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Introduction
Carvacrol, a phenolic monoterpene and putative TRPM7 inhibitor, has demonstrated neuroprotective activity in cerebral ischemia models. This systematic review synthesizes preclinical evidence on carvacrol across focal and global ischemia, separating outcomes by disease model and summarizing mechanisms of action and translational barriers.
Methods
Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines, PubMed, ScienceDirect, and Google Scholar were searched from inception to 06-20-2025. Inclusion criteria (PICOS) targeted rodent models of focal (MCAO or hypoxia–ischemia) or global ischemia (BCCAO), with carvacrol administered systemically or centrally and reporting infarct size, behavior, oxidative stress, apoptosis, or pathway markers. Dual, independent screening, extraction, and SYRCLE risk-of-bias appraisal were performed. A prospectively registered protocol (KAIMRC NRR25/050/9) guided this review.
Results
Seven studies met criteria. In focal ischemia (3 studies), individual experiments reported reduced infarct volume (up to 44%) and improved neurological scores when carvacrol was given before or shortly after injury. In global ischemia (4 studies), carvacrol improved memory/behavioral outcomes and neuronal survival in hippocampal CA1, with mixed effects on infarct surrogates. Across models, studies showed reduced oxidative damage (MDA, 4-HNE), increased antioxidant enzymes (SOD, CAT, GPx), lower apoptosis (cleaved caspase-3), and variable changes in TRPM7 expression. No study directly linked carvacrol’s outcome benefits to contemporaneous measurement of TRPM7 channel activity in vivo.
Conclusion
Carvacrol demonstrates promising neuroprotective signals in both focal and global ischemia models, with convergent antioxidant and anti-apoptotic effects and suggestive TRPM7 involvement. However, evidence certainty is limited by small study numbers, heterogeneity, and methodological risks. Translation will require optimization of delivery, improved study design aligned with STAIR, and mechanistic validation using selective TRPM7 modulators.
Systematic Review Registration
identifier NRR25/050/9.
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1 INTRODUCTION
Stroke is an episode of acute neurological dysfunction caused by focal or global cerebral, spinal, or retinal vascular injury owing to hemorrhage or infarction, lasting beyond 24 h or leading to death with no apparent cause other than vascular damage (Sacco et al., 2013). Ischemic stroke, accounting for approximately 87% of all strokes, occurs following blood-flow disruption to the brain, inducing various pathological changes, including necrosis and neuroinflammation in neural tissues (Tsao et al., 2023; Li et al., 2024). Ischemic brain injury arises from either focal arterial occlusion (ischemic stroke) or global perfusion failure (cardiac arrest–like states) (Salaudeen et al., 2024). Although these entities share downstream pathways (ionic overload, mitochondrial dysfunction, oxidative stress, inflammation, apoptosis), they differ in onset dynamics, tissue vulnerability, and clinical course (Kuriakose and Xiao, 2020; Qin et al., 2022). Molecular and cellular mechanisms, such as oxidative stress, glial activation, and apoptosis, are crucial factors that influence the extent of neurological deficit (Salaudeen et al., 2024; Kuriakose and Xiao, 2020; Qin et al., 2022). Various methodologies, including ligation, laser embolization, and hypoxic chambers, have been used to simulate ischemic stroke conditions in preclinical settings (Singh et al., 2022; Amado et al., 2022). Depending on the research aim and the type of ischemic stroke, specific brain areas are targeted to replicate different stroke scenarios (Singh et al., 2022; Amado et al., 2022).
The melastatin-like transient receptor potential (TRPM) family comprises eight multifunctional cation channels (TRPM1–8) (Nadezhdin et al., 2023). Among them, TRPM7 is notable for its unique chanzyme structure, incorporating an ion channel and an intrinsic α-kinase domain at its C-terminus (Nadezhdin et al., 2023; Lin and Xiong, 2017). This structure allows TRPM7 to regulate ionic homeostasis and downstream signaling pathways (Lin and Xiong, 2017). In ischemia, TRPM7 acts as a master amplifier of neuronal injury (Bae and Sun, 2011). TRPM7, a divalent cation-permeable chanzyme, is potentiated by acidosis, ATP depletion, and reactive oxygen species and contributes to Ca2+/Zn2+ influx and downstream neurotoxicity (Bae and Sun, 2011; Jiang et al., 2005; Monteilh-Zoller et al., 2003; Gottschalk et al., 2018). The channel is potentiated by key pathological conditions, including extracellular acidosis (a pH of 6.0 increases current by 1.5–2 times) (Bae and Sun, 2011), reactive oxygen species (ROS) (Monteilh-Zoller et al., 2003), and ATP depletion (Gottschalk et al., 2018). Upon activation, TRPM7 facilitates a pronounced cation influx, particularly for Zn2+ (for which its pore is four times more permeable than for Ca2+) and Ca2+ (Jiang et al., 2005; Monteilh-Zoller et al., 2003). This ionic dysregulation triggers multiple destructive cascades, including Zn2+ neurotoxicity, Ca2+-dependent enzymatic damage, and disruption of the blood-brain barrier (BBB) via matrix metalloproteinase-9 activation (Sun et al., 2009; Alagawany et al., 2015; Mączka et al., 2023). Given its central role in mediating neuronal death, TRPM7 inhibition has become a promising neuroprotective strategy (Lin and Xiong, 2017; Jiang et al., 2005).
