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Thymol Improves Brain Functional Outcomes after Cerebral
Ischemia-Reperfusion Injury by Regulating p38 MAPK
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ABSTRACT Dr. Hima Saila Mukkudiahgari
Background: Thymol, a monoterpene phenolic compound and an essential oil extracted from

Tachyspermum ammi (ajwain) has been shown to possess multiple therapeutic potentials as
anti-inflammatory, antioxidant, antihyperlipidemic, antiapoptotic, antitumor agent against
neurological, cardiovascular, gastrointestinal and malignant diseases. Objectives: The current
investigation aimed to determine whether thymol could protect rats from cerebral ischemia
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reperfusion injury by preventing Bilateral Common Carotid Artery Occlusion (BCCAQ). Materials Email: himasaila.spsp@gmail.com
and Methods: After 14 days of pretreatment with thymol at the doses of 50 mg/kg, p.o and 100

mg/kg, p.o. respectively, Albino Wistar rats (200-250 g) were subjected to BCCAO for 1 hr followed Received: 19-04-2024;

by 22 hr reperfusion (I/R). The levels of protein carbonyl content, Myeloperoxidase (MPO) were Revised: 10-08-2024;
measured in brain tissue homogenate. Utilising western blotting, the expression levels of TNF-a, Accepted: 13-02-2025.

Interleukin 10 (IL-10) anti-inflammatory cytokines, pro-apoptotic mediators Bax and Caspase 3
and anti-apoptotic mediator Bcl-2 were assessed. Results and Discussion: Reduction in levels of
protein carbonyl content and Myeloperoxidase (MPO) was observed in thymol groups. Thymol
pretreated rats showed significant (p<0.01) downregulation in the expressions of TNF-a and
inhibited phosphorylation of p38 MAPK. In parallel, the expressions of IL-10 were upregulated
significantly (p<0.01). Thymol exerted anti-apoptotic effect as reflected by decreased expression
of the key downstream executioner caspase-3 and Bax, which is probably mediated by significant
upregulation of expression of Bcl-2. Conclusion: Thymol is endowed with neuroprotection
against global cerebral ischemia reperfusion injury which may be probably mediated by
attenuation of inflammatory and apoptotic mechanism via p38 MAPK signaling pathway.

Keywords: Anti-inflammatory activity, p38 MAPK, Anti-apoptotic activity, Ischemic reperfusion
injury, Thymol.

INTRODUCTION

Cerebral Ischemia Reperfusion Injury (CIRI) is documented as  neurons. Thus, challenging the researchers for the development
leading cause of mortality and morbidity worldwide."* It is a  of safe and effective therapeutic intervention targeting prognostic
syndrome of neurological deficit developed after acute circulatory ~mechanisms.®?

failure to blood vessels in the brain, known as either ischemic or
hemorrhagic stroke.® Early reperfusion with thrombolytics such as
recombinant tissue plasminogen activator is the best therapeutic
intervention for stroke. Reperfusion aggravates the condition

In the molecular mechanisms underpinning the pathology of
apoptosis, oxidative stress is caused by the dysregulation of
mitochondrial oxidative phosphorylation, which decreases
ATP production and raises the production of ROS, or reactive
oxygen species. ROS have the potential to cause immediate
damage to cell components.'”'? Apoptosis is regulated by

through oxidative stress, inflammation and apoptosis in the

DOI: 10.5530/ijper 20257027 both internal and external factors including several genes,
& ﬂ % enzymes and signal transduction pathways.'*'* Among these
< S Copyright Information : factors, Mitogen-Activated Protein Kinase (MAPK) has been
o Z i i i . . . . . . .
g 5 Copyright Author (s) 2025 Distributed under implicated in the molecular mechanisms of ischemia-reperfusion
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5, & injury. Numerous physiological cellular activities, including
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are mediated by the MAPK cascade. Signals are transferred from
the cellular surface to the nucleus by it.'">' p38 MAPK is a crucial
member of the MAPK family that can be phosphorylated in
response to various extracellular stimuli, which in turn activates
the MAPK signaling pathway.”” p38 MAPK has been linked to
cellular differentiation, cell cycle progression, and apoptosis.
Additionally, it has been linked to the regulation of inflammatory
responses, which is associated with the synthesis of cytokines
that promote inflammation such as TNF-a and interleukin 1p."*
During CIRI, p38 MAPK signalling has been reported to be
activated since it has been found to navigate from the cytoplasm
into the nucleus, initiate further downstream kinases and
transcriptional proteins, and change the level of gene expression
associated with apoptosis, so triggering cellular apoptosis.”'**

Herbal medicine rich in essential oils have been widely used for the
treatment of cardio-cerebro vascular disorders including cerebral
ischemia in many countries.” One such essential oil is Thymol, also
known chemically as 2 isopropyl-5-methylphenol, is a compound
found in Trachyspermum ammi that has a strong flavour and a
pleasant, aromatic smell. Pharmacological characteristics such
anticonvulsant,? antioxidant,

as anticancer,? antifungal,*

antihyperlipidemic®  antispasmodic,  anti-inflammatory,*
antiseptic, antiepileptogenic, and radioprotective effects” have
been observed. Here we intended to determine the potential of
thymol as a therapy against apoptosis and inflammation during

cerebral ischemia reperfusion injury.

