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Melissa officinalis (lemon balm) (MO) is a medicinal herb 
traditionally used for neurological, metabolic, and infectious 
disorders. This review synthesizes evidence on its bioactive 
compounds and molecular mechanisms, with emphasis on 
antioxidant, anti-inflammatory, anticancer, metabolic, and 
neuroprotective effects. A structured literature search was 
conducted in PubMed, Scopus, and Web of Science (2010–
2025) using terms related to MO, phytochemicals, oxidative 
stress, NF-κB/MAPK, Nrf2/ARE, and purinergic receptors. 
Eligible studies included in vitro, in vivo, and clinical trials. 
Bioactive compounds, particularly rosmarinic acid, 
consistently enhanced Nrf2–ARE–driven antioxidant defense, 
suppressed NF-κB/MAPK-mediated inflammation, and 
modulated immune responses via P2X7 inhibition and A2A 
activation. Flavonoids and essential oils contributed to 
anxiolytic, anticancer, and antimicrobial effects. Clinical studies 
confirmed efficacy in anxiety, insomnia, and mild cognitive 
impairment, although variability of extracts and poor 
bioavailability remain limitations. MO exhibits multi-target 
pharmacological potential through modulation of oxidative 
stress, inflammation, and purinergic signaling. Standardized 
preparations, bioavailability-enhancing formulations, and 
biomarker-guided clinical trials are needed to establish its 
therapeutic utility in neuropsychiatric, inflammatory, and 
metabolic disorders. 
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Introduction 

Melissa officinalis (MO), commonly known as 

lemon balm, is a perennial aromatic medicinal 

herb belonging to the Lamiaceae family that has 

been extensively used in traditional medical 

systems for over two millennia. In European, 

Middle Eastern, and Asian ethnomedicine, MO 

has traditionally been prescribed for managing a 

wide range of disorders, including anxiety, 

insomnia, headaches, gastrointestinal 

disturbances, cardiac palpitations, viral and 

bacterial infections, and inflammatory diseases 

[1–4]. Medieval Persian physicians such as 

Avicenna documented its use as a “strengthener 

of the heart and brain,” highlighting its calming 

and restorative properties [5]. In modern 

phytotherapy and pharmacognosy, MO has 

attracted increasing scientific interest due to its 

anxiolytic, antidepressant, neuroprotective, 

antioxidant, anti-inflammatory, antiviral, and 

immunomodulatory activities, which have been 

demonstrated in numerous in vitro, in vivo, and 

clinical studies [6–9]. Clinical trials on mild to 

moderate anxiety and cognitive dysfunction 

have shown that standardized MO extracts 

significantly reduce stress markers, improve 

memory and attention, and restore sleep quality, 

without causing marked sedative effects or 

dependency [10–12]. 

Phytochemical characterization of MO 

reveals a unique and highly complex metabolic 

profile. It is particularly rich in phenolic acids, 

primarily rosmarinic acid, caffeic acid, 

chlorogenic acid, and ferulic acid, together with 

flavonoids such as luteolin, apigenin, quercetin, 

rutin, and kaempferol derivatives [13–15]. In 

addition, MO contains triterpenoids (ursolic acid 

and oleanolic acid), tannins, and a mixture of 

volatile essential oils, including citral (geranial 

and neral), citronellal, geraniol, β-caryophyllene, 

linalool, and limonene [16–18]. These secondary 

metabolites act synergistically, enhancing the 

plant’s antioxidant, antimicrobial, antiviral, 

neuroprotective, and psychotropic potential 

[19,20]. 

Among these compounds, rosmarinic acid 

(RA) is considered a principal bioactive marker 

and a key contributor to the pharmacological 

profile of MO. RA exhibits strong free radical 

scavenging capacity, efficiently neutralizing 

reactive oxygen species (ROS) and reactive 



M. Irodakhon Yusupovna et al.                                                                                                                                              485 

 

 

nitrogen species (RNS), while protecting cellular 

lipids, proteins, and DNA from oxidative damage 

[21–23]. Moreover, RA has been reported to 

inhibit lipid peroxidation, prevent mitochondrial 

dysfunction, and stabilize cellular membranes 

under oxidative and inflammatory stress 

conditions [24,25]. At the molecular level, MO 

and its major phenolic constituents exert 

significant regulatory effects on major 

intracellular signaling pathways. Rosmarinic 

acid and related polyphenols have been shown 

to activate the Nrf2–ARE signaling pathway, 

leading to the transcriptional upregulation of 

critical antioxidant and detoxifying enzymes 

such as heme oxygenase-1 (HO-1), NAD(P)H 

quinone oxidoreductase-1 (NQO1), superoxide 

dismutase (SOD), catalase, and glutathione 

peroxidase (GPx) [26–28]. Activation of this 

pathway significantly enhances cellular defense 

mechanisms and reduces oxidative damage in 

neurons, immune cells, and epithelial tissues 

[29]. 

Simultaneously, MO constituents suppress 

pro-inflammatory cascades by downregulating 

key signaling axes including NF-κB, MAPKs 

(ERK1/2, JNK, and p38), and STAT3. This results 

in a marked reduction in the expression of pro-

inflammatory cytokines and mediators such as 

TNF-α, IL-1β, IL-6, IFN-γ, COX-2, and iNOS, 

thereby attenuating both acute and chronic 

inflammatory responses [30–33]. These 

properties make MO a promising candidate for 

the management of neuroinflammatory, 

autoimmune, metabolic, and degenerative 

disorders. Essential oil components of MO, 

particularly citral, linalool, and geraniol, have 

demonstrated central nervous system activity 

via modulation of GABAergic, serotonergic, 

cholinergic, and adenosinergic pathways. 

Experimental data suggest that these 

compounds bind to GABA_A receptors and 

enhance inhibitory neurotransmission, resulting 

in anxiolytic and mild sedative effects similar to 

benzodiazepines, but without their adverse 

effects or dependency potential [34–36]. 

Moreover, MO has been shown to inhibit 

acetylcholinesterase (AChE) activity, thereby 

increasing acetylcholine availability and 

improving cognitive functions, especially in 

neurodegenerative conditions such as 

Alzheimer’s disease [37–39]. More recently, 

emerging evidence has highlighted the role of 

MO in the modulation of purinergic signaling, a 

highly important regulatory system in 

inflammation, immunity, cancer biology, and 

neurodegeneration. Bioactive compounds of MO, 

especially rosmarinic acid and flavonoids, have 

been shown to inhibit ATP-mediated activation 

of the P2X7 receptor, a key pro-inflammatory 

and pro-apoptotic receptor highly expressed on 

microglia, macrophages, and cancer cells [40–

42]. This leads to suppression of NLRP3 

inflammasome assembly, reduction of caspase-1 

activation, and decreased secretion of IL-1β and 

IL-18, which are central mediators of 

neuroinflammation and tumor-associated 

inflammation [43–45]. 

Conversely, MO polyphenols may enhance 

A2A adenosine receptor signaling, which 

promotes anti-inflammatory and 

immunosuppressive pathways through 

cAMP/PKA activation and inhibition of pro-

inflammatory cytokine production [46–48]. This 

dual effect — P2X7 inhibition + A2A activation — 

is particularly valuable in conditions associated 

with neuroinflammation, microglial 

overactivation, macrophage M2–M1 imbalance, 

and tumor-promoting immune environments 

[49–51]. Therefore, MO represents a promising 

natural modulator of immune homeostasis and 

neuroimmune crosstalk. Despite strong 

preclinical and preliminary clinical evidence, 

several critical limitations remain. Firstly, there 

is a high degree of phytochemical heterogeneity 

in MO extracts caused by differences in 

geographic origin, climate, soil composition, 
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cultivation conditions, harvest time, and 

extraction techniques, which significantly affects 

reproducibility and standardization of results 

[52–54]. Secondly, major phenolic compounds 

such as rosmarinic acid suffer from limited oral 

bioavailability, extensive first-pass metabolism, 

and relatively poor blood–brain barrier 

penetration, which reduces their systemic and 

central efficacy [55–57]. Thirdly, the majority of 

clinical studies conducted so far have been 

limited by small sample sizes, short intervention 

periods, and a lack of molecular biomarkers for 

objective evaluation [58–60]. 