Carvacrol (5-isopropyl-2-methylphenol) is a naturally occurring phenolic monoterpenoid with established antioxidant, anti-inflammatory, and anesthetic properties (Abbasloo et al., 2023; Parnas et al., 2009). Natural products such as carvacrol can cross the blood-brain barrier and have been reported to inhibit TRPM7 in vitro (Zotti et al., 2013; Huet et al., 2017; Hong et al., 2018). Carvacrol is an inhibitor of the TRPM7 channel, with a reported half-maximal inhibitory concentration (IC50) of approximately 300 μM (Zotti et al., 2013). Studies have confirmed that carvacrol inhibits TRPM7 upregulation in the hippocampal CA1–CA3 regions of mammalian cells (Huet et al., 2017; Yu et al., 2012). This systematic review aims to compile the existing preclinical evidence on the efficacy of carvacrol in ischemic stroke models, focusing on its neuroprotective mechanisms, dose-response relationships, and the barriers to its clinical translation.
2 MATERIALS AND METHODS
2.1 Protocol and reporting
This systematic review followed a prospectively approved protocol (KAIMRC NRR25/050/9) and adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
2.2 Search strategy
We conducted a comprehensive search on PubMed, ScienceDirect, and Google Scholar for studies published up to June 2025 (search period: 06-01-2025 to 06-20-2025). The search strategy combined keywords and Medical Subject Headings including: (carvacrol) AND (TRPM7 OR “transient receptor potential melastatin 7” OR TRPM) AND (stroke OR ischemia OR “global cerebral ischemia” OR BCCAO OR MCAO OR “hypoxia-ischemia”). Searches were restricted to English language publications, with no other filters applied. Reference lists of included studies were manually screened to identify additional relevant articles.
2.3 PICOS framework
	Population: Rodent models (rats, mice, gerbils); any sex; neonatal to adult; focal or global cerebral ischemia
	Intervention: Carvacrol, any dose/route/timing
	Comparator: Vehicle or standard control
	Outcomes: Infarct volume/neuronal loss; behavioral/neurological tests; oxidative stress markers; apoptosis/cell-survival markers; pathway readouts (e.g., TRPM7 expression)
	Study design: Controlled in vivo studies; relevant in vitro mechanistic data associated with in vivo models

2.4 Study selection and data extraction
Two reviewers (AK, HD) independently screened titles/abstracts and full texts to identify eligible studies, with discrepancies resolved by consensus. Studies were included if they (1) were original empirical research with quantitative outcomes on behavioral deficits, infarct volume, oxidative stress, or histological/molecular markers of cell death/viability; (2) involved carvacrol in vivo or in vitro in ischemic stroke models; (3) focused on brain-related outcomes; (4) considered established ischemia-induction methods (e.g., middle cerebral artery occlusion (MCAO), bilateral common carotid artery occlusion (BCCAO), or hypoxia-ischemia). Excluded studies were those with genetic TRPM7 modifications, multiple drugs targeting the same receptor, single-arm designs, or review articles.
Data extraction was performed independently by two reviewers using a standardized spreadsheet archived with the protocol. Extracted variables included study characteristics, dosing, timing, routes, model type, and outcomes including study title, publication year, geographic region, animal model, ischemia induction method, injury duration, carvacrol dose and administration route, treatment frequency, evaluation time points, and outcomes (brain infarct size, behavioral impairment, cell death/viability markers, and oxidative stress indicators, including antioxidant levels). Data were compared between experimental and control groups to assess the effects of carvacrol. The study selection process is detailed in a PRISMA flow diagram (Figure 1). Adobe Photoshop, Eraser.io, perplexity.ai were used for the illustrations (Figure 2).
