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Farnesol as a multifunctional candidate for treatment development
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Abstract: Farnesol is a C15 isoprenyl alcohol generated from the hydrolysis of farnesyl diphosphate under the action of farnesol synthase in plants. Although this sesquiterpenoid alcohol has been exploited in a wide variety of industrial applications, serious discussions on the possible use of this agent in disease treatment have been scant until now. In this article, we review the current understanding of the physiological properties of farnesol and the potential use of the agent as a candidate for treatment development. In fact, since the turn of the last century, farnesol has been found not only to trigger apoptosis in tumor cells but also to be able to function as a quorum-sensing molecule in Candida albicans to influence infection dynamics. By offering a snapshot of recent advances in research on farnesol, it is expected that this article can provide more insights into future research on farnesol for the development of different treatment strategies.
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Introduction

Plants and related botanical products possess antioxidative properties and can lead to various health-promoting effects [1]. Over the last several decades, research on the therapeutic potential of essential oil extracts from plants has gained increasing interest [2,3]. Essential oil extracts are volatile liquids consisting of a multitude of aromatic substances, with terpenes being the most prominent class of aromatic agents [4]. Common types of terpenes are monoterpenes and sesquiterpenes. Both of which can be found in essential oils [5]. They have been extensively studied because of their possible clinical applications, partly resulting from their antimicrobial, antitumor, anti-parasitic, hypoglycemic, and anti-inflammatory properties [6–9]. Considering the therapeutic potential of aromatic plants, more research is highly warranted to explore the properties of those phytochemicals. This review focuses on the potential of one of these agents, namely farnesol, as a candidate for treatment development.

Farnesol is a sesquiterpene alcohol found in various natural sources, including the oils of seeds, aromatic plants, and citrus fruits [10]. Under ambient conditions, farnesol is a colorless liquid with a mild, pleasant aroma [11]. Industrially, it is often added to deodorants, soaps, and perfumes [12]. Farnesol is regarded by the Food and Drug Administration (FDA) of the United States to be generally safe for use as an ingredient in flavoring products for human consumption [11]. It can be found in greater amounts in soil because it is not vulnerable to photolysis and has low volatility in arid soils [13,14]. Till now, most research has focused on the effectiveness of farnesol in serving as a biocontrol agent against phytopathogenic nematodes [15], as an antimicrobial agent against bacteria (e.g., Staphylococcus epidermidis) [16], and as an antifungal agent against yeasts (e.g., Saccharomyces cerevisiae) [17]. In fact, farnesol can function as an extracellular trigger for apoptosis in human tumor cells. It preferentially acts on neoplastic cells. Its ability to stop the production of phosphatidylcholine and its role in diacylglycerol signaling pathways have been found to cause apoptosis [18,19]. Furthermore, farnesol has been identified as a quorum-sensing molecule produced by Candida albicans. It can control the population density through quorum sensing, affecting the infection process [20,21]. Apart from the above-mentioned functions, farnesol exhibits antidiarrheal activity in rodents partly via its ability to interact with the monosialotetrahexosylganglioside receptor and with cholera toxin, though its interactions with the muscarinic receptor type 3 may play a role as well [22]. This warrants further exploitation of farnesol for use in the treatment of diarrheal diseases. Apart from this, farnesol has been investigated for use in cancer treatment and neuroprotection. Some of the relevant evidence will be highlighted in the following sections of this article.

