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Abstract
The isoprenoid alcohol farnesol is an effective inducer of cell cycle arrest and apoptosis in a variety
of carcinoma cell types. In addition, farnesol has been reported to inhibit tumorigenesis in several
animal models suggesting that it functions as a chemopreventative and anti-tumor agent in vivo. A
number of different biochemical and cellular processes have been implicated in the growth-inhibitory
and apoptosis-inducing effects of farnesol. These include regulation of 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase and CTP:phosphocholine cytidylyltransferase α (CCTα), the rate
limiting enzymes in the mevalonate pathway and phosphatidylcholine biosynthesis, respectively, and
the generation of reactive oxygen species. In some cell types the action of farnesol is mediated through
nuclear receptors, including activation of farnesoid X receptor (FXR) and peroxisome proliferator-
activated receptors (PPARs). Recent studies have revealed that induction of endoplasmic reticulum
(ER) stress and the subsequent activation of the unfolded protein response (UPR) play a critical role
in the induction of apoptosis by farnesol in lung carcinoma cells. This induction was found to be
dependent on the activation of the MEK1/2-ERK1/2 pathway. In addition, farnesol induces activation
of the NF-κB signaling pathway and a number of NF-κB target genes. Optimal activation of NF-κB
was reported to depend on the phosphorylation of p65/RelA by the MEK1/2-MSK1 signaling
pathway. In a number of cells farnesol-induced apoptosis was found to be linked to activation of the
apoptosome. This review provides an overview of the biochemical and cellular processes regulated
by farnesol in relationship to its growth-inhibitory, apoptosis-promoting, and anti-tumor effects.
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1. Introduction
Isoprenoids are essential in the regulation of cell proliferation, apoptosis, differentiation, and
lipid biosynthesis [1–9]. The isoprenoid pathway leads to the synthesis of farnesyl
pyrophosphate (farnesyl-PP) and to geranylgeranyl pyrophosphate (geranylgeranyl-PP) which
are involved in the prenylation of many proteins, and subsequently the biosynthesis of
cholesterol, sterols, and other cholesterol derivatives [6,8–10]. The non-sterol isoprenoid
farnesol is produced by dephosphorylation of farnesyl-PP, a metabolite of the cholesterol
biosynthetic pathway. In addition to being produced endogenously, farnesol and the related
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isoprenoids (Fig. 1A), perillyl alcohol and geraniol, are natural compounds found in many
fruits and aromatic plants, including citrus (perillyl alcohol, geraniol), sage, spearmint, nutmeg
(perillyl alcohol), basil (geraniol), lemon grass (farnesol and geraniol), and chamomile
(farnesol) [11–13]. This article reviews the current status of our knowledge of the effects of
farnesol on mammalian cell proliferation, differentiation, apoptosis, and tumor suppression.

2. Inhibition of cell proliferation and induction of apoptosis
2.1. In vitro cell systems

A number of studies have demonstrated that farnesol and related isoprenoids, including
geraniol and perillyl alcohol, inhibit cell proliferation and induce apoptosis in a broad range
of malignant cell types. Tumor cells were generally found to be considerably more sensitive
to farnesol-induced growth inhibition than normal cells [2,14,15]. For example, in contrast to
leukemic cells, human primary T lymphocytes or monocytes are rather resistant to farnesol-
induced apoptosis. The mechanism underlying this differential sensitivity is not yet understood.
Farnesol inhibits cell proliferation with IC50s that range from 25 to 250 μM. Leukemic cells
appear among the most sensitive to the growth-inhibitory effects of farnesol [2,16,17]. Farnesol
is usually more effective in inhibiting the proliferation of tumor cells than the related
isoprenoids, nerolidol, geraniol, geranylgeraniol, and perillyl alcohol [11,16,18,19].

In most cell types, including lung adenocarcinoma, hepatoma, melanoma, lymphoblastic
leukemia, colorectal carcinoma, oral squamous carcinoma, and pancreatic adenocarcinoma,
farnesol, geraniol, and perillyl alcohol induce a GO/G1 cell cycle arrest [2,18–30]. In some cell
types a transient accumulation in G2 has been observed. The GO/G1 cell cycle arrest in farnesol-
treated human pancreatic adenocarcinoma cells was shown to be accompanied by a significant
increase in the expression of the cyclin-dependent kinase (Cdk) inhibitors p21Cip1 and
p27Kip1, and a reduction in the level of cyclin A, cyclin B1, and Cdk2 protein levels, while the
expression of Cdk4 and Cdk6 was unaffected [18]. Cdk inhibitors play an important role in
regulating the activity of Cdks and cell cycle progression [31]. An increased association of
p21Cip1 and p27Kip1 with cyclin E/Cdk2 complexes was detected in farnesol-treated cells
consistent with the observed reduction in Cdk2 activity and GO/G1 cell cycle arrest. As reported
for farnesol, treatment with perillyl alcohol and geraniol also increased p21Cip1 in pancreatic
carcinoma and non-small cell lung carcinoma [18,32]. In general, farnesol was more effective
in enhancing p21Cip1 levels and inhibiting Cdk2 than geraniol and perillyl alcohol. The relative
efficacies of these isoprenoids to enhance p21Cip1 levels correlated with their growth-inhibitory
effects. Down-regulation of both p21Cip1 and p27Kip1 by corresponding siRNAs resulted in a
considerable protection from the growth-inhibitory effect of these isoprenoids suggesting that
inhibition of proliferation of pancreatic carcinoma cells is p21Cip1- and p27Kip1-dependent.
Regulation of p21Cip1 and p27Kip1 protein expression and activity has been shown to be
complex and controlled at the transcriptional and posttranscriptional level, including
phosphorylation and protein stability. BCL2 and BCL-XL, which promote p27Kip1 protein
stability [33,34], are down-regulated in farnesol-treated cells [19,28] and, therefore, do not
appear to be involved in the increase in p27Kip1. The molecular mechanism by which these
isoprenoids induce p21Cip1 and p27Kip1 has yet to be elucidated.

