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Abstract: Stroke is a leading cause of morbidity and mortality worldwide, characterized by complex pathological
processes including ionic imbalance, oxidative stress, neuroinflammation, and apoptosis. Carvacrol, a naturally
occurring monoterpenoid phenol, has gained attention in drug development for its potent antioxidant,
anti-inflammatory, anti-apoptotic, and transient receptor potential melastatin 7 (TRPM7)-inhibitory properties.
This review summarizes current evidence regarding the neuroprotective effects of carvacrol in various in vitro and
in vivo models of cerebral ischemia and hypoxia. Mechanistic insights reveal that carvacrol modulates multiple
molecular pathways, mitigates oxidative damage, suppresses neuroinflammation, alleviates neuronal apoptosis,
and inhibits TRPM7 channel activity in cerebral ischemia and hypoxia. Finally, the broader applications of
carvacrol in various diseases and its translational prospects are discussed, emphasizing the need for further
preclinical and clinical studies to facilitate its development into a novel neuroprotective agent and adjunctive drug
for stroke therapy.
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1. Introduction

Stroke continues to be one of the leading causes of global mortality and long-term disability. Ischemic
strokes, which comprise approximately 85% of all stroke cases, impose a substantial global burden by profoundly
affecting patients, caregivers, and healthcare systems [1,2]. The increasing incidence of stroke is closely associated
with aging populations and the growing prevalence of cardiovascular risk factors, such as hypertension, diabetes,
and obesity [1]. Ischemic brain injury initiates a cascade of pathological events, including excitotoxicity, oxidative
stress, and neuroinflammation, ultimately leading to neuronal death [3]. In hypoxic-ischemic brain injury (HIBI),
acute energy failure disrupts ion homeostasis, leading to calcium overload and subsequent neuronal death through
excitotoxicity and oxidative stress [4,5]. Chronic cerebral hypoperfusion (CCH) results in sustained reductions in
cerebral blood flow, promoting neurodegeneration and cognitive decline via oxidative stress, inflammation, and
the accumulation of misfolded proteins [6,7]. Recombinant tissue plasminogen activator (rtPA) is currently the
only FDA-approved pharmacological agent for acute ischemic stroke; however, its clinical application is
constrained by a narrow therapeutic time window, a high risk of hemorrhagic transformation, and strict eligibility
criteria [8,9]. This has driven ongoing efforts in stroke research to identify alternative therapeutic strategies and
develop novel drugs.

Given the diverse and cascading pathological processes underlying ischemic and/or hypoxic brain damage,
there is increasing interest in natural compounds with broad therapeutic targets [10,11]. Natural products,
recognized for their ability to modulate various pathological pathways, coupled with a relatively favorable safety
profile, are emerging as promising candidates for neuroprotection in complex disorders such as stroke [11].

Carvacrol, a monoterpenoid phenol found in oregano oil, has drawn increasing interest for its antioxidant, anti-
inflammatory, and neuroprotective effects in models of ischemic stroke, Parkinson’s disease, and epilepsy [12—14].
Our prior studies have demonstrated that carvacrol inhibits the activity of transient receptor potential melastatin 7
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(TRPM7) ion channels, as evidenced by whole-cell patch-clamp recordings, and exerts neuroprotective effects in
both in vivo and in vitro cerebral ischemic-hypoxic conditions [15]. These findings support further investigation
into carvacrol as a promising natural therapeutic candidate. Accordingly, this review focuses on the
neuroprotective potential and translational value of carvacrol in the context of cerebral ischemic and hypoxic
damage (Figure 1).

Mechanisms of Action
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Figure 1. Neuroprotective potential and mechanisms of action of carvacrol in cerebral ischemic and hypoxic
models. Created in https://BioRender.com. 2VO, bilateral occlusion of the carotid arteries; HIBI, hypoxic-ischemic
brain injury; tMCAO, transient middle cerebral artery occlusion; OGD, oxygen-glucose deprivation; GPx4,
glutathione peroxidase 4; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; Akt, protein kinase
B; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; NF-«kB, nuclear factor kappa B; TNF-a, tumor
necrosis factor-alpha; IL-1p, interleukin-1f; IL-6, interleukin-6; TRPM?7, transient receptor potential melastatin 7.

2. Overview of Carvacrol

Carvacrol (chemical name 5-isopropyl-2-methylphenol) is a naturally occurring monoterpenoid phenol
predominantly found in the essential oils of oregano (Origanum vulgare) and thyme (Thymus vulgaris). It is also
present in other aromatic plants such as pepperwort (Lepidium flavum) and wild bergamot (bergamia Loise var.
Citrus aurantium), contributing to their distinctive aromas [12,13].

