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					ABSTRACT  

					ARTICLE INFO  

					Essential oils (EOs) derived from aromatic plants have gained increasing attention due to their  

					potential anticancer properties. These plant-based bioactive compounds possess diverse  

					pharmacological activities, including antioxidant, anti-inflammatory, and pro-apoptotic effects,  

					which can influence critical pathways involved in cancer development and progression. This  

					narrative review explores the anticancer potential of various plant EOs, emphasizing their role in  

					modulating gene expression and cellular signaling pathways related to tumor suppression. We  

					discuss the mechanisms through which EOs exert cytotoxic and antiproliferative effects, both as  

					standalone agents and in synergy with conventional cancer therapies such as chemotherapy and  

					radiotherapy. Furthermore, we address current challenges limiting the clinical application of EOs,  

					including issues of bioavailability, safety, and regulatory approval. Despite these hurdles, the  

					accumulating evidence highlights the promise of plant EOs as complementary or alternative  

					options in cancer therapy. Continued research is essential to optimize their therapeutic efficacy  

					and fully elucidate their mechanisms of action in cancer prevention and treatment.  
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					Introduction  

					Natural products play an important role in drug development.9 EOs  

					Cancer is a major public health problem worldwide.1  

					According to an estimate from the World Health Organization (WHO)  

					2025, cancer accounted for nearly 10 million deaths in 2020, or nearly  

					one in six deaths. Cancer is also the first or second leading cause of  

					death in many countries.2 Impaired cell division in cell populations or  

					malignant transformation in mutant cell lines are the two main causes  

					of cancer.3 Tumors of the central nervous system account for  

					approximately 3% of all neoplasms, with the 5-year survival rate for  

					these tumors being less than 25%. Significant advances have been made  

					in the treatment of cancer in the past few decades, including  

					radiotherapy, chemotherapy, immunotherapy, surgical resection,  

					biotherapy, and molecular-targeted therapy.4 However, these treatments  

					are still not achieving the expected optimal outcomes and have  

					limitations, including damage to normal tissues. Natural products are  

					compounds that can be derived from plants, animals, marine organisms,  

					and microorganisms.5,6 Recently, the Food and Drug Administration  

					(FDA) of the United States has approved some natural products for the  

					treatment of cancer.7 Conventional approaches often lead to drug  

					resistance, relapse, and severe side effects, so there is an increasing  

					demand for more targeted and patient-specific therapies. For some time  

					now, researchers have been looking into herbal remedies as a source of  

					new treatments.8  

					derived from plants have attracted considerable interest due to their  

					possible anticancer effects. These natural, complex, volatile, and  

					aromatic compounds are produced by the secretory cells of aromatic  

					plants.10 A unique structure known as a gland is found in various parts  

					of the plant, including leaves, flowers, fruits, seeds, buds, barks, and  

					roots, where these aromatic compounds are both synthesized and stored.  

					EOs have been studied for their effects on a variety of cancer types,  

					including glioblastoma, melanoma, and leukemia, as well as  

					malignancies of the breast, colon, prostate, ovary, and lung.11 The  

					anticancer characteristics of EOs are associated with their varied  

					chemical compositions, particularly terpenoids, which have cytotoxic  

					effects on cancer cells. Research indicates that EOs can influence cancer  

					cells through multiple mechanisms, including promoting apoptosis  

					(programmed cell death), inhibiting cell proliferation, and altering  

					signaling pathways that are crucial in cancer development.12 For  

					example, a study concentrating on the anti-breast cancer properties of  

					EOs showed that their primary components, especially terpenoids,  

					possess remarkable pharmacological effects against breast cancer,  

					exhibiting significant cytotoxicity toward breast cancer cell lines.13  

					Although there are notable positive effects associated with EOs, the  

					specific mechanisms through which these oils and their bioactive  

					components function are still not well comprehended. It is essential to  

					conduct additional research to clarify these mechanisms, assess their  

					efficacy, and validate their safety for therapeutic applications.  

					Furthermore, while assessing EOs as prospective cancer therapeutics, it  

					is vital to examine their pharmacodynamic specificity, selectivity, and  

					appropriate formulations to guarantee effective delivery.14 In summary,  

					while EOs show great potential as anticancer drugs, comprehensive  

					investigations are needed to fully understand their mechanisms and  

					develop safe and effective therapeutic applications. The primary aim of  

					this comprehensive review is to critically evaluate the anticancer  

					potential of EOs. Specifically, this review aims to identify and describe  

					the key phytochemical constituents of EOs that possess anticancer  

					properties. It also seeks to explore the molecular mechanisms through  

					which EOs exert their anticancer effects. Furthermore, the review  

					intends to assess the effects of individual EOs, as well as their  

					*Corresponding author. Email: zarinawahab@unisza.edu.my  

					Tel: +609-6688574  

					Citation: Mohd Yuseri NAN, Abd Wahab NZ, Asmara HS, Wan Taib WR,  

					Abdul Manap AS. The Anticancer Potential of Plant Essential Oils:  

					Mechanisms, Applications, and Challenges. Trop J Nat Prod Res. 2025;  

					9(7): 2992 – 3006 https://doi.org/10.26538/tjnpr/v9i7.6  

					Official Journal of Natural Product Research Group, Faculty of Pharmacy,  

					University of Benin, Benin City, Nigeria  

					2992  

					© 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License  

				

			

		

		
			
				
					
				
			

			
				
					Trop J Nat Prod Res, July 2025; 9(7): 2992 - 3006  

					ISSN 2616-0684 (Print)  

					ISSN 2616-0692 (Electronic)  

					combinations, on different types of cancer cells. Finally, it aims to  

					highlight the current challenges and future prospects associated with the  

					therapeutic application of EOs in cancer treatment. This review is novel  

					in its scope and approach, as it is among the first to conduct a  

					comprehensive comparative analysis of various EOs in relation to  

					different cancer cell types. It provides a unique perspective by  

					emphasizing the underlying molecular mechanisms of action and  

					investigating potential synergistic interactions between essential oil  

					components. By bridging the fields of phytochemistry and molecular  

					oncology, this review consolidates current findings, identifies existing  

					research gaps, and contributes to the advancement of EOs as promising  

					candidates for anticancer drug development.  

					Materials and Methods  

					This comprehensive review was conducted to explore and summarize  

					the current knowledge on the anticancer activities of plant-derived EOs,  

					including their mechanisms of action and therapeutic potential. A  

					comprehensive literature search was carried out using databases such as  

					PubMed, Scopus, ScienceDirect, and Google Scholar. The search  

					included articles published up to 2020 to 2025 and used keywords and  

					combinations such as "essential oils," "plant essential oils," "aromatic  

					plants," "anticancer," "apoptosis," "cell cycle arrest," "chemotherapy,"  

					"radiotherapy," "bioavailability," and "toxicity."  

					Studies were included if they were published in English, peer-reviewed,  

					and focused on the anticancer properties of EOs derived from plants.  

					We included studies that provided mechanistic insights or reported in  

					vitro, in vivo, or clinical evidence related to cancer treatment. Articles  

					discussing the combined use of EOs with conventional cancer therapies,  

					such as chemotherapy or radiotherapy, as well as those highlighting  

					limitations like toxicity and poor bioavailability, were also considered.  

					Exclusion criteria included non-English articles, non-peer-reviewed  

					sources, studies unrelated to cancer or EOs, and those focusing on  

					synthetic or non-plant-derived compounds. The selected literature was  

					analyzed and organized thematically to provide a coherent synthesis of  

					the anticancer effects of plant EOs. The discussion highlights their  

					biological activities, mechanisms such as apoptosis induction and cell  

					cycle modulation, and potential synergistic effects when used alongside  

					conventional therapies. While no formal quality assessment tool was  

					applied due to the narrative nature of this review, efforts were made to  

					prioritize recent, high-quality, and relevant publications. This approach  

					Figure 1: Various beneficial chemical compositions of EOs  

					from the Melaleuca species.  