[image: Flowchart displaying the identification process for studies via databases and registers. Initially, 2,423 records were identified; 629 duplicates were removed. After screening 1,794 records, 1,758 were excluded. Thirty-six reports underwent retrieval and eligibility assessment, leading to the exclusion of 29 for not meeting criteria. Seven studies were included in the review.]FIGURE 1 | PRISMA flow diagram.[image: Diagram illustrating the ischemic cascade in neurons. On the left, ischemia leads to metabolic failure and infarct core formation. TRPM7 channels permit calcium influx, causing mitochondrial dysfunction. On the right, calcium uptake by mitochondria activates caspase pathways, resulting in cell apoptosis.]FIGURE 2 | TRPM7-Mediated Pathways in Ischemic Stroke Injury. Schematic representation of TRPM7 channel activation and downstream pathways in ischemic stroke. During ischemia, TRPM7 channels facilitate calcium (Ca2+) influx, leading to two distinct pathways: (1) Left pathway - focal ischemia cascade involving mitochondrial dysfunction and subsequent focal ischemia cascade, and (2) Right pathway - direct caspase activation leading to cell apoptosis. Both pathways converge on neuronal cell death through different mechanisms but share the common upstream trigger of TRPM7-mediated calcium overload.2.5 Risk of bias assessment
The included studies were evaluated for methodological quality using SYRCLE’s Risk of Bias tool, tailored for preclinical animal studies. Two reviewers independently applied SYRCLE’s tool. Domains assessed included sequence generation, allocation concealment, random housing, blinding of interventions and outcomes, random outcome assessment, incomplete data, selective reporting, baseline characteristics, and other bias (e.g., funding/conflicts, statistical methods, baseline imbalance, selective analysis). Discrepancies were resolved through discussion.
3 RESULTS
3.1 Study selection, characteristics, and quality assessment
A comprehensive database search revealed 2,423 articles. After removing 629 duplicates, 1,794 unique records were screened by title and abstract, resulting in 36 articles selected for full-text reviews. Following the application of the inclusion criteria, 29 studies were excluded, leaving seven studies for qualitative synthesis (Yu et al., 2012; Chen et al., 2015; Başaran et al., 2022; Guan et al., 2019; Shahrokhi Raeini et al., 2020; Li et al., 2016; Aslam et al., 2025). These studies, published between 2012 and 2022, were conducted in China, Turkey, Iran, Korea, and Canada, among others, and involved rodent models, predominantly Sprague-Dawley and Wistar rats, ICR mice, and gerbils. Ischemic stroke was induced using the MCAO, BCCAO, or hypoxia-ischemia model, with or without reperfusion. Carvacrol was administered at doses typically ranging 25–100 mg/kg primarily via intraperitoneal (i.p.) or oral route, with timing varying from pre-insult to early post-insult administration. Multi-day treatment courses were employed in some global ischemia studies. The assessed outcomes included infarct volume, neurological deficit scores, oxidative stress markers, and neuronal apoptosis. The key characteristics of the included studies are summarized in Table 1.
TABLE 1 | Baseline characteristics of included studies.	Author	Year	Location	Animal	Stroke method	Injury duration	Therapy type	Timing of administrations	Carvacrol dose/route
	Shahrokhi Raeini et al. (2020)	2022	Turkey	Wistar Rats	BCCAO/r	15 min	Post-injury	>24 h post-injury for 15 days	50 mg/kg (oral)
	Aslam et al. (2025)	2019	China	Gerbils	BCCAO/r	5 min	Post-injury	2 consecutive weeks	Not specified
	Melo et al. (2010)	2019	Iran	Wistar Rats	BCCAO with 1-week interval	Permanent	Post-injury	From 3rd day after 2nd ligation to 8th week	Not specified
		2018	Korea	Sprague–Dawley Rats	BCCAO/r	7 min	Post-injury	Immediately after injury and daily for 3 days	50 mg/kg (i.p.)
		2016	China	Sprague–Dawley Rats	MCAO/r	120 min	Post-injury	1 & 12 h post-injury	50 mg/kg (i.p.)
	Li et al. (2016)	2015	Canada	Sprague–Dawley Neonates	Right-CCAO and hypoxia	Permanent, 100-min hypoxia	Pre-injury	30 min pre-injury	10–50 mg/kg (i.p.)