Chemically, it belongs to the class of terpenoids (specifically a monoterpene phenol) and is an isomer of
thymol. Given its phenolic structure, carvacrol has long been recognized for its bioactive properties (e.g., as an
antimicrobial and flavoring agent) and is widely used as a food additive [16]. It possesses a distinct structural
configuration, featuring a hydroxyl group positioned ortho to a methyl group and para to an isopropyl group on a
benzene ring [17], which imparts a relatively low molecular weight (~150 Da), lipophilicity, and the ability to
interact with biological membranes. This structural configuration underlies its antioxidant and antimicrobial
activities and supports its classification as a natural compound with medicinal potential [17,18].

2.1. Antioxidant Effects

Carvacrol has shown antioxidant properties across diverse experimental models. Its phenolic structure
enables effective scavenging of reactive oxygen species (ROS), thereby mitigating oxidative stress. In studies
involving restraint stress-induced oxidative damage, carvacrol administration reduced malondialdehyde (MDA)
levels and enhanced the activity of endogenous antioxidant enzymes such as superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx) in the brain, liver, and kidney tissues [19]. Similarly, in models of
acrylamide-induced hepatotoxicity, carvacrol supplementation decreased oxidative markers and strengthened
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antioxidant defences, indicating its protective role against chemically induced oxidative damage [20]. These
findings underscore the capacity of carvacrol to modulate oxidative stress pathways, highlighting its potential in
managing conditions characterized by oxidative imbalance.

2.2. Anti-Inflammatory Effects

Beyond its antioxidant capacity, the anti-inflammatory effects of carvacrol are largely attributed to the
suppression of pro-inflammatory cytokines such as interleukin-1f (IL-1p), tumor necrosis factor-alpha (TNF-a),
and interleukin-6 (IL-6), through modulation of signaling pathways including nuclear factor kappa B (NF-xB) and
NLR family pyrin domain containing 3 (NLRP3). In a lipopolysaccharide (LPS)-induced sepsis model, carvacrol
treatment reduced systemic IL-6 levels and mitigated histopathological damage in liver, lungs, and heart [21].
In a myocardial dysfunction model, carvacrol alleviated cardiac injury by inhibiting the Toll-like receptor 4
(TLR4)/myeloid differentiation primary response 88 (MyDS88)/NF-kB axis and suppressing NLRP3
inflammasome activation in cardiomyocytes [22]. Similarly, in a rat model of gastric mucosal injury, carvacrol
reduced mucosal inflammation by limiting pro-inflammatory cytokines release [23]. These findings highlight the
ability of carvacrol to attenuate inflammation through multiple mechanisms, supporting its therapeutic potential in
neurological inflammatory conditions.

2.3. Anti-Apoptotic Effects

Carvacrol also exhibits anti-apoptotic actions. In an LPS-induced myocardial injury model, carvacrol
attenuated cardiomyocyte apoptosis by reversing the LPS-induced alterations in the expression of pro- and anti-
apoptotic proteins, resulting in decreased Bax and caspase-3 levels and increased Bcl-2 expression following
carvacrol treatment [22]. Similarly, in models of mercuric chloride-induced testicular toxicity and diabetic rat
testes, carvacrol administration reduced Bax and caspase-3 levels, elevated Bel-2 expression, and attenuated germ
cell apoptosis in parallel with improved oxidative stress markers, suggesting its protective effect against testicular
cell apoptosis across different pathological contexts [24,25]. Consistent with these observations, in an ethanol-
induced hippocampal injury model, carvacrol mitigated neuronal apoptosis by regulating caspase-3, Bax, Bcl-2,
and phosphorylated extracellular signal-related kinase (p-ERK), thereby preserving hippocampal neuronal
integrity [26]. Furthermore, in cultured neuroblastoma SH-SYSY cells, carvacrol protected against Fe?*-induced
apoptosis through suppression of mitogen-activated protein kinase/Jun N-terminal kinase (MAPK/JNK)-NF-«B
signaling, further indicating direct modulation of apoptosis-related pathways in neural cells [27]. These findings
underscore the ability of carvacrol to modulate apoptotic pathways, thereby contributing to its cytoprotective
effects across various organ systems.

