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            Farnesol is a key intermediate in the sterol biosynthesis pathway in eukaryotic 

cells that has exhibited significant anti-cancer and antimicrobial activity. We have shown 

that farnesol triggers apoptosis in oral squamous carcinoma cells (OSCCs) and in the 

fungal pathogen Candida albicans via a classical apoptotic process. However, the exact 

mechanism of farnesol cytotoxicity in eukaryotic cells has not been fully elucidated. In 

the cell, hydrophobic xenobiotics conjugate with glutathione, an antioxidant crucial for 

cellular detoxification against damaging compounds. This process results in the 

formation of glutathione S-conjugates which act as substrates for export by ATP-binding 

cassette transporters (ABC transporter) and are extruded from the cell. This study was 

undertaken to validate the hypothesis that farnesol conjugation with intracellular 

glutathione coupled with multidrug resistance-associated protein 1  (MRP1) - mediated 

extrusion of glutathione-farnesol conjugates and oxidized glutathione results in total 

glutathione depletion, oxidative stress and ultimately cell death. The combined findings 



demonstrated that farnesol exposure resulted in significant decrease in intracellular 

glutathione levels concomitant with intracellular Reactive oxygen species (ROS) 

accumulation and decrease in cell viability. However, addition of exogenous glutathione 

maintained intracellular levels and enhanced cell viability. Furthermore, gene and protein 

expression studies demonstrated significant up-regulation of MRP1 in cells treated with 

farnesol. However, MRP1 blocking and monoclonal antibody specific inhibition of 

MRP1 enhanced cell tolerance to farnesol. This is the first study describing the 

involvement of MRP1-mediated glutathione efflux as a mechanism for farnesol-induced 

apoptosis in OSCCs. Understanding of the mechanisms underlying farnesol-cytotoxicity 

in eukaryotic cells may lead to the development of this redox-cycling agent as an 

alternative chemotherapeutic target. 
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Chapter 1: Introduction 

 

A. Oral squamous cell carcinoma and the need for novel therapies 

 

          Head and neck oncology originated thousands of years ago in ancient Egypt and 

Greece where oral cancers were first identified. However, diagnosis and treatment of 

these tumors remained obscure for centuries and almost all of our current understanding 

was developed during the last 200 years (1). To date, oral cancer remains a fatal disease 

with over 363,000 new cases and 200,000 deaths annually worldwide (2,3). This is 

largely reflected by the fact that most cases are in advanced stages at the time of detection 

despite the accessibility of the oral cavity for regular examination. Oral cancer in general 

continues to be a growing problem in many parts of the globe and grouped together, oral 

and pharyngeal cancer is the sixth most common cancer in the world particularly in men 

and in the United States it is the seventh most common cancer (2,3).  

 

          As the incidence of oral cancer continues to increase, the disease has become an 

increasingly important public health issue particularly in developing countries where 

approximately two-thirds of oral and pharyngeal cancers occur. The World Health 

Organization predicts a continuing worldwide increase in the number of cases over the 

next several decades. In the US alone, approximately 34,360 new cases are diagnosed 

each year and mortality is primarily the result of metastatic disease at regional and distant 

sites as well as recurrence (2).  
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          The risk of developing oral cancer increases with age and the majorities of cases 

occur in people aged 50 or over with only 6% of oral cancers reported in people under the 

age of 45. However, an increase in the incidence of oral cancer and mortality rates in 

young adults is being reported from many countries in the European Union and parts of 

United States (3). Retrospective analyses suggested that the disease follows a more 

aggressive course in young patients (4). Squamous cell carcinoma (SCC) of the tongue 

typically affects men from the sixth through the eighth decades of life, usually after years 

of alcohol or tobacco abuse. Importantly, survival rates for oral and pharyngeal cancers 

have not significantly improved over the last three decades and despite advances in 

surgery and radiation therapy, the 5-year survival rate for oral cancer still remains at 50–

55% (2,5). Various modalities of cancer treatment have been attempted; however, most 

of the chemotherapies used in clinical settings are both toxic to cancer and normal cells 

and therefore have serious side effects. Furthermore, chemotherapy for treatment of 

cancer often fails due to development of drug resistance. To this end, recent efforts have 

focused on identifying non-traditional chemotherapeutic agents with alternate 

mechanisms of action.  

 

B. Farnesol: A molecule with diverse chemotherapeutic properties 
 

          Development of naturally occurring isoprenoids commonly found in many fruits 

and aromatic plants for cancer treatment has been a very active area of research (6). Oily 

extracts from such natural sources contain a number of terpenoid compounds differing in 

size, structural complexity and function consisting of multiples of the five-carbon 

isoprene unit (7). Isoprenoids such as farnesol have been shown to be essential in 
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regulation of cell proliferation, differentiation and lipid biosynthesis  (8-15). In addition 

to its natural source, farnesol is a key derivative in the mevalonic and de novo sterol 

biosynthesis pathway in eukaryotic cells responsible for the biosynthesis of important 

cellular products such as ubiquitinone, heme A, dolichol, and the prenyl groups and most 

importantly, cholesterol. In the cell, farnesol is the product of the metabolism of farnesyl 

diphosphase (FPP) through a single enzymatic reaction by farnesyl pyrophosphatase (16). 

 

1. Anti-cancer properties 
 
 
          Over a number of years, several studies have demonstrated a potent property for 

farnesol in inhibiting cell proliferation in a broad range of malignant cell types (9,17-20). 

Interestingly, tumor cells were generally found to be considerably more sensitive to 

farnesol-induced growth inhibition than normal cells (21-24). However, the mechanism 

underlying this differential sensitivity is not yet understood (6). Farnesol was shown to 

inhibit cell proliferation with an half maximal inhibitory concentration (IC50) that ranges 

from 25 to 250µM and leukemic cells specifically appear to be among the most sensitive 

to the growth-inhibitory effects of farnesol (6). In most cell types including lung 

adenocarcinoma, hepatoma, melanoma, lymphoblastic leukemia, colorectal carcinoma 

and pancreatic adenocarcinoma, farnesol induces a G0 /G1 cell cycle arrest and the 

presence of a sub-G0/G1 population suggested that inhibition of cell growth by farnesol is 

accompanied by apoptosis. This was supported by the appearance of apoptotic bodies, 

increased annexin V binding, activation of various caspases, cleavage of poly-ADP-

ribose polymerase (PARP) and DNA fragmentation (6). 
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2. Antimicrobial properties 
 

          In addition to its observed effects on human tumor cells, studies have shown that 

farnesol also exhibits a potent antimicrobial effect on several bacterial species. Though 

the mechanism of killing is not quite clear, the hydrophobic and lipophilic properties of 

farnesol favor its localization in the cell membrane disrupting permeability and fluidity 

causing structural damage (25,26). In the cariogenic bacterial species Streptococcus 

mutans, data indicate that farnesol’s effect on survival is associated with disturbances in 

the proton motive force through interaction with a lipophilic moiety in the bacterial 

membrane (27). More interestingly, farnesol was also shown to intensify the effect of 

antimicrobial agents on the bacterial pathogens Staphylococcus aureus and Escherichia 

coli through disruption of membrane integrity (28,29).  

 

           Furthermore, farnesol was also identified as a quorum sensing molecule 

produced and extracellularly secreted by the most important human fungal pathogen 

Candida albicans (C. albicans)(26,30). As a eukaryotic cell similar to mammalian cells, 

in C. albicans farnesol is also endogenously generated in the cell by enzymatic 

dephosphorylation of farnesyl diphosphate in the sterol biosynthesis pathway (14,31). 

Candida albicans  is a dimorphic species capable of changing its morphology from the 

yeast form to the hyphal form, a transition critical to its pathogenesis (30).  Several 

studies have shown that farnesol inhibits the morphological switch in C. albicans and 

above threshold concentrations, is able to kill the fungal cell (26,31). However, the 

mechanism of farnesol cytotoxicity in eukaryotic cells, both mammalian and fungal was 

not previously characterized. 
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C. Farnesol and apoptosis 
 

 
Apoptosis, or programmed cell death, is a gene-controlled, tightly regulated 

process which occurs naturally during development to control the proliferation of 

undesired or genetically altered cells without the induction of an inflammatory response. 

(32,33) The inhibition or deregulation of this process, combined with altered cell 

proliferation provides the basis for many cancerous diseases such as oral squamous cell 

carcinoma (OSCC) (34). In mammalian cells, apoptotic cell death can be triggered by 

many different extracellular and intracellular stimuli resulting in the activation of 

extrinsic and intrinsic apoptotic signaling pathways (35,36). Mitochondrial degradation 

and fragmentation of the nuclear genome are major cellular responses characteristic of 

apoptosis, conducted by multiple nucleases activated by apoptotic signaling pathways 

(35,36).  

 

The identification of farnesol as an extracellular stimulus of apoptosis in human 

tumor cells is well established (21,24,37,38). Studies on the apoptotic effects of farnesol 

have demonstrated that the addition of farnesol resulted in the rapid inhibition of 

phosphatidylcholine (PC) synthesis due to the inhibition at the cholinephosphotransferase 

step (32). Phosphatidylcholine is the most abundant lipid present in eukaryotic cell 

membranes comprising ~50% of cellular phospholipid mass. Diacylglycerol (DAG), a 

protein kinase C activator, is a lipid second messenger that acts as a signaling molecule 

regulating cell growth and apoptosis (32). Therefore, it was concluded from these 

observations that farnesol-induced apoptosis is likely due to farnesol’s activation of a 
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DAG-mediated process that results in the induction of apoptosis or inhibition of a DAG-

dependent process that is required for cell proliferation (24).  

 

Our earlier work had demonstrated that farnesol also triggers apoptosis in OSCC 

cells via the classical apoptotic pathways including caspase activation (20). Through 

assessment of classical apoptotic markers and global proteomic analysis we demonstrated 

that similar to OSCC, farnesol induces apoptosis in C. albicans via activation of 

intracellular caspases leading to oxidative stress (20,35,39). More recently, based on the 

similarities between fungal and mammalian cells we investigated whether farnesol 

induces a similar process in C. albicans. Analyses of typical markers of apoptosis and 

proteomic studies demonstrated that farnesol triggers apoptosis in C. albicans through the 

classical intrinsic and extrinsic apoptotic signaling pathways similar to the pathway in 

human OSCC cells, accompanied by ROS accumulation, mitochondrial degradation, and 

increased levels of activated caspases (39). However, the exact underlying mechanism of 

farnesol cytotoxicity in eukaryotic cells was yet to be fully elucidated. 