					Synergistic Effects of Multiple Constituents Within EOs  

					The combined impacts of various elements in EOs constitute a primary  

					area of research, emphasizing their ability to enhance antimicrobial,  

					insecticidal, and therapeutic effectiveness. These impacts result from  

					the complex interactions among different compounds in EOs, which can  

					yield greater biological activity than single components. This  

					synergistic effect is essential in combating antimicrobial resistance,  

					improving food safety, and offering alternative pest control strategies.  

					This phenomenon, known as synergy, occurs when the combined  

					interaction of two or more elements produces a more significant effect  

					than the sum of their impacts. For EOs, this indicates that their  

					therapeutic benefits come from both the individual components and  

					their interactions with each other. Components of EOs like  

					cinnamaldehyde, carvacrol, and eugenol have demonstrated significant  

					antimicrobial properties. When used alongside traditional  

					antimicrobials, these elements demonstrate synergistic properties,  

					improving effectiveness against resistant strains such as MRSA and  

					Candida albicans.22-23 In the food sector, the combination of EOs  

					components with quaternary ammonium compounds has shown notable  

					bactericidal synergy, leading to rapid bacterial elimination.24  

					Synergistic combinations of EOs, like peppermint with thyme or feijoa  

					peel extract, have proven effective against various foodborne  

					pathogens, thereby broadening their antimicrobial properties.25 The  

					combination of carvacrol, eugenol, and thymol has shown synergistic  

					activity against bed bugs, increasing both cuticular absorption and  

					neuroinhibitory responses, proving to be more effective than the  

					individual components.26 As complex combinations, EOs offer a wide  

					variety of therapeutic activities encompassing antibacterial, antiviral,  

					and anti-inflammatory properties. Their ability to influence several  

					pathways emphasizes their value in human and animal health care.27  

					provides  

					a

					comprehensive overview while identifying gaps in  

					knowledge and areas for future research.  

					Results and Discussion  

					Composition and Properties of Plant EOs  

					Plant EOs are complex mixtures of volatile compounds produced by  

					aromatic plants as secondary plant metabolites that can have  

					pharmacological and toxicological effects on humans and animals.15  

					The bioactive compounds of plants are very diverse. In general, it comes  

					in thousands of varieties that fall into three groups: phenolic  

					compounds, alkaloids, terpenes, and terpenoids.16 EOs have different  

					chemical compositions depending on the plant species and the extracted  

					part. For example, the EOs of M. cajuputi have been shown to contain  

					components such as terpenoids, flavonoids, phenols, alkaloids,  

					glycosides, 1,8-cineol (eucalyptol), α-pinene, linalool, β-caryophyllene,  

					nerolidol, and quinones (Figure 1).17,18 A previous study identified  

					caryophyllene, α-pinene, and γ-terpinene as the primary constituents of  

					M. cajuputi EOs.19 The concentrations of these compounds vary  

					according to the extraction procedure. The concentrations of these  

					compounds vary depending on the extraction method. EOs from M.  

					cajuputi contain a range of bioactive constituents, including 1,8-  

					cineole, α-pinene, γ-terpinene, p-cymene, α-terpineol, caryophyllene,  

					α-humulene, and α-gurjunene via the hydrodistillation extraction  

					method.20 Previous research found that lavender oil contains linalool  

					and β-ocimene, whereas eucalyptus oil contains 1,8-cineole and pinene  

					using the hydrodistillation extraction method.21  

					Methods of Extraction and Purification of EOs  

					Extraction is viewed as an essential initial phase in the examination of  

					medicinal plants, as it is vital to obtain the needed chemical constituents  

					from the plant materials for further separation and characterization.28  

					EOs can be obtained through different techniques. The development of  

					processes aimed at maximizing EO yields in a chemical state close to  

					their native structure leads to significant impacts on yield and quality.29  

					The basic parameters that may influence the quality of extracts include  

					the plant part used as a starting material, the solvent used for the  

					extraction process, and extraction procedure applied.30 Choosing an  

					extraction solvent is crucial in investigating phytochemical substances.  

					This decision is frequently impacted by the specific features of the  

					bioactive component, resulting in the employment of diverse solvent  

					systems to extract and isolate unique bioactive compounds from  

					botanical sources.31 Hence, water, recognized as a universal solvent and  

					utilized by conventional healers for hundreds of years, can be an  

					exceptional option for plant extraction.28  

					Nowadays, many previous studies have published the extraction  

					methods of EOs, including traditional and innovative extraction  

					methods. The example of traditional extraction methods is hydro  
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					distillation and steam distillation. These are the most prevalent  

					methods, accounting for approximately 93% of EOs extraction. The oils  

					are vaporized by boiling plant materials in water or steam, and then they  

					condense back into liquid form.32 Another traditional technique is cold  

					pressing, which is primarily used for citrus peels. It preserves volatile  

					compounds by mechanically extracting oils without the use of heat.33  

					Solvent extraction is the technique that employs organic solvents to  

					dissolve EOs, but it might leave harmful residues.34 Supercritical fluid  

					extraction (SFE) is an innovative extraction method. This method uses  

					supercritical carbon dioxide as a solvent, providing high selectivity and  

					efficiency while being environmentally friendly.35 Additionally, the  

					microwave-assisted extraction (MAE) method improves extraction  

					efficiency by utilizing microwave energy to heat plant materials,  

					shortening extraction time and maintaining sensitive compounds.34  

					Besides that, the ultrasound-assisted extraction method utilizes  

					ultrasonic waves to enhance the mass transfer of EOs, resulting in  

					higher yields.35 While traditional methods continue to be widely used  

					because of their simplicity and cost-effectiveness, innovative  

					techniques are becoming popular for their efficiency and lower  

					environmental impact. The continuous advancement of greener  

					extraction methods indicates an increasing recognition of sustainability  

					in EO production. The method of purification in EOs is  

					chromatography. Methods such as gas chromatography and high-  

					performance liquid chromatography are utilized to separate and refine  

					individual components from the EO mixture.36  

					research evaluated the antiproliferative impacts of the extract on  

					zebrafish, which serve as a model organism for examining cancer cell  

					proliferation. Besides that, mackerel scad is a marine fish that contains  

					EOs, which can be potentially used as an anticancer agent.42  

					M. cajuputi exhibits exceptional antimicrobial characteristics, largely  

					due to the EOs derived from it. These antimicrobial abilities are from a  

					range of bioactive compounds that demonstrate efficacy against both  

					Gram-positive and Gram-negative bacteria. The study examined the  

					antimicrobial impacts of EOs obtained from various plant parts, such as  

					leaves and flowers, emphasizing their promise as natural microbial  

					agents.43 Earlier research utilizing the agar disc diffusion technique has  

					shown that EOs are effective against both Gram-positive and Gram-  

					negative bacteria, though Gram-positive bacteria tend to be more  

					vulnerable. The antimicrobial effects of M. cajuputi EOs against  

					different Gram-positive and Gram-negative bacteria were noted.44 The  

					EO was obtained from polish manufacturers and evaluated using the  

					Kirby-Bauer disc diffusion technique. The findings from this study  

					showed that Gram-positive bacteria were more vulnerable to the M.  