	Guan et al. (2019)	2012	China	ICR Mice	MCAO/r	75 min	Pre- and post-injury	2-h prior, during, and 2, 4, 6, and 7 h post-injury	25–50 mg/kg (i.p.)


Legend: BCCAO/r: Bilateral Common Carotid Artery Occlusion and Reperfusion; CCAO: common carotid artery occlusion; MCAO/r: Middle Cerebral Artery Occlusion and Reperfusion; i.p.: intraperitoneal.
3.2 Effects on infarct volume and behavioral deficits by disease model
3.2.1 Focal ischemia (MCAO and hypoxia-ischemia)
Three studies investigated the effects of carvacrol on infarct volume and behavioral deficits in focal ischemic stroke models, consistently demonstrating neuroprotective effects across various species and stroke models (Table 2). Yu et al. demonstrated a 44% reduction in infarct volume (p < 0.01) and improved neurological deficit scores 24 h post-injury in ICR mice subjected to 75-min MCAO when treated pre- and post-injury. Infarct volume decreases of up to ∼44% at 24 h were observed in mice when carvacrol was dosed pre-/peri-insult. Chen et al. found that the pre-injury administration of carvacrol in neonatal Sprague-Dawley rats subjected to hypoxia-ischemia significantly improved performance in the geotaxis reflex, cliff avoidance, and grip tests on Days 1, 3, and 7, alongside reduced infarct size at 24 h and on Day 7. Neonatal hypoxia-ischemia models showed infarct reductions at both 24 h and 7 days post-injury. Neurological function assessments revealed improved composite scores at 24 h, while neonatal sensorimotor tests demonstrated improvements across days 1–7.
TABLE 2 | Studies of focal vs. global ischemia models: behavioral deficit and infarct size outcomes.	Author	Behavioral deficit	Assessment time points	Significantly improved assessment time points	Infarct size	Assessment timepoints	Significant improvement
	(A) Focal ischemia models (MCAO/hypoxia-ischemia)
	Chen et al. (2015)	Significant improvement in geotaxis reflex, cliff avoidance, grip test	Days 1, 3, 7	1st, 3rd, 7th day in grip test; 3rd, 7th day in cliff avoidance; 7th day in geotaxis reflex	Significantly decreased	24 h and 7 days	24 h and 7 days
	Yu et al. (2012)	Significant improvement in modified neurological deficit test	24 h post-injury	24 h post-injury	Significantly decreased (44% reduction)	24 h post-injury	24 h post-injury
	Li et al. (2016)	Not assessed	N/A	N/A	Not directly measured	N/A	N/A


	Author	Behavioral deficit	Assessment time points	Significantly improved assessment time points	Infarct size	Assessment timepoints	Significant improvement
	(B) Global ischemia models (BCCAO).
	Guan et al. (2019)	Significant improvement in MWM	After 2-week treatment	After 2-week treatment	N/A	N/A	N/A
	Shahrokhi Raeini et al. (2020)	Significant improvement in MWM	1-4th day and 6th day of Week 8	3rd, 4th day in escape latency; 4th day in traveled distance; 6th day in target quadrant time	N/A	N/A	N/A
	Hong et al. (2018)	Not assessed	N/A	N/A	Indirectly assessed via neuronal death	3 days	3 days post-injury
	Başaran et al. (2022)	Not assessed	N/A	N/A	N/A	N/A	N/A


Summary of evidence quality, study numbers, confidence levels, and clinical translation barriers for TRPM7 pathway components. Data compiled from systematic review of preclinical studies investigating carvacrol and TRPM7 inhibition in ischemic stroke models. Components are categorized by their role in the pathway (upstream targets, downstream consequences, therapeutic interventions) and their relevance to focal versus global ischemia models.
Legend: MWM: morris water maze test; N/A: not assessed.
3.2.2 Global ischemia (BCCAO)
Four studies examined global ischemic models using bilateral common carotid artery occlusion (Table 2). Guan et al. reported significant improvements in the Morris Water Maze (MWM) performance in gerbils following 2 weeks of post-injury carvacrol treatment after 5-min BCCAO. Similarly, Raeini et al. observed enhanced MWM outcomes, including reduced escape latency and increased time spent in the target quadrant, in Wistar rats with permanent BCCAO treated between Day 3 and Week 8 post-injury. Behavioral assessments consistently showed improvements in Morris Water Maze performance after multi-day dosing regimens. Enhanced neuronal survival in hippocampal CA1 was demonstrated by histological analyses including Nissl staining, NeuN immunostaining, and TUNEL assays. Unlike focal ischemia models, outcomes in global ischemia studies often focused on hippocampal neuron viability rather than traditional infarct volume measurements, with mixed results for infarct surrogates.