Use of farnesol as an anticancer agent

Farnesol is an apoptosis inducer and has been shown to inhibit the growth of several tumor cells in vitro [23]. The oncogenic signaling pathways modulated by farnesol are shown in Fig. 1 [10]. As shown by Öztürk and coworkers [24], farnesol can modulate the activity of tumorigenic proteins (as well as signal transduction cascades) in various cancer cells and can downregulate the expression level of proteins involved in cell proliferation. It can also lead to downregulation of the Ras-extracellular signal-regulated kinase (ERK)1/2 signaling pathway, resulting in cell growth inhibition and cell death. Ras, a diminutive GTPase, is the primary regulator of the ERK/mitogen-activated protein kinase (MAPK) pathway [25]. It and its downstream signaling counterpart, ERK/MAPK, can influence the activation of the phosphatidylinositol-3-kinase (PI3K) pathway, the mammalian target of rapamycin (mTOR) pathway, and the AMP-activated protein kinase pathway. Ras, therefore, plays a fundamental role in overseeing various cellular activities, including cell growth and differentiation, programmed cell death, and even the onset and progression of cancer [26]. The antitumor effect of farnesol is also mediated directly via downregulation of the PI3K/protein kinase B (Akt) signaling pathway [27]. Based on this property, a nebulized aerosol formulation of farnesol has been developed to induce cell death in human lung cancer cells [27]. Recently, one study has evaluated the cytotoxic effects of nebulized farnesol on cancer cell lines (viz., H460 and CALU6) [24]. Nebulized farnesol (at a concentration above 120 μM) has been shown to lead to 100% loss of viability of H460 cells [24].
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Figure 1: Major oncogenic signaling pathways modulated by the action of farnesol (Reproduced from [10] with permission from MDPI).

In both in vitro and in vivo contexts, treatment with farnesol has been found to promote the expression of p53, phosphorylated c-Jun N-terminal kinase (JNK), cleaved caspase-3, Bax, and cleaved caspase-9, while reducing the expression of p-PI3K, p-Akt, p-p38, and Bcl-2. This, in turn, increases the proportion of apoptotic cells [28]. The protein p53, produced by the TP53 gene located on the human chromosome 17, is pivotal in preventing tumor growth. It intricately interacts with signaling pathways crucial for fundamental cellular functions such as cell division. Such an interaction effectively hinders the physical and genetic changes associated with cancer development [29]. Bax and Bak are vital regulators of proapoptotic signaling, with their disruption linked to cancer development. p53 can regulate genes for cell growth arrest and can also activate proapoptotic BH3-only Bcl-2 family members. Evasion of apoptosis plays an important role in tumorigenesis [30,31].

Apart from the anticancer action delineated above, farnesol can induce cell death in a human T-lymphocytic leukemia cell line (Molt4) by activating apoptosomes [32]. The decrease in the mitochondrial membrane potential (ΔΨm) of farnesol-treated Molt4 cells suggests that treatment with farnesol leads to the opening of the permeability transition pore, thereby allowing cytochrome c to be released from mitochondria into the cytoplasm, activating caspases 9 and 3 and ultimately inducing the onset of apoptosis. Furthermore, apoptosis in farnesol-treated Molt4 cells is shown to be accelerated by externalization of phosphatidylserine, depolarization of the plasma membrane, and loss of intracellular potassium. All these are associated with the activation of the PERK-eIF2α-ATF3/4 cascade [32]. In recent years, farnesol has been exploited for its chemopreventive potential on 9,10-dimethylbenz(a)anthracene-initiated and 12-O-tetradecanoylphorbol-13-acetate-promoted skin tumorigenesis in Swiss albino mice [33]. At a low concentration, farnesol inhibits the Ras/Raf/ERK1/2 signaling pathway, whereas at a high dose, the opposite effect prevails. Nonetheless, all concentrations of farnesol have been shown to inhibit the induction of apoptosis by modifying the Bax/Bcl-2 ratio. This reveals the application potential of farnesol in the treatment of cancer.

Use of farnesol as an antioxidant

The antioxidative effect of farnesol has partially explained the anti-cancer capacity of the agent. This is attributed to the fact that oxidative stress is an important factor underlying the onset of cancer. Apart from this, upon treatment with farnesol, the activity of glutathione (GSH) (as well as its dependent enzymes) and catalase in mice (suffering from cadmium toxicity induced by administration of cadmium chloride) has been restored [23]. Cadmium-induced microcrack formation and chromosomal aberrations have also been found to be significantly alleviated [23]. The restoration of the second-stage enzymes and the enhancement of the antioxidant status are thought to partially explain the anticarcinogenic property of farnesol [23].