					cajuputi EOs. The active components found in the oil, such as tannins  

					and phenolic acids, indicate a strong potential against bacterial  

					infections caused by these bacteria. Among the Gram-negative bacteria  

					examined, resistance to the M. cajuputi EOs was only observed in  

					Pseudomonas aeruginosa. This points to a specific antibacterial action  

					of the oil on various bacterial strains. The results imply that M. cajuputi  

					EOs could prevent a range of bacterial infections, making it potentially  

					valuable in areas like human healthcare, aquaculture, and veterinary  

					medicine. A previous study identified 19 compounds extracted from the  

					EOs from M. cajuputi leaves.43 Among these compounds, we have p-  

					cymene, linalool, and caryophyllene, with p-cymene being the most  

					abundant compound and showing antimicrobial activity. The EOs  

					exhibited antibacterial activity against Gram-positive and Gram-  

					negative bacteria. M. cajuputi EOs is featured in facial serum  

					formulations, displaying a concentration-dependent bactericidal effect  

					against Cutibacterium acnes. This indicates that it can probably be  

					utilized in cosmeceutical products due to its antimicrobial  

					characteristics.37 In addition, the EOs of M. cajuputi subspecies  

					cumingiana and the aqueous extract of Kyllinga nemoralis as an herbal  

					skin wash demonstrate noteworthy antimicrobial properties against  

					various microorganisms, indicating their potential for development into  

					a commercial herbal antimicrobial skin wash.45  

					M. cajuputi exhibits its anti-inflammatory properties mainly through its  

					antioxidant and immunomodulatory roles. This research has also  

					revealed that the EOs derived from this plant may promote macrophage  

					viability and improve cytokine production to modulate inflammatory  

					responses. The antioxidant potential of flavonoids, phenolic  

					compounds, and other bioactive compounds is also responsible for this,  

					helping to reduce inflammation. The results from a previous study  

					stated that M. cajuputi EOs enhance the viability of macrophages and  

					increase the production of cytokines such as IFNγ, TNFα, and IL6,  

					which play roles in the immune response and inflammation regulation.37  

					The EOs’ ability to stimulate nitric oxide production in macrophages  

					further supports their role in modulating inflammatory processes. The  

					treatment with M. cajuputi EOs at concentrations of 1%, 2%, and 4%  

					increased the viability percentage of macrophage cells by  

					approximately 50% compared to untreated macrophages and those  

					treated with formulations without these EOs. This suggests that M.  

					cajuputi EOs may improve host immunological responses by  

					stimulating macrophage growth. The presence of flavonoids, alkaloids,  

					and phenolic compounds in M. cajuputi contributes to its anti-  

					inflammatory properties, and these compounds are known for their anti-  

					inflammatory effects.38 M. cajuputi has some potential based on its anti-  

					inflammatory properties, but in its application, a lot of caution is  

					advised. EOs and extracts of the plant further display antibacterial  

					activities, which could attenuate infection-related inflammatory  

					responses and therefore support their anti-inflammatory activity.39-45  

					However, mechanisms or clinically based insights into M. cajuputi  

					remain largely unexplored, necessitating deeper clinical research into  

					the therapeutic potential of M. cajuputi.  

					General Biological Activities of EOs  

					EOs are recognized for their wide range of biological activities, such as  

					antioxidant, anti-cancer, antimicrobial, and anti-inflammatory effects.  

					They are crucial in numerous therapeutic and industrial applications.  

					The EOs of M. cajuputi have a diverse array of chemical compositions  

					and bioactive compounds that exhibit notable biological activities. M.  

					cajuputi demonstrates significant antioxidant properties mainly because  

					of its abundant phytochemical composition, which includes flavonoids,  

					phenolic compounds, and other bioactive elements. These compounds  

					enhance its capacity to eliminate free radicals and reduce oxidative  

					stress, making it a significant natural antioxidant source. Prior research  

					shows that M. cajuputi extracts have a considerable ability to scavenge  

					DPPH radicals, with IC50 values demonstrating considerable  

					antioxidant efficacy.37 Antioxidants play an important role in  

					preventing and treating cancer by reducing oxidative stress and  

					activating tumor suppressor genes. The previous study demonstrated  

					that the antioxidant activity of the methanol extracts was assessed using  

					the DPPH method.38  

					Chemotherapy and radiation therapy are common cancer treatments that  

					can occasionally harm patients because these treatments can kill other  

					living cells in the body.39 Thus, there has been a lot of research recently  

					shifting towards using natural products as an alternative treatment for  

					drug discovery.40 Numerous investigations have been conducted on the  

					anti-cancer characteristics of the natural molecule M. cajuputi. The  

					phytochemical elements of this compound are mainly responsible for  

					its substantial anti-cancer effectiveness and have been proven through  

					various mechanisms. Initial studies indicate that extracts of M. cajuputi  

					may inhibit the growth of cancer cells and trigger apoptosis, positioning  

					them as a potential option for cancer treatment. A previous study  

					investigated the cytotoxic effects of EOs from Syzygium aromaticum,  

					M. cajuputi, and Cymbopogon nardus on HeLa human cervical cancer  

					cells.41 The findings of the study showed that these EOs reduced the  

					viability of HeLa cells in a dose-dependent manner, and the cytotoxic  

					effect increased with increasing concentrations of the EOs. The EOs  

					successfully triggered late-stage apoptosis in HeLa cells. Flow  

					cytometry assessment using Annexin V and propidium iodide (AV/PI)  

					demonstrated that the count of late apoptotic/necrotic cells (AV+/PI+)  

					markedly increased with higher EOs concentrations. This indicates that  

					EOs promote apoptosis, especially in the later phases, which is crucial  

					for their possible anti-cancer properties. The results indicate that these  

					EOs may possess anticancer properties and warrant further  

					investigation as complementary agents in cervical cancer treatment,  

					potentially alongside current antineoplastic medications. In  

					experimental setups, M. cajuputi extracts showed enhanced  

					antiproliferative effects, suggesting possible therapeutic uses.38 The  
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					Mechanisms of Action of Plant EOs on Cancer Cells  

					The mechanisms by which plant EOs impact cancer cells are complex,  

					involving several biological pathways that contribute to tumor  

					inhibition and the encouragement of apoptosis. EOs, which are  

					secondary metabolites produced by plants, have demonstrated  

					anticancer properties through various mechanisms, especially their  

					capacity to target malignant cells.12 Research indicates that EOs can act  

					as chemosensitizers, affect the cell cycle, and trigger apoptosis.46 In  

					addition, other previous research also suggests that their antioxidant  

					properties might contribute to cancer prevention.  

					Cell cycle arrest  

					EOs derived from plants have been shown to possess anticancer effects  

					by inducing cell cycle arrest in a range of cancer cell types (Figure 2).47-  

					48  

					This mechanism primarily entails the suppression of cyclins and  

					cyclin-dependent kinases (CDKs), which play a vital role in the process  

					of cell division. The components of EOs have been shown to possess  

					anticancer properties that interfere with the cell cycle progression,  

					leading to a reduction in cell multiplication and resulting in cancer cell  

					apoptosis. It is important to note that EOs have the potential to induce  

					cell cycle arrest at several checkpoints, with one of the most affected  

					stages being the G0/G1 phase. Chenopodium botrys EOs, for instance,  

					arrests the cell cycle in the G1 phase, increasing cells in the sub-G1  

					(G0) phase and reducing cells in the G2 and S phases, indicating  

					effective cell cycle arrest in HeLa cells.49 Comparably, EOs derived  

					from Litsea cubeba have been documented to enhance the expression  

					of p53 and p21, resulting in an arrest at the G1/S checkpoint within lung  

					cancer cells.50 Furthermore, EOs are capable of inducing specific  

					interruptions in the cell cycle. EOs derived from Eugenia punicifolia  

					have been demonstrated to interrupt the MCF-7 cell cycle at the second  

					interphase stage.51 In contrast, β-caryophyllene obtained from  

					Chrysanthemum boreale has been found to induce G1 phase arrest by  

					influencing the levels of cyclin and CDK.52 EOs tend to inhibit the  

					activity of cyclins and CDKs that are critical for progression in cell  

					cycle phases. EOs may suppress CDK7 expression and subsequently  

					block the G2/M phase by inhibiting CDK1/cyclin assembly. The typical  

					response to EOs treatment appears to be the upregulation of cyclin-  

					dependent inhibitors, like p21, which potentiates this blockage by  

					preventing the transition into the S phase. All these components, when  

					grouped, help prevent uncontrolled cell division, a hallmark of cancer.  