 

The study of cell death itself is one of the most rapidly growing areas in 

biomedical research. It is recognized that many compounds, rather than being directly 

cytotoxic, cause sub-lethal damage that triggers an innate suicide program in the cell or 

apoptosis (40). Generation or addition of reactive oxygen species (ROS) or redox active 

compounds can cause death via apoptosis. Whether this is due to elevated ROS 

production, depletion of antioxidant defenses or both is yet to be determined (41). 
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However, it is reported that oxidative stress and apoptosis can be associated with 

intracellular glutathione depletion (42). 

 

D. Glutathione and glutathione-mediated cellular detoxification 

 
          Glutathione, present mainly in its reduced form (GSH) is a ubiquitous thiol-

containing tripeptide composed of cysteine, glutamic acid and glycine, synthesized in the 

cell by the sequential actions of a series of six-enzyme-catalyzed reactions termed the γ-

glutamyl cycle (43-47). Glutathione plays a key role in cellular resistance against 

oxidative damage through the detoxification of free radicals and naturally occurring 

deleterious compounds, as well as a variety of xenobiotics (43,44,46,48). Therefore, the 

response of a cell to a stress involves changes in glutathione content, which is consumed 

in reactions that protect the cell by removing damaging compounds (43,45,46). 

          Glutathione detoxifies xenobiotics and toxic compounds through irreversible 

conjugation through the action of glutathione S-transferase (GST), concomitant with its 

conversion to the oxidized form, a reaction catalyzed by glutathione peroxidase (GPX). 

This reaction results in the formation of glutathione S-conjugates which are ultimately 

excreted from the cell and therefore, this process is generally considered an important 

detoxification mechanism (43,45,46). The oxidized form, glutathione disulfide (GSSG), 

normally represents <2% of the total glutathione pool with the reduced GSH 

predominating over GSSG (43,44). Perturbations of the GSH/GSSG ratio can affect the 

redox status and induce cellular apoptosis and thus, the ratio is generally regulated tightly 

to maintain cellular homeostasis (43,44). Therefore, the intracellular content of GSH is a 

function of the balance between depletion and synthesis (43,44). Cells use two competing 
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mechanisms to maintain low levels of GSSG and high intracellular ratio of GSH to 

GSSG. The first mechanism is a recycling reaction where GSSG is reverted to GSH by 

the action of the enzyme glutathione reductase (GLR) which rapidly converts GSSG to 

GSH (49). The second mechanism involves cellular export of GSSG and glutathione S-

conjugates by membrane efflux pumps (43,46,48). 

 

E. MRP1 and cellular detoxification 

 

          Most cells are protected from accumulation of toxic compounds by active ATP-

dependent export of the toxins (50). The ubiquitous ATP-binding cassette superfamily of 

transporters (ABCT) is one of the largest protein families consisting largely of membrane 

proteins that transport a diverse array of substrates. ABC proteins are present in the 

cytoplasmic (inner) membrane of bacteria, and in both the plasma membrane and 

organelle membranes in eukaryotes. In their functional form, ABC proteins comprise a 

minimum of four core domains; two membrane-bound domains that form the permeation 

pathway for transport of substrates, and two nucleotide binding domains (NBDs) that 

hydrolyze ATP to power this process (51). In addition to transporting molecules such as 

sugars, amino acids, lipids, sterols and endogenous metabolites, several ABC proteins are 

also multidrug efflux pumps that play an important role in uptake and distribution of 

therapeutic drug (52-56). 

           

          Many lipophilic compounds conjugated with glutathione are substrates for the 

MRP family and conjugation with glutathione precedes their transport across the plasma 
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membrane into the extracellular space. The transport of glutathione S-conjugates, 

including glutathione disulfide, has been recognized as a primary-active, ATP-dependent 

process that was characterized in inside-out plasma membrane vesicles in many cell types 

(57). The identification of the membrane proteins mediating the ATP-dependent transport 

of glutathione S-conjugates was a consequence of the molecular characterization of the 

190-kDa glycoprotein mediating the transport of the endogenous glutathione S-conjugate 

leukotriene C4 (58). This protein was identified as the murine ortholog of the multidrug 

resistance protein (59) cloned in 1992 by Cole et al. (60) from multidrug resistant human 

lung cancer cells and identified as belonging to the superfamily of ATP-binding cassette 

(ABC) transporters. 

 

 

          MRP1 is the first member of the growing family of conjugate export pumps cloned 

from mammals, yeast, plants, and nematodes (61-64). MRP1 plays a major role in 

conferring drug resistance as well as protecting normal tissues from cytotoxic drugs.  In 

humans, a basal MRP1 expression was found in almost all tissues with high levels found 

in malignant cells (65,66). Acute and chronic leukemia are among the malignancies that 

have been associated with MRP1 up-regulation (67-70). Similarly, MRP1 was also 

identified in nearly 100% of cases of squamous cell carcinoma of the esophagus (71). 

One striking feature of the transport mechanism of MRP1 function is its complex 

interactions with GSH mediating the cellular efflux of many GSH conjugates (72-74). In 

addition, MRP1 was also shown to transport the GSH-conjugated metabolites of many 

xenobiotics as well as glutathione disulfide (GSSG) and the over-expression of MRP1 
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was shown to increase ATP-dependent glutathione S-conjugate carrier activity (55,75- 

81). Therefore, these efflux pumps are considered to play a decisive role in detoxification 

and defense against oxidative stress. 

 

          However, although export of GSSG by MRP1 and compounds conjugated with 

GSH may serve as an immediate mechanism for the cell to get rid of oxidized species, 

this process is in competition with GLR and if stimulated for a prolonged period, it may 

reduce the total intracellular thiol pool and paradoxically have an undesirable effect on 

the intracellular ratio of GSH/GSSG (54). In fact, the extrusion of thiol mediated by 

MRP1 in response to oxidative stress was shown to be a predisposing factor to 

endothelial cell apoptosis (54,82). 

 

          As a lipophilic hydrophobic cation, farnesol would classify as a compound that 

conjugates with GSH, particularly given its known deleterious effect on the cell (20,39). 

Therefore, conjugation of farnesol with intracellular GSH disrupting the intracellular 

redox homeostatis would provide a pathway ultimately leading to cellular apoptosis. 

These speculations were confirmed by our recent investigations exploring the mechanism 

behind farnesol cytotoxicity in C. albicans. The combined findings from these studies 

demonstrated that farnesol induced apoptosis in C. albicans by altering, either directly or 

indirectly, the cellular redox status through consumption of reduced GSH (83). More 

importantly, depletion of intracellular GSH was also mediated by induction of the ABC 

transporter Cdr1p (Candida Drug Resistance Protein 1), the homologue of the 

mammalian MRP1, sharing several characteristics with respect to substrate binding and 
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counteracting inhibitory effects of endogenous metabolites (84,85). The novel findings 

from the study characterized the first defined mechanism preceding the farnesol-induced 

apoptotic process in C. albicans in turn highlighting the decisive role of ABCT efflux 

pumps in cellular detoxification, stress response and defense against oxidative stress (86). 

Therefore, modulation of intracellular GSH content for potential anti-cancer therapies as 

well as modulation of GSH efflux by acting on its transporters or pumps has been the 

focus of much research. 

 

F. Novel anti-tumor therapeutic strategies 

 

          The scenery of cancer treatment has dramatically changed over the past decades. 

Surgery and radiotherapy will not be the only effective way to fight tumor anymore. A 

complex scheme where the molecular elements of tumors seem to be the cornerstone of 

any therapy is now emerging (87). Malignancies that are either unresponsive to initial 

chemotherapy or those that reoccur are less amenable to control with standard anticancer 

drugs. Significantly, most of the drugs available are not selective to cancer cells and 

affect the normal cells as well leading to severe side effects. Therefore, there is an 

unquestionable need for new less toxic and more potent therapeutic agents (88). Natural 

products and their derivatives are major sources of innovative therapeutic agents to treat 

human diseases (89). The structures of naturally occurring compounds have high 

chemical diversity, biochemical specificity, and other molecular properties that make 

them favorable as lead structures for drug discovery (89). In fact, 47% of the anticancer 

drugs in the market come from natural products or natural product mimics (90). Yet 
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despite the availability of a large number of anticancer drugs and various 

chemotherapeutic options, there is still a crucial need for cancer drugs. 

 

            The capability of farnesol to trigger apoptosis in mammalian cancer cells makes it 

a potential tool for studying tumor progression and an attractive candidate as a 

therapeutic agent with anti-tumorigenic properties (91). As a promising antitumor agent, 

farnesol may be used as a standalone chemotherapeutic drug or as an adjuvant with 

current chemotherapies to circumvent the side effect of cancer treatment. However, the 

mechanism by which farnesol preferentially exerts its proapoptotic effect on cancer cells 

is not yet fully known. What is known is that cancer cells are defective in some of their 

signaling pathways secondary to genetic/epigenetic alterations of certain genes, which 

could explain why tumor cells tend to be more sensitive to farnesol. Hence, the precise 

pathway by which farnesol causes apoptosis warrants further investigation to emphasize 

its chemotherapeutic value as a novel anticancer drug.  

 

G. Conclusions 

 
          Farnesol, a naturally available sesquiterpene alcohol was shown to induce apoptosis 

in different types of human cancer cells (92-95). Recently, we demonstrated that similarly, 

farnesol triggers apoptosis in human oral squamous cell carcinoma cells (OSCCs) (20). 

Although the mechanism of farnesol cytotoxicity in human tumor cells is not yet fully 

elucidated, in the fungal cell, our studies identified the involvement of glutathione in the 

farnesol-induced oxidative stress. Given that fungal and human cells are eukaryotic sharing 

similar metabolic processes and pathways, conjugation of farnesol with intracellular GSH 
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would disrupt the intracellular redox equilibrium triggering apoptosis and ultimately cell 

death. However, this potential underlying mechanism for farnesol cytotoxicity in human 

cancer cells and its association with glutathione depletion has not been previously 

investigated. To that end, the overall goal of this study is to identify the mechanism of 

farnesol cytotoxicity in OSCCs as proposed in Figure 1. The accomplishment of the aims 

of this study will confirm the therapeutic potential of farnesol as an anti-tumor agent.  
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Figure 1. Proposed mechanism of farnesol cytotoxicity in OSCC. Farnesol conjugates 

with reduced glutathione (GSH) forming glutathione S-conjugate (GS-F) concomitant 

with oxidation of GSH to the disulfide form (GSSG), a reaction catalyzed by GPX. GSSG 

is reduced to GSH by GLR as a recycling mechanism to maintain GSH levels. However, 

the oxidation and consumption of intracellular GSH coupled with MRP1-mediated export 

of GS-F and GSSG results in depletion of intracellular GSH, disruption of the redox 

balance and oxidative stress leading to apoptosis. 
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H. HYPOTHESES AND SPECIFIC AIMS 

 

Broad Objective:  

To identify the mechanism of farnesol-mediated apoptosis in oral squamous cell 

carcinoma cells and to evaluate the potential of farnesol as a novel antitumor agent. 

