gavage
treatment of 15 mg/kg nimodipine (positive control) 2 h post-
MCAO surgery. The I/R group used Zea Longa’s approach to
block the internal carotid artery for 2 h, following 24 h of
reperfusion. Normal saline was administered to the I/R group
intragastrically once a day for 7 days before the surgery. The
I/R and sham groups both had identical preoperative care and
surgery; however, there was no nylon suture occlusion in the
sham group. The treatment phase ended with the mice’s
euthanasia, wherein the brain tissue and blood samples were
obtained for the ensuing examinations (Zhang et al., 2023).

Assessment of Neuro Infarct Volume, Neurological
Deficiency Score, and Brain Water Content

Neuro Infarct Volume

2,3,5-Tetrazolium chloride (TTC) staining was used to assess
cerebral infarct volumes. Five equally spaced coronal slices
were cut from the mice’s brain tissue. The samples were
stained with 1% TTC and sustained at 37°C for 20 min, sub-
sequently with 4% formaldehyde fixation overnight (Zhao
et al., 2015). Following incubation, portions of tissue were
examined beneath a microscope. The area of infarction was
calculated after examining the images with the Image J soft-
ware. Upon examination, infarcted tissue stayed white and
unstained, but the normal tissue turned red (Wu et al., 2019).
To determine the overall infarction volume of brain slices, the
infarction area was multiplied by the thickness of each slice.

Neurological Deficit Score

An examiner blinded to the experimental groups evaluated
neurological impairment scores 24 h after MCAO using a
five-point scale based on the Zea longa standard.

Grade 0: The mice exhibited normal behavior and showed
no signs of neurological impairments. Grade 1: Limited abil-
ity to fully stretch the forelimb on the other side. Grade 2:
Rotating to the right (contralateral side). Grade 3: Tumbling

across the other side whilst trying to move forward. Grade 4:
Unable to step independently and absence of consciousness
(Li et al., 2024). The severity of motor motion injury is pro-
portional to the neurological deficiency score.

Brain Water Content

After reperfusion, the water content of the brain was assessed.
The brain tissues extracted from mice in each group were
measured using an electronic scale to determine the moist
weight of the entire brain. To eliminate the water content or
dry weight, the tissues of the brain were desiccated to a con-
sistent weight in an oven set at 105°C. The percentage of
brain water content was obtained by multiplying ([wet weight
— dry weight]/wet weight) by 100 (Wu et al., 2019).

Determination of Superoxide Dismutase
(SOD), Catalase (CAT), Glutathione (GSH),
Total Antioxidant Capacity (T-AOC), and
Malondialdehyde (MDA) Activities

The activities of SOD, GSH, CAT, T-AOC, and MDA were
measured using ELISA kits. The brain tissues were promptly
taken out of each group and cleaned in cooled saline. A 10%
(w/v) homogenate was then created by homogenizing the
brain tissues for 20 min in an ice-cold saline solution. The
supernatant was then collected and tested for MDA, SOD,
GSH, CAT, and T-AOC using a microplate reader, following
the directions included with the test kits. The assay findings
are represented in nmol/mg protein or U/mg protein (Zhao
etal., 2015).

Estimation of Pro and Anti-inflammatory Cytokines

The study used a commercial ELISA kit to assess cytokines
that promote inflammation, such as TNF-a, IL-1p, and IL-6,
and those that prevent inflammation, like IL-10 from the
brain samples of several experimental groups. The assay was
carried out as directed by the instructions in the kit. The
absorbance of both the samples and standards was determined
at 450 nm (Zhang et al., 2023).

The Estimation of Matrix Metalloproteinase Levels

Using the purchased ELISA kits, matrix metalloproteinases
(MMP)-2 and MMP-9 levels in the brain tissues of various
experimental groups were determined. The experiment fol-
lowed the manufacturer’s directions. The experiment was
conducted in three replicates. MMP levels were determined
using a standard curve based on standard concentration absor-
bance values (Wang et al., 2021).