3.3 Multimodal neuroprotective mechanisms
3.3.1 TRPM7 inhibition and downstream effects
Two studies explored the role of carvacrol in modulating TRPM7 channels, which are implicated in neuronal death during ischemia. Hong et al. demonstrated that carvacrol (50 mg/kg, i.p.) significantly reduced TRPM7 expression by approximately 29% (p < 0.05) in the hippocampal CA1 region of Sprague-Dawley rats following BCCAO treatment, attenuating Zn2+ and Ca2+ influx and downstream neuroinflammatory pathways, including nuclear factor kappa B activation. Similarly, Chen et al. reported the suppression of TRPM7 in neonatal rats, which correlated with decreased neuronal damage. Studies that have reported reduced TRPM7 expression with carvacrol treatment didn’t directly report statistical causality between TRPM7 channel activity and the outcomes described within the same experiment.
3.3.2 Mitigation of oxidative stress and apoptosis
All seven studies elucidated the antioxidant and anti-apoptotic properties of carvacrol, demonstrating consistent reductions in oxidative damage and apoptosis markers across models (Table 3; Figure 2). Basaran et al. reported a reduction in oxidative damage through elevated levels of superoxide dismutase (SOD), catalase (CAT), glutathione, and glutathione peroxidase in Wistar rats. Guan et al. and Raeini et al. observed increased activity of antioxidant enzymes (SOD and CAT) and decreased malondialdehyde (MDA) levels in the hippocampal CA1 region of gerbils and rats, respectively. Hong et al. noted diminished oxidative damage, as revealed by 4-hydroxynonenal (4-HNE) staining. Li et al. found elevated SOD levels and reduced MDA and inflammatory markers in cortical neurons. Additionally, Chen et al. and Yu et al. reported decreased cleaved caspase-3 activation and increased Bcl-2/Bax ratios, contributing to enhanced viability of cortical and hippocampal neurons. Oxidative stress markers consistently showed lower MDA and 4-HNE levels, while antioxidant enzymes including SOD, CAT, and glutathione peroxidase (GPx) were elevated. Reduced inflammatory markers were observed in some studies (Table 3).
TABLE 3 | Studies on in vitro models of cell death and viability, oxidative stress, and carvacrol dose–response relationship.	Author	Cell death and viability	Indication	Cell type investigated	Oxidative stress	Indication	Cell type investigated	Dose dependency	Indication
	Başaran et al. (2022)	N/A	N/A	N/A	Significant decrease in oxidative damage and significant protection through antioxidant mechanisms	SOD, CAT, GSH, GSH-Px, and TBARS levels	Not-Specified	NO	N/A
	Guan et al. (2019)	Significant increase in cell survival and viability, along with a significant decrease in cell death	Nissl staining, NeuN Immunohistochemistry, TUNEL immunofluorescence, APP, and GPx4	Hippocampal CA1 cells	Significant protection through antioxidant mechanisms	SOD, Mn-SOD, Cu/Zn-SOD, GSH-Px, CAT, and MDA	Hippocampal CA1 cells	YES	Behavioral deficit test
	Shahrokhi Raeini et al. (2020)	Significant increase in healthy cell density	Nissl staining	Hippocampal CA1 cells	Significant protection through antioxidant mechanisms	MDA, SOD, CAT, and DPPH	Hippocampal CA1 cells	YES	Behavioral deficit test, DPPH, CAT
	Hong et al. (2018)	Significant decrease in cell death	FJB staining	Hippocampal CA1, CA2, and hippocampal subiculum cells	Significant decrease in oxidative damage	4HNE staining	Hippocampal CA1, CA2, and hippocampal subiculum cells	NO	N/A
	Li et al. (2016)	N/A	N/A	N/A	Significant protection through antioxidant mechanisms	SOD, MDA, COX-2 (mRNA expression), INOS (mRNA expression)	Cortical neurons	YES	Cytokines and MPO
	Chen et al. (2015)	Significant increase in cell survival and viability, along with a significant decrease in cell death	PI fluorescence, NeuN, TUNEL immunofluorescence, Cleaved Caspase-3 Western blot, Bcl-2/Bax protein ratio	Cortical neurons	N/A	N/A	N/A	YES	Infarct volume and cell death
	Yu et al. (2012)	Significant decrease in cell death	Cleaved Caspase-3 Western blot	Not-Specified	N/A	N/A	N/A	YES	Infarct volume


Legend: APP: amyloid precursor protein; FJB: Fluoro-Jade B; SOD: superoxide dismutase; CAT: catalase; GSH: glutathione; GSH-Px: Glutathione Peroxidase; TBARS: thiobarbituric acid reactive substances; MDA: malondialdehyde; MPO: myeloperoxidase; PI: propidium iodide; 4HNE: 4-Hydroxynonenal; COX-2: Cyclooxygenase-2; INOS: inducible nitric oxide synthase; DPPH: 2,2-Diphenyl-1-picrylhydrazyl.