 

Hypothesis:  

We hypothesize that farnesol triggers apoptosis in OSCCs via depletion of reduced 

intracellular glutathione levels mediated by the MRP1-dependent extrusion of oxidized 

glutathione and formed farnesol-glutathione conjugates. The cytotoxic effect for farnesol 

on OSCCs attributes a potential application for farnesol as a novel antitumor agent. In 

order to validate the hypothesis, the following Specific Aims are planned. 

 

Specific Aims:  

Aim 1: To demonstrate that farnesol’s cytotoxicity in OSCCs is mediated by depletion of 

intracellular glutathione and oxidative stress. 

A. Characterize the farnesol-induced apoptotic process using metabolic viability 

assays, microscopy and flow cytometry. 

B. Demonstrate the role of glutathione in the apoptotic process through 

assessment of the impact of farnesol on intracellular glutathione levels and 

effect of glutathione supplementation on cell viability. 

 

 



16 

Aim 2: To demonstrate the ability of farnesol to modulate the expression of the ABC 

transporter MRP1 and associate the increased expression with cytotoxicity. 

A. Demonstrate MRP1 gene over-expression using qRT-PCR.  

B. Demonstrate MRP1 protein over-expression by Western analysis. 

C. Demonstrate farnesol-induced increase in extracellular glutathione levels. 

D. Determine effect of MRP1 inhibition on cell survival using MRP1 inhibitors 

and specific MRP1 antibody transfection. 

Aim 3: To demonstrate the impact of the farnesol-induced expression of the MRP1 

pumps on the cell’s response to anti-tumor drugs commonly used for treatment of OSCC. 

A. Demonstrate the effect of sub-toxic levels of farnesol on the response of cells 

to toxic levels of paclitaxel. 

B. Demonstrate the effect of sub-toxic levels of farnesol on the response of cells 

to toxic levels of cisplatin. 

 

Aim 4: To establish a mouse model of OSCC to assess the therapeutic potential of 

farnesol in vivo. 

A. Administer intra-tumor injections of farnesol and assess development and 

progression of tumors in treated mice compared to control untreated mice. 
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Chapter 2: Materials and Methods 
	  
	  
	  

1. Reagents and growth conditions 

 

          Farnesol (Sigma-Aldrich Chemical, St. Louis, MO) was obtained as a 3M stock 

solution and diluted to a 30mM working stock solution in 100% methanol. Solution was 

added to culture media to final concentrations needed (10, 20, 30, 45, 60µM). Methanol 

(0.2%) was incorporated in the control experiments; however, previous experiments had 

shown that methanol did not have an effect on cell viability at the concentration used 

(26). Experiments were performed using two established primary human tongue 

squamous cell carcinoma cell lines (SCC 9 and SCC 25) from the American Type Culture 

Collection (Manassas, VA). Cells were cultured in 1:1 mix of Ham’s F12 and Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Invitrogen, Grand Island, NY) with 10% fetal 

bovine serum, 100 units of penicillin, 100µg/ml streptomycin and 0.4g/ml of 

hydrocortisone (Sigma Chemical Company). Head and neck (HN) squamous cell 

carcinoma cell lines HN12 cultured in 1:1 mix of Ham’s F12 and Dulbecco’s Modified 

Eagle’s Medium (DMEM) - high glucose (Invitrogen, Grand Island, NY) with 10% fetal 

bovine serum, 100 units of penicillin, 100µg/ml streptomycin and 0.4g/ml of 

hydrocortisone (Sigma Chemical Company) was also included in some experiments. All 

experiments were performed on three separate occasions. 
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2. MTS viability assays. 

 

         In order to assess the effect of farnesol on cell viability, the MTS Tetrazolium-

Based Proliferation Assay (Promega, Madison, WI) was used according to manufacturer 

directions. Cells were grown in 96-well plates at 5x104 cells per well and grown to 80% 

confluence prior to treatment with farnesol to final concentrations. Control cells were 

treated with the vehicle alone (0.2% methanol) in media. To determine the short term and 

long term exposure effect of farnesol on cells, experiments were performed where plates 

were incubated for 3 or 24h at 37°C with 5% CO2. Following incubation, media was 

removed from the wells, 200µl PBS was added to each well with 20µl of MTS reagent 

and plates were incubated at 37°C for 1h 30min or until color fully developed. Following 

color development, colorimetric change at 490nm (A490) was measured with a microtiter 

plate reader (Titertrek, Multiskan MCC1340).  

 

          To demonstrate the involvement of glutathione in the farnesol-mediated decrease in 

cell viability, MTS assay was performed to assess the effect of GSH supplementation on 

cells.  Assays were performed and processed as described above with GSH incorporated 

in the reactions at final concentration of 1mM. GSH did not have any effects to the cells 

at concentration used. 
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3. Light microscopy analysis of farnesol-induced cell death. 

 

       In order to confirm the toxic effect of farnesol, cell proliferation of farnesol-treated 

cells was assessed under the microscope. Cells were grown on cover slips in 6-well plates 

at 6x105 cells per well and grown to 80% confluence then treated with farnesol. Control 

cells were treated with the vehicle alone (0.2% methanol) in media.  Following 

incubation for 24h, media was removed and cells were washed with 2 ml of PBS, fixed in 

4% formaldehyde for 15min then washed again three times with PBS. Cover slips with 

fixed cells were then immediately mounted onto glass slides and images of farnesol-

treated and untreated cells were captured using Leica microscope with digital image 

capture software. 

 

4. ROS accumulation and fluorescent microscopy. 

 

           Accumulation of intracellular reactive oxygen species (ROS) was assayed in cells 

treated with farnesol for 3 or 24h. For these experiments, cells were grown on cover slips 

in 6-well plates and treated with farnesol as previously described. Control cells were 

treated with the vehicle alone (0.2% methanol) in media. Following incubation, cells 

were stained with a mixture of 1µl/2ml dichlorodihydrofluorescein diacetate (5mM in 

EtOH) (DCDHF-DA; Molecular Probes) and 1µl/2ml propidium iodide (Sigma-Aldrich) 

for 30min at room temperature in the dark. Cells were then washed twice with PBS and 

imaged with a Nikon Eclipse E800. Green fluorescence indicates intracellular ROS 

accumulation whereas dead cells stain red.  
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5. Flow cytometry (apoptosis analysis). 

 

The effect of farnesol on cell proliferation and apoptosis was evaluated using 

AnnexinV-FITC methods and flow cytometry analysis. For these studies, cells were 

grown in 75 cm2 flask at 2x106 cells per flask and grown to 80% confluence. Cells were 

treated with synthetic farnesol at 10, 20, 30, 45 and 60µM final concentrations for 3 and 

24h. Control cells were treated with the vehicle alone (0.2% methanol) in media.  

Following incubation, cells were removed enzymatically, washed with normal medium 

and cold PBS, and re-suspended in 100µl of 1X binding buffer (BD-Pharmingen 

Biosciences, San Diego, CA). Five µl of annexin V (apoptotic marker) and 5µl propidium 

iodide (oncotic marker) were added to cells, mixed and incubated for 15min in the dark. 

Finally, 400µl of 1X binding buffer was added and samples were evaluated by flow 

cytometry. The percent of apoptosis was determined using 3 separate controls: unstained 

control, Annexin V single stain control and PI single stain control.  

 
 

6. Confocal microscopy. 
 

         Apoptosis-associated morphological changes in the cells in response to farnesol was 

assessed following 3h treatment. Following exposure to farnesol, cells were stained with 

a mixture of 1µl/2ml dichlorodihydrofluorescein diacetate (5mM in EtOH) (DCDHF-DA; 

Molecular Probes) for 30min at room temperature in the dark. Cells were then washed 

twice with PBS and imaged with a Zeiss LSM 510 (Carl Zeiss, Thornwood, NY) 

confocal microscope using 60X and 100X oil-immersion objectives and a FITC filter. 

Cells not exposed to farnesol were included as control cells. 
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7. Scanning electron microscopy (SEM). 

 

SEM imaging was also performed to assess farnesol-induced cell morphological 

changes. For these studies, cells were grown on cover slips as performed for confocal 

microscopy. Following 24h treatment, cells were washed twice with PBS then fixed in 

2% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer, pH 7.4, for 1h at 

room temperature, then at 4°C overnight. Specimens were then washed in three changes 

of 0.1M PBS for a total of 30 min, post-fixed with 1% osmium tetroxide in PBS for 1h 

and washed again in three changes of buffer.  Dehydration of specimens was done using a 

series of graded ethyl alcohol, 30%, 50%, 70%, 90%, 100% for 10min each and two more 

changes of 100% ethyl alcohol. Lastly, specimens were chemically dried by immersing 

sequentially in 2 parts 100% ethyl alcohol/1 part hexamethyldisilazane (HMDS) 

(Electron Microscopy Sciences, Fort Washington, PA) for 10min, 1 part 100% ethyl 

alcohol/1 parts HDMS for 10min, 1 part 100% ethyl alcohol/2 parts HDMS for 10min 

then 2 changes for 10min each with 100% HDMS. Specimens were air dried in a hood 

overnight, mounted on SEM pin mounts and sputter coated with 10 to 20nm of 

platinum/Palladium in a sputter coater (EMS 150T ES). SEM images were taken with a 

scanning electron microscope Quanta 200 (FEI Co. Hillsboro, OR).  
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8. Intracellular and extracellular glutathione contents. 

 

      For glutathione measurement, cells were grown in 75 cm3 flasks at 1.65x106 cells 

per flask and grown to 80% confluence then treated with farnesol. Control cells were 

treated with the vehicle alone (0.2% methanol) in media. The total cellular glutathione 

content was measured using Glutathione Assay Kit (Sigma-Aldrich) according to 

manufacturer instructions. Flasks were incubated for 3 or 24h at 37°C with 5% CO2. 