Estimation of Apoptotic Proteins

The mice were chosen at random and beheaded after 24 h
of reperfusion. Brain tissues were rapidly taken from mice
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and kept at —20°C on ice. The acquired brain cells were
quantified and processed in a 1:10 (w/v) ice-cold whole-
cell lysis buffer. The concentrations of B-cell lymphoma 2
(Bcl-2), Bel-2 associated X-protein (Bax), and Caspase 3
were determined in the samples using an ELISA kit (Zhao
etal., 2015).

Histological Examination

The brain tissues were sliced with 5-um thickness, and stained
with hematoxylin and eosin (H&E). Stained tissues were
measured under a Light microscope (Olympus, Tokyo, Japan)
using 10x magnification (scale bar indicates 10x magnifica-
tion) (Zhao et al., 2015).

Statistical Analysis

Results were shown as mean + standard deviation (SD). The
statistical assessment was accomplished with GraphPad
Prism. A one-way analysis of variance (ANOVA) was per-
formed to compare differences across groups. The differences
between the control and sample means were considered sta-
tistically significant if p < 0.05.

Results

Eucalyptol’s Effect on Infarct Volume, Neurological
Deficiency Score, and Brain Water Content

Figure 1a shows a significantly higher infarct in the I/R group
(35-40%) when compared to the sham operation group,
which showed negligible volume. When the EU-treated group
was examined, it was discovered that the infarct was signifi-
cantly reduced in size, accounting for 20% of the total vol-
ume. The treatment of EU and nimodipine (NIM) dramatically
reduced the percentage of infarct areca. The mice in the sham
group received a score of 0 out of 4, signifying that they had
no neurological damage. The I/R group had a much higher
score (four) than the sham group, which indicates the severity
of brain injury. The EU and nimodipine-treated groups’ scores
significantly fell to 2 and 1, respectively, when compared to
the I/R group, indicating a considerable improvement in neu-
rological function (Figure 1b).

While evaluating the brain water content, it was obvious,
as shown in Figure lc, that 65—70% water was seen in the
sham-operated mice brain; however, it was significantly ele-
vated to 90-100% in group II mice. EU therapy dramatically
reduced water content in the brain of MCAO-operated mice,
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with an effect similar to that of the positive control nimodip-
ine. As a result, it was clear that the EU was beneficial in
treating I/R brain injury.

Eucalyptol Alleviates Oxidative Stress and
Antioxidants in Brain Tissues

Our study evaluated the antioxidant state of EU-treated MCAO-
performed mice’s brain tissue to that of other groups. In mice,
MCAO significantly reduced the level of antioxidants com-
pared to sham-operated control mice. EU therapy elevated the
levels of oxidative stress indicators (SOD, CAT, GSH, and
T-AOC) in MCAO-performed animals, as shown in
(Figure 2a—d). EU treatment in mice had a similar effect on anti-
oxidant levels as nimodipine treatment in the positive control
group. Untreated MCAO animals had higher levels of MDA
compared to control mice. Both EU and positive control-treated
mice demonstrated a considerable decrease in MDA levels, as
seen in Figure 2e. EU was found to increase SOD, GSH, CAT,
and T-AOC activity while decreasing MDA activity.

Impact of Eucalyptol on Inflammatory Cytokines
in Mice with Cerebral Ischemia

Figure 3 displays the levels of proinflammatory and anti-
inflammatory cytokines in mice treated with EU, nimodipine,

and MCAO. ELISA results showed that the I/R group had
higher levels of cytokines TNF-a, IL-1B, and IL-6 compared
to control group I, whereas IL-10, the anti-inflammatory
cytokine levels decreased. The EU and nimodipine groups
had significantly lower levels of TNF-qa, IL-1B, and IL-6
compared to the I/R group, but IL-10 levels increased signifi-
cantly (Figure 3a—d). EU was found to effectively reduce
inflammation caused by I/R damage, comparable to nimodip-
ine at a specific concentration.