MATERIALS AND METHODS

Animals

Male Wistar albino rats weighing 200-250 g were kept in
established laboratory settings with a 12 hr light/dark cycle
and unrestricted access to food and drink and ad libitum. The
research facility environment was habituated to the animals seven
days in advance of the trial. The CPCSEAs recommendations
were followed for handling and maintenance. The Institutional
Animal Ethics Committee of Sri Padmavathi school of Pharmacy;,
Tirupati, Andhra Pradesh gave its consent for the experimentation
(“Institutional Animal Ethics Committee, approval Number:
1016/PO/Re/S/06/CPCSEA/2019/0107).

Chemicals

Aldrich. 2,35
Triphenyltetrazolium chloride (CAS n0:298-96-4) was purchased
from Hi media. Antibodies of Bcl-2 (cat. no. ab19645), p38
MAPK, Interleukin-10 (cat. no. ab133575), Tumor necrosis factor
alpha (TNF a) (cat. no. ab1793), Bax (cat. no. ab53154), Caspase 3
(cat. no. ab4051), Horseradish Peroxidase (HRP) were purchased
from Abcam Inc. All other chemicals were of analytical grade.

Thymol was procured from Sigma
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BCCAO

Cerebral ischemia reperfusion injury was carried out as per
the methodology of Iwasaki et al? The rats were given an
Intramuscular (I.M.) ketamine (100 mg/kg) and xylazine (10
mg/kg) anesthetic. The procedure involved cutting through the
sternocleidomastoid and sternohyoid muscles to expose the
carotid arteries, which were then sealed for an hour using sterile
cotton thread. After an hour, the cotton thread was taken out and
the blood was allowed for 22 hr reperfusion. Using a thermal
statistically regulated infrared lamp, the temperature of the body
was kept at around 37°C+0.5°C during the surgical procedure. The
rats in the sham-operated group were not subjected to occlusion
or reperfusion. The rats were assessed for motor coordination
and their infarct size, p38 MAPK, TNF-q, IL-10, Caspase 3, Bcl-2,
and Bax levels were measured after they were euthanized after 22
hr after reperfusion.

Experimentation

Albino rats were divided into 4 groups randomly of nine rats
in each group. Group I: Sham-control (subjected to surgical
procedure without BCCAO and received 2% tween 80 p.o0), Group
I1: BCCAO control (subjected to BCCAO 1 hr accompanied by 22
hr reperfusion and received 2% tween 80 p.o) Group III: Thymol
50 mg/kg p.o (subjected to BCCAO 1 hr accompanied by 22 hr
reperfusion) and Group IV: Thymol 100 mg/kg p.o (subjected
to BCCAO 1 hr accompanied by 22 hr reperfusion).”* Prior to
BCCAQO, the animals were treated for 14 days with each treatment.

Infarct volume

Rats were anesthetized, and their brains were removed and
frozen for 15 min at -4°C. Frozen brains were cut into 2 mm thick
slices and incubated for 15 min at 37°C in a 2% 2, 3, 5 triphenyl
tetrazolium chloride solution. The brain slices were captured
digitally, and total infarct volume was calculated using image ]
analysis software.’!

Brain water content

Rats were sacrificed under overdose of ketamine (100 mg/kg) and
xylazine (10 mg/kg) anaesthesia after reperfusion for 22 hr and
the brains were removed and their wet weights were noted. After
subjecting the brains at 120°C for 24 hr, dry weights of the brains
were assessed. The brain water content was estimated using the
equation.”

Wet weight - Dry weight "
Wet weight

Percentage of brain water content= 100

Biochemical Estimation
Brain homogenization

After 22 hr of reperfusion, the animals were sacrificed by under
overdose of ketamine and xylazine. The brains were isolated
and homogenized to produce a 10%w/v homogenate in 5
mm phosphate buffer with 0.1 mm EDTA. After centrifuging
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this homogenate for 15 min at 10,000 rpm, the supernatant
was collected, kept in a refrigerator at -5°C, and utilized for
biochemical assessment.