The presence of a sub-GO/G1 population suggested that in most cell types inhibition of cell
growth by farnesol, geraniol, geranylgeraniol, or perillyl alcohol 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 [4,7,12,18–20,23–25,28,30,32,35–48]. In human lung adenocarcinoma H460
cells, the induction of apoptosis by farnesol was associated with activation of caspase-3, -4,
and -9, while farnesol had little effect on caspase-8 [19]. Activation of caspases occurred within
4 hrs of farnesol treatment, a time course that correlated with that of PARP cleavage.
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2.2. In vivo studies
Farnesol and other dietary isoprenoids have been shown to exhibit anti-tumor and -
carcinogenesis effects in vivo [12,48]. Farnesol, perillyl alcohol, and geraniol greatly inhibited
the growth of tumors in the Syrian Golden hamsters formed after subcutaneous injection of
hamster pancreatic adenocarcinoma PC-1 cells [11,39]. Hamsters fed with a diet containing
20 g/kg diet geraniol or farnesol exhibited a complete inhibition of PC-1 pancreatic tumor
growth. Moreover, farnesol and perillyl alcohol reduced the incidence of pancreatic cancer in
hamsters treated with the carcinogen N-nitrosobis(2-oxopropyl)amine [39]. Hyperplastic
pancreatic ductal neoplasms from perillyl alcohol- or farnesol-treated animals exhibited higher
Bak protein expression, higher apoptotic rates, diminished expression of the antiapoptotic
protein BCL-XL, and lower rates of DNA synthesis than controls [39]. The potency of farnesol
to inhibit tumor growth of PC-1 cells was very similar to that of geraniol and significantly
greater than that of perillyl alcohol. However, farnesol is about 7-times more potent in
inhibiting the growth of cultured PC-1 cells than geraniol and perillyl alcohol. This difference
in relative potency between these compounds in cultured cells versus in vivo tumors might be
due to differences in their metabolism and pharmacokinetics [12]. However, relatively little is
known about the metabolism of these compounds. Farnesol has been reported to be
glucuronidated in human liver, kidney and intestine by uridine
diphosphoglucuronosyltransferases UGT2B7 and UGT1A1 [49]. Substrate specificities of
these enzymes might potentially explain differences in efficacy of isoprenoids in vitro and in
vivo. A number of Phase I and Phase II enzymes have been reported to be increased in liver of
farnesol-treated rats, including cytochrome P450 Cyp1A, Cyp2A1–3, Cyp2B1/2, Cyp3A1/2,
and glutathione reductase [50]. Many of these enzymes can metabolize various drugs and
carcinogens. Therefore, farnesol might alter the metabolism, efficacy, and/or toxicity of drugs,
carcinogens, or isoprenoids.

Anti-tumorigenic effects of farnesol and geraniol have been also observed in an initiation-
promotion hepatocarcinogenesis model in rats [7]. Farnesol inhibited the incidence, mean
number, and size of preneoplastic hepatic lesions and was shown to be more effective than
geraniol. Analysis of the BrdU-labeling index and the number of apoptotic cells indicated that
this inhibition was at least in part due to an inhibition of proliferation and did not appear to
involve increased apoptosis. It was concluded that farnesol may inhibit the initial phases of
hepatocarcinogenesis possibly due to inhibition of the metabolic activation of the initiating
agent diethylnitrosamine. Farnesol treatment has also a protective effect against Fe-
nitrilotriacetic acid-induced oxidative damage in the kidney and early renal tumor promotion
in a rat model [51]. Moreover, administration of farnesol was shown to significantly suppress
carcinogen-induced formation of aberrant crypt foci and crypt multiplicity in the colon of rats
treated with the carcinogen azozymethane [52,53]. Perillyl alcohol and geranylgeraniol had
little effect on aberrant crypt formation under this protocol. A recent study reported that farnesol
exhibits antigenotoxic effects against benzo(a)pyrene and reduces DNA strand breaks and the
formation of DNA adducts in vivo [54]. These observations are consistent with the concept
that farnesol functions as a chemopreventative agent in (colon) carcinogenesis and affects the
initiation phase of tumorigenesis.

Until now, no clinical trials have been conducted with farnesol; however, several phase I and
II trials have been reported with perillyl alcohol. Phase I clinical trials were conducted with
patients with advanced malignancies [55–57] and solid tumors [58–60], while several phase
II trials were reported with patients suffering from metastatic androgen-independent prostate
cancer [61], advanced ovarian cancer [62], refractory metastatic breast cancer [63,64], and
metastatic colorectal cancer [65]. In the regimens used in these studies, perillyl alcohol did not
appear to have significant, clinical antitumor activity.
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3. Mechanisms of farnesol-induced apoptosis
3.1. Effect of farnesol on HMG-CoA reductase