Following incubation, media was completely removed from the flasks then cells were 

washed with cold PBS. Cells were harvested by chemical dissociation technique using 

0.05% trypsin EDTA (Invitrogen, Grand Island, NY); 4ml trypsin was added, flasks were 

incubated for 5min at 37°C with 5% CO2 and reactions neutralized by the addition of 

equal volume PBS. Cells were collected, transferred to 15ml tube and centrifuged at 

4,000 rpm for 2min then transferred to 1.5ml tubes, re-suspended and washed twice with 

PBS. Following centrifugation at 6,000 rpm for 1min at 4°C, PBS was removed and cell 

pellet recovered and volume measured and 3 volumes of 5% SSA solution was added to 

the cell pellet. The suspension was frozen in liquid nitrogen and thawed in 37°C water 

bath and the suspension was centrifuged at 10,000xg for 10min then kept at 4°C for 

5min. Five µl of supernatant and 5µl of 5% SSA solution were added to 150µl working 

mixture in 96-well plates then incubated at room temperature for 5min prior to addition 

of 50µl NADPH. Absorbance at 412nm was monitored at 1min intervals for a total of 

5min with a microtiter plate reader (Titertrek, Multiskan MCC1340). The content of total 

glutathione was quantified by comparison with known glutathione standards. Results 

were expressed as percent decrease in intracellular glutathione levels in farnesol-exposed 

cells compared to control cells. Extracellular GSH was measured using the same protocol 
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but the culture media was collected instead of the cells. In addition to normal media, 

experiments were also performed using glutamine-free media in order to ensure lack of 

interference by media components in glutathione measurement. 

 

9. Gene expression analysis. 

 

        For detection of gene transcripts, cells were grown in 75 cm3 flask at 2x106 cells per 

flask and grown to 80% confluence. Cells were treated with synthetic farnesol at 10, 20 

and 30µM final concentrations for 3 and 24h. Control cells were treated with the vehicle 

alone (0.2% methanol) in media.  

 

          The effect of farnesol on modulation of MRP1 gene was evaluated using reverse 

transcription and real time quantitative PCR (RT-PCR). Following treatment with 

farnesol, (10, 20, 30µM) for 3 or 24h, cells were removed enzymatically, washed with 

cold PBS and total RNA was extracted using RNAqueous kit (Life Technologies, 

Carlsbad, CA) according to manufacture protocol. Cell pellets were transfer to 1.5ml 

eppendorf tubes then 300µl of lysis/binding solution was added to the pellets and mixed 

by pipetting. Equal volume of 64% ethanol was added and cell suspension was mixed 

then transferred to RNA extraction tubes and centrifuged at 10,000 rpm for 1min at 4°C. 

Following centrifugation, the flow-through was discarded and the remaining samples 

were washed with 700µl washing solution #1 followed by 1min centrifugation at 10,000 

rpm at 4°C. Wash-through was discarded and samples were washed twice with 500µl of 

wash solution #2 and #3 then centrifuged at 10,000 rpm for 1min at 4°C. Finally the 

samples were eluted by adding 60µl elution solution and tubes were centrifuged for 30sec 
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at room temperature and RNA concentration was measured by UV/VIS 

spectrophotometer. Contaminating DNA was removed from samples using RQ1 RNase-

Free DNase (Promega, Madison, WI); 1-8µl of RNA was DNase treated in 1µl reaction 

buffer, 1µl DNase and nuclease free water to a final volume of 10µl. Reactions were 

incubated at 37°C for 30min then 1µl of Dnase stop solution was added to the samples 

and incubated at 65°C for 10 min to terminate the reaction. 

 

   In order to confirm absence of genomic DNA, PCR was performed using β-

actin primers. Two µl of each samples were mixed with 25µl of PCR premix (Promega, 

Madison, WI), 1µl each of forward and reverse sequence actin primer (Forward: 5’-

CAGAGCAAGAGAGGCATCCT-3’, Backward: 5’-TTGAAGGTCTCAAACATGAT-

3’) and amplification was performed in a thermocycler (Bio-Rad Labs, Hercules, CA.) 

under  the following conditions: 94°C for 2min, 94°C for 30s, 55°C for 30s, 72°C for 

1min, then repeat 94°C, 30s for 30 cycle followed by 72°C for 5min. Following 

amplification, samples were mixed with sample buffer (Invitrogen, Carlsbad, CA) and 

electrophoresed using 1% agarose/ethidium bromide (Bio-Rad Labs, Hercules, CA) in 

0.5% TBE with 0.5% TBE running buffer (Quality Biological, Inc., Gaithersburg, MD). 

Gels were imaged using the UVP Biospectrum imaging system (UVP, LLC, Upland, 

CA). Reverse transcription and cDNA synthesis was performed using the Omniscript RT 

Kit (Qiagen, Valencia, CA) according to manufacture protocol: 2µl 10x buffer, 2µl dNTP 

mix (5mM), 2µl Random primer, 1µl Rnase inhibitor, 1µl Omniscript RT and 2µg of 

template RNA. The mixture was then incubated in dry water bath (model) at 37°C for 

60min and synthesized cDNA was used for qPCR analysis.  
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          For detection of gene transcripts, gene-specific primer pairs (Table 1) were 

designed based on gene sequences in GenBank. Real time PCR was performed using 

iTaq SYBR Green Supermix (Bio-Rad Labs, Hercules, CA) and ABI 7000 real time PCR 

machine (Applied Biosystems, San Francisco, CA). cDNA was diluted 1:20 in nuclease-

free water prior to the reaction then 3µl of cDNA was added to a mixture of 5µl of iTaq 

SYBER Green Super mix with ROX, 1µl each of 5µM forward and reverse primers in 

96-well thin-walled PCR plates (Applied Biosystems, San Francisco, CA). Plates were 

sealed with adhesive plate sealer (Applied Biosystems, San Francisco, CA) and 

amplification was performed using the following cycle settings: 30s 95°C followed by 40 

cycles of 95°C 15s, 60°C 1min. Following amplification, a melt curve was analyzed to 

ensure the absence of primer dimers and gene expression was calculated by the 2-∆∆C
T 

method using GAPDH as reference gene. All experiments were performed in triplicate on 

3 different occasions. 

 

Table 1. Primer sequences used in qPCR  

 

                                         

 

 

 

 

 

 

Primer name               Sequence (from 5’-3’)  

GAPDH-F TGGGCTACACTGAGCACCAG 

GAPDH-B GGGTGTCGCTGTTGAAGTCA 

MRP1-F  GCGCTGGCTTCCAACTATTG 

MRP1-B AGGGCTCCATAGACGCTCAG 
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10. Western blot analysis. 

 

For protein expression studies, cells were grown in 75 cm3 flask at 2x106 cells per flask 

and grown to 80% confluence. Cells were treated with synthetic farnesol at 10, 20 and 30 

µM final concentrations for 3 and 24h. Control cells were treated with the vehicle alone 

(0.2% methanol) in media.  

 

          The effect of farnesol on modulation of efflux pump MRP1 was evaluated by 

Western blot analysis. Following farnesol-treatment, cells were removed enzymatically, 

washed twice with cold PBS and protein was extracted using the M-PER Mammalian 

Protein Extraction Reagent (Thermo Fisher Scientific, Rockford, IL) per manufacturer 

recommendation with added protease inhibitors. Protein concentration was measured and 

equalized using the Bio-Rad Protein Assay (Bio-Rad Labs, Richmond, CA). 

Electrophoresis was performed on 4-15% gradient polyacrylamide gels (Bio-Rad Labs, 

Richmond, CA) followed by Western blotting using a 1:500 dilution of monoclonal 

primary antibodies for MRP1 (Abcam, Cambridge, MA) with β-actin (Sigma-Aldrich) as 

a loading control. Blots were processed with Immobilon™ Western Chemiluminescent 

HRP Substrate (EMD Millipore Corporation, Billerica, MA) and imaged using HyBlot 

CL Autoradiography Film (Denville Scientific, South Plainfield, NJ). 
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11. Inhibition of MRP1 by MK571. 

 

For inhibition experiments using MK571 inhibitor, cells were grown in 96-well plates 

at 5x104 cells per well and grown to 80% confluence. Cells were treated with synthetic 

farnesol at 30, 45 and 60µM final concentrations. Control cells were treated with the 

vehicle alone (0.2% methanol) in media.  

 

          Viability assays of farnesol-treated cells was assessed using the MTS as previously 

described with modification where MK571 was incorporated in the farnesol-media 

mixture at final concentration of 10µM for SCC25 and 30µM for SCC9 (different 

concentrations of inhibitor were needed for the 2 cell lines based on observed efficacy). 

A total of 200µl of the mixture was added into each well and plates were incubated for 3 

or 24h at 37°C with 5% CO2. Following incubation, media was removed from the wells 

and 200µl PBS was added to each well with 20µl of MTS reagent and plates were 

incubated at 37°C for 1h 30min or until color fully developed. Following color 

development, colorimetric change at 490nm (A490) was measured with a microtiter plate 

reader (Titertrek, Multiskan MCC1340).  

 

12. Specific inhibition of MRP1 by QCRL-4 antibody. 

 

          To determine the impact of MRP1 inhibition on cell viability, an MRP1-specific 

monoclonal antibody (QCRL4) was used in the following antibody transfection 

procedure in wells of 96-well plates: 2µl of antibody solution (0.4µg) was diluted 1:1 
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with PBS then mixed thoroughly with 0.1µl Lipodin-Ab (Abbiotec, San Diego, CA) 

solution and incubated for 15min at room temperature. Negative control with IgG alone 

was included using the same protocol. Amount of antibody was doubled for use with 

SCC9 based on observed efficacy. Following incubation, 100µl of serum-free media was 

added to the antibody/Lipodin-Ab solution which was then immediately added to the 

cells. The cells were washed with 100µl serum-free media solution once before the 

antibody/Lipodin-Ab solution was added. Cells were incubated for 5-6h, removed and 

washed twice with 200µl of buffer then new media was added with farnesol incorporated 

to final concentrations of 30, 45, 60µM and reactions incubated for 3 or 24h. Cells treated 

with farnesol in media alone were included as control. Viability was assessed using the 

MTS assay as previously described (96). 

 

13. Impact of farnesol-induced MRP1 up-regulation on response of cells to anti-

tumor drugs.   

 

       Since up-regulation of MRP1 constitutes a mechanism for the development of drug 

resistance, a potential impact for the farnesol-induced MRP1 over-expression on cells 

response to cisplatin and paclitaxel was investigated. In these assays the drugs were 

added to the cells in 96-well microtiter plates to final concentrations of 70µM for 

cisplatin and 10µM for paclitaxel in the presence of sub-inhibitory concentrations of 

farnesol (10, 15 and 20µM) and plates were incubated for 24h (chemotherapeutic drugs 

did not exert a killing effect on the cells at 3h). Following incubation, media was 

removed and 200µl buffer and 20µl MTS reagent were added into each wells and plates 
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were incubated for 1h 30min or until the color fully develop. Viability was assessed using 

plate reader and percent killing calculated based on optical densities. 