Eucalyptol’s Effect on the Levels of Matrix
Metalloproteinase in Mice Induced with Cerebral
Ischemia

To assess the efficacy of matrix metalloproteinase inhibitors
in treating stroke, we measured MMP levels in EU-treated
mice and compared them to other experimental groups
(Figure 4a and b). The levels of MMP-9 and MMP-2 were

significantly elevated in the untreated mice group; however,
the EU-treated group lowered the MMP levels in the tissues.

Effects of Eucalyptol on Brain Tissue
Apoptosis-related Factors

The proapoptotic protein (Bax and Caspase-3) and antiapop-
totic protein (Bcl-2) levels in all four groups were assessed by
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using an ELISA kit. Group II had elevated levels of caspase-3
and Bax, but lower Bcl-2 levels than the sham group. EU
therapy dramatically boosted Bcl-2 levels while inhibiting
caspase-3 and Bax activity (Figure Sa—c).

Effect of Eucalyptol on Histological Changes in
Brain Tissues

H&E staining was applied to examine histological alterations
in the neurons of mice brains among different groups. As
demonstrated in Figure 6a, group I was closely aligned and
well-structured, with obvious light blue staining concentrated
on the nucleus. In group II, Figure 6b, neurons displayed
shrunken nuclei and a disorganized array with deep blue
staining. Figure 6¢ shows that EU therapy reduced apoptotic
cells in the area, similar to positive control. Furthermore, the
damage was greatly reduced, while the number of normal

neurons rose. Overall, the EU appears to efficiently prevent
I/R-induced neuronal death.

Discussion

Blood flow disruption brought on by thrombus or emboli
clogs blood arteries, resulting in cerebral ischemic stroke
(Zhang et al., 2023). Following cerebral ischemia, blood
flow recovery causes major functional and anatomical
changes leading to CI/R injury. This can cause lasting
effects such as brain cell death and edema (Wang et al.,
2021). The neurological, histological, and biochemical
alterations, as well as the processes of cerebral ischemia
injury in mice, are all studied in great detail using this
technique (Zhao et al., 2015). A less intrusive and depend-
able model of transitory regional ischemia used in classi-
cal stroke research is called MCAO. Research on
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Figure 6. Eucalyptol (Eucal) affects Histological Alterations in the Hippocampus. A Photograph of Hematoxylin and Eosin (H&E) Staining
in the Area of the Hippocampus. (a) Depicts the Sham Group, (b) Ischemia/Reperfusion (I/R), (c) EU with 50 mg/kg Group, and (d)
Nimodipine with |5 mg/kg Group (Scale Bar indicates 10x Magnification).

MCAO-related localized cerebral I/R injury in animal
models is crucial. Studies on EU have shown that it pos-
sesses antibacterial, anti-inflammatory, antioxidant, anal-
gesic, and spasmolytic properties in treating several
illnesses, such as sinusitis, rhinitis, influenza, colds, and
other respiratory infections (Seol & Kim, 2016).
Assessing the efficacy of cerebrovascular medications in
the management of ischemic brain injury requires consider-
ation of both the infarct volume and neurological deficit score
(Zhao et al., 2015). Based on our findings, the I/R group’s
infarct volume was significantly higher than that of the sham
group. EU dramatically reduced I/R-induced infarct volumes
while also improving neurological scores. Additionally, brain
water content was drastically lowered, indicating the efficacy
of EU against brain injury. Research indicates that adminis-
tering natural plant extracts at an early stage can improve
CI/R injuries (Wang et al., 2021). FEucalyptus globulus
extracts have also been demonstrated to shield SH-SYSY