Initial studies indicated that the inhibition of cell proliferation and induction of apoptosis by
farnesol might relate to its inhibitory effect on 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
reductase, an enzyme that converts HMG-CoA into mevalonate, the rate-limiting step in the
isoprenoid biosynthetic pathway (Fig. 1B)[8,9,66]. Mevalonate leads to the synthesis of
farnesyl-PP, which serves as a precursor of cholesterol biosynthesis, and can be converted to
geranylgeranyl pyrophosphate (geranylgeranyl-PP) and farnesol. Farnesyl-PP and
geranylgeranyl-PP are involved in the prenylation of a variety of proteins [6,10]. Both farnesyl-
PP and farnesol have been demonstrated to accelerate the rapid and dose-dependent
degradation of HMG-CoA reductase in vitro and in cultured cells [67–70]. Although, in several
cell systems, the induction of apoptosis and the chemopreventative effects by farnesol and
geraniol were shown to occur independently of HMG-CoA reductase [7,29], in lung carcinoma
A549 cells the induction of apoptosis by farnesol is accompanied by a reduction in this enzyme
[4]. The latter led to the suggestion that there might be a link between the two and that inhibition
of HMG-CoA reductase might contribute to growth inhibition and the induction of apoptosis.
This interpretation is consistent with other studies indicating a link between inhibition of HMG-
CoA reductase, induction of apoptosis, suppression of tumor growth, and reduced cancer risk
[71–77]. These effects could relate to an inhibition of prenylation of certain proto-oncogenes,
such as members of the Ras family that play a key role in controlling cell proliferation.
However, farnesol was reported not to inhibit the prenylation of Ha-Ras indicating that its
growth-inhibition and induction of apoptosis appear to be unrelated to effects on prenylation
[20]. Alternatively, because rapidly growing tumor cells require increased cholesterol
biosynthesis, its growth-suppressing effects might relate to the inhibition of cholesterol
biosynthesis. A recent study revealed yet another mechanism and demonstrated that inhibition
of HMG-CoA reductase can induce endoplasmic reticulum (ER) stress, a major pathway
leading to apoptosis [78]. As discussed below, the reduction in this enzyme may be a
contributory factor in farnesol-induced ER stress [19].

3.2. Farnesol inhibits CDP-choline pathway
Several studies reported that, in various cell types, farnesol-induced apoptosis is associated
with an inhibition of phosphatidylcholine (PC) synthesis (Fig. 2) [5,16,20,35,38,79,80]. PC
plays a critical role in maintaining the physical structure of membranes and serves as a precursor
of lipid several second messengers, including phosphatidic acid (PA), diacylglycerol (DAG),
and fatty acids, which control a number of cellular processes, including proliferation and
apoptosis [81–88]. The biosynthesis of CDP-choline is catalyzed by the rate-limiting enzyme
CTP:phosphocholine cytidylyltransferase (CCTα) which has been shown to plays a critical
role in embryonic development, cell proliferation, and apoptosis [82,87–90].

Several studies have demonstrated that farnesol functions as a potent modulator of the
subcellular localization and activity of CCTα. In most cells, CCTα is localized primarily to the
nucleus where it can interconvert between a soluble, inactive form that is dispersed throughout
the nucleus, and a membrane-bound, active form [91–95]. Upon addition of farnesol, as well
as DAG or fatty acids, CCTα rapidly translocates to the inner nuclear envelope (NE) [37,38,
93]. A 50 amino acid, amphipathic α-helix (M domain) was identified to mediate the interaction
with lipid bilayers thereby inducing a conformational change in CCTα that relieves the
inhibitory constraint on the catalytic domain resulting in the transient activation of CCTα and
increased PC synthesis. A C-terminal phosphorylation domain containing 16 serine
phosphorylation sites, adjacent to the M domain negatively regulates the association of
CCTα with the NE [37,96]. In addition to PC synthesis, CCTα is critical for the expansion of
the nucleoplasmic reticulum (NR), an intranuclear membrane network that plays a role in

Joo and Jetten Page 4

Cancer Lett. Author manuscript; available in PMC 2010 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intranuclear signaling. Association with the NE through the M domain, but not the catalytic
activity of CCTα, is required for NR expansion [92,97].

Following the farnesol-induced translocation of CCTα to the NE, CCTα is exported from the
nucleus to the cytoplasm causing a disruption of PC synthesis. Although activation of CCTα
is accompanied by a decrease in the level of DAG, this reduction was found not to be a
prerequisite for farnesol-induced apoptosis. Stable expression of CCTα in CCTα-deficient
MT58 cells partially restored PC synthesis and delayed farnesol-induced apoptosis [38]. Oleate
and dioctanoylglycerol (diC8) were shown to prevent farnesol-induced export of CCTα as well
as apoptosis [16,30,35,38]. Oleate and diC8 preserve the nuclear localization of CCTα and
maintain PC synthesis. These observations are consistent with the concept that the effects on
CCTα and PC synthesis play a critical role in farnesol-induced apoptosis. Overexpression of
choline/ethanolaminephosphotransferase 1 (CEPT1) in CHO cells restored PC biosynthesis in
farnesol-treated CHO cells, but had little effect on the induction of apoptosis [5]. The latter
may relate to different functions and/or subcellular localization of CCTα and CEPT1. Clearly,
further studies are needed to understand the precise role of PC synthesis in farnesol-induced
apoptosis and the mechanism by which various lipids, such as oleate and diC8, inhibit this
apoptosis.

In addition to its translocation to the NE and nuclear export, CCTα has been reported to be
cleaved by caspases activated during farnesol-induced apoptosis [37,38,95]. This proteolytic
cleavage removes 28 amino acids at the N-terminus, including the NLS. However, inhibition
of caspase activity or mutation of the caspase cleavage site in CCTα did not affect the
translocation of CCTα to the membrane or CCTα activity nor did it affect the nuclear export
of CCTα. It has been suggested that the release of CCTα from the nucleus may be due to loss
of integrity of the nuclear envelope during apoptosis [37]. This is supported by observations
showing that fluorescent-labeled dextran was no longer excluded from the nucleus of farnesol-
treated cells undergoing apoptosis. Thus, these studies suggest that both the cleavage and
nuclear release of CCTα is coupled to farnesol-induced apoptosis, but occur independently of
each other (Fig. 2).