Estimation of Myeloperoxidase (MPO) levels

Myeloperoxidase present in brains were measured by adding
phosphate buffer having O-dianisideine dihydrochloride (0.167
mg/mL), hydrogen peroxide and 0.5% of hexadecyltrimethyl
ammonium bromide to 0.1 mL of brain tissue supernatant. This
mixture was agitated and the absorbance was measured at a
wavelength of 460 nm at an interval of 1 min upto 3 min and
represented as one unit. MPO levels were represented as Units/
mL.*

Estimation of protein carbonyl content

Brain homogenate supernatant is mixed with 1% streptomycin
sulfate solution, incubated for 15 min, then centrifuged at 3600 g
for 10 min. After removing the brain supernatant, it was vortexed
for 30 min at 10 min intervals while incubated with 10 mM DNPH
(in 2 mol/L HCI). After adding an equivalent amount of 20%
TCA to precipitate the protein, the mixture was centrifuged for 5
min at 8600 g. To get rid of the extra 2,4-Dinitrophenylhydrazine,
three rounds of washing the residue with ethanol: ethyl acetate in
a 1:1 ratio were conducted. A 6 mol/l guanidine solution was used
to re-dissolve the precipitated protein. At 370 nm, the optical
density was observed. Protein carbonyl content was measured in
nmol/mg.**

Estimation of TNF-q, IL-10, p38 MAPK, Bcl-2, Bax,
Caspase 3 by western blotting

The isolated brain tissues were cleaned and homogenized by
using Radio Immuno Precipitation (RIPA) buffer [50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 0.5%
Sodium deoxycholate, Sodium dodecyl Sulphate (0.1% SDS),
ImM Sodium orthovanadate, 1 mM Sodium flouride, 10 uL

o 801

g *k*

o 604 —

S

=

o

S 40- +++

-

e

8

£ 204

£

o

m o0 T
Groups

per mL Protease inhibitors]. This solution was heated for 5
min at 70°C and this was used for separation of proteins on 4%
SDS-PAGE gel using electrophoresis. 15 pL of the samples and
6 uL of Tris HCI loading gel buffer were loaded in each well and
allowed to run for one hr. The proteins were transferred on to
the Polyvinylidene Flouride (PDVF) membrane and the quality
of transfer was checked by using Ponceau stain. Blocking was
performed in 3% skim milk in 20 mM Tris buffer, 150 mM saline
with 0.1% Tween 20 (TBST) in 1XPBS for 1hr. It was washed 3
times using PBST solution for 5 min by maintaining constant
temperature. Incubation was carried out with primary antibody
(1:1000 of TNF a, p38 MAPK, IL10, Bax, caspase 3 and Bcl-2)
in 1XPBS overnight at 4°C with continuous shaking. Membranes
were further incubated with horseradish peroxidase-conjugated
secondaryantibody for about 2 hr and washed with 1XPBST thrice
for 5 min. This membrane was visualized using chromomeric
substrate- 3, 3’-Diaminobenzidine (DAB). Visible bands were
photographed and quantitative densitometry analysis was done
by image ] analysis software. f-actin antibody was used as loading
control.”

Statistical Analysis

Data were expressed as MeantStandard Error of Mean (SEM).
Analyzed by one-way Analysis of Variance (ANOVA) with post
hoc test of Dunnet’s analysis using GraphPad Prism version 5.0.
A value of p<0.05 value was considered as statistically significant.

RESULTS

Brain infarction volume

The infarction volume was considerably (p<0.001) higher in
the BCCAO-induced ischemia-reperfusion group compared
to the sham control group, and significantly (p<0.001) lower
in the thymol pretreatment groups compared to the ischemic
reperfusion group, as illustrated in Figures 1a and 1b.

Bl Sham Control

3 BCCAO Control
B8 Thymol 50mg/kg
3 Thymol 100 mg/kg

+++

Figure 1a: Effect of thymol on brain infarct volume. Data were expressed as mean+SEM. *(p<0.001) BCCAO control
as compared to sham control. *** (p<0.001) Thymol 50 and 100 mg/kg as compared to BCCAO.
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Brain water content

The brain water content was measured 22 hr after the reperfusion
period, the BCCAO-induced ischemia reperfusion group showed
a significant (p<0.001) increase in brain water content compared
to the normal and sham-operated groups, when thymol was
administered prior to BCCAO group treatment, the edema was
significantly (p<0.001) reduced in a dose-dependent manner
(Figure 2).

Effect of thymol on myeloperoxidase levels

BCCAO group showed significantly (p<0.001) increased levels of
myeloperoxidase as compared to sham group. Whereas Thymol
pretreated group 50 mg/kg (p<0.01) and 100 mg/kg (p<0.001)
significantly prevented the increase in myeloperoxidase levels
when compared to sham group (Figure 3).

Effect on thymol on protein carbonyl content

When ischemia reperfusion injury occurs, the amount of oxidative
brain damage is measured in terms of protein carbonylation.
When compared to the sham group, the BCCAO group's protein
carbonyl concentration was significantly (p<0.001) higher.
However, thymol pretreatment at 50 mg/kg and 100 mg/kg,

A vt
BCCAO Co

Sham Control

respectively, significantly (p<0.05) avoided an increase in protein
carbonyl content (Figure 4).

Effect of thymol on proinflammatory mediator TNF a
levels

Asshown in Figure 5 the expressions of proinflammatory mediator
TNF-a in BCCAO control were up-regulated markedly (p<0.001)
compared to sham control and was found as down-regulated
markedly in thymol pretreated groups compared to BCCAO

group.