3.3.3 Modulation of pro-survival pathways
Three studies explored the activation of pro-survival pathways by carvacrol. Yu et al. demonstrated increased phosphorylation of Akt in mice, which was reversed by phosphoinositide 3-kinase (PI3K) inhibitors, indicating the involvement of the PI3K/Akt pathway. Furthermore, Guan et al. and Li et al. suggested that carvacrol activates the nuclear factor erythroid 2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) pathway, leading to the upregulation of antioxidant gene expression. However, the direct evidence for this pathway in cerebral ischemia remains limited. Evidence of PI3K/Akt and Nrf2/HO-1 activation was observed in select studies, contributing to enhanced neuronal resilience following ischemic insult (Table 3; Figure 2).
3.4 Dose-response relationship and timing considerations
Five studies reported dose-dependent effects of carvacrol on neuroprotection (Table 3; Figure 2). Yu et al. found that 50 mg/kg was more effective than 25 mg/kg in reducing infarct volume in mice. Chen et al. noted superior infarct reduction at 50 mg/kg compared with that at 30 mg/kg in neonatal rats. Guan et al., Raeini et al., and Li et al. observed dose-dependent changes in antioxidant enzyme activities and inflammatory markers. Higher doses (e.g., 50 mg/kg) tended to outperform lower doses in individual studies. Efficacy appeared greatest with dosing before or within a few hours after ischemic onset for systemic delivery routes. One study demonstrated that intracerebroventricular administration extended the therapeutic window compared to systemic delivery (Table 3). However, optimal treatment regimens remain uncertain due to heterogeneity in experimental protocols across studies.
3.5 Risk of bias and quality assessment
The quality of evidence in each study was evaluated using SYRCLE’s Risk of Bias tool in Table 4. SYRCLE appraisal revealed frequent unclear sequence generation and allocation concealment, limited random housing protocols, and incomplete blinding procedures across the included studies.
TABLE 4 | Risk of bias assessment using SYRCLE’s risk of bias tool.	Author	Sequence generation	Baseline characteristics	Allocation concealment	Random housing	Blinding (intervention)	Random outcome assessment	Blinding (outcome)	Incomplete outcome data	Selective outcome reporting	Other sources of bias
	Başaran et al. (2022)	?	✓	✓	?	−	−	−	✓	✓	−
	Guan et al. (2019)	?	✓	✓	?	✓	✓	✓	✓	✓	✓
	Shahrokhi Raeini et al. (2020)	?	✓	✓	?	−	−	−	✓	✓	✓
	Hong et al. (2018)	−	✓	−	?	✓	✓	✓	✓	✓	✓
	Li et al. (2016)	?	✓	✓	?	−	−	−	✓	✓	✓
	Chen et al. (2015)	?	✓	✓	✓	✓	✓	✓	✓	✓	✓
	Yu et al. (2012)	?	✓	✓	?	−	−	−	✓	✓	✓


Legend: (✓) indicates low risk of bias; (−) indicates high risk of bias; (?) indicates unclear or missing information.
4 DISCUSSION
4.1 Interpretation by disease model
Separating focal from global ischemia clarifies that behavioral and hippocampal survival benefits are more consistently reported in global ischemia studies, whereas infarct reduction and early neurological improvement are reported in focal ischemia (Hong et al., 2018; Yu et al., 2012; Başaran et al., 2022; Shahrokhi Raeini et al., 2020; Li et al., 2016). Shared antioxidant and antiapoptotic effects suggest convergent downstream actions despite model differences (Yu et al., 2012; Chen et al., 2015; Başaran et al., 2022).