3.3. Farnesol induces endoplasmic reticulum stress
Farnesol inhibits the proliferation and induces apoptosis in a variety of human lung carcinoma
cell types in a dosage- and time-dependent manner [4,19]. Of several isoprenoids analyzed,
farnesol was found to be the most potent inducer of apoptosis in human lung adenocarcinoma
H460 cells. Comparison of the gene expression profiles of vehicle- or farnesol-treated H460
cells revealed that farnesol enhances the expression of many genes known to be induced during
endoplasmic reticulum (ER) stress, including activating transcription factor 3 (ATF3), DNA
damage-inducible protein 3 (DDIT3, also named CHOP or GADD153), X-box binding protein
1 (XBP1), the chaperones BiP/GRP78 (immunoglobulin heavy chain-binding protein or
glucose-regulated protein of MW 78 kD) and GRP94 (HSP90B1), and protein disulfide
isomerase A4 (PDIA4), the homocysteine-inducible, endoplasmic reticulum stress-inducible,
ubiquitin-like domain member 1 (HERPUD1), and T cell death-associated protein (TDAG51
or PHLDA1) [19]. These observations suggested that farnesol-induced apoptosis in these cells
is coupled to the activation of an ER stress response pathway and the unfolded protein response
(UPR) (Fig. 3).

The UPR is initiated by the activation of several ER stress-sensor proteins, including PKR-like
ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), which functions as a type I ER
transmembrane protein kinase, and activating transcription factor 6 (ATF6) [98–103].
Dissociation of the ER chaperone BiP/GRP78 from UPR sensor protein complexes plays a
critical role in their activation which subsequently leads to inhibition of newly synthesized
protein, increased degradation of misfolded proteins, and amplification of the protein folding
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capacity. These events are intended to restore normal ER function and promote cell survival.
If ER homeostasis cannot be restored, cells are programmed to undergo apoptosis.

Evidence has been provided indicating that farnesol can induce activation of all three ER-stress
sensor protein pathways [19]. Farnesol treatment was found to enhance phosphorylation of
eukaryotic initiation factor 2α (eIF2α) in lung carcinoma H460 cells [19]. This phosphorylation
is known to be mediated by PERK, which itself is activated after its release from BiP/GRP78
[98,100–102,104]. This subsequently leads to an attenuation of the rate of general mRNA
translation and protein synthesis; however, phosphorylated eIF2α selectively enhances the
translation of some mRNAs, including the transcription factor ATF4, which promotes the
transcriptional activation of ATF3 and DDIT3, genes found to be induced in farnesol-treated
H460 cells [19].

Induction of UPR signaling is supported by the observed splicing of a 26-base intron from X-
box-binding protein 1 (XBP1) mRNA in farnesol-treated H460 cells [19]. The splicing of this
intron has been reported to be mediated by IRE1, a Ser/Thr kinase containing a site-specific
endoribonuclease domain, activated upon its dissociation from BiP/GRP78 [98,100–102,
104]. The alternatively spliced XBP1 mRNA (XBP1s) generates a potent basic leucine zipper
family transcriptional activator that heterodimerizes with NF-Y to enhance the transcription
of several chaperones, thereby promoting the folding capacity in the ER [98,100–102,104,
105]. Subsequently, XBP1s, in combination with other transcription factors, including ATF4
and ATF6, mediate the transcriptional activation of genes involved in restoring ER
homeostasis. The observed activation of ER stress sensor proteins in farnesol-treated H460
cells and the induction of numerous UPR genes, encoding proteins involved in promoting
protein-folding and ER biogenesis, including Bip/GRP78, GRP94, calreticulin, calnexin, and
PDIA4, are consistent with the concept that farnesol induces ER stress and activates the UPR
[19,106].

The precise mechanism by which farnesol induces ER stress has yet to be elucidated. This
raised the question whether the induction of ER stress by farnesol is related to any of its other
effects, such as inhibition of HMG-CoA reductase or the CDP-choline pathway [4,19]. In this
regard it is interesting to note that a recent study provided evidence showing that inhibition of
HMG-CoA reductase can lead to activation of the UPR [78]. One might speculate that the
inhibition of HMG-CoA reductase by farnesol contributes to farnesol-induced ER stress at
least in certain cell types.

Although, in lung carcinoma cells the induction of apoptosis by farnesol is related to UPR
activation, in other cell types, including T-lymphoblastic leukemia MOLT4 cells, apoptosis is
largely independent of the UPR [17]. This was indicated by findings showing that no splicing
of XBP1 or phosphorylation of eIF2α was observed. This was supported by gene expression
profile analysis which showed that the expression of various chaperone genes was not greatly
enhanced. These observations suggest that the farnesol-induced apoptosis in MOLT4 cells
occurs via a different mechanism. In contrast, several other pro- and anti-apoptotic genes were
highly induced in farnesol-treated MOLT4 cells, including the cation transport regulator-like
protein CHAC1. Interestingly, increased expression of this protein has been linked to apoptosis
in human aortic endothelial cells [107]. The increased expression of CHAC1 might provide an
alternative mechanism that contributes to the induction of apoptosis in farnesol-treated MOLT4
cells.

3.4. Induction of MAP-kinases by farnesol
In addition to c-Jun N-terminal kinase (JNK), treatment of H460 cells with farnesol results in
activation of the extracellular signal-regulated kinase (ERK1/2) and mitogen-activated protein
kinase (MAPK) p38 [19]. Inhibition of p38 MAPK had little effect on the farnesol-induced
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UPR; however, activation of the MEK-ERK signaling pathway was found to be an early event
and critical in triggering farnesol-induced ER stress [19]. This was indicated by observations
showing that inhibition of MEK1/2 by U0126 and knockdown of MEK1/2 expression by
siRNA greatly reduced farnesol-induced splicing of XBP1 mRNA, eIF2α phosphorylation,
activation of JNK1/2 and several caspases, the induction of several ER stress–related genes,
and apoptosis. Although ERK1/2 activation is generally considered a prosurvival signal, it has
been implicated in the induction of apoptosis in renal, neuronal, and hepatoma cells under a
variety of conditions [108,109].