Effect of thymol on proinflammatory mediator p38
MAPK

As shown in Figure 6, Phosphorylation of p38 MAPK was
observed in disease control and was found as significantly
increased expressions when compared to sham control and
dephosphorylation of p38 MAPK was observed in thymol
pretreated groups compared to BCCAO control.

Effect of thymol on anti-inflammatory mediator IL 10

IL-10 expressions were significantly decreased in BCCAO group
as compared to sham control. Whereas pretreated with 100mg/kg

Figure 1b: Pictorial representation of effect of thymol on brain infarct volume. Brain sections of sham control, BCCAO
control, Thymol 50 mg/kg and Thymol 100 mg/kg treatment groups.
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Figure 2: Effect of thymol on brain water content. Data was expressed as Mean+SEM. ***(p<0.001) BCCAO
control as compared to sham control. **(p<0.001) thymol 50 and 100 mg/kg compared to BCCAO control.
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Figure 3: Effect of thymol on myeloperoxidase levels. Data was expressed as Mean +SEM. ***(p<0.001) BCCAO control
as compared to sham control. **(p<0.01), **(p<0.001) thymol 50 and 100 mg/kg compared to BCCAO control.
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Figure 4: Effect of thymol on protein carbonyl content. Data was expressed as Mean+SEM. ***(p<0.001)
BCCAO control as compared to sham control. **(p<0.01) thymol 50mg/kg; **(p<0.001) thymol 100 mg/kg as
compared to BCCAO control.
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of thymol showed significant increase in IL-10 expression when
compared with BCCAO group (Figure 7).

Effect of thymol on pro-apoptotic (Bax, Caspase-3)
and antiapoptotic (Bcl-2) mediators

As shown in Figure 8, after reperfusion phase for 22 hr, BCCAO
control group showed significant downregulation in BCl-2
expression when compared with sham group. Prophylactic
treatment with thymol showed significantly prevented the
downregulation of BCI-2 expression as compared to BCCAO
control. Reversing it, appearance of caspase 3 and Bax were
upregulated significantly in BCCAO control as compared to sham
control which was considerably declined by the prophylactic
treatment with thymol 50 mg/kg and 100 mg/kg respectively.

DISCUSSION

Reperfusion injury after cerebral ischemia is the contributing
factor for mortality and morbidity in most of the stroke victims.
Underlying pathological mechanisms are associated with events
like excitotoxicity, oxidative stress, apoptosis and inflammation
as evident from most of the literature. These events limiting the

(A)

therapeutic application of most of the interventions and remain
challenging for development of novel, safe and effective drugs for
stroke treatment.**!?

All across the world, Essential Oils (EO) have been utilized
to treat a variety of illnesses in traditional, national, and folk
medicine (Bastos ef al., 2010). In several different countries,
herbal remedies high in EO have been utilized extensively to treat
CVDs. According to recent research, EO is significant prospective
treatments for CVDs that may also improve their prognosis. The
pathogenic components of CVDs are numerous and intricate.
Patients must take a range of combination medications,
which leads to low medication compliance, and the molecular
mechanisms of existing drugs are more focused on treating a
single target than multi-target harmony. EO possesses the ability
to control many targets in a systematic manner and have multiple
components and targets.* One such essential oil is thymol,
which comes from the plant Trachyspermum ammi. It has been
shown to possess pharmacological attributes such as antioxidant,
antihyperlipidemic, anticonvulsant, antifungal, antispasmodic,
anti-inflammatory, antiseptic, antiepileptogenic, radioprotective,
and anticancer effects. We revealed in the present investigation

Sham Control BCCAO Control Thymol 50mg/kg Thymol 100mg/kg
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Figure 5: Effect of Thymol on TNF a levels. Data were expressed as Mean+SEM. ™(p<0.001) BCCAO control as compared to sham control.
* (p<0.05) Thymol 50 and 100 mg/kg as compared to BCCAO.
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Figure 6: Effect of Thymol on p38 MAPK expressions. Data were expressed as Mean+SEM. "*(p<0.001) BCCAO
control as compared to sham control. * (p<0.05) Thymol 50 and 100 mg/kg as compared to BCCAO.
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Figure 7: Effect of Thymol on IL-10 levels. Data were expressed as Mean+SEM. **(p<0.001) BCCAO control as
compared to sham control. *** (p<0.001), *+ (p<0.01) Thymol 50 and 100 mg/kg compared to BCCAO.
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that Thymol protects against apoptosis and inflammation in a
BCCAO model of cerebral ischemia reperfusion damage.