By inhibiting oxidative stress and restoring antioxidant capacity, farnesol can protect against high cholesterol diet-induced liver damage, too [34]. Numerous studies have reported that cholesterol-enriched diets can induce oxidative stress in various tissues [35–37]. Hypercholesterolaemia has been shown to be triggered by oxidative modifications of low-density lipoproteins, protein glycation, and glucose auto-oxidation [38,39]. On the other hand, high cholesterol levels can promote reactive oxygen species (ROS) leakage from the mitochondrial electronic system and can cause activation of NADPH oxidase and xanthine oxidase, ultimately leading to hepatic lipid peroxidation and protein oxidation [38,40]. In the in vivo context, farnesol has been shown to be able to reduce hepatic lipid peroxidation, increase the levels of reduced GSH and antioxidant enzymes in the liver, and attenuate hepatic oxidative stress [34]. It can, therefore, protect the liver from cyclophosphamide-induced oxidative damage in mice [41]. With such antioxidative capacity, farnesol has also been reported to protect the prostate tissue from cigarette smoke-induced oxidative stress [42].

Use of farnesol in neuro- and cardio-protection

The neuroprotective capacity of farnesol comes partly from its anti-neuroinflammatory effect on chronic sleep deprivation-induced cognitive impairment, its ability to inhibit microglia activation, and its capacity to reduce the secretion of pro-inflammatory cytokines [43]. Sleep deprivation-induced cognitive impairment is associated with a decrease in the level of antioxidants and an increase in the ROS level [44]. As shown by earlier studies [43,45], farnesol can increase the activity of superoxide dismutase and protect the central nervous system from the action of certain toxic agents. There is ample evidence showing that a decline in the level of Sirt1 contributes to the development of sleep deprivation-induced cognitive impairment [46,47], with the Sirt1/Nrf2/HO-1/Gpx4 signaling pathway being a plausible therapeutic target [43]. HO-1 promotes antioxidative and anti-inflammatory effects through its action on Sirt1 [48–50]. On the other hand, Nrf2 and HO-1 can be induced to modulate Gpx4 synthesis to regulate iron toxicity [51]. Furthermore, inhibiting iron denaturation in the hippocampus can attenuate sleep deprivation-induced memory loss [52,53]. Upon treatment with farnesol, the decline in Sirt1 expression in the hippocampus of mice suffering from sleep deprivation-induced cognitive impairment has been restored [43]. The reduction in the levels of Nrf2, HO-1, and Gpx4 in chronically sleep-deprived mice has also been shown to be reversed [43]. All these result in neuroprotection.

Besides neuroprotection, farnesol can reverse impaired vascular tone in resistance arteries caused by chronic β-adrenergic stimulation [54], inhibit pro-inflammatory cytokine expression [55], and reduce the activity of nuclear factor kappa B (NF-κB) [55]. In spontaneously hypertensive rats, farnesol serves as an inhibitor of vascular smooth muscle Ca2+ signaling [56]. It exhibits plasma membrane Ca2+ channel blocking capacity [56] and produces a hypotensive effect by blocking L-type calcium channels in smooth muscle cells [54]. In addition, treatment with farnesol can attenuate the extent of lipid peroxidation during cardiac hypertrophy [54], thereby alleviating cellular damage. Cell membrane damage is postulated to be partly caused by oxidative stress. If the ROS fails to be neutralized by antioxidant molecules and reacts with lipids, it results in an increase in the production of lipid peroxides [57–59]. Taking this into consideration, one may infer that the mechanism by which farnesol attenuates cardiac cell damage is through its ability to serve as an antioxidant molecule to neutralize the ROS, thereby blocking further damage experienced by the cardiac myocyte membrane. Furthermore, farnesol is cardioprotective partly because of its ability to reduce the activation of ERK1/2, Bax, and caspase 3, and to increase the expression of Akt and Bcl-2 proteins [54].