3.5. Activation of the apoptosome
Many apoptotic stimuli lead to the assembly of the apoptosome, a multisubunit protein
complex, containing cytochrome c, apoptotic protease activating factor 1 (Apaf-1), and caspase
9, that serves as a platform for caspase activation [110]. Farnesol induces activation of caspases
3, 6, 7 and 9, but not caspase 8, suggesting that farnesol-induced apoptosis is mediated by the
intrinsic, mitochondrial-dependent pathway and does not involve a caspase 8-dependent,
extrinsic pathway [17,19,28,37,110]. Although the death receptor TNFRSF10B (DR5 or
TRAILR2) is induced in farnesol-treated H460 cells, there is no evidence that this is involved
in farnesol-induced apoptosis [15]. In mitochondrial-dependent apoptosis permeabilization of
the mitochondrial membrane leads to the release of several pro-apoptotic proteins, including
cytochrome c and apoptosis inducing factor (AIF). Interaction of cytochrome c with Apaf-1,
triggers oligomerization of Apaf-1, and subsequently binding and activation of ‘initiator’
caspase 9, which then leads to the activation of executioner caspases. The collapse of the
mitochondrial potential, release of cytochrome c, and activation of caspase 9 and several
executioner caspases in farnesol-treated cells indicate that the induction of apoptosis in these
cells is mediated through a mitochondrial-dependent pathway that involves activation of the
apoptosome [17,19,28,30,37].

Members of the BCL2 family are critical regulators of the mitochondrial pathway of apoptosis
by controlling the permeabilization of the outer mitochondrial membrane and the release of
cytochrome c [111]. Induction of apoptosis by farnesol has been reported to be associated with
increased expression of the pro-apoptotic protein Bak and a reduction in the anti-apoptotic
proteins BCL2 and BCL-XL [28,39]. Exogenous expression of the anti-apoptotic protein BCL2
greatly inhibits the induction of apoptosis in MOLT4 cells by farnesol as indicated by the
observed inhibition of the collapse of mitochondrial potential, release of cytochrome c, and
caspase activation [17]. These observations are in agreement with the concept that at least in
certain cell systems farnesol-induced apoptosis relies on mitochondrial-dependent formation
and activation of the apoptosome. Farnesol has also been reported to inhibit the expression of
survivin (Birc5a), a member of the inhibitors of apoptosis (IAP) family [28,30] which blocks
apoptosis by interacting directly with several caspases [112]. Its down-regulation likely
contributes to the pro-apoptotic effects of farnesol.

During ER stress, when cells are unable to re-store homeostasis mitochondrial-dependent and
-independent apoptosis pathways can be activated. Ca2+ efflux from the ER into the cytoplasm
leads to activation of Ca2+-dependent proteases, such as calpain, that are able to activate
caspase-12 (in rodents) and subsequently induce the caspase cascade [98,100–102,104]. In
addition, induction of DDIT3/CHOP represses the expression of the anti-apoptotic gene
BCL2 thereby further promoting apoptosis while IRE1α by its interaction with TNF receptor-
associated factor 2 (TRAF2) leads to apoptosis-signal-regulating kinase 1 (ASK1)-mediated
activation of JNK [113,114]. The IRE1-TRAF2-ASK1-JNK cascade is an important pro-
apoptotic signaling pathway in ER stress. The induction of DDIT3/CHOP, down-regulation
of BCL2 expression, and the activation of JNK1/2 and the caspase cascade in farnesol-treated
H460 cells are in agreement with the hypothesis that these UPR-induced events are part of pro-
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apoptotic signals of farnesol [19,106]. Findings showing that down-regulation of JNK1/2
expression by siRNAs inhibits caspase activation and the induction of apoptosis in farnesol-
treated H460 cells are consistent with the concept that activation of IRE1-TRAF2-ASK1-JNK
plays a critical role in farnesol-induced apoptosis [19].

3.6. Farnesol activates the NF-κB signaling pathway
Microarray analysis revealed that, in addition to the induction of UPR-related genes, treatment
of lung carcinoma H460 cells with farnesol results in a greatly enhanced expression of many
nuclear factor-κB (NF-κB) target genes, including IL-1, IL-6, IL-8, CXCL3, and COX-2,
suggesting that farnesol treatment activates the NF-κB signaling pathway [106,115]. Such an
association is consistent with reports showing a coupling between the UPR and the NF-κB
signaling pathway in a number of pathologies [102,116,117] and in cells exposed to ER stress
[101,102,106,117–120]

Recent studies have provided mechanistic insights into the molecular mechanisms of this
relationship and shown that ER stress triggers several signals that act in synergy to reduce
inhibitor of NF-κB (IκB) levels and activate NF-κB signaling [101,117]. Upon activation of
the UPR, activated IRE1α binds TRAF2 and recruits IκB kinase (IKK), which subsequently
phosphorylates IκB thereby promoting its degradation [99,121]. In addition, PERK-eIF2α-
mediated attenuation of the rate of mRNA translation leads to a reduction in IκBα synthesis
[122,123]. In H460 cells farnesol was found to induce activation of IRE1α-TRAF2 and PERK-
eIF2α suggesting that both pathways are implicated in the observed reduction in IκBα protein
and the activation of NF-κB [19,106].