2.4. Inhibition against TRPM7

TRPM7, a divalent cation channel permeable to zinc, magnesium, calcium, and other trace metals, is broadly
expressed across various cell types and tissues and has been implicated in numerous physiological and pathological
processes [28—32]. Previous studies have confirmed that carvacrol, a natural non-selective inhibitor, effectively
inhibits TRPM?7 channel activity. In HEK293 cells overexpressing TRPM?7, carvacrol inhibited TRPM7-mediated
currents in a dose-dependent manner, with an ICs of approximately 306 uM [33]. This inhibitory effect was also
observed in cultured hippocampal CA3-CA1 neurons, suggesting physiological relevance in the central nervous
system [33]. In a later study on HIBI, our lab illustrated that carvacrol inhibits TRPM?7 currents in HEK293 cells
overexpressing TRPM7 and hippocampal neurons, thereby reducing OGD-induced neuronal damage in vitro and,
in vivo, attenuating infarct volume and enhancing functional recovery [15]. Furthermore, TRPM7 modulation by
carvacrol has also been implicated in various non-neuronal cell types. In glioblastoma U87 cells, carvacrol reduced
cell viability, migration, and invasion, effects attributed to suppression of TRPM7 channel and downstream
signaling pathways [34]. In breast cancer cells, carvacrol inhibited TRPM7 currents and induced Go/G; cell cycle
arrest in MDA-MB-231 cells, along with changes in cyclin protein expression, and these effects were abolished
by TRPM7 knockdown, thereby supporting a TRPM7-mediated mechanism [35]. Collectively, these findings
establish carvacrol as a natural inhibitor of TRPM7 channels in both neuronal and non-neuronal systems, providing
a mechanistic basis for its biological activities observed across diverse experimental models. Comparatively,
another natural, non-selective TRPM7 inhibitor, Xyloketal B, has also exhibited therapeutic effects, particularly
in ischemic and hypoxic brain damage [36-39].
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3. Protective Effects of Carvacrol in Cerebral Ischemia and Hypoxia Models

Carvacrol has demonstrated significant neuroprotective effects in various in vitro and in vivo models of
cerebral ischemia and hypoxia, including HIBI [15], focal cerebral ischemia [40], and CCH [41]. These protective
effects are mediated by its ability to reduce oxidative stress, suppress neuroinflammation, inhibit neuronal cell death,
and modulate TRPM7 channel activity, all of which are critical contributors to stroke progression [15,40—46].

3.1. Antioxidant and Anti-Ferroptotic Effects in Cerebral Ischemia Models

Oxidative stress is a major driver of neuronal injury in ischemic stroke, leading to lipid peroxidation, DNA
damage, and cell death [47]. Targeting oxidative stress has been proposed as a promising therapeutic strategy for
stroke management [47]. Moreover, oxidative stress is a key initiator of ferroptosis, an iron-dependent form of
regulated cell death characterized by lipid peroxidation and glutathione depletion [48]. Carvacrol has demonstrated
robust antioxidant and anti-ferroptotic effects in different models of cerebral ischemia and hypoxia. In a gerbil
model involving transient bilateral carotid artery ligation followed by reperfusion, carvacrol treatment significantly
improved performance in the Morris water maze test, indicating preserved cognitive function [42]. At the
molecular level, carvacrol attenuated hippocampal neuronal death by decreasing the levels of lipid peroxidation
markers and enhancing the expression of GPx4, a key enzyme in ferroptosis inhibition [42]. These results indicate
that carvacrol may protect neurons by suppressing oxidative stress and ferroptotic pathways. Similarly, in a CCH
rat model using permanent bilateral occlusion of the carotid arteries (2VO), carvacrol improved spatial learning
and memory and preserved hippocampal morphology [44]. Biochemical assays further revealed that carvacrol
reduced MDA levels while increasing the activity of SOD and CAT in the hippocampus [44]. These consistent
findings across transient and chronic ischemic paradigms highlight the potent antioxidant capacity of carvacrol
and its ability to mitigate both lipid peroxidation and ferroptosis.

3.2. Anti-Inflammatory Mechanisms of Carvacrol in Focal Ischemia and Reperfusion Models

Neuroinflammation plays a pivotal role in the progression of ischemic brain injury by exacerbating blood-
brain barrier (BBB) disruption, promoting leukocyte infiltration, and amplifying secondary neuronal damage [49].
Targeting inflammation after stroke, therefore, represents a promising neuroprotective strategy [49]. Carvacrol
also exerts potent anti-inflammatory effects in cerebral ischemia, primarily through broad-spectrum suppression
of ischemia-induced inflammatory cascades. In a rodent transient middle cerebral artery occlusion (tMCAO)
model, carvacrol administration exerted neuroprotective effects, as evidenced by alleviated infarct severity and
neurological deficits [40]. Carvacrol treatment led to decreased levels of pro-inflammatory cytokines, such as
IL-1B, TNF-a, and IL-6, as well as reductions in myeloperoxidase activity [43]. Carvacrol also downregulated the
expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), two enzymes central to post-
ischemic inflammation [43]. These effects were accompanied by elevated SOD activity and lowered MDA
concentrations in the ischemic cortex, indicating that the anti-inflammatory action was complemented by
antioxidant benefits. Notably, treatment with carvacrol suppressed the tMCAO-induced elevation of NF-kB p65
expression [43], a central mediator of neuroinflammation [50]. Collectively, these findings indicate that carvacrol
exerts neuroprotective effects through the suppression of neuroinflammation.