4.2 Mechanistic appraisal
Carvacrol’s inhibition of TRPM7 is biologically plausible and supported by reduced expression in some studies, but definitive causality is unproven in vivo (Zotti et al., 2013; Yu et al., 2012). Off-target actions (e.g., TRPV3/TRPA1, GABA_A receptor modulation) and robust antioxidant effects could contribute independently (Melo et al., 2010; Kessler et al., 2014; Niu et al., 2022). Future work should incorporate selective TRPM7 modulators (e.g., NS8593) alongside outcome measures to establish mechanism (Chubanov et al., 2005; Chubanov and Gudermann, 2020; Chubanov et al., 2020). The specificity of carvacrol’s effect on TRPM7 remains unclear owing to its interactions with other molecular targets (Melo et al., 2010; Kessler et al., 2014; Niu et al., 2022; Earley et al., 2010; Talavera et al., 2009). Carvacrol activates TRPV3 and TRPA1 channels and modulates GABA_A receptors, which could contribute to its neuroprotective effects or introduce confounding off-target effects (Melo et al., 2010; Kessler et al., 2014; Niu et al., 2022; Earley et al., 2010; Talavera et al., 2009). For example, Melo et al. demonstrated carvacrol’s anxiolytic-like effects in mice, potentially via GABA_A receptor modulation, suggesting a broader pharmacological profile (Earley et al., 2010). In contrast, Khalil et al. found the neuroprotective effects of carvacrol in a status epilepticus model were not mediated through GABA_A receptors or sodium channels, emphasizing TRPM7 inhibition as the primary mechanism (Talavera et al., 2009). This discrepancy highlights the need for further studies to clarify whether GABAergic effects contribute significantly to carvacrol’s benefits in stroke models (Earley et al., 2010; Talavera et al., 2009). Additionally, the antioxidant properties of carvacrol, as evidenced by reduced malondialdehyde (MDA) levels and increased superoxide dismutase (SOD) and catalase (CAT) activities in the studies of Yu et al. and Al Dera et al., suggest a potential TRPM7-independent mechanism (Yu et al., 2012; Li et al., 2016). These antioxidant effects could directly mitigate oxidative stress, a key contributor to ischemic injury, without TRPM7 inhibition (Yu et al., 2012; Li et al., 2016).
4.3 Translational considerations
Key barriers include short half-life and bioavailability, off-target activity at higher concentrations, a narrow systemic therapeutic window, and methodological weaknesses in preclinical studies (Table 5) (Lin and Xiong, 2017; Abbasloo et al., 2023; Yu et al., 2012; Chen et al., 2015; Başaran et al., 2022; Guan et al., 2019; Shahrokhi Raeini et al., 2020; Li et al., 2016; Aslam et al., 2025). Adoption of STAIR-aligned practices (randomization, blinding, appropriate models, and a priori statistical plans) and use of embolic/photothrombotic models may improve predictive validity (Singh et al., 2022; Amado et al., 2022; Dong et al., 2012). Exploration of formulation strategies and structure-activity relationship (SAR)-guided analog development could improve selectivity and pharmacokinetics (Yu et al., 2012; Busey et al., 2023). Despite robust preclinical evidence showing carvacrol’s effects in reducing infarct volume and behavioral deficits, several barriers impede clinical translation (Lin and Xiong, 2017; Abbasloo et al., 2023; Yu et al., 2012; Chen et al., 2015; Başaran et al., 2022; Guan et al., 2019; Shahrokhi Raeini et al., 2020; Li et al., 2016; Aslam et al., 2025):
	Poor Pharmacokinetics: Carvacrol has a short plasma half-life (∼1.5–4.5 h in various animal models) due to rapid hepatic metabolism primarily by cytochrome P450 enzyme CYP2A6, limiting sustained therapeutic brain levels (Hong et al., 2018; Khalil et al., 2017).
	Lack of Target Specificity: At concentrations >100 μM, carvacrol interacts with multiple off-target receptors including TRPV3, TRPA1, and GABA_A receptors, which may cause unwanted effects such as sedation or altered neuronal excitability (Melo et al., 2010; Kessler et al., 2014; Niu et al., 2022; Earley et al., 2010; Talavera et al., 2009).
	Narrow Therapeutic Window: Neuroprotection is optimal when administered within 2–3 h post-stroke onset for systemic delivery; intracerebroventricular administration extends this window up to 6 h. This presents challenges in clinical settings where delayed presentation is common (Yu et al., 2012; Başaran et al., 2022).