					EOs help to inhibit the growth of tumors and improve the effects of  

					currently existing cancer therapies by preventing the cell cycle.  

					Figure 2: Cell cycle arrest induction by EOs, which leads to  

					cancer formation and progression.  

					Induction of apoptosis  

					EOs have demonstrated the ability to initiate apoptotic pathways in  

					cancer cells via intrinsic and extrinsic mechanisms, resulting in  

					programmed cell death (Figure 3). EOs can trigger stress signals that  

					stimulate the intrinsic apoptotic pathway. This route is controlled by the  

					Bcl-2 protein family, comprising pro-apoptotic proteins (Bax, Bak,  

					Bad, Bcl-Xs, Bid, Bik, Bim, and Hrk) and anti-apoptotic proteins (Bcl-  

					2, Bcl-XL, Bcl-W, Bfl-1, and Mcl-1).53-54 EOs can boost the expression  

					of pro-apoptotic proteins and reduce anti-apoptotic ones, resulting in  

					mitochondrial outer membrane permeabilization (MOMP).55 While not  

					as frequently linked to EOs, the extrinsic pathway can be triggered  

					indirectly as well. For instance, some EOs might cause cellular stress  

					that indirectly impacts cell surface death receptors, although this is not  

					as thoroughly recorded as their influence on the intrinsic pathway. The  

					activation of pro-apoptotic proteins such as Bax results in mitochondrial  

					impairment. This involves the release of cytochrome c and various  

					apoptogenic factors into the cytoplasm, which initiates the creation of  

					the apoptosome and activates caspases.56 The activation of caspases,  

					especially caspase-9 and caspase-3, is essential for carrying out  

					apoptosis. These enzymes sever various cellular proteins, resulting in  

					the distinct morphological alterations tied to programmed cell death.53,55  

					The outcome of EOs triggering apoptotic pathways is the initiation of  

					cancer cell death. By promoting apoptosis, EOs can suppress cancer cell  

					growth and aid in cancer prevention and treatment. This is especially  

					encouraging when EOs are used alongside standard chemotherapy, as  

					they could improve the effectiveness of these therapies.  

					Figure 3: Induction of intrinsic (direct) and extrinsic (indirect)  

					apoptosis by EOs  

					Additionally, carvacrol, present in oregano and thyme oils, triggers  

					apoptosis in cancer cells by disrupting mitochondrial membranes,  

					leading to cytochrome c release and caspase activation.12  

					Modulation of Oncogenic Signaling Pathways  

					Research has shown that treatment with particular EOs results in an  

					influence on important signaling pathways related to cancer, including  

					the PI3K/Akt, MAPK, and NF-κB pathways. These pathways are  

					crucial for cell growth, survival, and inflammation, and their improper  

					regulation is often linked to tumor advancement. EOs may block the  

					PI3K/Akt/mTOR signaling pathway, which is vital for the growth and  

					survival of cancer cells. For example, studies show that specific EOs  

					greatly inhibit this pathway, lowering the survival rate of cancer cells  

					like glioblastoma.57 EOs also affect the MAPK pathway, which plays a  

					role in cellular reactions to growth signals. By regulating this pathway,  

					EOs can influence the movement and invasion of cancer cells.58 The  

					NF-κB signaling pathway plays a vital role in regulating inflammation  

					and the advancement of cancer. EOs have been shown to reduce pro-  

					inflammatory signals driven by NF-κB, which may potentially  

					counteract the tumor-promoting effects of inflammation.59 Inhibition of  

					NF-κB activity may result in decreased tumor growth and metastasis by  

					modifying the tumor microenvironment.60 EOs promote their anticancer  

					effects through various mechanisms, such as diminishing pro-survival  

					and pro-inflammatory factors while also activating tumor-suppressing  
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					pathways. By blocking pathways that support cell survival and  

					inflammation, EOs can establish an environment that is less favorable  

					for tumor development.61 EOs might improve mechanisms that hinder  

					tumor growth, aiding in apoptosis (programmed cell death) and  

					reducing cell proliferation.62 The collective effects of EOs on these  

					signaling pathways lead to the inhibition of tumor development and  

					metastasis. Research has shown that treatment with particular EOs  

					results in lowered cancer cell viability, diminished migration abilities,  

					and increased apoptosis in several cancer cell lines.58,62 This  

					comprehensive strategy emphasizes the capacity of EOs as therapeutic  

					agents in cancer therapy by focusing on essential signaling pathways  

					related to tumor biology.  

					with its primary constituent thymol (EC₅₀ = 0.17 mg/mL), demonstrated  

					significant antioxidant properties in cellular systems.64 These elements  

					interrupt oxidative chain reactions, shielding cells from DNA damage  

					and lipid peroxidation. EOs diminish inflammation by inhibiting pro-  

					inflammatory cytokines like TNF-α and IL-6. Rosemary EOs notably  

					reduced protein denaturation (an indicator of inflammation) at 50  

					mg/mL, demonstrating effectiveness comparable to diclofenac  

					sodium.63 EOs from frankincense and pine needle inhibited tumor  

					growth in  

					a

					mouse model of breast cancer by affecting the  

					AMPK/mTOR pathway, which controls cellular stress and  

					inflammatory reactions.65 The anti-inflammatory effects of EOs are  

					typically dependent on dosage and associated with their capacity to  

					stabilize cell membranes and block inflammatory enzymes. By  

					diminishing oxidative stress and inflammation, EOs foster a less  

					conducive setting for cancer advancement. Frankincense oil triggered  

					apoptosis in MCF-7 breast cancer cells and reduced tumor growth in  

					xenograft models, in part by boosting AMPK activity and suppressing  

					mTOR signaling.65 Lavender and peppermint oils, although less potent  

					as antioxidants, also helped reduce oxidative stress in red blood cell  

					systems at elevated concentrations.64 These effects might safeguard  

					normal cells while making cancer cells more susceptible to apoptosis.  

					In conclusion, EOs such as rosemary, clove, thyme, and frankincense  

					demonstrate potential in reducing inflammation and oxidative damage  

					related to cancer through various mechanisms (Table 1). Their  

					effectiveness relies on composition, concentration, and cellular context,  

					emphasizing their promise as supplementary treatments in oncology.  