 

14. Statistical analysis. 

      

          For all analyses, a Student’s t-Test was employed to assess the statistical 

significance of treated groups versus control groups along with standard error. A 

statistically significant difference was considered to be present at p < 0.05.  
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Chapter 3: Results 
 
	  
	  

1. MTS viability assay 
 

          Cell proliferation in cells exposed to increasing concentrations (0, 10, 20, 30, 45, 

60µM) of farnesol was assessed by measuring absorbance following color development. 

Results indicated a significant effect for farnesol on cell death in both cell lines 

proportional to farnesol concentration and exposure time (Fig.2A, B). Cell death 

increased significantly from 30µM through 60µM (p<0.05) whereas, at low concentration 

of farnesol (10, 20µM), cell death was absent to minimal in both cell lines. Interestingly, 

although both cell lines were sensitive to farnesol, some differences in susceptibility were 

noted between the 2 cell lines with SCC9 exhibiting higher tolerance. The cell line HN12 

also responded to farnesol in a similar manner to SCC9 and SCC25 cell lines (Fig.2C). 
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Figure 2. Farnesol concentration and exposure time-dependent cell death of OSCCs. 

Cell viability was assessed using the MTS metabolic assay. Results demonstrated gradual 

increase in percent cell death proportional to farnesol concentration and exposure time. 

The trend was similar for all cell lines; however, SCC9 (A) exhibited higher tolerance to 

farnesol than SCC25 and HN12 (B and C). Error bars indicate the standard errors of the 

means. (* p≤0.05). Percentage of cell death relative to untreated cells in their respective 

time points. 

	  
	  

2. Light microscopy of farnesol-treated cells. 

 Cell proliferation in cells exposed to increasing concentrations (0, 10, 20, 30, 45, 

60µM) of farnesol was assessed by light microscope. Results indicated a significant 

cytotoxic effect for farnesol on both cell lines relative to farnesol concentration (Fig.3). 

Cells were seen undergoing morphological changes where they began to slough off the 

surface at 30µM through 60µM. In contrast, at low concentration of farnesol (10µM and 

20µM), cell morphology and architecture remained unchanged in both cell lines. These 

results are in line with those from viability assays demonstrating a non-toxic effect for 

farnesol on the cell at concentrations below 30µM. Similarly, images indicated 

differences in susceptibility between the 2 cell lines with SCC9 demonstrating higher 

tolerance. 
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Figure 3. Light microscopy images of the two cell lines of OSCC cells untreated or 

treated with increasing concentrations of farnesol for 24h. Cells not exposed to farnesol 

or treated with concentrations below 30µM exhibited normal morphology. In contrast at 

30µM and above most cells in the farnesol-treated groups revealed characteristics such 

as rounding, shrinkage, and loss of contact with neighboring cells. In addition to the 

heterogeneous appearance, there was also a decrease in the number of cells, which was 
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more pronounced with increasing farnesol concentrations, with minimal cells seen 

attached in the cells treated with 60µM (x40). 

 
 

3. ROS accumulation by fluorescent microscopy. 

 

          ROS accumulation and cell death were assessed using a combination of DCDHF-

DA and propidium iodide. Fluorescence microscopy images demonstrated no red 

fluorescence in the unexposed control cells. In the farnesol-treated cells; however, an 

increasing number of cells appeared as green and red, indicating intracellular ROS 

accumulation and cell death (Fig.4)  
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Figure 4. Representative fluorescent images of cells comparing the level of ROS 

accumulation and cell death following 3 and 24h exposure to increasing farnesol 

concentrations. Presence of ROS accumulation (indicated by green fluorescence) and 

dead cells (indicated by red fluorescence) were seen proportional to farnesol 

concentration and time of exposure in both cell lines. Consistent with viability assays, 

SCC9 (A) cells exhibited lower level of ROS accumulation and cell death than SCC25 

(B). 

 
 

4. Apoptosis analysis by Flow cytometry. 

 

          The apoptotic effect of farnesol on the cells was corroborated by results from flow 

cytometry analysis following Annexin V and PI staining differentiating dead cells from 

apoptotic cells (early and late). Results demonstrated cells undergoing apoptosis the level 

of which was proportional to farnesol concentration and exposure time. Farnesol was 

shown to induce apoptosis in both cell lines within 3h and consistent with previous 

findings, the level of apoptosis and cell death was cell line-dependent with SCC9 

demonstrating higher tolerance to farnesol than SCC25. Collectively, results from these 

experiments demonstrated that farnesol exerted a concentration-dependent increase in 

annexin V labeling and PI staining (Fig.5, 6). 
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Figure 5. Effect of farnesol on Annexin V and PI binding. Representative flow 

cytometry graphs of cells treated with different concentrations of farnesol. Cells were 

isolated and prepared for measurement of Annexin V and PI staining using flow 

cytometry analysis in order to count the number of cells that have undergone apoptosis.  

Contour plots with quadrant gates show four populations. In the untreated control 

sample, the majority (%) of cells were viable and non-apoptotic (Annexin V–/PI–). 

However, with increasing concentrations of farnesol, there was a decrease in the 

population and an increase in cells undergoing early apoptosis (Annexin V+/PI–). An 

increase in the Annexin V+/PI+ population indicating dead or necrotic cells was 

observed at higher doses of farnesol. 
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Figure 6. Annexin V apoptosis assay. Assessment of apoptosis in cells treated with 

farnesol by flow cytometry demonstrating an increase in apoptosis proportional to 

farnesol concentration and incubation time in (A) SCC9 and (B) SCC25. Error bars 

indicate the standard errors of the means. (* p≤ 0.05). Percentage of apoptotic cells 

relative to untreated cells in their respective time points. 
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5. Confocal microscopy. 

 

Morphological changes in cells exposed to increasing concentrations of farnesol 

were assessed using confocal microscopy. Results indicated a significant effect for 

farnesol proportional to its concentration. Cells were seen undergoing apoptosis at 30µM 

and consistent with apoptotic death, the cell nucleus was affected early with the plasma 

membrane preserved longer. Further, cytosol condensation and blebbing phenomenon, 

characterizing apoptotic cell death was also seen. At 60µM, secondary necrosis which is 

the outcome of cells that have gone through apoptotic alterations was seen where cells 

exhibited a specific morphotype associated with apoptotic and necrotic features such as 

rupture of the cytoplasmic membrane and deteriorated nucleus. Interestingly, at low 

concentration of farnesol (10µM), cell morphology and architecture remained unchanged 

(Fig.7). 
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Figure 7. Representative images of farnesol-treated cells demonstrating the sequence 

of apoptotic process induced by farnesol. Cells were treated with farnesol and incubated 

with dichlorodihydrofluorescein diacetate (green fluorescence) and the various phases of 

apoptosis were visualized by confocal laser scanning microscopy. Morphological 

changes in cell membrane can be seen at higher farnesol concentrations followed by 

formation of cell surface blebbing, cell fragmentation and apoptotic bodies, suggestive of 

cell death via apoptotic pathway.  
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6. Morphological change assessment by scanning electron microscope (SEM). 

 

Farnesol-induced cell morphological changes were also assessed by SEM analysis 

where images also revealed a significant toxic effect for farnesol proportional to farnesol 

concentration. Consistent with images from confocal microscopy, changes in cell 

structure could be seen at 30µM with cells exhibiting cytosol condensation and blebbing 

phenomenon characterizing apoptotic cell dead (Fig.8A, B), with cell necrosis observed 

at 60µM in addition to rupture of the cytoplasmic membrane and preserved cell center 

(nucleus). Specific morphology associated with necrotic features exhibited by the cells 

can be seen in Fig.8B. At low concentration of farnesol (10µM), cell morphology and 

architecture remained unchanged.  
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Figure 8. Representative SEM micrographs of cells demonstrating apoptotic process 

induced by farnesol. Images demonstrated morphological changes in cells (SCC25) 

following 24h treatment with increasing farnesol concentrations with no effect noted on 

cells at 10µM. Apoptotic cells (white arrows) can be seen starting at 30µM with 

characteristic surface blebs (apoptotic bodies). Necrotic cells (black arrows) were seen 

mostly at 60µM characterized by rounding and disintegrated cytoplasm. Scale bars 

represent 200µm, 100µm, 50µm and 30µm for 500x, 1,000x, 2,000x and 3,000x 

magnification in (A) and 20µm for 5,000x magnification in (B). 
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7. Effect of glutathione (GSH) supplementation on cell response to farnesol. 

 
 
          Proliferation of cells exposed to increasing farnesol concentrations was assessed in 

the presence of GSH supplementation using the MTS assay. Results indicated a 

significant cell death in response to farnesol in both cell lines proportional to farnesol 

concentration. However, cell death was drastically reduced upon GSH supplementation. 

In SCC25 cells, cell death was decreased by more than 50% at 30µM and 45µM and in 

SCC9 cells, GSH reduced 100% percent cell death at 30µM, 90% at 45µM and more than 

75% at 60µM (Fig.9). Interestingly, although cell death was still detected at 30µM in 

SCC25 in the presence of GSH, no death was noted in SCC9 cells at same concentration 

indicating complete rescue of cells from farnesol in that cell line. This may indicate that 

SCC9 has a more effective GSH-dependent detoxification process than SCC25, which 

may explain its higher tolerance to farnesol compared to SCC25.  
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Figure 9. Effect of GSH supplementation on farnesol induced cell death in OSCCs. 

Cell viability as assessed using the MTS metabolic assay demonstrated the typical 

increase in percent cell death proportional to farnesol concentration. However, upon 

supplementation with exogenous glutathione (GSH), percent cell death was significantly 

reduced at all farnesol concentrations tested. Interestingly, GSH seemed to be more 
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effective in conferring tolerance to farnesol in SCC9 cell line (A) compared to SCC25 

(B). Error bars indicate the standard errors of the means. (*p≤ 0.05) 

 

8. Intracellular and extracellular glutathione contents. 

 

          To investigate whether farnesol causes reduction in intracellular glutathione levels, 

the total cellular glutathione concentration was comparatively measured in control and 

farnesol-exposed cells. Results demonstrated that farnesol exposure significantly 

decreased total intracellular glutathione content proportional to farnesol concentration 

with maximum drop of 70.28% for SCC9 and 62.74% for SCC25 noted at 3h exposure to 

60µM farnesol. (Fig.10A) Similarly, for 24h exposure, the maximum drop of intracellular 

glutathione were seen at 60µM farnesol for both cell lines with 43.84% drop for SCC9 

and 50.62% drop for SCC25. (Fig.10B) Interestingly, in both cell lines, lower baseline 

(no farnesol) intracellular glutathione levels were seen in 3h-treated cells compared to 

24h-treated cells (Fig.10 A and B).  In order to determine whether GSH is extruded from 

farnesol-treated cells, glutathione was measured in the cultured media of the cells 

following incubation with farnesol. The results from these experiments demonstrated 

significant increase in total extracellular glutathione content proportional to farnesol 

concentration indicating that glutathione (GSSG and/or GS-F) was extruded from the 

intracellular compartment into the extracellular milieu likely as a detoxifying mechanism 

by the cell. In both cell lines, the highest level of extracellular glutathione was detected at 

3h (Fig.10A) with no significant difference seen at longer exposure time. (Fig.10B). 