In addition to its nuclear translocation, post-translational modifications, including site-specific
phosphorylation, are important for optimal transactivation activity of NF-κB [115,124,125].
Farnesol treatment induced phosphorylation of p65/RelA at Ser276 and Ser536 but only the
S276A mutation significantly diminished the induction of NF-κB transactivation by farnesol
suggesting that phosphorylation at Ser276 is required for optimal NF-κB activity [106].
Inhibition of MEK1/2 or mitogen- and stress-activated kinase-1 (MSK1), which acts down-
stream of MEK1/2 and ERK1/2, by U0126 or H89, respectively, or knockdown of their
expression by corresponding siRNAs significantly reduced the phosphorylation of p65 at
Ser276 and inhibited the induction of several NF-κB target genes by farnesol. These
observations indicated that this phosphorylation is mediated by the MEK1/2- ERK1/2-MSK1
pathway. Thus, MEK1/2-ERK1/2-dependent activation of the PERK-eIF2α and IRE1-TRAF2
signals as well as MEK1/2-ERK1/2-MSK1-dependent phosphorylation of p65/relA act
synergistically in farnesol-induced NF-κB activation (Fig. 4). NF-κB activation in response to
ER stress likely functions as a prosurvival signal [101,117].

3.7. Farnesol and generation of reactive oxygen species (ROS)
Farnesol has been reported to increase the level of ROS and to induce growth inhibition and
cell death in fungi and yeast, including Aspergillus nidulans, Candida albicans, and
Saccharomyces cerevisiae [126–131]. In addition to inhibiting germination in C. albicans,
farnesol-induced apoptosis is accompanied by ROS accumulation, mitochondrial degradation,
and increased levels of activated caspases [131]. In A. nidulans farnesol causes changes in the
expression of several genes, including an apoptosis-inducing factor (AIF)-like mitochondrial
oxidoreductase [130]. AIF-defective mutants exhibit an increased sensitivity to farnesol-
induced apoptosis, which may be at least in part related to increased generation of ROS. In S.
cerevisiae, the induction of cell death by farnesol was inhibited by the addition of antioxidants,
such as α-tocopherol and N-acetyl cysteine, suggesting a link between cell death and ROS
[126,128]. Studies have provided evidence suggesting a role for mitochondrial generation of
oxygen radicals by the Rieske iron-sulfur component of complex III of the electron transport
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chain in farnesol-induced cell death [126,128]. Recently, a chemogenomic screen identified a
number of genes that regulate the sensitivity of yeast to farnesol-induced cell death, including
BCK1, encoding a mitogen-activated protein kinase kinase kinase (MAPKKK), and CLA4,
encoding a p21-activated kinase [126]. BCK1 is known to be phosphorylated by protein kinase
C1 (PKC1) and to phosphorylate the MAPKKs, MKK1 and MKK2. Treatment with farnesol
induces relocalization of PKC1, BCK1, and MKK1 to the mitochondria while overexpression
of active PKC1, BCK1, or MKK1 increases the resistance to farnesol and H2O2. These results
suggest that the PKC pathway is critical in controlling the generation of ROS and farnesol
sensitivity.

Whether ROS is a mediator of farnesol-induced cell death in mammalian cells needs to be
studied further. Our preliminary results showed that farnesol can increase ROS production in
a time- and dose-dependent manner in the human lung carcinoma H460 cells and T-
lymphoblastic leukemia MOLT4 cells (J. H. Joo, unpublished data). However, inhibition of
ROS generation by butylated hydroxyanisole (BHA), vitamin C, or N-acetyl-L-cysteine had
little effect on farnesol-induced apoptosis suggesting that in these cells production of ROS is
not a major contributory factor. Recent in vivo studies demonstrated that farnesol can
significantly reduce oxidative stress, inflammation, and injury in lungs of rats exposed to
intratracheal installation of cigarette smoke extract (CSE) [132]. This inhibition may contribute
to the cancer preventative effects of farnesol.

4. Farnesol and nuclear receptors
4.1. Farnesol and the farnesoid X receptor (FXR)

Farnesol has been reported to activate the nuclear receptor, farnesoid X receptor (FXR,
NR1H4) [133,134]. FXR is highly expressed in the liver, gut, kidney and adrenal cortex and
regulates a variety of genes with roles in bile acid homeostasis, lipid and glucose metabolism
[135,136]. FXR is activated by several conjugated and unconjugated bile acids, including
lithocholic acid, chenodeoxycholic acid, and deoxycholic acid which bind FXR with high
affinity [137–139]. A large variety of endogenous isoprenoids, retinoic acid, and several
synthetic retinoids have been reported to weakly to moderately induce FXR activity; however,
these agents do not function as direct ligands for FXR. In the case of farnesol,
supraphysiological concentrations are required to activate FXR [133].

The role of FXR in growth regulation, apoptosis, and cancer is still controversial. Separate
studies have established both positive and reciprocal correlations between FXR expression and
cancer [140–144]. FXR agonists have been reported to inhibit aromatase expression and induce
apoptosis in mammary carcinoma MCF7 and MDA-MB-468 cells [145] suggesting that FXR
activation promotes apoptosis and may have protective effects against tumorigenesis. In
contrast, the FXR antagonist guggulsterone promoted apoptosis in Barrett’s esophageal-
derived cells in agreement with the concept that activated FXR functions as a negative regulator
of apoptosis. Although farnesol is a weak activator of FXR, it is able to inhibit cell proliferation
and induce apoptosis in a number cell types that do not express FXR suggesting that FXR
activation is not a general mechanism in farnesol-induced apoptosis.

FXR has been recently implicated in the regulation of the proliferation of mammary carcinoma
cells by farnesol [146]. Addition of low concentrations of farnesol had a mitogenic effect in
estrogen receptor-positive, breast cancer MCF7 cells, but did not affect growth of estrogen-
negative MDA-MB-231 cells. Farnesol-stimulated cell growth could be blocked by the
addition of antiestrogens suggesting that the mitogenic effect of farnesol is dependent on the
activation of the estrogen receptor. Farnesol treatment was found to reduce the level of estrogen
receptor protein while enhancing the level of progesterone receptor (PGR) and FXR. Down-
regulation of FXR expression by siRNA inhibited the increase in PGR by farnesol. Evidence
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was provided suggesting that farnesol may promote an interaction between estrogen receptor
and FXR; however, the mechanism by which farnesol promotes this interaction and how this
relates to growth stimulation has yet to be established.