cells from oxidative stress caused by H,O, by increasing
GSH levels, antioxidant enzyme activity, and cell viability
while reducing lipid peroxidation and reactive oxygen spe-
cies (ROS) production. Hence, these extracts have the poten-
tial to serve as a source of antioxidants with potential health
advantages against oxidative stress, as well as a raw material
for dietary, pharmacological, and nutritional supplements
(Gonzalez-Burgos et al., 2018). In this work, we found that
treatment with EU dramatically boosted GSH, SOD, T-AOC,
and CAT activities while decreasing MDA levels. These find-
ings imply that EU shields the brain from CI/R injury through
antioxidant activity. Supplementary products from gut micro-
biota are crucial for brain health and disease processes, with
dysbiosis leading to inflammation and brain damage.
Probiotics can reduce injury severity and enhance neuropro-
tective SCFAs. Understanding these interactions could lead
to therapeutic strategies targeting the gut-brain axis
(Agagiindiiz et al., 2022, 2023).
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It has been demonstrated that EU has impacts on several
inflammatory diseases, such as pancreatitis, respiratory disor-
ders, and cardiovascular and neurological diseases, in addi-
tion to lessening colon damage. Studies have demonstrated
that EU has analgesic properties in an inflammatory model
and is a powerful inhibitor of proinflammatory cytokines,
including TNF-alpha and IL-1 beta. The findings of previous
investigations demonstrate that EU has a potent inhibitory
effect on both TNF-a and IL-1B (Bhowal & Gopal, 2015).
Also, the EU anti-inflammatory properties may contribute to
its preventive effects against neurodegenerative disorders
(Seol & Kim, 2016). The current study result shows decreased
levels of IL-6, TNF-o and IL-1p and increased levels of IL-10
which was supported by earlier research, which found that
1,8-cineole lowers proinflammatory factors significantly.
Matrix metalloproteinases are proteolytic enzymes that
destroy the extracellular matrix. Brain edema, breakdown of
BBB, inflammation, and bleeding are all brought on by dis-
ruption in MMPs. When an acute stroke situation arises,
MMP-2 is first activated, disrupting the extracellular matrix
proteins and then triggering MMP-9, which in turn causes an
influx of inflammatory cells (Zhang et al., 2023). EU therapy
reduced MMP-9 and 2 levels in rats that were performed in
the MCAO, perhaps avoiding ischemic-induced BBB break-
down and decreasing cerebral edema.

Apoptosis following I/R injury significantly contributes to
stroke-related brain injury (Li et al., 2024). Studies show that
the caspase family promotes and executes apoptosis in mam-
malian cells. One of these, caspase-3, is essential to the cas-
pase cascade “waterfall” as a downstream apoptotic protease
(Li et al., 2024). Caspase-3 serves a vital part in apoptosis
signaling and regulates neuronal apoptosis (Wu et al., 2019).
According to our analysis, the EU-treated group’s levels of
active caspase-3 and Bax are considerably decreased in com-
parison to the vehicle group. Bcl-2 levels were significantly
higher in the EU-treated group compared to the vehicle group.
This demonstrates that the EU provides neuronal protection
through antiapoptotic pathways. H&E staining results
revealed that histologic features, such as nucleolus karyopyk-
nosis, were present in the neurons of group II. The adminis-
tration of EU reduced the number of deteriorated neurons
while significantly increasing the number of undamaged
neurons.

EU has been found to have potential clinical implications
in treating cerebral I/R injury. It reduces infarct volume,
improves neurological function, reduces brain edema, and
has antioxidant properties. EU protects brain cells from oxi-
dative damage, enhancing neuroprotection and recovery. It
also modulates the inflammatory response, reducing inflam-
mation-induced damage and promoting healing in stroke
patients. EU also inhibits MMPs, associated with BBB dis-
ruption and neuronal damage. These findings suggest EU
potential as a therapeutic agent for stroke patients.