These observations indicate that glutathione is rapidly extruded from the cells in the 

presence of farnesol. Alternatively, it is possible that the extruded glutathione in the 
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media was degraded overtime the result of enzymatic activity by enzymes released from 

dying or dead cells. 

 

 

 
Figure 10. Effect of farnesol on intracellular and extracellular levels of glutathione 

following 3h and 24h exposure to increasing farnesol concentrations. Cells were 

harvested, lysed and intracellular glutathione levels were measured using the glutathione 

assay kit. Cultured media was also collected, clarified and glutathione was similarly 

quantified. Significant decrease in intracellular glutathione levels was seen in both cell 

lines proportional to farnesol concentration and exposure time. The drop in intracellular 

levels was concomitant with increase in level of detection of total glutathione in the 

extracellular growth milieu. Although at 3h (A) a more significant drop in levels was 

seen in SCC25 cells, no significant differences between the cell lines was noted at 24h 

(B). Of note, in control cells, the baseline intracellular glutathione levels for both cell 
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lines was significantly higher in the 24h farnesol treated cell group compared to the 3h 

farnesol treated cell group indicating cell age-dependent changes in GSH levels. Error 

bars indicate the standard errors of the means. (*p≤ 0.05). 

 
9. Gene expression analysis. 

      

          Gene expression studies using qRT-PCR were performed in order to determine 

whether farnesol exposure modulates the expression of the efflux pump MRP1 gene. 

Results from these experiments demonstrated significant increase in the expression of 

MRP1 relative to the untreated control cells following 3h incubation with no significant 

effect noted following 24h exposure to farnesol in both cell lines (Fig. 11A). However, 

the fold increase in expression differed between the cell lines at some farnesol 

concentrations with SCC9 demonstrating a gradual increase proportional to farnesol 

concentration with the highest levels detected at 30µM. In contrast, in SCC25 although 

levels increased at 20µM, expression dropped at 30µM. Since farnesol exerts a 

significant killing effect at concentrations higher than 30µM, not enough cells could be 

harvested for gene expression studies at higher farnesol concentrations. 

 

10. Western blot analysis. 

 

 Proteins extracted from cells were subjected to SDS-PAGE and membranes were 

probed with antibodies against MRP1. Protein expression profiles demonstrated a 

significant increase in the expression of MRP1 proportional to farnesol concentration and 

exposure time with higher levels detected at 24h (Fig. 11B). Interestingly, in SCC25 

treated with farnesol for 3h, higher levels of MRP1 were seen at 20µM than 30µM, 
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consistent with gene expression levels. For both cell lines however, the baseline (no 

farnesol; 0F) levels of MRP1 were higher at 24h compared to 3h (Fig. 11B). 

 

 

Figure 11. Effect of farnesol on MRP1 gene and protein expression in SCC9 and 

SCC25 cells following 3h and 24h exposure to increasing concentrations of farnesol. 

(A) qRT-PCR analysis demonstrated significant increase in MRP1 expression relative to 

the untreated control cells following 3h incubation but no significant effect was noted 

following 24h exposure to farnesol with differences seen between the two cell lines. Data 

represents the average of 3 independent experiments performed in triplicate.  Error bars 
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indicate the standard errors of the means. (*p≤ 0.05). (B) Similarly, Western blot 

analysis demonstrated significant up-regulation of MRP1 proportional to farnesol 

concentration consistent with gene expression profiles. Beta Actin was used as loading 

control. MRP1 band typically appears wide and not well defined (72,97-100).  

 

11. Inhibition of MRP1 by MK571.  

      

          In order to validate the hypothesis that the effect of farnesol on cell viability is 

associated with MRP1 activity, viability assays were performed in the presence of MK-

571, a first class inhibitor of MRP1. MK571 competitively bind to drug binding site of 

MPR1 and potentially inhibit the pump (Fig. 12). Results from these assays demonstrated 

a significant decrease in percent cell dead of farnesol at both time points in the presence 

of the inhibitor with a more drastic effect seen on the SCC25 cell line (Fig. 13).  

 
	  
	  

12.  Specific inhibition of MRP1 by QCRL-4 antibody. 

 

          In addition to inhibition by the MK-571 inhibitor, specific antibody blocking of 

MRP1 was also performed. As shown in the schematic diagram in Fig. 12, the QCRL-4 

antibody can be used to selectively block the MRP1 pump in live cells. Consistent with 

the results from MK-571, transfection of monoclonal antibody significantly reduced cell 

dead by farnesol at all concentrations and both time points and in both cell lines. In 

general, the antibody seemed to have a more pronounced effect on SCC9 (Fig.14). 

Lipodin, QCRL4 and IgG were tested for effect on cell viability. No additional loss in 
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viability was observed beyond what was seen for non-transfected cells treated with 

farnesol alone. 

 
 
 

Figure 12. Schematic diagram illustrating the proposed cellular response to farnesol 

with MRP1 inhibition using MK-571 and QCRL-4. (A) MK-571 competitively bind to 

drug binding site of MPR1 and potentially inhibit efflux pump (B) Delivery of QCRL-4 
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monoclonal antibody result in a specific binding of the antibody to MRP1 intracellular 

epitope and prevent conformational change. 

 
 
 
 

 
 
 
Figure 13. Effect of inhibition of MRP1 on cell viability in response to farnesol using 

the MK-571 specific inhibitor of MRP1. (A) In the presence of MRP1 inhibitor, a 

significant decrease in percent cell dead was seen in farnesol-treated cells compared to 

treated cells without inhibitor at both time points, with more pronounced effect noted on 

SCC25 (B). (*p< 0.05). 
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Figure 14. Effect of inhibition of MRP1 on cell viability in response to farnesol using 

an MRP1-specific antibody. The QCRL-4 antibody was used to selectively block MRP1. 

When delivered inside the cell, the antibody binds to its specific epitope preventing the 

MRP1 pump from changing its configuration, thus stopping any transport. Similar to 

results with MK-571 inhibitor, a significant decrease in farnesol induced cell death was 

seen in both cell lines and time points at all farnesol concentrations tested, with more 

pronounced effect noted on SCC9 (A) compared to SCC25 (B). (*p≤ 0.05). 
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13. Impact of the farnesol-mediated MRP1 up-regulation on the response of 

OSCC cells to chemotherapeutic drugs.   

     

 As over-expression of MRP1 is associated with drug resistance, the response of the 

cells to anti-tumor agents was investigated in the absence and presence of sub-toxic 

farnesol concentrations. Results demonstrated approximately 75% killing for 70µM 

cisplatin alone; however, in the presence of low farensol concentrations (10, 15, 20µM), 

significant decrease in percent cell dead was seen in both cell lines which was more 

pronounced in SCC9 (~50% decrease) (Fig.15). In contrast, farnesol demonstrated a 

synergistic effect with paclitaxel where cell dead was higher than that seen with 

paclitaxel (10µM) alone (Fig.16). Cells treated with farnesol alone showed very low or 

zero percent cell dead at these concentrations. 
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Figure 15. Impact of farnesol-induced MRP1 up-regulation in response to cisplatin. 

Drug susceptibility assays performed in the presence of sub-inhibitory farnesol 

concentrations demonstrated higher tolerance for the cells to cisplatin at concentrations 

normally toxic to the cells as indicated by significant decrease in percent cell dead in the 

presence of farnesol. Decrease in cell dead was more pronounced in SCC9 (A.) than in 

SCC25 (B.) (*p≤ 0.05). 
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Figure 16. Impact of farnesol-induced MRP1 up-regulation in response to paclitaxel. 

Drug susceptibility assays performed in the presence of sub-inhibitory farnesol 

concentrations demonstrated a synergistic effect for farnesol with paclitaxel where 

percent cell dead increased in the presence of farnesol compared to that of cells treated 

with paclitaxel alone. Synergistic effect was more pronounced in SCC9 (A) compared to 

SCC25 (B).	  
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Chapter 4: Discussion  
 

 
 

Apoptosis is a naturally occurring developmental process triggered by various 

extracellular and intracellular stimuli (101,102). Although the exact mechanism of its 

cytotoxicity leading to apoptosis is yet to be elucidated, farnesol was recently identified 

as an extracellular stimulus of apoptosis in several human tumor cells, which now 

includes OSCCs (32,103). More recently, we characterized a mammalian-like farnesol-

induced process of apoptosis in the eukaryotic fungal species C. albicans and 

characterized the mechanism of farnesol cytotoxicity (104). The current study was 

undertaken in order to validate the hypothesis that farnesol toxicity in OSCCs involves 

oxidative stress mediated by intracellular glutathione consumption, extrusion and 

depletion.  

 

Because of its hydrophobicity, farnesol can pass through an intact cell membrane 

and induce oxidative stress by producing superoxide and hydroxyl radicals. As part of the 

cell’s defense against oxidative stress, GSH present inside the cell conjugates with 

farnesol forming GS-F conjugates. However, the conjugate retains the ability to carry out 

redox recycling to form superoxide and hydroxyl radicals, and therefore this by itself is 

not an effective detoxification pathway unless the conjugate is recognized by a membrane 

transporter as a substrate and pumped out of the cell by an ATP-driven process. In 

combination, these two cellular strategies indicate the presence of a coordinated 

antioxidant cellular response. In this study, a farnesol-induced cellular oxidative stress 

was demonstrated by the presence of intracellular ROS accumulation and flow cytometry 
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analysis where cells were seen undergoing various stages of apoptosis proportional to 

farnesol concentration. 

 

Further, the involvement of GSH in the cytotoxic process was clearly 

demonstrated by the decrease in its intracellular levels concomitant with decrease in cell 

viability, which was alleviated upon exogenous supplementation of GSH. Importantly, 

the reduced intracellular levels upon exposure to farnesol paralleled an increase in 

detectable levels of extracellular glutathione, indicating extrusion of oxidized and/or 

conjugated glutathione from the cell. These findings are in line with those from a recent 

study by Koley et al. (105) investigating oxidative stress induced in HeLa cells by 

menadione, a cytotoxic hydrophobic molecule similar to farnesol. Since thiodine is 

known to be the resulting conjugate between menadione and GSH, the authors were able 

to quantitatively estimate the MRP1-mediated thiodione efflux from the cell. In our case 

however, farnesol conjugation with GSH was not previously demonstrated and therefore, 

the identity and stability of formed farnesol-GSH conjugates is not known, which made it 

problematic to measure their intracellular and extracellular levels. 