					Antioxidant and anti-inflammatory effects  

					EOs demonstrate notable antioxidant and anti-inflammatory properties  

					that help decrease oxidative stress and inflammation in the tumor  

					microenvironment, possibly safeguarding normal cells and reducing  

					cancer-promoting inflammation. These qualities are associated with  

					their bioactive elements and modes of action, as shown in recent  

					research. EOs counteract free radicals and prevent lipid oxidation by  

					utilizing compounds such as eugenol (found in clove and cinnamon  

					oils), thymol (present in thyme oil), and α-pinene (available in rosemary  

					oil). For example, rosemary EOs showed an 87.45% inhibition  

					percentage of free radicals in a ferric-reducing antioxidant power  

					(FRAP) test, similar to the synthetic antioxidant Trolox.63 Cinnamon  

					and clove oils demonstrated the greatest scavenging effectiveness  

					against DPPH free radicals (EC₅₀ = 0.03–0.05 mg/mL), mainly because  

					of their eugenol concentration. Thyme oil (EC₅₀ = 0.14 mg/mL), along  

					Table 1: EOs and elements  

					Essential oil source  

					Rosemary  

					Major bioactive compounds  

					Notable activity  

					α-Pinene and 1,8-Cineole  

					Eugenol  

					87.45% free radical inhibition63  

					Clove/Cinnamon  

					Thyme  

					EC₅₀ = 0.03–0.05 mg/mL (DPPH assay)64  

					EC₅₀ = 0.14 mg/mL (lipid oxidation)64  

					AMPK/mTOR pathway modulation65  

					Thymol  

					Frankincense  

					Terpenes  

					Anti-metastatic effects  

					Sensitization to conventional therapies  

					EOs exhibit anti-metastatic properties by affecting processes vital for  

					the migration and invasion of cancer cells. Significant research  

					emphasizes their capability to inhibit matrix metalloproteinases  

					(MMPs), enzymes responsible for breaking down the extracellular  

					matrix (ECM), and promoting tumor dissemination. EOs from  

					frankincense, pine needle, and geranium decrease ECM degradation  

					mediated by MMPs by lowering MMP expression and activity. In breast  

					cancer cell lines such as MCF-7, these EOs inhibit cell invasion and  

					migration by adjusting the AMPK/mTOR pathway, a signaling axis  

					associated with metastasis.65 They reduce colony formation and  

					viability in vitro, where frankincense hinders tumor growth and  

					promotes apoptosis in xenograft mouse models.65 Matrix  

					metalloproteinases facilitate metastasis by allowing local invasion  

					through the breakdown of basement membranes and stromal barriers,  

					extravasation by penetrating the vascular basal lamina to reach the  

					bloodstream, and angiogenesis by stimulating growth factors such as  

					VEGF.66-67 EOs mitigate these processes by reestablishing the  

					equilibrium between MMPs and their inhibitors, TIMPs, as  

					demonstrated in studies showing that natural substances such as  

					oleuropein enhance TIMPs while inhibiting MMPs.68 Frankincense EO  

					notably inhibited tumor development in nude mice with MCF-7 cell  

					implants, with the most pronounced anti-tumor effects observed  

					through combined topical and systemic application. Apoptosis levels in  

					the tumors that were treated were significantly elevated, supporting its  

					pro-apoptotic characteristics.65 Although preclinical data show promise,  

					clinical validation is necessary to assess EOs efficacy in human patients.  

					Recent research indicates that EOs may enhance traditional treatments  

					by focusing on MMP-related metastasis mechanisms.  

					EOs have shown the ability to improve the effectiveness of standard  

					cancer treatments such as chemotherapy and radiotherapy by  

					influencing cellular pathways, addressing drug resistance, and  

					increasing treatment-related damage. Their multi-faceted nature  

					enables them to address various mechanisms at once, enhancing  

					therapeutic results and minimizing resistance. EOs reduce the activity  

					of drug efflux pumps such as MRP1, which are highly expressed in  

					resistant cancer cells, to eliminate chemotherapeutic drugs. By blocking  

					these transporters, EOs boost intracellular drug retention, thereby  

					increasing cytotoxicity. For example, the EOs of Melissa officinalis and  

					its main compound, citral, decrease MRP1 activity in glioblastoma  

					cells, enhancing sensitivity to chemotherapy.69-70 EOs function as pro-  

					oxidants within cancer cells, increasing levels of reactive oxygen  

					species (ROS). This worsens DNA damage and mitochondrial  

					impairment induced by radiotherapy or chemotherapy, resulting in  

					apoptosis.70-71 EOs from Zataria multiflora and Oliveria decumbens  

					trigger ROS-mediated apoptosis in cancer cells, leaving normal cells  

					unharmed.70 EOs induce depolarization of the mitochondrial  

					membrane, release of cytochrome c, and activation of caspase-3,  

					preparing cells for apoptosis. They likewise influence pro- and anti-  

					apoptotic proteins (lowering Bcl-2/Bax ratio).70-71 In melanoma and  

					hepatoma cells, EOs such as Salvia miltiorrhiza, Melissa officinalis, and  

					Z. multiflora promote apoptosis at concentrations that are non-toxic to  

					healthy cells.69-70 Integrating EOs with traditional medications such as  

					doxorubicin improves effectiveness, enabling reduced drug dosages and  

					minimizing side effects. Z. multiflora works in conjunction with  

					doxorubicin to suppress cancer development. Thymol and carvacrol  

					improve chemosensitivity by inhibiting inflammatory pathways  

					associated with tumor advancement.70 Ginger extract reduces nausea  
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					caused by chemotherapy, enhancing patient adherence.72 By focusing  

					on resistance mechanisms and enhancing therapy-induced stress, EOs  

					present a promising supplementary strategy to traditional cancer  

					therapies. Additional clinical trials are required to improve delivery  

					techniques and confirm long-term safety.  

					p73, DLC1, and PPARG in cells of leukemia and breast cancer.74  

					Teucrium alopecurus EOs inhibited STAT3 phosphorylation,  

					a

					mechanism associated with histone acetylation and chromatin  

					remodeling, while promoting caspase-mediated apoptosis in colon  

					cancer cells.75 Table 2 summarizes the comparative mechanisms among  

					all of these compounds. Frankincense, pine needle, and geranium EOs  

					stimulated the AMPK/mTOR pathway, which corresponded with  

					heightened apoptosis (through PARP cleavage and reduced Bcl-2) in  

					breast cancer cells.65 Thymoquinone increased the expression of  

					epigenetically silenced TSGs (FOXO6, TET2, SALL4) and pro-  

					apoptotic genes (BAD, BIK).74 EOs derived from Artemisia vulgaris  

					triggered apoptosis by activating caspase-3 and generating ROS,  

					processes frequently inhibited in cancer due to epigenetic changes.76  

					These results emphasize EOs as multitarget substances that can  

					reinstate epigenetic dysregulation in cancer, although additional  

					research is required to confirm clinical effectiveness.  

					Modulation of epigenetic regulation  

					EOs and their bioactive constituents exhibit anticancer properties via  

					epigenetic changes, mainly by reactivating tumor suppressor genes  

					(TSGs) that have been silenced due to DNA hypermethylation or  

					histone deacetylation. Resveratrol and pterostilbene derived from Vitis  

					vinifera counteracted arsenic-induced DNA demethylation in Caco-2  

					intestinal cells, reinstating genomic stability while maintaining original  

					methylation patterns.73 Thymoquinone (extracted from black seed oil)  

					reduced the levels of DNA methyltransferases (DNMT1, DNMT3A,  

					DNMT3B) and UHRF1, a protein essential for preserving DNA  

					methylation. This resulted in the reactivation of TSGs such as p16INK4A  

					,

					Table 2: Comparative mechanisms of epigenetic modulation by natural compounds  

					Compound/Source  

					Epigenetic target  

					DNA demethylation reversal  

					Tumor suppressor reactivated  

					Resveratrol  

					Arsenic-damaged DNA repair  

					p16INK4A, p73, DLC1  

					Thymoquinone  

					DNMT1, DNMT3A, DNMT3B, UHRF1  

					STAT3 signaling, caspase pathways  

					Teucrium alopecurus EO  

					Pro-apoptotic genes  

					Colon cancer  

					Effects of Specific EOs on Cancer Types  

					Breast cancer  

					EOs and their bioactive components show considerable promise in  

					preventing colon cancer progression via antiproliferative, pro-  

					apoptotic, and anti-inflammatory actions. Important insights from  

					preclinical research highlight specific mechanisms through which these  

					natural compounds operate, with particular emphasis on carvacrol and  

					eugenol as notable instances. Mastic oil derived from the resin of  

					Pistacia lentiscus var. chia decreased colon carcinoma tumor growth in  

					mice by 67% when given orally, resulting in a reduction of Ki-67  

					(proliferation marker) and survivin (anti-apoptotic protein) in tumor  

					tissues. This oil demonstrated synergistic effects as whole mastic oil  

					(67.7% α-pinene + 18.8% myrcene) surpassed isolated terpenes in  

					effectiveness.81 Teucrium alopecurus EOs inhibited the clonogenic  

					ability and growth of HCT-116 colon cancer cells through the activation  

					of caspase-3, -8, and -9, and the cleavage of PARP.75 The suppressed  

					gene networks play a role in survival, angiogenesis, and metastasis.  