Therefore, future research should focus on 

standardization of high-rosmarinic-acid MO 

extracts, development of nanoformulations, 

liposomes and phytosomes to enhance 

bioavailability and CNS delivery, multi-omics 

approaches (genomics, proteomics, and 

metabolomics) to better understand MO’s 

systemic action. Large-scale, double-blind, 

randomized, and placebo-controlled clinical 

trials should integrate molecular, 

immunological, and neurocognitive biomarkers. 

Such strategies will be crucial for establishing 

MO as a clinically validated phytotherapeutic 

agent in the treatment of anxiety disorders, 

neurodegenerative diseases, chronic 

inflammation, immune dysregulation, and 

tumor-associated neuroinflammation [61–65]. 

Phytochemical Composition 

The pharmacological potential of MO is 

closely associated with its diverse 

phytochemical profile, which includes phenolic 

acids, flavonoids, tannins, terpenes, and 

essential oils. Among these, rosmarinic acid is 

the predominant compound, often considered a 

chemotaxonomic marker of the species, and is 

responsible for strong antioxidant and anti-

inflammatory activity (Figure 1) [2,8]. 

 

Figure 1. Phytochemical composition of MO, highlighting phenolic acids, flavonoids, essential oils, 

triterpenes, and tannins as major bioactive groups 
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Rosmarinic acid is the most abundant 

phenolic acid, accompanied by caffeic, 

chlorogenic, and ferulic acids. These compounds 

possess significant free radical scavenging 

capacity, promote Nrf2–ARE pathway activation, 

and protect biomolecules from oxidative stress 

[8]. The flavonoid fraction includes luteolin, 

apigenin, and quercetin derivatives, which 

contribute to both antioxidant and anti-

inflammatory effects. These polyphenols 

modulate NF-κB and MAPK pathways, suppress 

cytokine release, and exhibit neuroprotective 

potential [2]. The essential oil composition is 

dominated by citral (geranial and neral isomers), 

citronellal, geraniol, and linalool, which are 

linked to anxiolytic, antimicrobial, and 

spasmolytic effects. Variability in essential oil 

content depends on geographical origin, harvest 

stage, and extraction method [1-3]. Additionally, 

pentacyclic triterpenes (ursolic acid and 

oleanolic acid) and condensed tannins 

contribute to the anti-inflammatory, 

hepatoprotective, and anticancer potential of MO 

[1]. Taken together, this diverse phytochemical 

spectrum underpins the pleiotropic biological 

activities of MO and supports its traditional and 

modern therapeutic applications. 

Antioxidant Mechanisms 

Oxidative stress, defined as the imbalance 

between ROS production and antioxidant 

defense, is a major contributor to the 

pathogenesis of chronic diseases, including 

cancer, diabetes, cardiovascular, and 

neurodegenerative disorders. MO exhibits 

strong antioxidant potential, largely due to its 

high content of phenolic acids, especially 

rosmarinic acid, and flavonoids such as luteolin 

and quercetin derivatives [1,5]. Rosmarinic acid 

activates the nuclear factor erythroid 2–related 

factor 2 (Nrf2) pathway, leading to dissociation 

from its repressor Keap1 and subsequent 

nuclear translocation. Inside the nucleus, Nrf2 

binds to antioxidant response elements (ARE), 

inducing transcription of detoxifying and 

antioxidant enzymes such as HO-1, SOD, and GPx. 

This mechanism provides cellular protection 

against oxidative DNA damage and lipid 

peroxidation. Phenolic compounds in MO 

possess hydroxyl groups capable of donating 

hydrogen atoms or electrons to neutralize free 

radicals. In vitro studies have demonstrated 

strong scavenging activity against DPPH, 

superoxide, and hydroxyl radicals, confirming 

direct antioxidant action [3]. 

Flavonoids and rosmarinic acid can chelate 

redox-active transition metals such as Fe²⁺ and 

Cu²⁺, thereby preventing Fenton reaction-

mediated ROS generation. Additionally, extracts 

of MO inhibit lipid peroxidation in cellular 

membranes, protecting structural integrity 

under oxidative stress conditions [1]. Animal 

studies demonstrated that administration of MO 

extracts significantly reduced malondialdehyde 

(MDA) levels and restored glutathione content in 

oxidative stress models [9]. Clinical 

investigations further showed increased 

antioxidant enzyme activities and reduced 

oxidative biomarkers in volunteers consuming 

standardized MO preparations [5]. Collectively, 

these findings indicate that MO exerts its 

antioxidant actions through a dual mechanism: 

induction of endogenous antioxidant defenses 

via Nrf2–ARE signaling and direct 

scavenging/chelating activities, making it a 

promising candidate for prevention and 

management of oxidative stress–related 

disorders (Figure 2). 

Anti-Inflammatory Effects 

Chronic inflammation is a key pathological 

mechanism in many chronic diseases, including 

cancer, diabetes, cardiovascular and 

neurodegenerative disorders.  
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Figure 2. Antioxidant mechanisms of MO, including Nrf2–ARE pathway activation, free radical scavenging, 

metal chelation, and inhibition of lipid peroxidation 

MO has been widely studied for its anti-

inflammatory activity, largely attributed to 

rosmarinic acid, caffeic acid derivatives, 

flavonoids (luteolin, apigenin, and quercetin), 

and essential oils (citral, citronellal and 

geraniol). Experimental studies show that MO 

extracts suppress the nuclear factor kappa B 

(NF-κB) pathway, which controls transcription 

of pro-inflammatory mediators such as TNF-α, 

IL-1β, IL-6, COX-2, and iNOS [10,11]. Rosmarinic 

acid prevents IκBα degradation and NF-κB 

nuclear translocation, thereby attenuating 

inflammatory gene expression. Flavonoids also 

reduce phosphorylation of p38, JNK, and ERK1/2 

MAPKs, which are upstream regulators of 

inflammatory cytokine release [1]. In vitro and in 

vivo studies revealed that MO reduces the 

secretion of pro-inflammatory cytokines (TNF-α, 

IL-6, and IL-1β) and enhances anti-inflammatory 

cytokine IL-10, thereby restoring immune 

homeostasis [5]. Emerging data indicate that MO 

phenolic compounds can indirectly suppress 

NLRP3 inflammasome activation by reducing 

ROS and inhibiting purinergic P2X7 receptor 

signaling, leading to decreased IL-1β release 

[6,7]. Essential oils from MO also contribute to 

anti-inflammatory activity. Citral and citronellal 

inhibit cyclooxygenase and lipoxygenase 

pathways, reducing prostaglandin and 

leukotriene synthesis. Topical preparations of 

MO have shown significant reductions in 

erythema and edema in inflammatory skin 

models [3]. Animal models of colitis, arthritis, 

and neuroinflammation demonstrated 

significant reductions in inflammatory 

biomarkers following MO treatment [1]. 

Clinically, supplementation with standardized 

extracts improved symptoms of anxiety and 

insomnia, in part due to suppression of 

neuroinflammatory processes [5]. Taken 

together, these findings indicate that MO exerts 

multi-target anti-inflammatory effects through 

NF-κB/MAPK suppression, cytokine modulation, 

and purinergic receptor-linked inflammasome 

inhibition, supporting its therapeutic potential in 

chronic inflammation–related diseases (Figure 

3). 
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Figure 3. Anti-inflammatory effects of MO, showing NF-κB/MAPK suppression, cytokine modulation, 

inhibition of inflammasome activation, and COX/LOX blockade by essential oils 

Anticancer Activities 

A growing body of evidence indicates that MO 

exerts multimodal anticancer actions mediated 

by phenolic acids (notably rosmarinic acid), 

flavonoids, triterpenes such as ursolic acid, and 

essential-oil constituents like citral. Mechanistic 

themes include apoptosis induction, cell-cycle 

arrest, suppression of pro-survival signaling 

(NF-κB, PI3K/Akt, and MAPK/ERK), anti-

angiogenesis, and anti-invasion [12-14]. MO leaf 

extracts inhibit proliferation and trigger 

apoptosis in human colon carcinoma cells via 

ROS-dependent mechanisms, confirming 

phenolics as major contributors [13]. Essential 

oil exhibits broad cytotoxicity against multiple 

cancer cell lines, including A549, MCF-7, and HL-

60, alongside strong antioxidant capacity [14]. 