The study highlighted EU’s neuroprotective benefits by
analyzing the activities of Bcl-2, Bax, and caspase-3 proteins,

as well as oxidative indicators such as MDA, SOD, GSH,
T-AOC, and CAT activities in mice subjected to MCAO.
However, due to the diversity in the efficacy of EU, its specific
molecular mechanism in improving CI/R injury still needs to
be verified by subsequent studies, thus ensuring its safety and
efficacy in clinical prevention and treatment of CI/R injury. It
is crucial to educate the patient and family about the condition,
emphasize medication adherence, and suggest lifestyle modifi-
cations to improve overall health. Accurate record-keeping and
effective communication are essential for providing compre-
hensive care. By focusing on these aspects, nurses can provide
comprehensive care for patients involved in studies on EU’s
effects on CI/R injury, promoting better outcomes through
careful monitoring, supportive interventions, and education.

Conclusion

Cerebral ischemic stroke is a fatal condition that leads to post-
stroke complications and long-term disability for sufferers.
Currently, treating stroke victims is costly and sometimes leads
to difficulties over time. This study examined the impact of
EU, a bioactive chemical, on MCAO-performed mice. EU dra-
matically reduced infarct volume and brain water content by
increasing antioxidant levels and lowering MMPs. By sup-
pressing the synthesis of proinflammatory cytokines via TNF-
o, IL-1B, and IL-6, EU also lowers oxidative stress by
controlling signaling pathways and scavenging free radicals. It
also suppressed histological changes. Our findings demon-
strate that EU ameliorates cerebral ischemia in mice consider-
ably. Additional study on its efficacy and safety is required
before subjecting the chemical to additional trials and formula-
tion as an anti-ischemic medication. In the future, nurses can
enhance patient outcomes in EU-induced CI/R injury studies
by providing comprehensive care, monitoring, supportive
interventions, and education.

Abbreviations

ANOVA: Analysis of variance; Bax: Bcl-2 associated X-protein;
BBB: Blood-brain barrier; Bcl-2: B-cell lymphoma 2; CAT:
Catalase; CI/R: Cerebral ischemia—reperfusion; EBI: Early brain
injury; ECL: Enhanced chemiluminescence; ELISA: Enzyme-linked
immunosorbent assay; EU: Eucalyptol; FDA: Food and Drug
Administration; GSH: Glutathione; H&E: Hematoxylin and eosin;
IL: Interleukin; IL-1B: Interleukin-1 beta; I/R: Ischemia/reperfusion;
LPS: Lipopolysaccharide; MCAO: Middle cerebral artery occlu-
sion; MDA: malondialdehyde; MMP: Mitochondrial membrane
potential; ROS: Reactive oxygen species; rtPA: Recombinant tissue
plasminogen activator; SAH: After subarachnoid hemorrhage; SD:
Standard deviation; SOD: Superoxide dismutase; T-AOC: Total
antioxidant capacity; TNF: Tumor necrosis factor; TTC:
2,3,5-Tetrazolium chloride.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.



Wang and Dan Wu

957

Ethical Approval and Informed Consent

This study was approved by the Ethics Committee of Shanxi Bethune
Hospital (Approval Number: SBQDL-2023-232).

Funding Sources

The authors received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Dan Wu https://orcid.org/0009-0003-1878-7307

References

Agar, Y., Agagiindiiz, D., De Cicco, P., & Capasso, R. (2023).
Flavonoids: Their putative neurologic roles, epigenetic changes,
and gut microbiota alterations in Parkinson’s disease.
Biomedicine and Pharmacotherapy, 168, 115788. https://doi.
org/10.1016/j.biopha.2023.115788

Agagiindiiz, D., Celik, E., Cemali, O., Bingél, F. G., Ozenir, C.,
Ozogul, F., & Capasso, R. (2023). Probiotics, live biotherapeu-
tic products (LBPs), and gut-brain axis related psychological
conditions: Implications for research and dietetics. Probiotics
and Antimicrobial Proteins, 15(4), 1014-1031. https://doi.
org/10.1007/s12602-023-10092-4