					Oregano, Zengest, and frankincense oils exhibited the strongest  

					cytotoxic effects on colorectal cancer (CRC) cells (IC₅₀: 0.05 µg/mL),  

					causing DNA damage and an increase in ROS levels.82 Teucrium  

					alopecurus oil decreased LPS-triggered colon inflammation in vivo,  

					emphasizing its combined anti-tumor and anti-inflammatory  

					properties.75 Carvacrol (derived from oregano/thyme) inhibited the  

					expression of MMP-2 and MMP-9, reducing cancer cell invasion, and  

					adjusted MAPK and PI3K/Akt signaling pathways to enhance  

					apoptosis.79 Additionally, carvacrol suppressed the growth of HCT116  

					and LoVo colon cancer cells in a dose-dependent way. It caused G2/M  

					cell cycle arrest (reduction of cyclin B1) and mitochondrial apoptosis  

					(inhibition of Bcl-2, activation of Bax). In vivo, enhanced weight  

					increases and decreased tumor load in DMH-induced colon cancer  

					models.79 Cinnamaldehyde (IC₅₀: 75 μM) and eugenol (IC₅₀: 800 µM)  

					specifically triggered apoptosis in Caco-2 and SW-620 colon cancer  

					cells while leaving normal NCM-460 cells unharmed.83 Moreover,  

					eugenol decreased the populations of cancer stem cells, as well as their  

					migration and invasion. Its improved effectiveness through enzyme-  

					triggered nanoparticles, reducing unintended toxicity.84 The  

					comparison mechanisms are presented in Table 3.  

					EOs have shown notable cytotoxic impacts on breast cancer cells via  

					multiple mechanisms, such as promoting apoptosis and inhibiting  

					proliferation. Important results from primary preclinical and clinical  

					research underscore particular EOs with potential anticancer effects. D-  

					limonene reduces the viability of MCF-7 breast cancer cells with an IC50  

					of 4 mM after 24 hours, demonstrating enhanced effectiveness over 48–  

					72 hours. It specifically targets at cancer cells, sparing normal breast  

					epithelial cells, MCF10A, from harm.77 The mechanism causes G2/M  

					phase cell cycle arrest by interfering with Cyclin B1/CDK1 interactions,  

					undermining the structural and functional integrity of these proteins.77  

					Clinical observations from a human study confirmed that limonene  

					accumulates in breast tissue, resulting in a 22% reduction in cyclin D1  

					expression, which suggests possible cell cycle arrest and  

					antiproliferative properties.78 Thymol decreases the survival rates of  

					MDA-MB-231 and MCF-7 cells by activating the mitochondrial  

					pathway, increasing ROS production, and causing cell cycle arrest in  

					the S-phase. In addition, thymol modifies the Bax/Bcl-2 ratios, reduces  

					procaspase levels, and raises cleaved caspase-3 levels, leading to DNA  

					damage and intrinsic apoptosis.79 The EOs from Boswellia sacra  

					decreases the viability of breast cancer cell lines (T47D, MCF7, and  

					MDA-MB-231) while showing no adverse effects on normal breast  

					cells, MCF10-2A. Oil hydro-distilled at 100°C demonstrates enhanced  

					effectiveness, breaking apart tumor spheroids and cellular structures.  

					Boswellia sacra EOs also modulates proteins related to apoptosis  

					(cleavage of PARP) and signaling pathways associated with metastasis  

					and cell cycle advancement.80 Frankincense (IC50 = 42.8 µg/mL), pine  

					needle (90.2 µg/mL), and geranium (73.9 µg/mL) EOs reduce the  

					viability of MCF-7 cells in a dose-dependent manner, inducing  

					apoptosis by modulating the AMPK/mTOR pathway. Additionally,  

					frankincense oil inhibits tumor progression and facilitates apoptosis in  

					a breast cancer mouse model.65 These investigations highlight EOs as  

					promising adjuvants in breast cancer treatment, utilizing processes such  

					as cell cycle interruption, oxidative stress promotion, and apoptosis  

					stimulation. Clinical validation, especially for limonene, underscores  

					the translational potential, although additional trials are necessary to  

					confirm effectiveness and safety.  

					Lung cancer  

					EOs derived from different plant sources exhibit considerable anti-  

					proliferative and apoptotic effects on lung cancer cells, with new  

					evidence indicating their possible function in complementary cancer  

					treatment. Thymus vulgaris (thyme) EOs reduced the proliferation of  
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					lung carcinoma H460 cells with an IC₅₀ of 68.59 µg/mL, demonstrating  

					dose-dependent cytotoxic effects.85 The main active components, such  

					as thymol and p-cymene, probably promote this effect. The EOs from  

					Pinus eldarica (pine) bark demonstrated strong anti-proliferative  

					effects against A549 lung cancer cells (IC₅₀ = 17.9 µg/mL), surpassing  

					other tested plant extracts.86 It hindered the progression of the cell cycle  

					by causing cells to accumulate in the sub-G1 phase.  

					Table 3: Comparative mechanisms of anticancer action and natural compounds  

					Compound  

					Carvacrol  

					Key mechanisms  

					Selectivity for cancer cells  

					Caspase activation, ROS induction, PI3K/Akt/MAPK pathway  

					modulation83  

					Moderate (toxic to normal cells at high doses)  

					Eugenol  

					Mitochondrial apoptosis, stem cell suppression, and cell cycle  

					slowdown83  

					High  

					(dabrafenib/trametinib) in melanoma, indicating possible combined  

					application in leukemia.89 Significantly, eugenol, sourced from clove  

					oil, has shown considerable pro-apoptotic effects on multiple leukemia  

					cell lines, such as HL-60 and K562, while having a minimal effect on  

					healthy cells. Eugenol triggers apoptosis by activating caspases  

					(Caspase-3 and Caspase-9). Eugenol demonstrates selective toxicity for  

					leukemic cells while safeguarding normal blood cells.90-92 In a similar  

					vein, Lippia alba EOs, especially its fraction rich in citral, has  

					demonstrated synergistic effects when used alongside traditional  

					chemotherapy, improving selectivity and effectiveness against acute  

					myelogenous leukemia (AML) cells. This EOs also improves the  

					efficacy of chemotherapy drugs such as cytarabine and clofarabine for  

					AML and exhibits a dual prooxidant/antioxidant property, aiding in its  

					specific cytotoxicity.93 These results emphasize tea tree oil as a potential  

					option for leukemia therapy, with indications that it selectively targets  

					cancerous cells rather than normal hematopoietic cells. Although these  

					encouraging results are notable, the use of EOs as a treatment for  

					leukemia necessitates additional verification via clinical trials to  

					confirm both safety and effectiveness. The potency of these oils could  

					present dangers, requiring professional oversight during their  

					application.  

					Frankincense EOs decreased the viability of MCF-7 breast cancer cells  

					by modulating the AMPK/mTOR pathway, a mechanism that may also  

					be pertinent to lung cancer due to mTOR's involvement in tumor  

					development. Table 4 shows the apoptotic mechanisms of various  

					specific EOs. Although direct evidence of synergy with standard  

					chemotherapy is still scarce, prior research indicated that frankincense  

					and pine oils affect AMPK/mTOR pathways,65,86 which are often  

					dysregulated in lung cancer and linked to drug resistance. The effects  

					dependent on concentration differ markedly (IC₅₀ ranges: 0.3–228.78  

					µg/mL),85-86 which makes standardization essential for therapeutic  

					application. Hematologic cancers seem to be less sensitive than solid  

					tumors to various oils; for example, thyme oil demonstrated reduced  

					effectiveness against MOLT-4 leukemia compared to H460 lung cells.85  

					At present, evidence is mainly preclinical, and human trials are required  

					to confirm efficacy and safety profiles in cancer settings. These results  

					categorize EOs as potential complementary therapies for lung cancer,  

					especially by inducing apoptosis and modulating specific pathways.  