Comparative studies indicate both extracts and 

isolated rosmarinic acid display anticancer 

activity, though extracts often exert stronger 

effects due to synergism [12]. Rosmarinic acid 

suppresses hepatoma cell growth by 

downmodulating NF-κB and PI3K/Akt signaling, 

increasing pro-apoptotic markers, and reducing 

p-Akt and NF-κB p65 expression [15]. It also 

induces caspase activation and mitochondrial 

apoptosis in HepG2 and gastric cancer models 

[16]. Recent reviews emphasize RA’s anti-

proliferative, anti-metastatic, and pro-apoptotic 

profiles, while highlighting limitations in 

bioavailability and delivery [17]. 

Citral promotes apoptosis and growth 

suppression across stomach, breast, colorectal, 

and prostate cancers by modulating key survival 

pathways [18]. Importantly, MO essential oil and 

citral induce apoptosis even in multidrug-

resistant cells, suggesting a role as 

chemosensitizers [19]. Ursolic acid, identified in 

MO, reduces MMP-9 expression and cell 

invasiveness [20]. Evidence shows UA induces 

G0/G1 arrest, promotes apoptosis, and inhibits 

angiogenesis, migration, invasion, and 

tumorsphere formation in lung and breast 

cancers. Transcriptomic studies implicate VEGF, 

JAK/STAT, PD-L1, and MMP pathways as major 

UA targets [21]. Since NF-κB plays a central role 

in oncogenesis and resistance to therapy, MO-
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derived actives that inhibit NF-

κB/PI3K/Akt/MAPK signaling provide 

mechanistic plausibility for their 

antiproliferative and pro-apoptotic effects [22]. 

Preclinical evidence supports MO’s anticancer 

potential through apoptosis induction, cell-cycle 

arrest, anti-angiogenesis, and anti-invasion, 

driven by rosmarinic acid, ursolic acid, and citral. 

Translation requires standardized extract 

fingerprints, enhanced RA delivery, and 

biomarker-guided in vivo studies and clinical 

trials (Figure 4) [12]. 

Antidiabetic Effects 

Diabetes mellitus is characterized by 

hyperglycemia, oxidative stress, and chronic 

inflammation, leading to complications in the 

cardiovascular, renal, and nervous systems. 

Several studies indicate that MO and its major 

constituents, especially rosmarinic acid and 

flavonoids, exert significant antidiabetic effects 

through multiple mechanisms. Extracts of MO 

improve glucose tolerance and reduce blood 

glucose levels in experimental models of 

diabetes. In streptozotocin-induced diabetic 

rats, administration of MO extract significantly 

decreased fasting blood glucose and HbA1c, 

while enhancing insulin sensitivity [23]. These 

effects are partly mediated through the 

activation of AMPK, which improves glucose 

uptake in peripheral tissues [1]. Phenolic 

compounds in MO inhibit α-amylase and α-

glucosidase, delaying carbohydrate digestion 

and glucose absorption, thereby reducing 

postprandial hyperglycemia [24]. This 

mechanism is comparable to standard 

antidiabetic drugs such as acarbose, but with 

fewer gastrointestinal side effects. Since 

oxidative stress contributes to pancreatic β-cell 

dysfunction, the strong antioxidant activity of 

rosmarinic acid and flavonoids in MO protects 

pancreatic tissue from ROS-induced damage [8]. 

 
Figure 4. Anticancer activities of MO, including apoptosis induction, cell-cycle arrest, suppression of NF-

κB/PI3K/Akt/MAPK signaling, anti-angiogenesis, and anti-invasion mediated by rosmarinic acid, citral, and 

ursolic acid 
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Furthermore, suppression of NF-κB–

mediated cytokine production (TNF-α, IL-6, and 

IL-1β) reduces insulin resistance, linking the 

anti-inflammatory effects of MO with improved 

glucose homeostasis [25]. MO extracts have also 

been shown to improve dyslipidemia in diabetic 

animal models, with reductions in total 

cholesterol, triglycerides, and LDL-C, along with 

elevation of HDL-C [23]. Such effects suggest 

potential benefits in metabolic syndrome, where 

diabetes coexists with obesity and dyslipidemia. 

Although clinical data are limited, preliminary 

studies suggest that supplementation with 

standardized MO preparations may lower blood 

glucose and improve insulin sensitivity in 

prediabetic and type 2 diabetic patients. 

However, larger randomized clinical trials are 

necessary to validate these findings [1,25]. 

Evidence indicates that MO exerts antidiabetic 

effects via improvement of glucose metabolism, 

inhibition of carbohydrate-digesting enzymes, 

antioxidant/anti-inflammatory protection of β-

cells, and improvement of lipid profiles. These 

mechanisms highlight MO as a promising 

adjunctive therapy for diabetes and metabolic 

syndrome (Figure 5). 

Neuroprotective and Anxiolytic Activities 

Neurological disorders such as Alzheimer’s 

disease, Parkinson’s disease, anxiety, and 

depression are strongly associated with 

oxidative stress, neuroinflammation, and 

neurotransmitter imbalance. MO has long been 

used in traditional medicine as a calming and 

cognitive-enhancing agent, and modern 

evidence confirms its neuroprotective and 

anxiolytic effects. Clinical studies have 

demonstrated that standardized MO extracts 

improve memory performance and attention in 

healthy volunteers, as well as in patients with 

mild to moderate Alzheimer’s disease [5,26]. 

 
Figure 5. Antidiabetic effects of MO, showing AMPK-mediated glucose metabolism improvement, inhibition 

of carbohydrate-digesting enzymes, antioxidant and anti-inflammatory protection of β-cells, and regulation of 

lipid profile 
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The cognitive benefits are attributed to the 

inhibition of acetylcholinesterase (AChE) and 

butyrylcholinesterase (BChE), resulting in 

enhanced cholinergic neurotransmission [5]. 

Randomized controlled trials indicate that MO 

extracts reduce anxiety, agitation, and insomnia 

symptoms, partly mediated through GABAergic 

and adenosinergic mechanisms [5,27]. Essential 

oil constituents such as citral and linalool are 

also linked to anxiolysis through modulation of 

GABA-A receptors [3]. 

MO’s phenolic compounds, especially 

rosmarinic acid, protect neurons against ROS-

mediated injury, improve mitochondrial 

function, and suppress neuroinflammatory 

pathways, including NF-κB and MAPK. Animal 

studies show reduced lipid peroxidation and 

increased antioxidant enzyme activity in the 

brain following MO administration [1]. Emerging 

findings suggest that rosmarinic acid and related 

compounds modulate purinergic receptor 

activity, specifically inhibiting P2X7 receptor–

mediated inflammasome activation and 

activating A2A adenosine receptors. This dual 

effect contributes to anti-inflammatory 

neuroprotection and anxiolysis [6,7]. Evidence 

from preclinical and clinical studies indicates 

that MO exerts neuroprotective and anxiolytic 

effects through cholinesterase inhibition, 

modulation of GABAergic and adenosinergic 

signaling, antioxidant and anti-inflammatory 

actions, and regulation of purinergic receptors. 

These mechanisms justify its potential use in 

treating anxiety, insomnia, and 

neurodegenerative disorders (Figure 6). 

Regulation of Purinergic Signaling 

Purinergic signaling, mediated by 

extracellular nucleotides (ATP and ADP) and 

nucleosides (adenosine), regulates immune 

responses, inflammation, and 

neurodegeneration. Dysregulation of purinergic 

receptors such as P2X7 and A2A contributes to 

chronic inflammation, autoimmunity, and 

neurological disorders [6,7]. Recent findings 

indicate that MO and its bioactive compounds 

modulate these pathways, thereby supporting 

their therapeutic potential. 

 
Figure 6. Neuroprotective and anxiolytic activities of MO, including cholinesterase inhibition, modulation of 

GABAergic and adenosinergic signaling, antioxidant and anti-inflammatory neuroprotection, and regulation 

of purinergic receptors 



M. Irodakhon Yusupovna et al.                                                                                                                                              493 

 

 

The P2X7 receptor is strongly implicated in 

inflammasome activation and IL-1β release. 