Agagiindiiz, D., Kocaadam-Bozkurt, B., Bozkurt, O., Sharma, H.,
Esposito, R., Ozogul, F., & Capasso, R. (2022). Microbiota
alteration and modulation in Alzheimer’s disease by gerobiot-
ics: The gut-health axis for a good mind. Biomedicine and
Pharmacotherapy, 153, 113430. https://doi.org/10.1016/].
biopha.2022.113430

Bastos, V. P. D., Gomes, A. S., Lima, F. J. B, Brito, T. S., Soares, P. M.
G., Pinho, J. P. M., Silva, C. S., Santos, A. A., Souza, M. H. L. P,,
& Magalhaes, P. J. C. (2011). Inhaled 1,8-cineole reduces inflam-
matory parameters in airways of ovalbumin-challenged Guinea
pigs. Basic and Clinical Pharmacology and Toxicology, 108(1),
34-39. https://doi.org/10.1111/j.1742-7843.2010.00622.x

Bhowal, M., & Gopal, M. (2015). Eucalyptol: Safety and pharmaco-
logical profile. Journal of Pharmaceutical Sciences, 5, 125-131.

Cerqua, I., Neukirch, K., Terlizzi, M., Granato, E., Caiazzo, E.,
Cicala, C., Ialenti, A., Capasso, R., Werz, O., Sorrentino, R.,
Seraphin, D., Helesbeux, J. J., Cirino, G., Koeberle, A.,
Roviezzo, F., & Rossi, A. (2022). A vitamin E long-chain
metabolite and the inspired drug candidate a-amplexichromanol
relieve asthma features in an experimental model of allergen
sensitization. Pharmacological Research, 181, 106250. https://
doi.org/10.1016/j.phrs.2022.106250

D’Avino, D., Cerqua, 1., Ullah, H., Spinelli, M., Di Matteo, R.,
Granato, E., Capasso, R., Maruccio, L., lalenti, A., Daglia, M.,
Roviezzo, F., & Rossi, A. (2023). Beneficial effects of Astragalus
membranaceus (Fisch.) Bunge extract in controlling inflamma-
tory response and preventing asthma features. International
Journal of Molecular Sciences, 24(13), 10954. https://doi.
org/10.3390/ijms241310954

Ferrarini, E. G., Paes, R. S., Baldasso, G. M., de Assis, P. M.,
Gouvéa, M. C., De Cicco, P., & Dutra, R. C. (2022). Broad-
spectrum cannabis oil ameliorates reserpine-induced fibromyal-
gia model in mice. Biomedicine and Pharmacotherapy, 154,
113552.

Gonzélez-Burgos, E., Liaudanskas, M., Viskelis, J., Zvikas, V.,
Janulis, V., & Goémez-Serranillos, M. P. (2018). Antioxidant
activity, neuroprotective properties and bioactive constituents
analysis of varying polarity extracts from Eucalyptus globulus
leaves. Journal of Food and Drug Analysis, 26(4), 1293—-1302.
https://doi.org/10.1016/j.jfda.2018.05.010

Jiang, M., L1, J., Peng, Q., Liu, Y., Liu, W., Luo, C., & Mo, Z. (2014).
Neuroprotective effects of bilobalide on cerebral ischemia and
reperfusion injury are associated with the inhibition of pro-
inflammatory mediator production and down-regulation of
JNK1/2 and p38 MAPK activation. Journal of Neuroinflammation,
11,1-17.