Apart from the activities described above, farnesol improves arrhythmia scores and reduces the incidence of the most severe arrhythmias [60]. During Ca2+ overload, NADPH oxidase is produced in different cell types [61]. The high level of Ca2+ in mitochondria also leads to the production of multiple oxidation products [61]. As shown in previous studies [62,63], excessive oxidative stress caused by Ca2+ overload subjects cardiomyocytes to cellular damage and promotes phospholipid acylation through oxidation of methionine in the Ca2+/calmodulin-dependent protein kinase II (CaMKII) regulatory domain. In addition, once Ca2+ waves are triggered, arrhythmias is resulted [62–64]. Farnesol prevents arrhythmias by blocking multiple cardiac ionic currents, including L-type Ca2+ currents and transient outward K+ currents [60]. This renders farnesol effective in cardioprotection.

Recent advances in the development of farnesol-based treatment

Owing to the variety of physiological activities exhibited by farnesol, different farnesol-based treatment approaches have been exploited in preclinical trials. For instance, a gel composed of hydroxypropyl methylcellulose (HPMC) and liposomal farnesol was developed for wound treatment [65]. In a rat model of third-degree burns, the gel was found to be more effective than the commercial silver sulfadiazine cream (as well as HPMC alone) in triggering tissue repair [65]. Apart from this, farnesol has been adopted as a booster for antibiotic therapy [66–68]. In one recent report, the adherence of vaginal Lactobacillus cells to vaginal epithelial cells was significantly reduced upon treatment with farnesol [69]. This reveals the potential of farnesol as an antimicrobial agent for the treatment of vaginitis.

Recently, the influence of farnesol on planktonic development and cell permeability was investigated by Namba and colleagues [70], who examined the capacity of farnesol to enhance the effect of antimicrobial photodynamic inactivation (aPDI) on Enterococcus faecalis. During the study, E. faecalis planktonic cells and biofilms were treated with farnesol (0.25 mM) for 2 h prior to treatment with aPDI [70]. In combination with aPDI, farnesol significantly improved the antibacterial capacity, leading to a remarkable decline in the colony-forming units. The potentiating activity of farnesol was proposed to be related to the effect of farnesol on the permeability of the bacterial cell. This finding demonstrates the possible use of farnesol in combination with PDI to fight against infection [70]. The antibacterial activity of farnesol was further corroborated by Castelo-Branco and co-workers [71], who studied the effect of farnesol (either alone or in combination with antibacterial drugs such as ceftazidime, doxycycline, amoxicillin, and sulfamethoxazole-trimethoprim) on Burkholderia pseudomallei biofilms. Farnesol inhibits the growth of B. pseudomallei biofilms and increases the antimicrobial effect of antibiotics [71]. The effectiveness of co-formulating farnesol with other agents in combating biofilm formation was also demonstrated by using C. albicans and Streptococcus mutans dual-species biofilms grown on saliva-coated hydroxyapatite discs [72]. Biofilms treated with 4′-hydroxychalcone (C135) alone exhibited a 3D structure different from those treated with C135 in combination with farnesol and/or sodium fluoride (Fig. 2) [72]. In addition, co-formulation of C135 with farnesol was more effective than C135 alone in inhibiting the production of insoluble exopolysaccharides to reduce the biomass of the biofilms [72].
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Figure 2: Confocal microscopy images of 43 h-old Candida albicans and Streptococcus mutans dual-species biofilms. The biofilms were treated with 4′-hydroxychalcone (C135), tt-farnesol (Far), sodium fluoride (F), vehicle (V) (consisting of ethanol and dimethyl sulfoxide), or a combination of these agents. The arrows indicate the C. albicans cells. Yellow ones show the hyphal cells. The white ones show the cells in the yeast morphology. Green fluorescence comes from SYTO9 labeling, whereas red fluorescence shows the exopolysaccharides in the extracellular matrix stained with Alexa Fluor 647. The larger images give an overlay of the red and green fluorescence images. Reproduced from [72] with permission from the American chemical society.