Rosmarinic acid, the dominant phenolic 

compound of MO, has been shown to reduce 

oxidative stress and neuroinflammation, partly 

by inhibiting ATP-induced P2X7 signaling. 

Through this mechanism, MO extracts suppress 

NLRP3 inflammasome activation, thereby 

limiting chronic neuroinflammation and tissue 

damage [1]. A2A receptors play dual roles in 

immunoregulation: activation of A2A promotes 

anti-inflammatory signaling and supports M2 

macrophage polarization, while also exerting 

anxiolytic and neuroprotective effects [6]. MO 

extracts and essential oils, particularly 

rosmarinic acid and citral, enhance 

adenosinergic signaling, which contributes to 

their calming and immunomodulatory 

properties [5,27]. Since oxidative stress is a 

major upstream activator of purinergic receptor 

signaling, the strong antioxidant properties of 

MO indirectly regulate purinergic balance. By 

activating Nrf2–ARE and suppressing NF-κB, MO 

reduces extracellular ATP release and cytokine 

amplification, breaking the cycle of ROS–P2X7–

inflammasome activation [1]. Evidence suggests 

that MO regulates purinergic signaling primarily 

through P2X7 inhibition and A2A receptor 

activation, linking its antioxidant, anti-

inflammatory, and neuroprotective effects. 

These mechanisms may underlie its therapeutic 

potential in neurodegenerative disorders, 

anxiety, and immune-mediated conditions 

(Figure 7). 

Challenges and Future Directions 

Despite promising preclinical and clinical 

findings, several challenges remain before MO 

and its bioactive compounds can be integrated 

into evidence-based therapeutic strategies 

(Figure 8). 

 

Figure 7. Regulation of purinergic signaling by MO, 

showing inhibition of P2X7 receptor–mediated 

inflammasome activation and activation of A2A 

adenosine receptors, leading to reduced 

neuroinflammation and enhanced anti-inflammatory 

effects 

Extract Standardization. One of the main 

limitations is the variability in phytochemical 

composition depending on plant cultivar, 

geographical origin, harvest time, and extraction 

method [1]. Rosmarinic acid content, essential 

oil profile, and flavonoid levels fluctuate 

significantly, leading to inconsistent 

pharmacological outcomes across studies [8]. 

Standardized extracts with defined 

phytochemical fingerprints are urgently needed 

for reproducibility and clinical validation. 

Bioavailability and Pharmacokinetics. 
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Figure 8. Graphical abstract of MO pharmacological actions. Bioactive compounds enhance antioxidant 

defenses (Nrf2–ARE), suppress inflammation (NF-κB/MAPK), modulate purinergic signaling (P2X7↓, A2A↑), 

induce apoptosis and inhibit angiogenesis (VEGF↓), and improve metabolism (AMPK↑, insulin sensitivity↑) 

Although rosmarinic acid is considered the 

primary active compound, it suffers from low 

oral bioavailability due to poor absorption, rapid 

metabolism, and systemic. Novel drug delivery 

systems such as nanoparticles, liposomes, and 

phytosomes are being investigated to enhance 

stability and bioavailability, but their clinical 

relevance has not yet been established. 

Mechanistic Insights. While antioxidant, anti-

inflammatory, and purinergic pathways have 

been implicated, many molecular targets remain 

underexplored. For example, detailed 

interactions of MO bioactives with purinergic 

receptors (P2X7, A2A), MAPK sub-pathways, and 

epigenetic regulators warrant deeper 

mechanistic studies [6]. Clinical Evidence Gaps. 

Although small randomized controlled trials 

have suggested benefits in anxiety, insomnia, 

and cognitive impairment [26,27], robust phase 

II–III clinical trials with larger sample sizes and 

biomarker endpoints are lacking. Long-term 

safety data are also scarce, especially for high-

dose or chronic use. Integrative and 

Translational Research. Future research should 

aim to develop standardized 

phytopharmaceutical preparations with 

consistent bioactive profiles; conduct clinical 

studies in diabetes, cancer, and 

neurodegenerative diseases using biomarker-

driven outcomes; explore synergistic effects of 

MO with conventional drugs, particularly in 

inflammation, oncology, and psychiatry; and 

apply systems pharmacology and network 

analysis to unravel multi-target actions and 

predict herb–drug interactions. While MO 

demonstrates broad pharmacological potential 

through antioxidant, anti-inflammatory, 

neuroprotective, and purinergic mechanisms, 

clinical translation requires overcoming 

challenges related to extract standardization, 

bioavailability, and limited high-quality trials. 

Addressing these gaps will determine whether 

MO progresses from traditional medicine to 

modern therapeutic applications. 
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Conclusion 

MO is a medicinal plant with a rich 

phytochemical composition, dominated by 

rosmarinic acid, flavonoids, and essential oils. 

Evidence from in vitro, in vivo, and preliminary 

clinical studies demonstrates its multi-target 

pharmacological potential across antioxidant, 

anti-inflammatory, anticancer, antidiabetic, 

neuroprotective, and anxiolytic domains. 

Mechanistic investigations highlight modulation 

of Nrf2–ARE, NF-κB/MAPK, and purinergic 

receptors (P2X7 inhibition and A2A activation) 

as central pathways through which MO exerts 

protective and therapeutic effects. These 

molecular actions explain its benefits in 

oxidative stress–related diseases, chronic 

inflammation, metabolic disorders, cancer, and 

neuropsychiatric conditions. However, 

translation into modern therapy faces several 

challenges, including variability in extract 

composition, poor oral bioavailability of 

rosmarinic acid, and the lack of large, biomarker-

guided randomized clinical trials. Addressing 

these issues through extract standardization, 

advanced delivery systems, and robust clinical 

research will be crucial to establishing its 

efficacy and safety in clinical practice. In 

conclusion, MO represents a promising 

candidate for integrative medicine, bridging 

traditional use with modern molecular 

pharmacology. Future efforts must focus on 

standardized preparations, mechanistic 

biomarker validation, and well-designed clinical 

trials to fully unlock its therapeutic potential. 

Abbreviations 

MO – Melissa officinalis 

RA – Rosmarinic acid 

Nrf2 –Nuclear factor erythroid 2–related factor 2 

ARE – Antioxidant response elements 

HO-1 – Heme oxygenase-1 

SOD – Superoxide dismutase 

GPx – Glutathione peroxidase 

NF-κB–Nuclear factor kappa-light-chain-

enhancer of activated B cells 

MAPK – Mitogen-activated protein kinase 

AMPK – AMP-activated protein kinase 

TNF-α – Tumor necrosis factor alpha 

IL-6, IL-1β, IL-10 – Interleukin-6, Interleukin-1 

beta, Interleukin-10 

COX-2 – Cyclooxygenase-2 

iNOS – Inducible nitric oxide synthase 

P2X7 – P2X7 purinergic receptor 

A2A – Adenosine A2A receptor 

MDA – Malondialdehyde 

ROS – Reactive oxygen species 

AChE – Acetylcholinesterase 

BChE – Butyrylcholinesterase 

MMP-9 – Matrix metalloproteinase-9 

PD-L1 – Programmed death-ligand 1 

VEGF – Vascular endothelial growth factor 

JAK/STAT – Janus kinase/signal transducer and 

activator of transcription 

Acknowledgements 

None.  

Competing Interests 

The authors declared no competing interests. 

Funding 

This research received no specific grant from 

any funding agency in the public, commercial, or 

not-for-profit sectors. 

Ethics Approval 

Not applicable. This is a review article and did 

not involve human participants, identifiable 

human data, or animal experiments. 

Consent to Participate 

Not applicable. 



Molecular and Translational Pharmacology of Melissa ...                                                                                               496 

 

Consent for Publication 

Not applicable. 

Data Availability 

No datasets were generated or analyzed for 

this review; therefore, data sharing was not 

applicable. All information discussed was drawn 

from published sources cited in the References. 

Authors' Contributions 

Zafar Abdujalilovich Mamajonov – 

Conceptualization, methodology design, 

literature search, and manuscript drafting. 