Jun, Y. S, Kang, P., Min, S. S., Lee, J. M., Kim, H. K., & Seol, G. H.
(2013). Effect of eucalyptus oil inhalation on pain and inflam-
matory responses after total knee replacement: A randomized
clinical trial. Evidence-Based Complementary and Alternative
Medicine: eCAM, 2013, 502727. https://doi.org/10.1155/2013/
502727

Li, Z. W, Tang, H., Chen, X. X., Li, X. X., Xu, H. H., Chen, M. H.,
Ba,H.J., Lin, Q., Dai, J. X., Cai, J. Y., Lu, C., Chen, X. D., Han,
G. S., & Sun, J. (2024). Urolithin B attenuates cerebral isch-
emia—reperfusion injury by modulating Nrf2-regulated anti-
oxidation in rats. Neuroscience, 538, 46-58. https://doi.
org/10.1016/j.neuroscience.2023.11.002

Lima, P. R., de Melo, T. S., Carvalho, K. M. M. B., de Oliveira, I. B.,
Arruda, B. R., de Castro Brito, G. A., Rao, V. S., & Santos, F. A.
(2013). 1,8-Cineole (eucalyptol) ameliorates cerulein-induced
acute pancreatitis via modulation of cytokines, oxidative stress,
and NF-xB activity in mice. Life Sciences, 92(24-26),
1195-1201. https://doi.org/10.1016/j.1fs.2013.05.009

Liu, Y., Zhang, X. J., Yang, C. H., & Fan, H. G. (2009). Oxymatrine
protects rat brains against permanent focal ischemia and down-
regulates NF-kB expression. Brain Research, 1268, 174-180.
https://doi.org/10.1016/j.brainres.2009.02.069

Ma, Y., Li, Y., Zhang, C., Zhou, X., & Wu, Y. (2014). Neuroprotective
effect of 4-methylcyclopentadecanone on focal cerebral isch-
emia/reperfusion injury in rats. Journal of Pharmacological
Sciences, 125(3), 320-328. https://doi.org/10.1254/jphs.14102fp

Micieli, G., Marcheselli, S., & Tosi, P. A. (2009). Safety and efficacy
of alteplase in the treatment of acute ischemic stroke. Vascular
Health and Risk Management, 5(1), 397-409. https://doi.
org/10.2147/vhrm.s4561

Moss, M., & Oliver, L. (2012). Plasma 1,8-cineole correlates with
cognitive performance following exposure to rosemary essen-
tial oil aroma. Therapeutic Advances in Psychopharmacology,
2(3), 103—113. https://doi.org/10.1177/2045125312436573

Mostofa, M. G., Reza, A. S. M. A., Khan, Z., Munira, M. S.,
Khatoon, M. M., Kabir, S. R., Sadik, M. G., Agagiindiiz, D.,
Capasso, R., Kazi, M., & Alam, A. K. (2024). Apoptosis-
inducing anti-proliferative and quantitative phytochemical pro-
filing with in silico study of antioxidant-rich Leea aequata
L. leaves. Heliyon, 10(1), ¢23400. https://doi.org/10.1016/j.
heliyon.2023.e23400

Rai, S. N., Zahra, W., Singh, S. S., Birla, H., Keswani, C., Dilnashin,
H., Rathore, A. S., Singh, R., Singh, R. K., & Singh, S. P.
(2019). Anti-inflammatory activity of ursolic acid in MPTP-
induced parkinsonian mouse model. Neurotoxicity Research,
36(3), 452-462. https://doi.org/10.1007/s12640-019-00038-6

Sahin, T. O., Yilmaz, B., Yesilyurt, N., Cicia, D., Szymanowska, A.,
Amero, P, Agagiindiiz, D., & Capasso, R. (2023). Recent



958

Pharmacognosy Magazine 21(3)

insights into the nutritional immunomodulation of cancer-
related microRNAs. Phytotherapy Research, 37(10), 4375—
4397. https://doi.org/10.1002/ptr.7937

Seol, G. H., & Kim, K. Y. (2016). Eucalyptol and its role in chronic
diseases. In S. Gupta, S. Prasad, & B. Aggarwal. (Eds). Drug
discovery from mother nature (pp. 389-398). Springer.