3.3. Neuroprotection through Akt-Mediated Anti-Apoptotic Signaling

Neuronal apoptosis is a major form of cell death following cerebral ischemia and hypoxia, triggered by
pathological cascades including oxidative stress, neuroinflammation, and ionic imbalance [51]. These
interconnected mechanisms ultimately converge on intrinsic apoptotic pathways, leading to progressive neuronal
loss and functional impairment after stroke [51,52]. Carvacrol has demonstrated anti-apoptotic efficacy in both
in vivo and in vitro models of ischemic and hypoxic brain injury. In rodent models of tMCAO, systemic
administration of carvacrol significantly reduced infarct volume and improved neurological function in a dose-
dependent manner [40]. Post-treatment at 2 h after reperfusion remained effective, and intracerebroventricular
administration extended the therapeutic window to at least 6 h [40]. Mechanistically, these effects were associated
with a marked decrease in cleaved caspase-3 expression, a key marker of apoptosis, and an increase in
phosphorylation of protein kinase B (Akt) [40]. Notably, pharmacological blockade of the phosphoinositide 3-kinase
(PI3K)/Akt pathway abolished the neuroprotection conferred by carvacrol, implicating Akt signaling as a central
component of its anti-apoptotic mechanism [40]. Similar findings have been reported in neonatal HIBI [15].
Carvacrol restored the balance between anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins, increased Akt
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phosphorylation, thereby preventing activation of downstream caspases and maintaining neuronal viability in
neonatal stroke [15,53].

3.4. Neuroprotection through TRPM7 Channel Inhibition

In the stroke drug development, the glutamate receptor antagonists did not achieve the expected
neuroprotection in stroke clinical trials [3,54], research has increasingly focused on non-glutamatergic targets,
such as transient receptor potential (TRP) channels. Among the TRP channels, TRPM?7 is highly permeable to
calcium and zinc and plays a critical role in mediating ionic imbalance, oxidative stress, and apoptotic neuronal
injury during cerebral ischemia and hypoxia [55-57]. Inhibition of TRPM7 channels has been identified as one of
the potential mechanisms by which carvacrol exerts its neuroprotective effects in stroke.

Our lab has demonstrated that carvacrol inhibits TRPM7 channel activities and provides neuroprotection in
the neonatal HIBI mouse model [15]. Specifically, carvacrol was found to inhibit TRPM7 currents in HEK293
cells transfected to overexpress TRPM7 and to suppress TRPM7-like currents in hippocampal neurons [15],
underscoring its channel-blocking capabilities. This inhibition effectively alleviated neuronal damage induced by
oxygen-glucose deprivation (OGD) [15]. Moreover, carvacrol pre-treatment reduced brain infarct volume in vivo,
improved neurobehavioral recovery, enhanced pro-survival signaling pathways, and downregulated pro-apoptotic
markers [15]. These results highlight the potential of carvacrol as a promising natural therapeutic agent for
neuroprotection through the modulation of TRPM7 activity. In an adult rat model of CCH induced by 2VO
combined with femoral artery blood withdrawal, carvacrol treatment attenuated hippocampal neuronal
degeneration, reduced TRPM?7 expression in the hippocampus, and suppressed microglial activation and oxidative
stress [41]. These protective effects were further associated with decreased intracellular zinc accumulation in neurons
within the hippocampal pyramidal layer, suggesting that inhibition of TRPM7-mediated zinc influx contributes to the
neuroprotective actions of carvacrol [41]. These findings demonstrate that TRPM7 inhibition is a conserved
mechanism of the neuroprotective effect of carvacrol across developmental stages and ischemia models.