 

As eukaryotes, mammalian and fungal cells share many metabolic processes and 

pathways including the strategy of glutathione-mediated cellular detoxification. Using a 

deletion mutant strain of C. albicans lacking the CDR1 gene, we demonstrated that lack 

of this transporter enhanced survival of the fungal cell in the presence of farnesol (104). 

Consistent with these findings, a similar effect was seen on OSCC cell survival upon 

specific inhibition of MRP1, the homologue of the fungal CDR1, using a chemical 
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inhibitor and intracellular delivery of an MRP1-specific monoclonal antibody. These 

findings in both eukaryotic cells were surprising, as the overexpression of ABC 

transporters typically constitutes a mechanism by which the cell develops resistance to 

chemotherapeutic agents. In fact, the C. albicans mutant strain (cdr1) lacking the CDR1 

gene was shown to be hypersusceptible to azole antifungal drugs and several metabolic 

inhibitors (85,105). However, the induction of these transporters by farnesol-GSH 

conjugates and GSSG serving as an immediate mechanism for the cell to rid itself of 

oxidized species paradoxically disrupts the cellular redox balance and cell function. 

Therefore, inhibition of Cdr1p and MRP1 allows the cell to maintain sufficient levels of 

total intracellular GSH, maintaining redox potential and promoting cell survival and 

function.  

 

It is important to note however that the hydrophobic nature of farnesol favors its 

accumulation in cell membranes which could result in disruption of membrane integrity, 

as we have previously demonstrated in C. albicans and in the bacterial pathogen 

Staphylococcus aureus (106,107). Therefore, at high concentrations and prolonged 

exposure, it is likely that farnesol causes extensive disruption of the cell membrane 

leading to immediate cell death or necrosis. However, at early time points of exposure 

and lower concentrations, farnesol toxicity is mediated by rapid disruption of GSH levels 

as shown by our findings (within 3h). In combination, these two mechanisms indicate the 

simultaneous induction of apoptosis and necrosis as demonstrated by flow cytometry and 

fluorescent microscopy. 
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Although the response of both cell lines used in this study to farnesol was 

comparable and consistent in all experiments performed, some differences were seen in 

terms of level of response where, in general, SCC9 seemingly exhibited higher tolerance 

to farnesol. Intrinsic differences between cell lines are expected particularly in cancer 

cells derived from patients with varying clinical disease progression. Interestingly, in 

comparing the properties of the two cell lines based on analysis of our results, SCC9 

exhibited higher MRP1 protein expression and GSH supplementation seemed to be more 

effective in conferring tolerance to this cell line. Whether these observations explicate 

some of the observed differences in response to farnesol however, is unclear. Another 

interesting observation is that the baseline intracellular GSH levels in both cell lines 

regardless of farnesol (0F) was significantly higher in cells grown for 24h compared to 

3h. This is expected as age-associated oxidative stress increases the demand for GSH and 

in turn its de novo synthesis as a compensatory mechanism.  

 

Most significantly, the observed impact of farnesol on the induction of MRP1 

expression at sub-toxic concentrations (<20µM) led us to investigate whether this 

phenomenon would impact the response of the cells to chemotherapeutic agents as the 

overexpression of efflux pumps constitutes the main mechanism by which cells develop 

drug resistance. Therefore, chemotherapeutic susceptibility testing was performed for the 

2 most commonly used agents for the treatment of OSCC, cisplatin and paclitaxel. The 

findings from these studies were intriguing as although farnesol did not confer tolerance 

to paclitaxel, in the presence of low farnesol concentrations, the cells exhibited marked 

increase in tolerance to cisplatin. These findings strongly suggested that farnesol 
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conferred the cells with tolerance to cisplatin via its modulation of MRP1 expression 

(Fig. 15).  

 

The difference in the farnesol-induced response of the cells to cisplatin and 

paclitaxel is likely due to the different modes of action of these drugs. Cisplatin targets 

the cell nucleus where it causes DNA damage by cross-linking with DNA ultimately 

resulting in cell death. However, in the cell, cisplatin has been shown to conjugate with 

intracellular GSH forming conjugates which require extrusion by MRP1 as a mechanism 

for the cell to rid itself of the toxic conjugates (108). Therefore, the enhanced expression 

of MRP1 induced by farnesol in the presence of cisplatin is favorable to the cell by 

augmenting the detoxification process, thus conferring the cell with tolerance to the drug. 

In contrast to cisplatin, farnesol did not protect the cell against the toxic effect of 

paclitaxel (Fig. 16). Since MRP1 is known to be a poor transporter for paclitaxel, these 

findings were not surprising as increased expression of MRP1 by farnesol, would not 

affect the pharmacokinetics of paclitaxel or interfere with its cytotoxicity (108). 

 

Farnesol concentrations below 20µM did not exhibit any obvious adverse effects 

on the cells, yet ROS staining indicated low level of presence in the cells at these farnesol 

concentrations. These observations are interesting since farnesol is an intermediate in the 

sterol biosynthesis pathway in eukaryotic cells and therefore is normally present in the 

cell at low concentrations. In C. albicans, farnesol is reported to be increasingly produced 

over time particularly in a biofilm mode of existence, which tends to become a 

competitive and stressful environment with age. Therefore, it is conceivable that farnesol 
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may play an important physiological role in the eukaryotic cell whereby by exerting a 

low level of stress, it induces a stress response by the cell as a self-defense mechanism 

which may benefit the cell in stressful conditions such as in the presence of 

chemotherapeutic agents. In fact, in C. albicans our findings demonstrated a significant 

increase in the level of expression of the SOD (superoxide dismutase) family of 

enzymatic antioxidants which confer resistance to the fungal cell to oxidative stress by 

acting directly as ROS detoxifiers (104,109). In that sense, farnesol may be a key 

component in the cell’s resistance mechanism to both antimicrobial and anti-cancer drugs 

at low physiological concentrations. Interestingly and along those lines, a recent study by 

Tai et al. (110) indicated that intracellular redox status may be closely correlated with 

multidrug resistance. Further, given the establishment of a farnesol-induced cellular 

apoptotic process, it is tempting to speculate that through the regulation of intracellular 

farnesol production, eukaryotic cells may have developed a mechanism of altruistic 

programmed cell death with evolutionary advantages (111). These inferences however, 

require in depth investigations where intracellular levels of farnesol are measured and 

analyzed under different conditions and stages of the cell life cycle. 

In conclusion, xenobiotics induce cytotoxicity by different pathways; a redox 

recycler exerts oxidative stress by forming ROS and GSSG thus depleting intracellular 

GSH. Alternatively, a second type of xenobiotic, an arylator, depletes intracellular GSH 

through the formation of GS-conjugates (arylation). (Fig.17) Here we present novel 

findings indicating that farnesol can act as both a redox cycler and arylator. To our 

knowledge, this is the first study elucidating a defined mechanism behind farnesol-

induced apoptosis in human tumor cells. We expect the findings to pave the way for more 
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in depth investigations to enable a better understanding of the molecular mechanisms 

underlying farnesol-mediated cytotoxicity in eukaryotic cells. Significantly, studies are 

warranted to explore the potential of this redox-cycling agent as an alternative anti-tumor 

agent. These studies are currently underway in our laboratory. Preliminary data are 

presented in Chapter 5. 
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Figure 17. Proposed mechanisms of farnesol cytotoxicity in OSCC..(I) The hydrophobic 

nature of farnesol favors its accumulation in the cell membrane which results in 

disruption of membrane integrity and cell lysis. (II) In addition, as a redox recycler, 

farnesol exerts oxidative stress by inducing ROS and GSSG formation increasing 

intracellular glutathione consumption. (III) Simultaneously, as an arylator, farnesol can 

also deplete intracellular GSH via arylation resulting in GS-conjugates formation. 

Formed GSSG (II) and GS-conjugates (III) are substrates for the MRP1 efflux pump and 

therefore are rapidly extruded from the cell. Combined, the farnesol induced glutathione 

consumption and MRP1-mediated extrusion results in intracellular glutathione depletion, 

disruption of redox balance and ultimately cell death. 
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Chapter 5: Ongoing and Future Studies 
 

 
ONGOING 
 
 
          Our combined in vitro studies (20,39,83) have clearly demonstrated the potential of 

farnesol as an alternative anti-tumor agent against oral squamous cell carcinoma (OSCC). 

However, in order to establish the applicability of a novel agent, an animal model that 

mimics the clinical features of human squamous cell carcinomas is warranted. Several 

animal models for OSCC are used including hamster, rat and mouse models. Nowadays 

xenograft models are widely used where human cells are injected and grown in 

immunodeficient mice. Advantages are the speed and certainty of tumor development. 

 

  Building on our in vitro studies demonstrating farnesol’s ability to decrease cell 

viability in two cell lines, we sought to explore the anti-tumor properties of farnesol in 

vivo. To that end, we designed and performed a pilot study using a nude mouse model of 

OSCC. The goal of these preliminary studies was to investigate whether farnesol 

treatment impacts tumor growth progression in a xenograft mouse model of OSCC.  

 

Mouse xenograft model of OSCC 

 

          The animal experiments described herein were performed according to the NIH 

Guide for the Care and Use of Laboratory Animals and were approved by University of 

Maryland Office of Animal Welfare, Institutional Animal Care and Use Committee 

(protocol 12-12-01).  
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          Oral squamous cell carcinoma cell lines SCC25 and metastatic HN12 were 

cultured and maintained as previously described. Ten Homozygous female athymic nude 

mice (Crl:NU(NCr)-Foxn1nu) (Charles River Laboratories,Wilmington, MA) of 4-5 

weeks of age (75-100g) were used in the study. However, 4 mice died during the course 

of the study for unknown reasons and therefore the remaining mice were divided between 

the 2 cell lines. Three mice were inoculated subcutaneously with mixture of equal volume 

of 200µl of serum-free DMEM containing 1x107 SCC25 tumor cells and Cultrex growth 

factor depleted reconstituted basement membrane material (Trevigen, Inc., Gaithersburg, 

MD) and 2 mice were similarly injected with 1x106 HN12 cells. Tumor cell suspensions 

were injected subcutaneously into bilateral flanks of the mice with a sterile 1cc 27-gauge 

needle. The animals were fed and housed under the standard nude mice living 

environment at the animal facility of the Dental School and were checked on a daily basis 

following tumor cell inoculation. One control mouse without xenograph was also 

included in the experiment. 