					Nonetheless, their incorporation into treatment protocols necessitates  

					thorough clinical assessment to determine dosage, administration  

					techniques, and synergistic pairing with current therapies.  

					Leukemia  

					Other cancers  

					Numerous EOs have demonstrated selective antitumor effects on  

					leukemia cells while showing limited toxicity to healthy hematopoietic  

					cells. Melaleuca alternifolia (tea tree oil) exhibited considerable  

					activity against K562 leukemia cells, achieving an IC50 value of 3.125  

					µg/ml after 48 hours, indicating potent cytotoxic effects.88 Substances  

					such as terpinen-4-ol improve the effectiveness of targeted treatments  

					EOs have demonstrated encouraging antitumor properties in different  

					cancer types during preclinical research. Table 5 summarizes key  

					findings from experimental studies, categorized by cancer type, EOs,  

					and their observed mechanisms of action.  

					Table 4: Apoptotic mechanisms induced by selected EOs in cancer cells  

					Essential oil  

					Origanum majorana  

					Pine (P. eldarica)  

					Apoptotic pathway targets  

					Caspase-3/7 activation  

					Bax/p53 upregulation, Bcl-2 downregulation  

					Experimental findings  

					4-fold increase in caspase activity in A549 cells87  

					PARP cleavage and caspase-3 activation were  

					observed86  

					Synergistic Effects with Conventional Therapies  

					enhancing patient quality of life.99 EOs may aid in overcoming drug  

					resistance mechanisms by altering cellular pathways, improving  

					detoxification processes, and demonstrating immunomodulatory  

					effects. Natural substances derived from EOs can hinder tumor growth  

					and prevent the emergence of resistance in cancer cells, making them  

					useful in combination therapies.100 Furthermore, EOs demonstrate  

					potential in regulating the multidrug resistance mechanism through the  

					inhibition of P-glycoprotein.  

					Incorporating EOs with standard cancer treatments, such as  

					chemotherapy and radiotherapy, has demonstrated encouraging  

					prospects in improving treatment effectiveness and reducing toxicity.  

					This synergistic approach enhances treatment outcomes and also tackles  

					issues such as drug resistance. EOs can improve the effectiveness of  

					chemotherapy by demonstrating synergistic effects, which enhance the  

					overall treatment action against cancer cells.98 The use of EOs alongside  

					chemotherapeutic drugs has been shown to lessen side effects, thus  
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					Table 5: Summary of experimental findings on EOs by cancer type and mechanism  

					Cancer type  

					Glioblastoma  

					Essential oil  

					Frankincense  

					Key effects  

					Experimental evidence  

					Inhibits tumor growth via apoptosis induction and cell Inhalation studies in mice  

					(α-pinene)  

					Cedrus  

					cycle arrest94  

					atlantica Induces ROS-mediated DNA damage and G0/G1 cell In vitro/ in vivo glioblastoma models  

					(Cedar)  

					cycle arrest95  

					Hypericum hircinum Increases cytosolic Ca²⁺ levels, alters glioblastoma cell T98G cell studies  

					viability11  

					Zanthoxylum  

					tinguassuiba  

					(α-bisabolol)  

					Melaleuca  

					Enhances apoptotic activity in glioma cells via liposomal Glioma cell assays  

					delivery11  

					Melanoma  

					Synergizes with dabrafenib/trametinib to reduce cell Melanoma cell lines  

					viability via apoptosis89  

					alternifolia  

					(terpinen-4-ol)  

					Afrostyrax  

					Strong growth-inhibitory effect on A375 melanoma cells11 A375 cell line studies  

					lepidophyllus  

					Scorodophloeus  

					zenkeri  

					Inhibits A375 melanoma proliferation11  

					In vitro cytotoxicity  

					Prostate cancer  

					Equisetum arvense  

					Sandalwood  

					(α-santalol)  

					Induces apoptosis (31.6% rate) and reduces cell viability96 MTT assay on prostate cells  

					Reduces tumor incidence by promoting apoptosis without Transgenic mouse model  

					toxicity97  

					Liver cancer  

					Breast cancer  

					Thymus citriodorus  

					Artemisia indica  

					Satureja  

					Exhibits cytotoxicity against HepG2 cells11  

					Strong toxic effects on liver cancer cells11  

					HepG2 cell studies  

					In vitro assays  

					Reduces MCF-7 cell viability in  

					manner11  

					a

					dose-dependent Breast adenocarcinoma models  

					khuzistanica  

					Cedrelopsis grevei  

					Guatteria  

					Inhibits MCF-7 proliferation11  

					Dose-response studies  

					Ovarian cancer  

					Shows significant in vitro/in vivo antitumor activity on Ovarian adenocarcinoma models  

					pogonopus  

					OVCAR-8 cells11  

					Cymbopogon  

					citratus  

					Toxic against ovarian cancer cells11  

					CHOK1 cell assays  

					(lemongrass)  

					Lemongrass oil increased the responsiveness of doxorubicin-resistant  

					ovarian cancer cells to chemotherapy by a factor of 1.8 through efflux  

					pump modulation.101 Frankincense, pine needle, and geranium oils  

					triggered apoptosis in breast cancer cells by activating the  

					AMPK/mTOR pathway, independent of cell cycle arrest. This  

					mechanism circumvents conventional drug resistance routes associated  

					with proliferation.50,65 Table 6 presents instances of EOs utilized as  

					adjuvants in cancer treatment. Although preclinical findings are  

					encouraging, such as the observation that frankincense EOs hindered  

					tumor growth in vivo,65 clinical use necessitates the refinement of  

					delivery techniques (blended oils vs. individual agents), standardization  

					of dosages to prevent scent intolerance, investigation into interactions  

					with targeted therapies, and nanoencapsulation methods to enhance  

					bioavailability.50,102 Present evidence indicates that EOs act as  

					complementary adjuvants rather than independent treatments,  

					especially useful for symptom management and resistance modulation.  

					Larger clinical studies are required to confirm these effects across  

					diverse cancer types and treatment regimens.  

					Challenges and Limitations  

					EOs face significant challenges in pharmaceutical and industrial  

					applications due to inherent physicochemical properties, regulatory  

					complexities, and biological variability. These limitations impact  

					efficacy, safety, and scalability, necessitating innovative formulation  

					strategies and standardized protocols. Variability in EOsˊ composition  

					is one of the challenges and limitations that are influenced by plant  

					source, cultivation conditions, and extraction method. EOs comprise  

					numerous components, such as terpenoids, alcohols, ethers, esters,  

					ketones, and aldehydes, with their concentrations affected by plant  

					genetics, soil quality, and climatic factors.106-107 For instance, the  

					composition of Lavandula angustifolia EOs changes with elevation and  

					the timing of the harvest, affecting their therapeutic properties.107  

					Moreover, steam distillation, vapor-hydro distillation, hydro diffusion,  

					cold pressing, organic solvent extraction, and CO₂ extraction produce  

					varied stereochemical profiles. Variable approaches result in  

					fluctuations in antimicrobial or antioxidant activities, making study  

					comparisons more challenging.108 The second challenge and limitation  

					involve safety and cytotoxicity issues.  