Comparatively, Xyloketal B, another naturally derived, non-selective TRPM7 blocker with antioxidant and
anti-inflammatory properties, has shown neuroprotective effects across various stroke models [39]. Originally
isolated from the marine fungus Xylaria sp., Xyloketal B has demonstrated efficacy in both adult and neonatal
models of cerebral ischemia and hypoxia [39]. In mice subjected to tMCAO, Xyloketal B reduced infarct volume,
improved neurological function, and preserved BBB integrity by suppressing oxidative stress and inflammatory
mediators such as TLR4, NF-kB, and pro-inflammatory cytokines [36]. In neonatal hypoxic-ischemic models, it
attenuated neuronal apoptosis and calcium overload, while promoting functional recovery [37]. In vitro studies
further support its antioxidant and mitochondrial-protective actions under OGD conditions [38]. These findings,
together with evidence for carvacrol, highlight the therapeutic potential of naturally sourced TRPM7 inhibitors in
mitigating ischemic and hypoxic brain injury.

3.5. Broader Neurovascular Protection in Experimental Stroke Models

Beyond ischemic models, carvacrol has also shown efficacy in intracerebral hemorrhage (ICH). ICH
represents an estimated 10-20% of stroke incidences worldwide [58]. In a collagenase-induced mouse model of
ICH, carvacrol treatment improved neurological function and significantly reduced cerebral edema, as evidenced
by decreased brain water content and reduced Evans Blue extravasation [46]. These effects were associated with
dose-dependent suppression of aquaporin-4 (AQP4) mRNA and protein expression in peri-lesional regions,
suggesting that carvacrol may modulate water channel activity and BBB integrity to mitigate edema formation [46].
The shared involvement of BBB breakdown in both ischemic and hemorrhagic stroke underscores the promise of
carvacrol as a versatile therapeutic agent applicable to various stroke subtypes [59].

4. Conclusions and Future Directions

Carvacrol represents a promising natural compound with multi-target neuroprotective actions relevant to
stroke [15,40—46]. Its ability to modulate diverse pathological pathways highlights its therapeutic potential as a
novel pharmacological treatment and a naturally derived adjunctive therapy [11]. Despite these encouraging
findings, carvacrol has not undergone systematic clinical evaluation, and several gaps remain to be addressed.
First, further preclinical studies are needed to optimize dosage, define the therapeutic time window, and assess
long-term safety and efficacy, especially in chronic stroke models and aged animals. Second, although carvacrol
shows therapeutic efficacy in experimental models, important pharmacokinetic properties such as oral
bioavailability, metabolic stability, and BBB permeability still require detailed investigation. Innovative delivery
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strategies, such as nanoformulations or complexation with B-cyclodextrin, may help improve its solubility and
central nervous system bioavailability, thereby enhancing its translational potential [60,61].

Moreover, additional pharmacodynamic studies should explore whether carvacrol interacts with other TRP
channels or redox-sensitive proteins beyond TRPM?7, specifically in the context of cerebral ischemia and
hypoxia [62,63], potentially broadening its therapeutic spectrum or more clearly defining its molecular targets.
Evaluating carvacrol in combination with current standard treatments (e.g., thrombolytic therapy [8-10]) or
neuroprotective interventions (e.g., hypothermia, dietary factors, or exercise [64]) could also reveal synergistic benefits.

Beyond its neuroprotective effects in stroke models, carvacrol has demonstrated therapeutic potential across
a range of neurological and non-neurological conditions. Carvacrol exerted antioxidant, anti-inflammatory, and
acetylcholinesterase inhibitory effects, thereby providing neuroprotection against amyloid-beta (Af)-induced
toxicity and ameliorating cognitive impairment in Alzheimer’s disease models [65-68]. In Parkinson’s disease
models, carvacrol reduced the production of ROS and proinflammatory cytokines, and downregulated the
upregulated expression of caspase-3, which prevented the loss of dopaminergic neurons in the substantia nigra and
improved motor functions [69—71]. In glioblastoma, carvacrol was shown to suppress tumor growth and invasion
through TRPM?7 inhibition, highlighting its role in modulating cell proliferation and migration in malignancies [34,72].
In experimental epilepsy models, post-status epilepticus treatment with carvacrol effectively prevented recurrent
seizures, neuronal loss, and cognitive deficits, suggesting durable anti-epileptogenic and neuroprotective
properties [73]. In addition, carvacrol ameliorated zinc-induced neurotoxicity and neuronal death following
traumatic brain injury by downregulating TRPM7 expression [74], and conferred spinal cord protection by
preserving blood-spinal cord barrier integrity in a contusion model [75]. These findings collectively support the broader
applicability of carvacrol in therapeutic research and drug exploration aimed at TRPM7-associated pathologies.

In summary, carvacrol emerges as a versatile candidate for neuroprotective drug development. Moving
forward, a systematic and multidisciplinary approach encompassing pharmacology, delivery science, and
translational neuroscience is essential to fully realize its therapeutic potential in stroke management.
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