Irodakhon Yusupovna Mamatova – Data 

collection, analysis of phytochemical and 

pharmacological evidence, visualization, and 

writing—review and editing. Gulrukh Juraevna 

Ulugbekova– Validation, visualization (figures 

and graphical abstract), reference management, 

and formatting according to journal style. 

Ibragim Rakhmonovich Askarov – Supervision, 

critical revision of the manuscript, and final 

approval of the version to be published. All 

authors have read and agreed to the published 

version of the manuscript. 

 

Use of AI Tools  

During manuscript preparation, the authors 

used a large language model tool for language 

polishing and formatting assistance. After using 

this tool, the authors reviewed and edited the 

content and take full responsibility for the 

integrity and accuracy of the text.  

ORCID  

Mamatova Irodakhon Yusupovna 

https://orcid.org/0009-0003-0675-994X  

Mamajonov Zafar Abdujalilovich 

https://orcid.org/0009-0009-9853-2737  

Askarov Ibragim Rakhmonovich 

https://orcid.org/0000-0003-1625-0330  

Ulugbekova Gulrukh Juraevna   

https://orcid.org/0000-0002-1472-8188  

References 

[1] Shakeri, A., Sahebkar, A., Javadi, B. Melissa 

officinalis l.–a review of its traditional uses, 

phytochemistry and pharmacology. Journal of 

Ethnopharmacology, 2016, 188, 204-228. 

[2] Miraj, S., Rafieian-Kopaei, Kiani, S. Melissa 

officinalis l: A review study with an antioxidant 

prospective. Journal of Evidence-Based 

Complementary & Alternative Medicine, 2017, 22(3), 

385-394. 

[3] Kennedy, D.O., Little, W., Scholey, A.B. Attenuation 

of laboratory-induced stress in humans after acute 

administration of melissa officinalis (lemon balm). 

Biopsychosocial Science and Medicine, 2004, 66(4), 

607-613. 

[4] Awad, R., Levac, D., Cybulska, P., Merali, Z., 

Trudeau, V., Arnason, J. Effects of traditionally used 

anxiolytic botanicals on enzymes of the γ-

aminobutyric acid (gaba) system. Canadian Journal of 

Physiology and Pharmacology, 2007, 85(9), 933-942. 

[5] Nasser, M., Tibi, A., Savage-Smith, E. Ibn sina's 

canon of medicine: 11th century rules for assessing 

the effects of drugs. Journal of the Royal society of 

Medicine, 2009, 102(2), 78-80. 

[6] Di Pierro, F., Sisti, D., Rocchi, M., Belli, A., 

Bertuccioli, A., Cazzaniga, M., Palazzi, C.M., Tanda, 

M.L., Zerbinati, N. Effects of melissa officinalis 

phytosome on sleep quality: Results of a prospective, 

double-blind, placebo-controlled, and cross-over 

study. Nutrients, 2024, 16(23), 4199. 

[7] López, V., Martín, S., Gómez-Serranillos, M.P., 

Carretero, M.E., Jäger, A.K., Calvo, M.I. 

Neuroprotective and neurological properties of 

melissa officinalis. Neurochemical Research, 2009, 

34(11), 1955-1961. 

[8] Pereira, R.P., Fachinetto, R., de Souza Prestes, A., 

Puntel, R.L., Santos da Silva, G.N., Heinzmann, B.M., 

Boschetti, T.K., Athayde, M.L., Bürger, M.E., Morel, A.F. 

Antioxidant effects of different extracts from melissa 

officinalis, matricaria recutita and cymbopogon 

citratus. Neurochemical Research, 2009, 34(5), 973-

983. 

https://orcid.org/0009-0003-0675-994X
https://orcid.org/0009-0009-9853-2737
https://orcid.org/0000-0003-1625-0330
https://orcid.org/0000-0002-1472-8188
https://www.sciencedirect.com/science/article/abs/pii/S0378874116302732
https://www.sciencedirect.com/science/article/abs/pii/S0378874116302732
https://www.sciencedirect.com/science/article/abs/pii/S0378874116302732
https://journals.sagepub.com/doi/full/10.1177/2156587216663433
https://journals.sagepub.com/doi/full/10.1177/2156587216663433
https://journals.sagepub.com/doi/full/10.1177/2156587216663433
https://journals.lww.com/bsam/abstract/2004/07000/attenuation_of_laboratory_induced_stress_in_humans.22.aspx
https://journals.lww.com/bsam/abstract/2004/07000/attenuation_of_laboratory_induced_stress_in_humans.22.aspx
https://journals.lww.com/bsam/abstract/2004/07000/attenuation_of_laboratory_induced_stress_in_humans.22.aspx
https://cdnsciencepub.com/doi/abs/10.1139/Y07-083
https://cdnsciencepub.com/doi/abs/10.1139/Y07-083
https://cdnsciencepub.com/doi/abs/10.1139/Y07-083
https://journals.sagepub.com/doi/full/10.1258/jrsm.2008.08k040
https://journals.sagepub.com/doi/full/10.1258/jrsm.2008.08k040
https://journals.sagepub.com/doi/full/10.1258/jrsm.2008.08k040
https://www.mdpi.com/2072-6643/16/23/4199
https://www.mdpi.com/2072-6643/16/23/4199
https://www.mdpi.com/2072-6643/16/23/4199
https://www.mdpi.com/2072-6643/16/23/4199
https://link.springer.com/article/10.1007/s11064-009-9981-0
https://link.springer.com/article/10.1007/s11064-009-9981-0
https://link.springer.com/article/10.1007/s11064-008-9861-z
https://link.springer.com/article/10.1007/s11064-008-9861-z
https://link.springer.com/article/10.1007/s11064-008-9861-z


M. Irodakhon Yusupovna et al.                                                                                                                                              497 

 

 

[9] Colica, C., Di Renzo, L., Aiello, V., De Lorenzo, A., 

Abenavoli, L. Rosmarinic acid as potential anti-

inflammatory agent. Reviews on Recent Clinical Trials, 

2018, 13(4), 240-242. 

[10] Cases, J., Ibarra, A., Feuillère, N., Roller, M., 

Sukkar, S.G. Pilot trial of melissa officinalis l. Leaf 

extract in the treatment of volunteers suffering from 

mild-to-moderate anxiety disorders and sleep 

disturbances. Mediterranean Journal of Nutrition and 

Metabolism, 2011, 4(3), 211-218. 

[11] Akbarzadeh, M., Dehghani, M., Moshfeghy, Z., 

Emamghoreishi, M., Tavakoli, P., Zare, N. Effect of 

melissa officinalis capsule on the intensity of 

premenstrual syndrome symptoms in high school girl 

students. Nursing and Midwifery Studies, 2015, 4(2), 

e27001. 

[12] Mathews, I.M., Eastwood, J., Lamport, D.J., 

Cozannet, R.L., Fanca-Berthon, P., Williams, C.M. 

Clinical efficacy and tolerability of lemon balm 

(melissa officinalis l.) in psychological well-being: A 

review. Nutrients, 2024, 16(20), 3545. 

[13] Dastmalchi, K., Dorman, H.D., Oinonen, P.P., 

Darwis, Y., Laakso, I., Hiltunen, R. Chemical 

composition and in vitro antioxidative activity of a 

lemon balm (melissa officinalis l.) extract. LWT-Food 

Science and Technology, 2008, 41(3), 391-400. 

[14] Barros, L., Dueñas, M., Dias, M.I., Sousa, M.J., 

Santos-Buelga, C., Ferreira, I.C. Phenolic profiles of 

cultivated, in vitro cultured and commercial samples 

of melissa officinalis l. Infusions. Food Chemistry, 

2013, 136(1), 1-8. 

[15] Moradkhani, H., Sargsyan, E., Bibak, H., Naseri, B., 

Sadat-Hosseini, M., Fayazi-Barjin, A., Meftahizade, H. 

Melissa officinalis L., a valuable medicine plant: A 

review. Journal of Medicinal Plants Research, 2010, 

4(25), 2753–2759. 

[16] Petersen, M., Simmonds, M.S. Rosmarinic acid. 

Phytochemistry, 2003, 62(2), 121-125. 