An increasing number of research indicates that after cerebral
I/R, the inflammatory response causes subsequent brain
injury.* The p38 MAPK signaling pathway is the primary
signaling mechanism that controls neuroinflammation, and the
MAPK signaling pathway is also implicated in the inflammatory

4042 Pro-inflammatory factors like

processes of cerebral I/R injury.
TNF-a, myeloperoxidase, protein carbonyl compounds, IL-1f,
and IL-6 are produced excessively by activated MAPK through
phosphorylation of p38 and immune effector cells from the
cerebral cortex, and the release of the anti-inflammatory factor
IL-10is inhibited.* These will intensify the inflammatory reaction
and cause more brain injury.* Thus, one efficient way to mitigate
cerebralI/Rimpactistodecreasethesynthesis of pro-inflammatory
factors and increase the release of anti-inflammatory factors.
Additionally, it is thought that one of the primary goals for
fostering the development of novel stroke therapies is to focus on
inflammation.* Existing evidences of research have reported that
dephosphorylation of p38 significantly reduced the activation of
inflammatory response and can protect the neuronal cell from
inflammatory damage.****#%” In this study, we found that Thymol
treatment significantly decreased expression levels of TNF-a and
increased IL-10 expressions induced by BCCAO/R. We also
found significantly decreased levels of myeloperoxidase and
protein carbonyl content in thymol pretreated rats. This could be
because of dephosphorylation of p38 MAPK signalling pathway
and which might have prevented the upregulation of TNF-a

) 201
Sham Control  BCCAO Control  Thymaol S0mg/kg  Thymol 100mg/kg ’E
c
— - Caspase - 3 % - 157
¢ o
]
> g9 104
- Bax [T
N : ]
20
8
. [
T — — RO
e TN RSt ecmmm B - actin
40
w“ . Bl Sham Control
5 -
€ 30l 0T 3 BCCAQ Control g
? B Thymol 50mg/kg .g
2 33 Thymol 100 mg/kg @
I3 - 204 [
o @ +++ H
2 2
® 104 =
E - 5 E
o : I |
Groups

and downregulation of IL-10. These results show that thymol
has neuroprotective effects against I/R injury by preventing
proinflammatory cytokines through regulation of MAPK signal
transduction pathway.

Neurotoxicity caused by the aberrant release of excitatory amino
acids, abnormalities in neuronal metabolism, enhancement in
generation of oxygen free radicals and ROS-mediated impairment,
intracellular Ca** overload, damage mediated by cytokines, and
brain damage from cerebral ischemia reperfusion injury have all
been linked to these cellular processes.***° In the rat hippocampus
CALl region after cerebral ischemia, it has been observed that
inhibiting p38/MAPK signalling reduces neuronal apoptosis,
suggesting the role of p38 MAPK stimulation in neuronal
apoptosis. Once phosphorylated, p38 MAPK can activate several
transcription factors and downstream kinases. It can also control
the expression of target genes and play crucial roles in neuronal
apoptosis during ischemia-reperfusion damage.*>**! The current
findings showed that thymol effectively hindered the activation
of bax and caspase-3, perhaps through blocking the activation of
p38 MAPK.

The biochemical cascade during damage after cerebral ischemia
reperfusion are evidenced by brain infarction and edematous
tissue, which was assessed histologically by TTC staining and
brain water content. In our study, brain water content and
infarction were found more significant in BCCAO induced
cerebral injured brains and thymol pretreated animals were
found with reduced infarction and brain water content which
may support the biochemical evidences.

. El Sham Control
-T- 3 BCCAQ Control
B Thymol 50mg/kg
3 Thymol 100 mg/kg
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Figure 8: Effect of Thymol on Caspase 3, Bax and Bcl-2 expressions. Data were expressed as Mean+SEM. *(p<0.001) BCCAO control as compared
to sham control. ** (p<0.01), * (p<0.05) Thymol 50 and 100 mg/kg as compared to BCCAO.
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CONCLUSION

Based on the present study's outcomes, taken together, indicate
that thymol may prevent brain ischemia-reperfusion injury by
inhibiting apoptosis and inflammatory processes, which may
be regulated by regulating p38-dependent MAPK signalling
pathways.

LIMITATIONS OF THE STUDY

Differences in the level of surgical expertise and methods can
affect the degree of ischemia and the result. The amount of brain
damage can vary depending on how long the ischemia lasts. The
results can be affected by various anesthetic and analgesic regimes.
Ischemia may cause diverse reactions in rats of different ages and
strains. Results can be affected by humidity and temperature.
CIRI affects both men and women, so the findings may not
apply to females. Hormonal variations in females may influence
CIRI outcomes. Findings obtained in rats might not apply to
humans. It's possible that the BCCAO model doesn't exactly
mimic human CIRI. Small sample sizes may make it difficult
to discover significant differences. Sham-operated controls may
not adequately depict healthy animals. The results might not
accurately represent the long-term effects of CIRI.
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ABBREVIATIONS

BCCAO: Bilateral common carotid artery; MAPK: Mitogen
Activated Protein Kinase; IL 10: Interleukin 10; I/R: Ischemia
Reperfusion; EO: Essential Oils; TNF-a:
Factor-a; CIRI: Cerebral ischemia reperfusion injury; MPO:

Tumor Necrosis

Myeloperoxidase.