	Limitations of Preclinical Models: Predominant use of ligation-based models like intraluminal filament middle cerebral artery occlusion (MCAO), which poorly replicate human thromboembolic stroke pathophysiology, may overestimate efficacy (Singh et al., 2022; Amado et al., 2022; Al Dera et al., 2022). Methodological flaws such as inadequate randomization and blinding increase bias risk (Dong et al., 2012).

TABLE 5 | Barriers to clinical translation.	Barrier category	Specific issues	Impact level	Potential solutions
	Pharmacokinetic	Short half-life (1.8–2 h), poor bioavailability, rapid metabolism	High	Nanoformulations, sustained-release systems, prodrug approaches
	Pharmacodynamic	Off-target effects (TRPV3, TRPA1, GABA_A), unclear dose-response in humans	Moderate	SAR-guided analog development, selective TRPM7 modulators
	Therapeutic Window	Narrow systemic window (2–3 h), timing-dependent efficacy	High	Improved delivery methods, combination therapies, extended dosing regimens
	Mechanistic	Indirect evidence for TRPM7 involvement, multiple pathways activated	Moderate	Direct TRPM7 activity measurement, genetic validation studies
	Preclinical Quality	Poor study design, lack of randomization/blinding, publication bias	High	STAIR-compliant protocols, multi-center validation, negative result publication
	Species Translation	Young healthy animals vs. elderly patients with comorbidities	High	Aged animal models, comorbidity models, relevant stroke subtypes
	Regulatory	Natural product variability, standardization issues, safety profile	Moderate	Synthetic analogs, standardized formulations, comprehensive toxicology
	Commercial	Limited patent protection, low commercial interest in natural products	Low	Novel formulations, combination products, orphan drug pathways


Legend: Impact Level refers to the severity of the barrier for clinical translation (High = major obstacle, Moderate = significant challenge, Low = manageable issue.
4.4 Future directions and proposed solutions
To overcome these challenges and facilitate clinical application of carvacrol or TRPM7-targeted therapies, the following are recommended:
	Development of Selective TRPM7 Inhibitors: More potent and selective blockers like NS8593 (IC50 ∼1.6 μM) exhibit fewer off-target effects compared to carvacrol. Though direct evidence in stroke models is limited, their ability to modulate TRPM7 suggests promising neuroprotective potential warranting further investigation (Chubanov et al., 2005; Chubanov and Gudermann, 2020; Chubanov et al., 2020; Fisher et al., 2009; Busey et al., 2023).
	Improved Preclinical Study Design: Use of clinically relevant embolic or photothrombotic stroke models better mimics human stroke. Strict adherence to STAIR guidelines (randomization, blinding, and robust statistical analysis) will improve study reliability and translational relevance (Singh et al., 2022; Amado et al., 2022; Dong et al., 2012).
	Formulation and Analog Development: Optimization of delivery systems and synthesis of analogs guided by SAR analysis could enhance pharmacokinetic profile and target selectivity (Yu et al., 2012; Busey et al., 2023).

4.5 Limitations of this review
The evidence base is limited and heterogeneous, preventing meta-analysis (Yu et al., 2012; Chen et al., 2015; Başaran et al., 2022; Guan et al., 2019; Shahrokhi Raeini et al., 2020; Li et al., 2016; Aslam et al., 2025). Some studies lacked detailed methodology. Despite following a prospectively approved protocol, notable data sparsity impeded subgroup analyses.
5 CONCLUSION
Carvacrol shows neuroprotective signals across focal and global ischemia models, with consistent antioxidant and anti-apoptotic effects and suggestive TRPM7 involvement. However, evidence certainty is limited by small study numbers, heterogeneity, and methodological risks. Translation will require optimization of delivery, improved study design aligned with STAIR, and mechanistic validation using selective TRPM7 modulators. Stronger mechanistic validation and STAIR-compliant preclinical designs are needed before considering clinical translation. SAR-informed analogs and improved delivery strategies represent promising avenues.
The clinical translation of carvacrol is hindered by pharmacokinetic limitations, lack of specificity, a narrow therapeutic window, and reliance on suboptimal preclinical models. The controversies surrounding its mechanism of action, particularly the role of antioxidant and GABAergic effects, underscore the need for studies using selective TRPM7 blockers. By leveraging advanced drug delivery systems, developing selective inhibitors, improving preclinical study designs, and exploring biomarker-guided therapies, the therapeutic potential of carvacrol or TRPM7-targeted strategies can be fully realized, facilitating effective stroke treatments.
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