4.2. Farnesol and PPARs
The peroxisome proliferator-activated receptors (PPARs) α, −β/δ, and −γ are nuclear receptors
that are activated by a variety a fatty acids, arachidonic acid metabolites, and hypolipidemic
agents [147]. PPARs have multiple functions in the regulation of cell proliferation,
differentiation, cell survival, lipid metabolism, and energy homeostasis and have been
implicated in several diseases [147–149].

Farnesyl phosphates and trans,trans-farnesol at micromolar concentrations have been shown
to weakly, but significantly, activate PPAR-response elements (PPRE)-dependent
transcriptional activation by PPARs, while cis,cis isomer of farnesol was inactive [1,28,150–
153]. This was supported by data showing that farnesyl phosphates and farnesol significantly
upregulated the expression of PPAR target genes, acyl-CoA oxidase (AOX) and carnitine
palmitoyl transferase 1a (CPT1a), in rat hepatoma cell line H4IIEC3 and rat hepatocytes in
vivo [154]. In addition, when administered to rats, farnesol was able to significantly lower
serum triglycerides levels as has been reported for PPAR agonists. Farnesoic acid was found
to be more active than farnesol and it was proposed that PPAR activation might involve a
metabolite of farnesol. At high concentrations, both farnesol and farnesyl phosphates were able
to weakly compete with rosiglitazone for PPARγ binding suggesting that they interact directly
with PPARγ [152]. Whether these concentrations are in a range that is physiologically
obtainable needs to be determined.

PPARs play an important role in the regulation of epidermal differentiation. For example,
activation of PPARα by its respective ligands accelerates the development of the epidermal
permeability barrier [155,156]. Farnesol enhances differentiation in normal human epidermal
keratinocytes (NHEK) and adult murine epidermis through PPARα [1]. Differentiation of
NHEK cells occurs in several stages. Commitment to irreversible growth arrest is an early
event that is followed by a step-wise expression of different differentiation-specific genes
[157]. Treatment of NHEK cells with farnesol causes inhibition of cell proliferation and
induction of several differentiation marker genes, including the crosslinked envelope precursor
involucrin and transglutaminase type I, an enzyme catalyzing the crosslinking between
different crosslinked envelope proteins [1]. Because FXR expression was undetectable in
NHEK, this effect does not involve FXR. Farnesol increased transcriptional activation of a
reporter under the control of a 2.2 kb and 3.7 kb promoter region of the transglutaminase and
involucrin genes, respectively. Deletion and point mutation analysis identified an AP-1 site in
the involucrin promoter that was required for the farnesol-induced increase in promoter
activity. This site was previously shown to be important for the induction of involucrin by
PPARα activators. Subsequent analysis showed that farnesol was able to enhance PPRE-
dependent transcriptional activation by PPARα. These data indicated that farnesol treatment
leads to an increase in PPARα-mediated transcriptional activation. The increased activation
was related to increased expression of PPARα in NHEK cells by farnesol.

Topical application of farnesol on normal murine skin also enhanced terminal differentiation
in the epidermis as indicated by enhanced expression of the differentiation markers loricrin
and profilaggrin [1]. This increase was not observed in PPARα−/− mice consistent with the
conclusion that farnesol-induced induction of differentiation in epidermal keratinocytes is
mediated through the PPARα signaling pathway. The mechanism by which farnesol enhances
PPARα mediated transactivation has yet to be determined. It does not appear to involve a direct
interaction of farnesol with PPARα. In addition to increased PPARα expression, an
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enhancement in the generation of endogenous ligands or activation of certain kinases that
enhance PPARα activity may contribute to this effect of farnesol on PPARα activation.

4.3. Farnesol and the thyroid hormone receptor β (THRβ)
Treatment with micromolar concentrations of farnesol causes a significant decrease in the
growth of MCF-7 cells and increases the expression of the thyroid hormone receptor β1
(THRβ1) at the mRNA and protein level [158]. Unexpectedly, the expression of several genes
known to be induced by THRβ activation, including Spot 14 (S14), a nuclear protein involved
in the regulation of fatty acid synthesis, glycerol-3-phosphate dehydrogenase (GPD1), and
malic enzyme (ME) were down-regulated by farnesol. In addition, expression of the sodium
iodide symporter gene (NIS), which previously was shown to be negatively regulated by
activated THRs, was significantly enhanced by farnesol treatment [158]. However, in spite of
the increased levels of THRβ1 protein in farnesol-treated cells, the binding of THRβ1 to THR-
response element was reduced. The latter would result in an inhibition of THRβ mediated
transcriptional activation and be consistent with the observed effects of farnesol on THR-
mediated gene regulation. The molecular mechanism by which farnesol diminishes THRβ
binding activity requires further study. Moreover, whether there is connection between the
inhibition of THR-mediated transactivation by farnesol and its inhibition of proliferation of
mammary cancer cells and its anti-tumor effects needs to be established. Study of such a link
is complicated by the fact that the role of thyroid hormones and its receptors in mammary
cancer is still controversial. Thyroid hormones have been reported to enhance the growth of
mammary carcinoma cells [159], while THRβ has been reported to act as a potent suppressor
of tumor invasiveness and metastasis [160].