SUMMARY

Prophylactic treatment with thymol 50 and 100 mg/kg p.o
showed significant decrease in MPO and protein carbonyl
content, expressed down regulation in the levels of p38 MAPK,
TNF-a, Caspase 3, Bax and up regulation of Bcl-2 which were
clearly evidenced by western blotting analysis in comparison
with BCCAO in dose dependent manner. In comparison to the
BCCAO control group, the prophylactic therapy groups also
exhibited the anti-inflammatory marker IL-10.

REFERENCES

1. Yang GY, Betz AL. Reperfusion-induced injury to the blood-brain barrier after middle
cerebral artery occlusion in rats. Stroke. 1994;25(8):1658-64; discussion 1664-5. doi:
10.1161/01.5tr.25.8.1658.

2. Diez-Tejedor E, Alonso de Lecinana M, Carceller F, Frank A, Roda JM. Physiopathology
of cerebral ischemia: ischemia-reperfusion injury. Rev Clin Esp. 1996;196 Suppl
3:14-9.

3. Xiao F. Bench to bedside: brain edema and cerebral resuscitation: the present and
future. Acad Emerg Med. 2002;9(9):933-46. doi: 10.1111/j.1553-2712.2002.02196.

4. Jurcau A, Simion A. Neuroinflammation in Cerebral Ischemia and Ischemia/
Reperfusion Injuries: From Pathophysiology to Therapeutic Strategies. Int J Mol Sci.
2021;23(1):14. doi: 10.3390/ijms23010014.

5. Kogure T, Kogure K. Molecular and biochemical events within the brain subjected
to cerebral ischemia (targets for therapeutical intervention). Clin Neurosci.
1997;4(4):179-83.

6. Nagahiro S, Uno M, Sato K, Goto S, Morioka M, Ushio Y. Pathophysiology and
treatment of cerebral ischemia. J Med Invest. 1998;45(1-4):57-70.

7. Weinberger JM. Evolving therapeutic approaches to treating acute ischemic stroke. J
Neurol Sci. 2006;249(2):101-9. doi: 10.1016/j.jns.2006.06.010.

8. Pan J, Konstas AA, Bateman B, Ortolano GA, Pile-Spellman J. Reperfusion injury
following cerebral ischemia: pathophysiology, MR imaging, and potential therapies.
Neuroradiology. 2007;49(2):93-102. doi: 10.1007/500234-006-0183-z.

9. Zhang Q, Jia M, Wang Y, Wang Q, Wu J. Cell Death Mechanisms in Cerebral
Ischemia-Reperfusion Injury. Neurochem Res. 2022;47(12):3525-42. doi: 10.1007/
511064-022-03697-8.

10. Nakashima M, Niwa M, lwai T, Uematsu T. Involvement of free radicals in cerebral
vascular reperfusion injury evaluated in a transient focal cerebral ischemia model
of rat. Free Radic Biol Med. 1999;26(5-6):722-9. doi: 10.1016/50891-5849(98)00257-3.

11. ShiH, Liu KJ. Cerebral tissue oxygenation and oxidative brain injury during ischemia
and reperfusion. Front Biosci. 2007;12:1318-28. doi: 10.2741/2150.

12. Orellana-Urzua S, Rojas |, Libano L, Rodrigo R. Pathophysiology of Ischemic Stroke:
Role of Oxidative Stress. Curr Pharm Des. 2020;26(34):4246-60. doi: 10.2174/138161
2826666200708133912.

13. Nakka VP, Gusain A, Mehta SL, Raghubir R. Molecular mechanisms of apoptosis
in cerebral ischemia: multiple neuroprotective opportunities. Mol Neurobiol.
2008;37(1):7-38. doi: 10.1007/512035-007-8013-9.

14. Zhang Q, Jia M, Wang Y, Wang Q, Wu J. Cell Death Mechanisms in Cerebral
Ischemia-Reperfusion Injury. Neurochem Res. 2022;47(12):3525-3542. doi: 10.1007/
511064-022-03697-8.

15. Zhou D, Zhang M, Min L, Jiang K, Jiang Y. Cerebral ischemia-reperfusion is modulated
by macrophage-stimulating 1 through the MAPK-ERK signalling pathway. J Cell
Physiol. 2020;235(10):7067-80. doi: 10.1002/jcp.29603.

16. Hou K, Xiao ZC, Dai HL. p38 MAPK Endogenous Inhibition Improves Neurological
Deficits in Global Cerebral Ischemia/Reperfusion Mice. Neural Plast. 2022;
2022:3300327. doi: 10.1155/2022/3300327.