					Table 6: Therapeutic roles of EOs as adjuvants in cancer management  
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					Essential oil  

					Peppermint  

					Frankincense  

					Lemongrass  

					Ginger  

					Cancer type  

					Mechanism  

					Study type  

					Leukemia cancer  

					Breast cancer  

					Reduced nausea severity103  

					Clinical trial  

					In vitro/in vivo  

					Laboratory  

					Induced apoptosis via PARP cleavage65  

					Reversed doxorubicin resistance101  

					Reduced fatigue and delayed nausea104-105  

					Ovarian cancer  

					Multiple cancers  

					Clinical/RCT  

					Application to damaged skin enhances systemic absorption, which  

					poses a risk of hepatotoxicity or neurotoxicity, such as with excessive  

					amounts of tea tree oil.107 Phototoxicities, including those from  

					bergamot EOs and mucosal irritation from inhalation, necessitate  

					precise dilution protocols.22,107 For optimizing the dosage, the  

					cytotoxicity limits differ significantly. For instance, Mentha piperita  

					EOs is harmless at 0.5% but harmful at 5% in vitro.22 Assessing safety  

					through in vitro assays like hemolysis tests and preclinical models is  

					essential before human trials.109 The third challenge and limitation is  

					the lack of standardization. This can be confirmed by the fact that no  

					universal testing protocols exist for EOs purity, leading to adulteration,  

					as seen with lavender oil diluted with synthetic linalool.110 Regulatory  

					disparities, such as Food and Drug Administration (FDA) require  

					Generally Recognized as Safe (GRAS) status for food-grade EOs, while  

					the European Medicines Agency (EMA) mandates pharmacopeial  

					standards for medicinal use.111 Besides, batch-to-batch variability in  

					major components, such as thymol in oregano EOs, ranges 20–70%,  

					complicating clinical trial replication.112 The strategies to enhance  

					bioavailability are nano-formulation advances. Solid lipid nanoparticles  

					(SLNs) increase Z. multiflora EO’s antifungal duration by 79%.113  

					Liposomes enable targeted delivery of EO to gut pathogens, reducing  

					systemic toxicity.114 While encapsulation technologies (nanoemulsions,  

					SLNs) and stricter regulatory frameworks address bioavailability and  

					safety issues, variability in EOs composition and inadequate  

					standardization remain critical barriers (Table 7). Collaborative efforts  

					between agronomists, pharmacologists, and regulators are essential to  

					establish reproducible quality benchmarks and expand EOs’ therapeutic  

					applications.  

					Table 7: Challenges in EOs bioavailability and corresponding technological solutions  

					Challenge  

					Hydrophobicity  

					Impact  

					Solution  

					Poor water solubility  

					Rapid evaporation  

					Nanoemulsions (tween-stabilized curcumin)106,115  

					Cyclodextrin inclusion complexes108,114  

					High volatility  

					Oxidative instability  

					Reduced shelf life  

					Encapsulation in alginate/chitosan22,108  

					Advances in Delivery Systems  

					These advancements emphasize the promise of customized delivery  

					systems to transform therapies, however additional research is required  

					to enhance targeting accuracy and practical use in clinical settings.  

					Cancer-targeted systems strive to reduce off-target effects via active  

					targeting. Surface alterations involve using ligands or antibodies to  

					attach to tumor receptors, such as folate and transferrin. Second, there  

					is tumor microenvironment (TME) responsiveness. pH- or enzyme-  

					sensitive carriers that release drugs selectively in acidic or proteolytic  

					tumor regions. Finally, hybrid systems have emerged that integrate  

					nanoparticles with cell-based carriers such as macrophages, T cells,  

					dendritic cells, viruses, bacterial ghosts, minicells, SimCells, and outer  

					membrane vesicles (OMVs) to leverage their natural transport  

					pathways. Despite preclinical success, clinical translation remains  

					limited due to challenges in tumor heterogeneity and scalable  

					manufacturing.117,118,120  

					Recent developments in drug delivery systems have concentrated on  

					improving therapeutic effectiveness via nanotechnology, encapsulation  

					techniques, and targeted approaches. These advancements tackle issues  

					such as low solubility, rapid metabolism, and unwanted target effects,  

					especially in cancer treatment and EOs uses.  

					Nano formulations  

					Nanoparticles, liposomes, and micelles are commonly employed to  

					enhance drug stability and bioavailability. Vesicles made from  

					phospholipids, referred to as liposomes, improve solubility and allow  

					for the controlled release of hydrophobic compounds such as emodin,  

					demonstrating effectiveness in breast, liver, and lung tumors. Polymeric  

					micelles autonomously form to encapsulate drugs, enhancing  

					circulation duration and minimizing systemic toxicity. Inorganic  

					nanoparticles, such as gold, iron, and silica, enable accurate design for  

					diagnostics and regulated drug delivery. These systems address  

					problems such as poor solubility and fast clearance, with formulations  

					based on nanoparticles being the most thoroughly researched.116-118  

					Future Directions and Research Needs  

					EOs demonstrate considerable therapeutic capabilities, yet promoting  

					their clinical use necessitates tackling critical research voids and  

					strategic obstacles. Future directions ought to emphasize validation, a  

					clear mechanism, and addressing translational challenges, while also  

					broadening clinical validation to confirm preclinical results. Rapid  

					clinical trials are necessary to validate preclinical findings, especially in  

					the areas of pain relief and neurodegenerative disorders. Bergamot EOs  

					are the sole EOs clinically confirmed for treating neuropathic pain and  

					symptoms of dementia, showing effectiveness compared to placebo in  

					alleviating agitation and pain. Standardized dosing guidelines need to  

					be created, as existing research shows inconsistencies in methods of  

					administration, such as inhalation compared to transdermal.121 Table 8  

					presents the EOs combinations with synthetic pharmaceuticals or  

					alternative natural substances. The upcoming future focus is on a  

					mechanistic explanation. Molecular targets concentrate on recognizing  

					Encapsulation technologies  

					Encapsulation maintains the bioactivity of EOs and bioactive  

					substances. Nanoliposomes with triple layers of chitosan and pectin  

					enhance the stability of EOs and their antibacterial effects in food  

					packaging.119 Polymer matrices, specifically alginate, chitosan, and  

					cyclodextrins, shield EOs from degradation and facilitate slow release,  

					improving shelf life in agriculture and food preservation. Melt extrusion  

					and spray drying are scalable techniques for incorporating EOs into  

					films or microcapsules, maintaining a balance between stability and  

					energy efficiency.108,119  

					Targeted delivery approaches  

					3000  
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					interactions with cellular pathways, including antioxidant processes like  

					glutathione boosting via γ-terpinene, apoptosis activation through  

					mitochondrial membrane adjustment,122 and multi-target modulation of  

					inflammatory cytokines along with neurotransmitter systems.123  

					Systems biology approaches are critical to map EOs interactions within  

					genetic, metabolic, and protein networks. Overcoming translational  

					barriers involves addressing standardization challenges. This develops  

					advanced authentication methods like chiral gas chromatography,  

					isotope-ratio mass spectrometry, NMR, thin-layer chromatography, and  

					high-performance liquid chromatography to verify EOs authenticity.27  

					Regulatory frameworks will tackle quality control challenges for  

					multicomponent mixtures, encompassing batch-to-batch variation and  

					stability assessments.27,123 Subsequently, safety profiling may enhance  

					toxicological research on EOs combination, focusing specifically on  

					genotoxicity risks in intricate mixtures compared to individual  

					compounds.27,122 Progressing EOs therapeutics necessitates  

					collaboration across disciplines to connect phytochemistry, systems  

					biology, and clinical research, guaranteeing these natural mixtures  

					fulfill pharmaceutical criteria while maintaining their multicomponent  

					benefits.  

					Table 8: Synergistic combinations of EOs with synthetic and natural agents  

					Type of combination  

					EO + synthetic drugs  

					Possible advantage  

					Example  

					Improved effectiveness with fewer side effects  

					Thymol/carvacrol mixtures enhance antibiotic  

					effectiveness123-124  

					EO + other natural products  

					EO-EO Blends  

					Effects on multiple targets through  

					complementary pathways  

					Bergamot fractions influencing serotonergic and opioid  

					pathways121  

					Antimicrobial effects that are additive/synergistic  

					Oregano and rosemary oils demonstrate the synergistic  

					antibacterial effect124  
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