To improve drug retention in areas where biofilms grow, pH-responsive nanoparticles have been adopted as carriers of farnesol (Fig. 3) [73]. These cationic nanoparticles are generated by using diblock copolymers consisting of 2-(dimethylamino)ethyl methacrylate (DMAEMA), butyl methacrylate, and 2-propylacrylic acid. The generated nanoparticles were shown to exhibit high adsorption affinity to negatively charged hydroxyapatite, saliva-coated hydroxyapatite (sHA), and exopolysaccharide-coated sHA [73]. Such affinity is thought to result from strong electrostatic interactions mediated by multivalent tertiary amines of p(DMAEMA) [73]. Topical treatment with farnesol-loaded nanoparticles was reported to be four times more effective than that with free farnesol in disrupting S. mutans biofilms [73]. Contrary to free farnesol, which showed no effect on carious lesions, treatment with farnesol-loaded nanoparticles significantly reduced the number of carious lesions [73]. All these demonstrate the role of nanotechnologies in enhancing the therapeutic activity of farnesol. The viability of using nanotechnologies in the development of farnesol-based treatment was further evidenced in a more recent study [74], in which biofilms of Pseudomonas aeruginosa were treated with liposomes loaded with farnesol and ciprofloxacin. Those liposomes successfully inhibited the growth of the biofilms. The presence of farnesol enhanced the antimicrobial action of ciprofloxacin [74], leading to a larger degree of biofilm disruption, a higher ratio of dead cells, and a deeper level of biofilm destruction [74]. More recently, coformulation of farnesol with β-cyclodextrin was developed for the treatment of hypertension [3]. Compared to using farnesol alone, the coformulation displayed a stronger effect in combating hypertension in vivo [3]. Molecular docking revealed that farnesol forms hydrogen bonds with the ligand-binding residues on M3 and M2 muscarinic and nicotinic receptors [3]. This suggests that farnesol may cause hypotension (and bradycardia) via its action on these receptors. Regarding the fact that the antihypertensive effect of farnesol can be enhanced in the presence of β-cyclodextrin, new farnesol-based cardiovascular therapies may be developed in the future via formulation strategies (e.g., inclusion complexation) [3].
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Figure 3: (A) The synthesis and self-assembly of the diblock copolymer. (B) Chemical structures of the control polymers adopted to demonstrate the role of p (DMAEMA) coronas, and nanoparticle structures, in binding to dental surfaces. (C) The mode of action of the pH-responsive nanoparticles for tackling biofilm formation. Abbreviations: AIBN, 2, 2-azobis(isobutyronitrile); BMA, butyl methacrylate; CTA, chain transfer agent; DMAEMA, 2-(dimethylamino)ethyl methacrylate; DMF, dimethylformamide; DP, degree of polymerization; ECT, ethylsulfanylthiocarbonyl sulfanylpentanoic acid; EPS, exopolysaccharides; NPC, nanoparticle carrier; PAA, 2-propylacrylic acid. Reproduced from [73] with permission from the American chemical society.

Apart from tackling biofilm formation and diseased conditions, farnesol has the potential to ameliorate the effect of toxic agents. This was demonstrated by Araghi and colleagues [41], who studied the capacity of farnesol to reduce the toxicity of cyclophosphamide. Upon treatment with cyclophosphamide (200 mg/kg) for 7 days, blood samples, as well as tissues from different organs were collected from the treated mice. Pretreating the mice with farnesol before cyclophosphamide treatment reduced the severity of tissue damage, particularly in the testis, liver, and spleen [41]. This finding confirms the protective effect of farnesol against oxidative stress caused by cyclophosphamide in tissues, suggesting that farnesol may benefit patients who are undergoing treatment with cyclophosphamide [41]. In another study, farnesol was shown to protect the lungs from the effect of toxic agents in cigarette smoke [1]. Upon administration of a single gavage dose of farnesol to mice for 7 days, intratracheal instillation of aqueous cigarette smoke extract (CSE) was given to mice to induce lung damage, followed by measurement of the H2O2 levels and the activity of antioxidant enzymes (including glutathione peroxidase, glutathione reductase, and catalase). Farnesol protected the lung by decreasing the malondialdehyde level in bronchoalveolar lavage fluid [1]. It also restored the activity of the tested antioxidant enzymes in the lung tissue and decreased the H2O2 content. All these reveal the effect of farnesol in acting against CSE-induced lung inflammation [1].