17. Javed H, Azimullah S, Meeran M, AnsariS, Ojha S. Neuroprotective Effects of
Thymol, a Dietary Monoterpene Against Dopaminergic Neurodegeneration in
Rotenone-Induced Rat Model of Parkinson’s Disease. Int J Mol Sci. 2019;20(7):1538

18. Rojas-Armas J, Arroyo-Acevedo J, Ortiz- Sanchez M, Palomino-Pacheco M,
Castro-Luna A, Ramos-Cevallos N, et al. Acute and repeated 28-day oral dose toxicity
studies of Thymus vulgaris L. essential oil in rats. Toxicol Res. 2019;35(3):225-32.

19. Schaller B, Graf R. Cerebral ischemia and reperfusion: the pathophysiologic concept
as a basis for clinical therapy. J Cereb Blood Flow Metab. 2004;24(4):351-71. doi:
10.1097/00004647-200404000-00001.

20. Lu H, Wang B, Cui N, Zhang Y. Artesunate suppresses oxidative and inflammatory
processes by activating Nrf2 and ROSdependent p38 MAPK and protects against
cerebral ischemiareperfusion injury. Mol Med Rep. 2018;17(5):6639-46. doi: 10.3892/
mmr.2018.8666. Epub 2018 Mar 1. PMID: 29512760.

21. Joen-Rong Sheu, Pitchairaj Geraldine, Mao-Hsiung Yen, "Bioactives and Traditional
Herbal Medicine for the Treatment of Cardiovascular/Cerebrovascular Diseases',
Evidence-Based Complementary and Alternative Medicine, vol. 2014, Article ID
495323, 2014.

22. Dutta DD et al. Effect of thymol on peripheral blood mononuclear cell PBMC and
acute promyelotic cancer cell line HL-60. Chem Biol Interact 2011;193(1):97-106.

23. Sancheti J et al. Characterization of anticonvulsant and antiepileptogenic potential
of thymol in various experimental models. Naunyn-Schmiedeberg's Arch Pharmacol
2013;387:59-66.

24. Mahmoud AL. Antifungal action and antiaflatoxigenic properties of some essential
oil constituents. Letters in Applied Microbiology 1994;19(2):110-3.

25. Yanishlieva NV.Antioxidant activity and mechanism of action of thymol and carvacrol
in two lipid systems. Food Chemistry 1999;64(1):59-66.

26. Aeschbach R. Antioxidant actions of thymol, carvacrol, 6-gingerol, zingerone and
hydroxytyrosol. Food Chem Toxicol 1994;32(1):31-6.

27. Archana PR. In vivo radioprotective potential of thymol, a monoterpene phenol
derivative of cymene. Mutat. Res 2011;726(2):136-45.

28. Iwasaki Y. Forebrain ischemia induced by temporary bilateral common carotid
occlusion in normotensive rats. J Neurol Sci 1989;90(2):155-65.

29. Javed H, Azimullah S, Meeran M, AnsariS, Ojha S. Neuroprotective Effects of
Thymol, a Dietary Monoterpene Against Dopaminergic Neurodegeneration in
Rotenone-Induced Rat Model of Parkinson’s Disease. Int J Mol Sci. 2019;20(7):1538.

30. Rojas-Armas J, Arroyo-Acevedo J, Ortiz- Sdnchez M, Palomino-Pacheco M,
Castro-Luna A, Ramos-Cevallos N, et al. Acute and repeated 28-day oral dose toxicity
studies of Thymus vulgaris L. essential oil in rats. Toxicol Res. 2019;35(3):225-32.

31. Joshi CN, Jain SK, Murthy PSR. An optimized triphenyl tetrazolium chloride method
for identification of cerebral infarcts. Brain Res Brain Res Protoc. 2004;13(1):11-7.

798 Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2, Apr-Jun, 2025



Mukkudiahgari, et al.: Neuroprotection of Thymol

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Mansoorali KP, Prakash T, Kotresha D, Prabhu K, Rama Rao N. Cerebro protective
effect of Eclipta alba against global model of cerebral ischemia induced oxidative
stress in rats. Phytomedicine.2012;19(12):1108-16.

Mullane KM, Kraemer R, Smith B. Myeloperoxidase activity as a quantitative
assessment of neutrophil infiltration into ischemic myocardium. J Pharmacol
Methods. 1985;14(3):157-67.

Levine RL, Garland D, Oliver CN, Amici A, Climent |, Lenz AG, Ahn BW, Shaltiel S,
Stadtman ER. Determination of carbonyl content in oxidatively modified proteins.
Methods Enzymol. 1990;186:464-78.

Feng X, Ma W, Chen J, Jiao W, Wang Y. Ulinastatin alleviates early brain injury after
traumatic brain injury by inhibiting oxidative stress and apoptosis. Acta Cirurgica
Brasileira. 2022;37(1):e370108. doi.org/10.1590/acb370108.

LongY, Li D, Yu S, Zhang YL, Liu SY, Wan JY, Shi A, Deng J, Wen J, Li XQ, Ma Y. Natural
essential oils: A promising strategy for treating cardio-cerebrovascular diseases.
Journal of Ethnopharmacology. 2022:115421.