[17] Souihi, M., Amri, I., Souissi, A., Hosni, K., Ben 

Brahim, N., Annabi, M. Essential oil and fatty acid 

composition of melissa officinalis l. Prog. Nutr, 2020, 

22(1), 253-258. 

[18] Yu, H., Pei, J., Qiu, W., Mei, J., Xie, J. The 

antimicrobial effect of melissa officinalis l. Essential 

oil on vibrio parahaemolyticus: Insights based on the 

cell membrane and external structure. Frontiers in 

Microbiology, 2022, 13, 812792. 

[19] Nuzzo, D. Role of natural antioxidants on 

neuroprotection and neuroinflammation. 

Antioxidants, 2021, 10(4), 608. 

[20] Spencer, J.P. Flavonoids: Modulators of brain 

function? British Journal of Nutrition, 2008, 99(E-S1), 

ES60-ES77. 

[21] Azhar, M.K., Anwar, S., Hasan, G.M., Shamsi, A., 

Islam, A., Parvez, S., Hassan, M.I. Comprehensive 

insights into biological roles of rosmarinic acid: 

Implications in diabetes, cancer and 

neurodegenerative diseases. Nutrients, 2023, 15(19), 

4297. 

[22] Hase, T., Shishido, S., Yamamoto, S., Yamashita, R., 

Nukima, H., Taira, S., Toyoda, T., Abe, K., Hamaguchi, 

T., Ono, K. Rosmarinic acid suppresses alzheimer’s 

disease development by reducing amyloid β 

aggregation by increasing monoamine secretion. 

Scientific Reports, 2019, 9(1), 8711. 

[23] Kola, A., Vigni, G., Lamponi, S., Valensin, D. 

Protective contribution of rosmarinic acid in 

rosemary extract against copper-induced oxidative 

stress. Antioxidants, 2024, 13(11), 1419. 

[24] Rudrapal, M., Khairnar, S.J., Khan, J., Dukhyil, A.B., 

Ansari, M.A., Alomary, M.N., Alshabrmi, F.M., Palai, S., 

Deb, P.K., Devi, R. Dietary polyphenols and their role 

in oxidative stress-induced human diseases: Insights 

into protective effects, antioxidant potentials and 

mechanism (s) of action. Frontiers in Pharmacology, 

2022, 13, 806470. 

[25] Hussain, T., Tan, B., Yin, Y., Blachier, F., Tossou, 

M.C., Rahu, N. Oxidative stress and inflammation: 

What polyphenols can do for us? Oxidative Medicine 

and Cellular Longevity, 2016, 2016(1), 7432797. 

[26] Ma, Q., Role of Nrf2 in oxidative stress and 

toxicity. Annual Review of Pharmacology and 

Toxicology, 2013, 53(1), 401-426. 

[27] Jadeja, R.N., Upadhyay, K.K., Devkar, R.V., 

Khurana, S. Naturally occurring Nrf2 activators: 

Potential in treatment of liver injury. Oxidative 

Medicine and Cellular Longevity, 2016, 2016(1), 

3453926. 

[28] L. Suraweera, T., Rupasinghe, H.V., Dellaire, G., 

Xu, Z. Regulation of Nrf2/ARE pathway by dietary 

flavonoids: A friend or foe for cancer management? 

Antioxidants, 2020, 9(10), 973. 

[29] Faustino, J.V., Wang, X., Johnson, C.E., Klibanov, 

A., Derugin, N., Wendland, M.F., Vexler, Z.S. Microglial 

https://www.ingentaconnect.com/content/ben/rrct/2018/00000013/00000004/art00003
https://www.ingentaconnect.com/content/ben/rrct/2018/00000013/00000004/art00003
https://link.springer.com/article/10.1007/s12349-010-0045-4
https://link.springer.com/article/10.1007/s12349-010-0045-4
https://link.springer.com/article/10.1007/s12349-010-0045-4
https://link.springer.com/article/10.1007/s12349-010-0045-4
https://nmsjournal.kaums.ac.ir/article_65887.html
https://nmsjournal.kaums.ac.ir/article_65887.html
https://nmsjournal.kaums.ac.ir/article_65887.html
https://nmsjournal.kaums.ac.ir/article_65887.html
https://www.mdpi.com/2072-6643/16/20/3545
https://www.mdpi.com/2072-6643/16/20/3545
https://www.mdpi.com/2072-6643/16/20/3545
https://www.sciencedirect.com/science/article/abs/pii/S0023643807001247
https://www.sciencedirect.com/science/article/abs/pii/S0023643807001247
https://www.sciencedirect.com/science/article/abs/pii/S0023643807001247
https://www.sciencedirect.com/science/article/abs/pii/S0308814612012228
https://www.sciencedirect.com/science/article/abs/pii/S0308814612012228
https://www.sciencedirect.com/science/article/abs/pii/S0308814612012228
https://academicjournals.org/journal/JMPR/article-stat/A84A76F22866?utm
https://academicjournals.org/journal/JMPR/article-stat/A84A76F22866?utm
https://www.sciencedirect.com/science/article/abs/pii/S0031942202005137
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Essential+oil+and+fatty+acid+composition+of+Melissa+officinalis+L&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Essential+oil+and+fatty+acid+composition+of+Melissa+officinalis+L&btnG=
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.812792/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.812792/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.812792/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.812792/full
https://www.mdpi.com/2076-3921/10/4/608
https://www.mdpi.com/2076-3921/10/4/608
https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/flavonoids-modulators-of-brain-function/9AB7C1E220A094F510D8D6A84FD4DC44
https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/flavonoids-modulators-of-brain-function/9AB7C1E220A094F510D8D6A84FD4DC44
https://www.mdpi.com/2072-6643/15/19/4297
https://www.mdpi.com/2072-6643/15/19/4297
https://www.mdpi.com/2072-6643/15/19/4297
https://www.mdpi.com/2072-6643/15/19/4297
https://www.nature.com/articles/s41598-019-45168-1
https://www.nature.com/articles/s41598-019-45168-1
https://www.nature.com/articles/s41598-019-45168-1
https://www.mdpi.com/2076-3921/13/11/1419
https://www.mdpi.com/2076-3921/13/11/1419
https://www.mdpi.com/2076-3921/13/11/1419
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.806470/full?os=httpadfdftokyoveryhot.duckdns.org&ref=app
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.806470/full?os=httpadfdftokyoveryhot.duckdns.org&ref=app
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.806470/full?os=httpadfdftokyoveryhot.duckdns.org&ref=app
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2022.806470/full?os=httpadfdftokyoveryhot.duckdns.org&ref=app
https://onlinelibrary.wiley.com/doi/full/10.1155/2016/7432797
https://onlinelibrary.wiley.com/doi/full/10.1155/2016/7432797
https://www.annualreviews.org/content/journals/10.1146/annurev-pharmtox-011112-140320
https://www.annualreviews.org/content/journals/10.1146/annurev-pharmtox-011112-140320
https://onlinelibrary.wiley.com/doi/full/10.1155/2016/3453926
https://onlinelibrary.wiley.com/doi/full/10.1155/2016/3453926
https://www.mdpi.com/2076-3921/9/10/973
https://www.mdpi.com/2076-3921/9/10/973
https://www.jneurosci.org/content/31/36/12992.short


Molecular and Translational Pharmacology of Melissa ...                                                                                               498 

 

cells contribute to endogenous brain defenses after 

acute neonatal focal stroke. Journal of Neuroscience, 

2011, 31(36), 12992-13001. 

[30] Choy, K.W., Murugan, D., Leong, X.F., Abas, R., 

Alias, A., Mustafa, M.R. Flavonoids as natural anti-

inflammatory agents targeting nuclear factor-kappa b 

(nfκb) signaling in cardiovascular diseases: A mini 

review. Frontiers in Pharmacology, 2019, 10, 1295. 

[31] Fürst, R., Zündorf, I. Plant‐derived anti‐

inflammatory compounds: Hopes and 

disappointments regarding the translation of 

preclinical knowledge into clinical progress. 

Mediators of Inflammation, 2014, 2014(1), 146832. 