Singh, S. S., Rai, S. N., Birla, H., Zahra, W., Kumar, G., Gedda, M.
R., & Singh, S. P. (2018). Effect of chlorogenic acid supplemen-
tation in MPTP-intoxicated mouse. Frontiers in Pharmacology,
9,337162.

Tabassum, R., Vaibhav, K., Shrivastava, P., Khan, A., Ahmed, M. E.,
Ashafaq, M., Khan, M. B., Islam, F., Sathi, M. M., & Islam, F.
(2015). Perillyl alcohol improves functional and histological
outcomes against ischemia—reperfusion injury by attenuation of
oxidative stress and repression of COX-2, NOS-2, and NF-xB

in middle cerebral artery occlusion rats. European Journal of

Pharmacology, 747, 190-199. https://doi.org/10.1016/j.ejphar.
2014.09.015

Tian, F., Liu, R., Fan, C., Sun, Y., Huang, X., Nie, Z., Zhao, X., &
Pu, X. (2020). Effects of thymoquinone on small-molecule
metabolites in a rat model of cerebral ischemia reperfusion
injury assessed using MALDI-MSI. Metabolites, 10(1), 27.
https://doi.org/10.3390/metabo10010027

Wang, L., Zhang, Z., & Wang, H. (2021). Naringin attenuates cere-
bral ischemia-reperfusion injury in rats by inhibiting endoplas-
mic reticulum stress. Tramslational Neuroscience, 12(1),
190-197. https://doi.org/10.1515/tnsci-2020-0170

Wu, T., Yin, F., Kong, H., & Peng, J. (2019). Germacrone attenuates
cerebral ischemia/reperfusion injury in rats via antioxidative

and antiapoptotic mechanisms. Journal of Cellular
Biochemistry, 120(11), 18901-18909. https://doi.org/10.1002/
jcb.29210

Yao, Y., Chen, L., Xiao, J., Wang, C., Jiang, W., Zhang, R., & Hao, J.
(2014). Chrysin protects against focal cerebral ischemia/reperfu-
sion injury in mice through attenuation of oxidative stress and
inflammation. [International Journal of Molecular Sciences,
15(11),20913-20926. https://doi.org/10.3390/ijms 151120913

Zhang, J., Li, Y., & Zhou, T. (2023). Nerolidol attenuates cerebral
ischemic injury in middle cerebral artery occlusion-induced rats
via regulation of inflammation, apoptosis, and oxidative stress
markers. Pharmacognosy Magazine, 19(1), 186—196. https://
doi.org/10.1177/09731296221137380

Zhang, L., Zhao, H., Zhang, X., Chen, L., Zhao, X., Bai, X., & Zhang,
J. (2013). Nobiletin protects against cerebral ischemia via activat-
ing the p-Akt, p-CREB, BDNF, and Bcl-2 pathway and amelio-
rating BBB permeability in rats. Brain Research Bulletin, 96,
45-53. https://doi.org/10.1016/j.brainresbull.2013.04.009

Zhao, P., Zhou, R. U., Zhu, X. Y., Hao, Y. J., Li, N., Wang, J., Niu,
Y., Sun, T, Li, Y. X., & Yu, J. Q. (2015). Matrine attenuates
focal cerebral ischemic injury by improving antioxidant activity
and inhibiting apoptosis in mice. International Journal of
Molecular Medicine, 36(3), 633—644. https://doi.org/10.3892/
{jmm.2015.2260

Zhou, J. Y., Wang, X. F., Tang, F. D., Zhou, J. Y., Lu, G. H., Wang,
Y., & Bian, R. L. (2007). Inhibitory effect of 1, 8-cineol (euca-
lyptol) on Egr-1 expression in lipopolysaccharide-stimulated
THP-1 cells. Acta Pharmacologica Sinica, 28(6), 908-912.
https://doi.org/10.1111/j.1745-7254.2007.00555.x