Wu MY, Yiang GT, Liao WT, Tsai AP, Cheng YL, Cheng PW, Li CY, Li CJ. Current
Mechanistic Concepts in Ischemia and Reperfusion Injury. Cell Physiol Biochem.
2018;46(4):1650-67. doi: 10.1159/000489241.

Franke M, Bieber M, Kraft P, Weber ANR, Stoll G, Schuhmann MK. The NLRP3
inflammasome drives inflammation in ischemia/reperfusion injury after transient
middle cerebral artery occlusion in mice. Brain Behav Immun. 2021;92:223-33. doi:
10.1016/j.bbi.2020.12.009.

Przykaza L. Understanding the Connection Between Common Stroke Comorbidities,
Their Associated Inflammation, and the Course of the Cerebral Ischemia/Reperfusion
Cascade. Front Immunol. 2021;12:782569. doi: 10.3389/fimmu.2021.782569.
Appunni S, Gupta D, Rubens M, Ramamoorthy V, Singh HN, Swarup V.
Deregulated Protein Kinases: Friend and Foe in Ischemic Stroke. Mol Neurobiol.
2021;58(12):6471-89. doi: 10.1007/512035-021-02563-y.

Sun Y, Yang Y, Liu S, Yang S, Chen C, Lin M et al. New Therapeutic Approaches
to and Mechanisms of Ginsenoside Rg1 against Neurological Diseases. Cells.
2022;11(16):2529. doi: 10.3390/cells11162529.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Xie W, Zhou P, Sun Y, Meng X, Dai Z, Sun G et al. Protective Effects and Target
Network Analysis of Ginsenoside Rg1 in Cerebral Ischemia and Reperfusion Injury:
A Comprehensive Overview of Experimental Studies. Cells. 2018;7(12):270. doi:
10.3390/cells7120270.

Xie W, Zhu T, Dong X, Nan F, Meng X, Zhou P, et al. HMGB1-triggered inflammation
inhibition of notoginseng leaf triterpenes against cerebral ischemia and reperfusion
injury via MAPK and NF-kB signalling pathways. Biomolecules. 2019;9(10):512. doi:
10.3390/biom9100512.

Jiang R, Liao J, Yang MC, Deng J, Hu YX, Li P et al. Lidocaine mediates the progression
of cerebral ischemia/reperfusion injury in rats via inhibiting the activation of NF-kB
p65 and p38 MAPK. Ann Transl Med. 2020;8(8):548. doi: 10.21037/atm-20-3066.

Wang T, Wang F, Yu L, Li Z. Nobiletin alleviates cerebral ischemic-reperfusion injury
via MAPK signaling pathway. Am J Transl Res. 2019;11(9):5967-5977.

Xu D, Kong T, Shao Z, Liu M, Zhang R, Zhang S, et al. Orexin-A alleviates astrocytic
apoptosis and inflammation via inhibiting OX1R-mediated NF-kB and MAPK
signalling pathways in cerebral ischemia/reperfusion injury. Biochim Biophys Acta
Mol Basis Dis. 2021;1867(11):166230. doi: 10.1016/j.bbadis.2021.166230.

Guo MM, Qu SB, Lu HL, Wang WB, He ML, Su JL, et al. Biochanin A Alleviates Cerebral
Ischemia/Reperfusion Injury by Suppressing Endoplasmic Reticulum Stress-Induced
Apoptosis and p38 MAPK Signalling Pathway in vivo and in vitro. Front Endocrinol
(Lausanne). 2021;12:646720. doi: 10.3389/fendo.2021.646720.

Shi H, Liu KJ. Cerebral tissue oxygenation and oxidative brain injury during ischemia
and reperfusion. Front Biosci. 2007;12:1318-28. doi: 10.2741/2150.

Zhong H, Song R, Pang Q, LiuY, Zhuang J, ChenYY, et al. Propofol inhibits parthanatos
via ROS-ER-calcium-mitochondria signal pathway in vivo and vitro. Cell Death Dis.
2018;9(10):932.

Du F, Tang T, Li Q, Liu J. Fyn Signalling in Ischemia-Reperfusion Injury: Potential
and Therapeutic Implications. Mediators Inflamm. 2022; 2022:9112127. doi:
10.1155/2022/9112127.

Jiang R, Liao J, Yang MC, Deng J, Hu YX, Li P, et al. Lidocaine mediates the progression

of cerebral ischemia/reperfusion injury in rats via inhibiting the activation of NF-kB
p65 and p38 MAPK. Ann Transl Med. 2020;8(8):548. doi: 10.21037/atm-20-3066.

Cite this article: Mukkudiahgari HS, Kudamala RR, Thakur S. Thymol Improves Brain Functional Outcomes after Cerebral Ischemia-Reperfusion Injury by
Regulating p38 MAPK Associated Apoptosis Signalling Pathway. Indian J of Pharmaceutical Education and Research. 2025;59(2):790-9.

Indian Journal of Pharmaceutical Education and Research, Vol 59, Issue 2, Apr-Jun, 2025

799