Toxicity and adverse effects caused by farnesol-based treatment

Over the years, extensive research efforts have explored the therapeutic potential of farnesol in vitro and in vivo. Despite the promising potential of farnesol as delineated in the preceding sections, few incidents of adverse effects caused by farnesol have been reported. Allergic contact dermatitis is currently reported as a possible adverse reaction caused by farnesol-based treatment. Schnuch and coworkers noted that farnesol can be an important allergen [75]. In a local lymph node assay, farnesol was shown to be a skin sensitizer [76]. The possible adverse effect led by improper use of farnesol was further corroborated by Silva and colleagues [3], who reported the occurrence of dose-dependent hypotension and bradycardia in farnesol-treated normotensive rats. This finding demonstrates the need to further investigate the adverse physiological effect brought about by improper use of farnesol before farnesol-based treatment is widely adopted in routine clinical practice.

Notwithstanding the potential toxicity of farnesol, neoplastic cells appear to be more sensitive to farnesol toxicity than non-neoplastic ones [77]. This was demonstrated by the fact that the effect of farnesol on cell growth inhibition and cell death is more significant in neoplastic cells than in cells derived from normal tissues [77]. In addition, farnesol-induced inhibition of cell growth can be potentially reversed by administration of exogenous diacylglycerol, a phosphocholine-derived metabolite and a second messenger in protein kinase C (PKC)-dependent signal transduction. This suggests that PKC may play a role in farnesol-triggered apoptotic cell death [77]. The selective toxicity of farnesol was also observed by Eugenia and colleagues [78], who noted that compared to the viability of cells obtained from normal tissues, cultured cells generated from neoplastic tissues experience a more significant drop in viability upon treatment with farnesol. After 1 h treatment with farnesol, translocation of the PKC in HeLa cells from the membrane fraction to the cytoplasm was reported [78]. On the other hand, the effect of farnesol on the localization of PKC in CF-3 fibroblasts was found to be negligible [78]. Such selectivity was corroborated recently by Ozturk and colleagues [24], who investigated the in vitro effect of farnesol on cancer cell lines and on healthy human lung epithelial BEAS-2B cells. They found that farnesol has a dose-dependent effect on cancer cell lines, but the effect of farnesol on the growth of BEAS-2B cells is not significant [24].

Conclusion

Farnesol possesses multifunctional properties that render it potentially applicable to the treatment of various diseases, ranging from cancer to inflammatory diseases [10]. It exhibits a broad spectrum of antimicrobial activity. This makes farnesol useful for either preventing the growth of microorganisms or making the microbes more susceptible to the action of other antibiotics [18,79–82]. Farnesol can exert neuro- and cardioprotective action, too. Not only can it mitigate cognitive impairment by reducing neuroinflammation and by modulating key signaling pathways, but it can also improve vascular tone and reduce inflammation in the cardiovascular system. All these demonstrate the potential use of farnesol as a multifunctional candidate for treatment development. For further research, apart from studying the mechanism and therapeutic action of farnesol per se, developing co-formulations consisting of farnesol and other bioactive agents may turn out to be a rewarding research direction. To streamline the translation of farnesol-based treatment from the preclinical context to routine clinical practice, fully understanding the mechanisms of action of farnesol, optimizing the dose, and evaluating the short-term and long-term toxicity appear to be some major directions that are worth investigating. Finally, farnesol actually has four stereoisomers (Fig. 4). Among them, (2E,6E)-farnesol used to be the only commercially available one that can be readily attained with high isomeric purity [83]. With advances in synthetic chemistry, right now all the four olefin stereoisomers of farnesol can be synthesized from nerylacetone or geranylacetone [83]. Yet, variations in the therapeutic action and properties of the stereoisomers of farnesol are still poorly understood. Addressing this question may help elucidate the structure-activity relationship of farnesol and identify more rational strategies to manipulate the chemical structure of farnesol to enhance the selectivity and efficiency in treatment development in the future.
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Figure 4: Isomers of farnesol.
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