 

          Treatment was initiated when tumors were formed and became palpable (2-4 

weeks). Injection site was prepared by swabbing with 70% alcohol and 0.2ml farnesol 

solubilized in 0.5% Tween 80 (Sigma-Aldrich, St. Louis, MO) in normal saline was 

injected intratumorally (30mg/kg or 50mg/kg) on every other day basis. Control mice 

without xenograph injected with vehicle/farnesol were included as controls to determine 

toxicity or side effects of farnesol and/or vehicle.  Tumor dimensions were measured 

every other day by caliper measuring the thickness (t), width (w) and length (l) of each 

tumor. The tumor volumes were subsequently calculated using the formula ½ L X W2. 

Mice were closely monitored for weight loss every other day	  until tumors reached 10mm 
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in diameter then daily until they reached the maximum allowable size of 20mm.	  

Moribund mice were euthanized when tumor size exceeded 20mm or when they 

exhibited any signs of premorbid conditions such as gross ascites, dehydration, lethargy, 

body score of 2 or lower	  or weight loss greater than 20% of initial body weight.  

 
 
Results 
 
 

The study spanned a total of 20 and 66 days for HN12 and SCC25 xenografts 

respectively, during which tumor size was measured and mice pictured and data 

documented. Although a small number of animals were included in this exploratory 

study, analysis of findings indicated a marked effect for farnesol treatment on tumor 

volume progression compared to untreated animals in mice grafted with both cell lines, 

SCC25 and HN12. However, the control (untreated) mouse for the SCC25 farnesol-

treated mouse died during the course of the study. Importantly, no toxicity or side effects 

were noted in control mice treated with vehicle (Normal Saline/Tween 80) alone or with 

vehicle/farnesol. 

 

Mice with HN12 cell line xenografts 

 

In mice grafted with HN12 cells, treatment was initiated when tumor was formed 

following 7 days after implantation of cell (Day 0) and every other day (Fig. 18A). In the 

control mouse not treated with farnesol, one tumor developed on one of the injected 

flanks. The formed tumor grew rapidly reaching the maximum allowable size of 20mm 

within 10 days and therefore, the animal was euthanized on Day 10. The mouse had lost 
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significant amount of body weight and appeared lethargic. The experimental mouse 

receiving farnesol injections developed 2 tumors, one on each flank (A & B). Although 

the tumors on both sides continued to grow over time, growth was significantly slower 

than that seen in the untreated mouse and the mouse was euthanized at Day 20. (Fig. 18) 
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B 
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Figure 18. Comparison of tumor size in mouse receiving farnesol treatment compared 

to control untreated mouse. Head and neck SCC tumor xenografts (HN12) were planted 

subcutaneously in the flanks of 2 nude mice, one receiving farnesol injections into tumors 

formed on each flank (A and B) and control mouse treated with vehicle. (A) Images of 

tumors in treated and control mice over 20 days demonstrated rapid growth for the 

control tumor over 10 days at which time the mouse was euthanized. However, the 

growth of tumors in treated (50mg/kg farnesol) mouse progressed at a slower rate with 

mouse euthanized at Day 20  (B) Measurements (mm3) of developed tumors in both mice 

demonstrating the rapid increase in size in the control mouse.  

 

Mice with SCC25 cell line xenografts 

Two mice were grafted with cells from the SCC25 cell line (only one tumor developed on 

one of the injected flanks); mouse SCC25-1 was treated with 30mg/kg farnesol injections 

the entire time course of treatment whereas mouse SCC25-2 was treated with 30mg/kg 

farnesol until Day 48 then farnesol concentration was increased to 50mg/kg until 

termination of experiment (Fig. 19 A and B).  Images of tumors and volume 

measurements taken over the course of the study demonstrated that tumor growth was 

dramatically suppressed with farnesol injection in one mouse. The other mouse (SCC25-

2) appeared to have minimal response to farnesol treatment (Fig. 19).  

 

Mouse SCC25-1 (Figure 19A,C):  

A tumor was developed on the left side of the mouse and treatment was initiated at Day 

0. On Day 4 (after 2 treatments) a noticeable decrease in the size of tumor was seen 
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which continued over time. By Day 20 the tumor was undetectable and treatment was 

discontinued on Day 48. The mouse was continued to be monitored and checked until 

Day 66 when experiment was terminated at which time the animal remained tumor-free 

and seemingly healthy with no detectable weight loss.  

 

 

 

SCC25-1-Mouse #1 
 

A 
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Mouse SCC25-2 (Figure 19B, C): 
 
A tumor developed on the left side of the second mouse and treatment was initiated at 

Day 0. No significant growth in the tumor was seen at Day 10 following 5 farnesol 

injections. Intra-tumor injections continued every 2 days and on Day 14 a lesion in the 

tumor appeared which continued to grow and ulcerate over time but at a slow rate. At 

Day 50 the lesion began to dry and by end of experiment, Day 66, it had shriveled and 

flattened. The mouse did not lose weight and remained seemingly healthy and active. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B	  

SCC25-2 - Mouse #2 
 B 
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Figure 19. Progression of tumors in 2 mice receiving farnesol treatment.  (A) Images of 

tumor in mouse SCC25-1 demonstrating the decrease and eventually disappearance of 

formed tumor over the course of experiment. (B) In mouse SCC25-2, the tumor began 

ulcerating however upon continued farnesol injections, growth was stopped and lesion 

began to decrease in size and flatten. (C) Measurements (mm3) of developed tumors in 

both mice demonstrating the inhibitory effect of farensol on injected tumors. 

 
 
 
 
 
 
 
 
 
 
 
 
 

C 
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FUTURE DIRECTIONS 
 
Based on the findings generated from the work described in this thesis, several 

studies are planned as an expansion on the accomplished and ongoing studies. 

 
 

As farnesol has not previously been tested in OSCC tumor, it is not known at 

what concentration it will exert an anti-tumor effect and therefore, future studies should 

include testing different concentrations. It is important to note that farnesol has been 

previously tested as a systemic drug for the treatment of candidiasis at a concentration of 

20mg/Kg with no side effects to the animals confirming its safety and lack of toxicity to 

the host. 

 

Limitation of in vivo studies using farnesol intratumorally are mainly due to its 

poor water solubility and direct injection of farnesol in 0.5% Tween 80 may not sustain 

farnesol in the tumors long enough for it to exert its effect on developing cancer cell. This 

shortcoming however, has been the focus of much research dedicated to development of 

novel drug delivery systems for anti-cancer agents. Among such formulations, a recently 

formulated biodegradable injectable hydrogel prepared from amphiphilic natural or 

synthetic polymers has shown an increased loading efficiency of anti-tumor agents 

significantly enhancing the effect of the drug (112). It was proposed that the efficacy of 

this formulation may have been due to the affinity of the hydrogel for lipophilic 

compounds and therefore, this delivery system may be suitable for farnesol as it is a 

lipophilic molecule. The merit of using a hydrogel formulation is the effective 

localization of the drug intratumorally, thereby circumventing systemic distribution and 
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preventing potential unnecessary side effect. To that end, as an expansion on the work 

accomplished and described in this thesis, our future studies will focus on developing a 

similar drug delivery system for farnesol which will then be tested for efficacy and 

applicability in our mouse xenograft model.  

 
 
 In addition, our in vitro findings have indicated that farnesol modifies the 

response of tumor cells to chemotherapeutic agents. Therefore, we plan to investigate this 

phenomenon in vivo to assess the potential of farnesol as an adjuvant therapeutic agent. 

Specifically, in these studies we will demonstrate that the combination of farnesol with an 

anticancer drug would create a new chemical entity that targets tumors and reduce 

toxicity to normal tissues. Therefore, the goal of these studies is to determine the 

applicability of farnesol as an adjuvant agent. To that end, using our mouse model, we 

will administer farnesol by IP injections in combination with chemotherapeutic agents at 

therapeutic and sub-therapeutic doses. 
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PERSISTER CELLS AND DRUG TOLERANCE 

 

ABSTRACT Intapa et al. PLoS Pathogens (2011)  

Whether microbial or human in nature, cells have evolved analogous strategies where 

the function of survival is assigned to a small subpopulation of cells within a more 

rapidly proliferating population. These phenotypic variants termed “persisters” share a 

key characteristic with important clinical implications: the ability to escape the effect of 

drug treatment by becoming quiescent.  Although this drug tolerance ability appears to 

be a transient and reversible physiological state, our antimicrobial and antitumor 

arsenals are ineffective in eradicating dormant persister cells. Therefore, it has become 

critical to develop novel classes of therapeutics. However, as the molecular mechanisms 

that underlie microbial and cancer cell persister formation are largely unknown, novel 

discoveries rely heavily on the depth of our understanding the nature of these intriguing 

cells.  

 

Acquisition of resistance to anticancer drugs is a major problem in cancer therapy. 

Most treatments, even ones that work, fail over time because tumor cells become 

resistant. Different mechanisms of resistance have been described for cancer cells such as 

modification of drug target and active extrusion of drugs by efflux pumps. Most of the 

currently available chemotherapeutic agents target exponentially growing cells and 

therefore, cancer-initiating cells are proposed as a potential resistant subpopulation 

because of their ability to escape the effect of drug treatment by becoming quiescent. 

This transient drug-tolerant state could provide a mechanism that allows a small 
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subpopulation of tumor cells to withstand an initial destructive attack of drugs to enable 

their survival, until more permanent resistance mechanisms can be established (113). 

Coupled with the increasing emergence of drug resistance and failure of therapies despite 

our medical advances, it has become critical to develop novel classes of drugs (Fig. 20).  

 

Based on our collective findings from the work accomplished thus far we 

hypothesize a physiological role for the farnesol produced by the cell in the development 

of persister cells that are dormant and exhibit drug tolerance. This hypothesis is based on 

preliminary data demonstrating that physiological concentrations of farnesol, although do 

not impact C. albicans cell viability, reduces metabolic activity and enhances tolerance to 

the antifungal agent fluconazole (unpublished data). The findings presented in this thesis 

on the impact of farnesol on tolerance of OSCCs to cisplatin are in line with those seen 

with microbial cells. Therefore, the goal of these future studies is to provide evidence 

attributing a key role for farnesol in the cell physiology. The accomplishment of this 

work holds significant clinical implications in terms of identifying novel drug targets. 

The challenge however is to design experiments to accurately monitor the expression of 

intracellular farnesol in time and under various conditions which will be the focus of our 

future investigations.     
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Figure 20. Progression of persister cell development and enhanced drug tolerance.  

Proposed physiological role of farnesol produced by the cell in the development of 

persister cells that are dormant and exhibit drug tolerance. 

 
 
 
 
 
 
 
 
 
 
 

Farnesol 

Farnesol 
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