5. Summary
The anti-tumor and chemopreventative effects of farnesol appear to involve several different
mechanisms that can act at either the initiation or progression stage of tumorigenesis. Reduction
of carcinogen-induced DNA strand breaks and of the formation of DNA adducts by farnesol
suggests that its anti-tumorigenic effects may be a consequence of an inhibition at the initiation
stage of tumorigenesis. Similarly, the protective effect of farnesol against cigarette smoke-
induced lung injury and oxidative stress may relate to inhibition of cancer initiation and result
in a reduced probability of lung cancer. The inhibition of cell growth and induction of apoptosis
may be part of the mechanism by which farnesol exerts it anti-tumor effects at the progression
stage. Induction of ER stress and activation of the UPR provides a major mechanism by which
farnesol inhibits cell proliferation and promotes apoptosis in certain cell types. The ER stress
response was found to depend on the activation of the MEK-ERK signaling pathway. Future
studies are needed to determine the mechanism of this activation and how it relates to induction
of ER stress. In addition, the rapid translocation of CCTα to the NE, the subsequent expansion
of nucleoplasmic reticulum and transient CCTα activation provides an important mechanism
through which farnesol mediates its action. The subsequent degradation of CCTα by caspases
and its nuclear export result in decreased PC biosynthesis and is coupled to the induction of
apoptosis by farnesol. It would be interesting to investigate whether a link exists between these
events and the induction of ER stress. Farnesol has also been demonstrated to induce ROS and
apoptosis in yeast; however, additional studies are required to establish whether ROS plays a
role in the induction of apoptosis in mammalian cells. Alternative mechanisms of action of
farnesol involve effects on several nuclear receptor-signaling pathways. Farnesol has a
significant effect on epidermal keratinocyte differentiation and promotes growth arrest and
differentiation through the activation of the PPARα signaling pathway. Farnesol treatment also
induces activation of the NF-κB pathway and expression of inflammatory genes as part of the
UPR. Although, farnesol inhibits cell growth and induces apoptosis in many cultured cells and
have been reported to exhibit chemopreventative and anti-tumor effects in animal models,
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further studies are needed to determine whether it will be effective as a chemopreventative and
therapeutic agent in human cancer.
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Fig. 1.
(A) Molecular structure of farnesol and farnesol-related isoprenoids, geraniol, geranylgeraniol,
and perillyl alcohol. (B) Farnesol is found in many fruits and herbs and a catabolite of the
mevalonate pathway. The mevalonate pathway starts with the formation of HMG-CoA that
subsequently is converted into mevalonate by HMG-CoA reductase, the rate-limiting enzyme
in this pathway. Mevalonate leads to the synthesis of farnesyl-PP, which is at the branch-point
of several pathways. In addition to serving as precursor of cholesterol biosynthesis, it can be
converted to geranylgeranyl-PP. Both farnesyl-PP and geranylgeranyl-PP are involved in the
prenylation of a variety of proteins and can be metabolized to their alcohol derivatives. HMG-
CoA, 3-hydroxy-3-methylglutaryl-CoA; farnesyl-PP, farnesyl pyrophosphate; geranyl-PP,
geranyl pyrophosphate; GGPP, geranylgeranyl-pyrophosphate
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Fig. 2.
Effects of exogenous farnesol on CCTα. CCTα is the rate-limiting enzyme in the CDP-choline
pathway leading to the biosynthesis of phosphatidylcholine, the major membrane lipid and
precursor of lipid second messengers, including phosphatidic acid (PA) and diacylglycerol
(DAG). Farnesol causes translocation of CCTα to the nuclear envelope resulting in
nucleoplasmic reticulum proliferation and a transient increase in CCTα activity. CCTα is
subsequently exported from the nucleus. Activation of caspases during farnesol-induced
apoptosis results in CCTα cleavage; however, the export of CCTα occurs independently of
caspases and may be due to loss of integrity of the nuclear envelope during apoptosis. CPT,
CDP-choline:1,2-diacylglycerol cholinephosphotransferase; PLD, phospholipase D; PAP,
phosphatidic acid phosphatase.
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Fig. 3.
Farnesol induces ER stress and activation of the unfolded protein response. Activation of the
MEK-ERK signaling pathway by farnesol is an early event that is critical in triggering the
UPR. The UPR is initiated by the activation of several ER stress-sensor proteins, including
PERK, IRE1, and ATF6. Dissociation of the ER chaperone BiP/GRP78 from UPR sensor
protein complexes plays a critical role in their activation. Release of BiP leads to activation
and nuclear translocation of ATF6. Activation of PERK results in the phosphorylation of
eIF2α and subsequently to an attenuation of the rate of general mRNA translation and protein
synthesis. However, it selectively enhances the translation of some mRNAs, including the
transcription factor ATF4. Active IRE1 induces alternative splicing of XBP1 mRNA resulting
in the synthesis of a potent transcriptional activator. ATF4, ATF6, and XBP1 enhance the
transcription of several chaperones. Activation of these pathways lead to inhibition of newly
synthesized protein, increased degradation of misfolded proteins, and amplification of the
protein folding capacity with the intend to restore normal ER function and promote cell
survival. If ER homeostasis cannot be restored, cells start to undergo apoptosis. The IRE1-
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TRAF2-ASK1-JNK cascade is an important pro-apoptotic signaling pathway in ER stress.
GRPs, glucose response proteins; SRPs, stress response proteins; PARP, poly(ADP-ribose)
polymerase
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Fig. 4.
Activation of the NF-κB signaling pathway by farnesol is related to ER stress. Upon activation
of the UPR, activated IRE1α binds TRAF2 and recruits IKK, which subsequently
phosphorylates IκB thereby promoting its degradation, while activation of the PERK-eIF2α
pathway leads to attenuation of the rate of mRNA translation, including a reduction in IκBα
synthesis. These events act synergistally to reduce IκBα and lead to the exposure of the nuclear
localization signal of NF-κB, its translocation to the nucleus, and activation of NF-κB target
genes. Activation of the MEK1/2-ERK1/2-MSK1 pathway by farnesol promotes the
phosphorylation of p65/relA (Ser276) thereby enhancing NF-κB transcriptional activity.
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