[32] Chi, G., Wei, M., Xie, X., Soromou, L., Liu, F., Zhao, 

S. Suppression of MAPK and Nf-Κb pathways by 

limonene contributes to attenuation of 

lipopolysaccharide-induced inflammatory responses 

in acute lung injury. Inflammation, 2013, 36(2), 501-

511. 

[33] Orihuela, R., McPherson, C.A., Harry, G.J. 

Microglial M1/M2 polarization and metabolic states. 

British Journal of Pharmacology, 2016, 173(4), 649–

665. 

[34] Geng, Y., Bush, M., Mosyak, L., Wang, F., Fan, Q.R. 

Structural mechanism of ligand activation in human 

GABAB receptor. Nature, 2013, 504(7479), 254-259. 

[35] Kumar, G.P., Khanum, F. Neuroprotective 

potential of phytochemicals. Pharmacognosy Reviews, 

2012, 6(12), 81. 

[36] Opazo, C.M., Greenough, M.A., Bush, A.I. Copper: 

From neurotransmission to neuroproteostasis. 

Frontiers in Aging Neuroscience, 2014, 6, 143. 

[37] Orhan, I., Şener, B., Choudhary, M., Khalid, A. 

Acetylcholinesterase and butyrylcholinesterase 

inhibitory activity of some turkish medicinal plants. 

Journal of Ethnopharmacology, 2004, 91(1), 57-60. 

[38] Akhondzadeh, S., Abbasi, S.H. Herbal medicine in 

the treatment of alzheimer's disease. American 

Journal of Alzheimer's Disease & Other Dementias®, 

2006, 21(2), 113-118. 

[39] Spencer, J.P. The impact of fruit flavonoids on 

memory and cognition. British Journal of Nutrition, 

2010, 104(S3), S40-S47. 

[40] Di Virgilio, F., Dal Ben, D., Sarti, A.C., Giuliani, A.L., 

Falzoni, S. The P2X7 receptor in infection and 

inflammation. Immunity, 2017, 47(1), 15-31. 

[41] Burnstock, G. Purine and purinergic receptors. 

Brain and Neuroscience Advances, 2018, 2, 

2398212818817494. 

[42] Campagno, K.E., Mitchell, C.H. The P2X7 receptor 

in microglial cells modulates the endolysosomal axis, 

autophagy, and phagocytosis. Frontiers in Cellular 

Neuroscience, 2021, 15, 645244. 

[43] Ribeiro, D.E., Roncalho, A.L., Glaser, T., Ulrich, H., 

Wegener, G., Joca, S. P2x7 receptor signaling in stress 

and depression. International Journal of Molecular 

Sciences, 2019, 20(11), 2778. 

[44] Xu, J., Núñez, G. The NLRP3 inflammasome: 

Activation and regulation. Trends in Biochemical 

Sciences, 2023, 48(4), 331-344. 

[45] Niu, Q., Li, J., Zhang, M., Zhou, P. Natural 

phytochemicals as P2X7 receptor inhibitors for the 

treatment of inflammation-related diseases. Italian 

Journal of Food Science/Rivista Italiana di Scienza 

degli Alimenti, 2023, 35(2). 

[46] Ongini, E., Fredholm, B.B. Pharmacology of 

adenosine A2A receptors. Trends in Pharmacological 

Sciences, 1996, 17(10), 364-372. 

[47] Chhabra, P., Linden, J., Lobo, P., Douglas Okusa, 

M., Lewis Brayman, K. The immunosuppressive role 

of adenosine A2A receptors in ischemia reperfusion 

injury and islet transplantation. Current Diabetes 

Reviews, 2012, 8(6), 419-433. 

[48] Allard, D., Turcotte, M., Stagg, J. Targeting A2 

adenosine receptors in cancer. Immunology and Cell 

Biology, 2017, 95(4), 333-339. 

[49] Porta, C., Riboldi, E., Ippolito, A., Sica, A. 

Molecular and epigenetic basis of macrophage 

polarized activation. Seminars in Immunology, 2015, 

27(4), 237-248. 

[50] Biswas, S.K., Mantovani, A. Macrophage plasticity 

and interaction with lymphocyte subsets: Cancer as a 

paradigm. Nature Immunology, 2010, 11(10), 889-

896. 

[51] Yang, L., Han, T., Liu, R., Shi, S., Luan, S., Meng, S. 

Plant-derived natural compounds: A new frontier in 

inducing immunogenic cell death for cancer 

treatment. Biomedicine & Pharmacotherapy, 2024, 

177, 117099. 

[52] Liu, H.B., Gou, Y., Wang, H.Y., Li, H.M., Wu, W. 

Temporal changes in climatic variables and their 

impact on crop yields in southwestern china. 

https://www.jneurosci.org/content/31/36/12992.short
https://www.jneurosci.org/content/31/36/12992.short
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.01295/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.01295/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.01295/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2019.01295/full
https://onlinelibrary.wiley.com/doi/full/10.1155/2014/146832
https://onlinelibrary.wiley.com/doi/full/10.1155/2014/146832
https://onlinelibrary.wiley.com/doi/full/10.1155/2014/146832
https://onlinelibrary.wiley.com/doi/full/10.1155/2014/146832
https://link.springer.com/article/10.1007/s10753-012-9571-1
https://link.springer.com/article/10.1007/s10753-012-9571-1
https://link.springer.com/article/10.1007/s10753-012-9571-1
https://link.springer.com/article/10.1007/s10753-012-9571-1
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.13139
https://www.nature.com/articles/nature12725
https://www.nature.com/articles/nature12725
https://www.phcogrev.com/article/2012/6/12/1041030973-784799898
https://www.phcogrev.com/article/2012/6/12/1041030973-784799898
https://www.frontiersin.org/journals/aging-neuroscience/articles/10.3389/fnagi.2014.00143/full
https://www.frontiersin.org/journals/aging-neuroscience/articles/10.3389/fnagi.2014.00143/full
https://www.sciencedirect.com/science/article/abs/pii/S0378874103004252
https://www.sciencedirect.com/science/article/abs/pii/S0378874103004252
https://journals.sagepub.com/doi/abs/10.1177/153331750602100211
https://journals.sagepub.com/doi/abs/10.1177/153331750602100211
https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/impact-of-fruit-flavonoids-on-memory-and-cognition/89B1CBDD1DA9A70D21CEBB257B9452FE
https://www.cambridge.org/core/journals/british-journal-of-nutrition/article/impact-of-fruit-flavonoids-on-memory-and-cognition/89B1CBDD1DA9A70D21CEBB257B9452FE
https://www.cell.com/immunity/fulltext/S1074-7613(17)30280-7
https://www.cell.com/immunity/fulltext/S1074-7613(17)30280-7
https://journals.sagepub.com/doi/full/10.1177/2398212818817494
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2021.645244/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2021.645244/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2021.645244/full
https://www.mdpi.com/1422-0067/20/11/2778
https://www.mdpi.com/1422-0067/20/11/2778
https://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(22)00273-0
https://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(22)00273-0
https://openurl.ebsco.com/openurl?sid=ebsco:plink:scholar&id=ebsco:gcd:164803348&crl=c
https://openurl.ebsco.com/openurl?sid=ebsco:plink:scholar&id=ebsco:gcd:164803348&crl=c
https://openurl.ebsco.com/openurl?sid=ebsco:plink:scholar&id=ebsco:gcd:164803348&crl=c
https://www.cell.com/trends/pharmacological-sciences/abstract/S0165-6147(96)80010-1
https://www.cell.com/trends/pharmacological-sciences/abstract/S0165-6147(96)80010-1
https://www.ingentaconnect.com/content/ben/cdr/2012/00000008/00000006/art00003
https://www.ingentaconnect.com/content/ben/cdr/2012/00000008/00000006/art00003
https://www.ingentaconnect.com/content/ben/cdr/2012/00000008/00000006/art00003
https://onlinelibrary.wiley.com/doi/full/10.1038/icb.2017.8
https://onlinelibrary.wiley.com/doi/full/10.1038/icb.2017.8
https://www.sciencedirect.com/science/article/abs/pii/S1044532315000676
https://www.sciencedirect.com/science/article/abs/pii/S1044532315000676
https://www.nature.com/articles/ni.1937
https://www.nature.com/articles/ni.1937
https://www.nature.com/articles/ni.1937
https://www.sciencedirect.com/science/article/pii/S0753332224009831
https://www.sciencedirect.com/science/article/pii/S0753332224009831
https://www.sciencedirect.com/science/article/pii/S0753332224009831
https://link.springer.com/article/10.1007/s00484-013-0686-3
https://link.springer.com/article/10.1007/s00484-013-0686-3


M. Irodakhon Yusupovna et al.                                                                                                                                              499 

 

 

International Journal of Biometeorology, 2014, 58(6), 

1021-1030. 

[53] European Medicines Agency. Community herbal 

monograph on Melissa officinalis L., folium. London, 

UK, 2013. 

[54] World Health Organization. WHO monographs 

on selected medicinal plants. Vol. 4. Geneva, World 

Health Organization, 2009. 

[55] Luca, S.V., Macovei, I., Bujor, A., Miron, A., 

Skalicka-Woźniak, K., Aprotosoaie, A.C., Trifan, A. 

Bioactivity of dietary polyphenols: The role of 

metabolites. Critical Reviews in Food Science and 

Nutrition, 2020, 60(4), 626-659. 

[56] Huang, L., Luo, S., Tong, S., Lv, Z., Wu, J. The 

development of nanocarriers for natural products. 

Wiley Interdisciplinary Reviews: Nanomedicine and 

Nanobiotechnology, 2024, 16(3), e1967. 

[57] Cuomo, F., Iacovino, S., Sacco, P., De Leonardis, A., 

Ceglie, A., Lopez, F. Progress in colloid delivery 

systems for protection and delivery of phenolic 

bioactive compounds: Two study cases—

hydroxytyrosol and curcumin. Molecules, 2022, 

27(3), 921. 

[58] Asadi, A., Shidfar, F., Safari, M., Hosseini, A.F., 

Fallah Huseini, H., Heidari, I., Rajab, A. Efficacy of 

melissa officinalis l. (lemon balm) extract on glycemic 

control and cardiovascular risk factors in individuals 

with type 2 diabetes: A randomized, double‐blind, 

clinical trial. Phytotherapy Research, 2019, 33(3), 

651-659. 

[59] Wu, J.Y., Yang, J.L., Hu, J.L., Xu, S., Zhang, X.J., Qian, 

S.Y., Chen, M.L., Ali, M.A., Zhang, J., Zha, Z. Reporting 

quality and risk of bias of randomized controlled 

trials of chinese herbal medicine for multiple 

sclerosis. Frontiers in Immunology, 2024, 15, 

1429895. 

[60] Ekor, M. The growing use of herbal medicines: 

issues relating to adverse reactions and challenges in 

monitoring safety. Frontiers in Pharmacology, 2014, 

4, 177. 

[61] Fei, F., Su, N., Li, X., Fei, Z. Neuroprotection 

mediated by natural products and their chemical 

derivatives. Neural Regeneration Research, 2020, 

15(11), 2008-2015. 

[62] Swaroop, A.K., Lalitha, C.M.V.N., Shanmugam, M., 

Subramanian, G., Natarajan, J., Selvaraj, J. Plant 

derived immunomodulators; A critical review. 

Advanced Pharmaceutical Bulletin, 2021, 12(4), 712. 

[63] Xin, X., Zong, T., Hu, Z., Jin, L., Zhou, W., Sun, J., Li, 

G. Discovery of natural compounds and their 

derivatives against neuroinflammation: 

Pharmacological mechanisms and structure-activity 

relationship. Bioorganic Chemistry, 2025, 108934. 

[64] Li, Z., Zhao, T., Shi, M., Wei, Y., Huang, X., Shen, J., 

Zhang, X., Xie, Z., Huang, P., Yuan, K. Polyphenols: 

Natural food grade biomolecules for treating 

neurodegenerative diseases from a multi-target 

perspective. Frontiers in nutrition, 2023, 10, 

1139558. 

[65] Shin, S.A., Joo, B.J., Lee, J.S., Ryu, G., Han, M., Kim, 

W.Y., Park, H.H., Lee, J.H., Lee, C.S. Phytochemicals as 

anti-inflammatory agents in animal models of 

prevalent inflammatory diseases. Molecules, 2020, 

25(24), 5932.

HOW TO CITE THIS MANUSCRIPT 

M. Irodakhon Yusupovna, M. Zafar Abdujalilovich, A. Ibragim Rakhmonovich, U. Gulrukh Juraevna. 

Molecular and Translational Pharmacology of Melissa Officinalis: Targeting Nrf2/ARE, NF-κB/MAPK, and 

Purinergic Receptors. Asian Journal of Green Chemistry, 10 (3) 2026, 483-499.  

DOI: https://doi.org/10.48309/AJGC.2026.559064.1865  

URL: https://www.ajgreenchem.com/article_236768.html  

 

https://www.ema.europa.eu/en/medicines/herbal/melissae-folium?utm
https://www.ema.europa.eu/en/medicines/herbal/melissae-folium?utm
https://iris.who.int/items/6418d8af-5200-4e6b-9bf5-004f3aa62a37
https://iris.who.int/items/6418d8af-5200-4e6b-9bf5-004f3aa62a37
https://www.tandfonline.com/doi/abs/10.1080/10408398.2018.1546669
https://www.tandfonline.com/doi/abs/10.1080/10408398.2018.1546669
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wnan.1967
https://wires.onlinelibrary.wiley.com/doi/abs/10.1002/wnan.1967
https://www.mdpi.com/1420-3049/27/3/921
https://www.mdpi.com/1420-3049/27/3/921
https://www.mdpi.com/1420-3049/27/3/921
https://www.mdpi.com/1420-3049/27/3/921
https://onlinelibrary.wiley.com/doi/abs/10.1002/ptr.6254
https://onlinelibrary.wiley.com/doi/abs/10.1002/ptr.6254
https://onlinelibrary.wiley.com/doi/abs/10.1002/ptr.6254
https://onlinelibrary.wiley.com/doi/abs/10.1002/ptr.6254
https://onlinelibrary.wiley.com/doi/abs/10.1002/ptr.6254
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2024.1429895/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2024.1429895/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2024.1429895/full
https://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2024.1429895/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2013.00177/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2013.00177/full
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2013.00177/full
https://journals.lww.com/nrronline/fulltext/2020/15110/neuroprotection_mediated_by_natural_products_and.6.aspx
https://journals.lww.com/nrronline/fulltext/2020/15110/neuroprotection_mediated_by_natural_products_and.6.aspx
https://journals.lww.com/nrronline/fulltext/2020/15110/neuroprotection_mediated_by_natural_products_and.6.aspx
https://apb.tbzmed.ac.ir/Article/apb-32199
https://apb.tbzmed.ac.ir/Article/apb-32199
https://www.sciencedirect.com/science/article/pii/S0045206825008144
https://www.sciencedirect.com/science/article/pii/S0045206825008144
https://www.sciencedirect.com/science/article/pii/S0045206825008144
https://www.sciencedirect.com/science/article/pii/S0045206825008144
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1139558/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1139558/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1139558/full
https://www.frontiersin.org/journals/nutrition/articles/10.3389/fnut.2023.1139558/full
https://www.mdpi.com/1420-3049/25/24/5932
https://www.mdpi.com/1420-3049/25/24/5932
https://www.mdpi.com/1420-3049/25/24/5932
https://doi.org/10.48309/AJGC.2026.559064.1865
https://www.ajgreenchem.com/article_236768.html

	Molecular and Translational Pharmacology of Melissa officinalis:Targeting Nrf2/ARE, NF-κB/MAPK, and Purinergic Receptors
	A B S T R A C T
	Graphical Abstract
	Introduction
	Phytochemical Composition
	Antioxidant Mechanisms
	Anti-Inflammatory Effects
	Anticancer Activities
	Antidiabetic Effects
	Neuroprotective and Anxiolytic Activities
	Regulation of Purinergic Signaling
	Challenges and Future Directions
	Conclusion
	Abbreviations
	Acknowledgements
	Competing Interests
	Funding
	Ethics Approval
	Consent to Participate
	Consent for Publication
	Data Availability
	Authors' Contributions
	Use of AI Tools
	ORCID
	References

