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Geraniol (G)—a natural compound present in the essential oils
of many aromatic plants—has attracted interest for its potential
antitumor effects. The molecular mechanisms of the growth in-
hibition and apoptosis induced by G in cancer cells, however, re-
main unclear. In this study, we investigated the effects of G on cell
proliferation in culture in A549 cells and in vivo in those same
tumor cells implanted in nude mice fed diets supplemented with
25, 50, and 75 mmol G/kg. We demonstrated that G caused a
dose- and time-dependent growth inhibition of A549 cells and tu-
mor growth in vivo along with an induction of apoptosis. More-
over, further in vivo assays indicated that G decreased the lev-
els of 3-hydroxymethylglutarylcoenzyme-A reductase—the rate-
limiting enzyme in cholesterogenesis—in a dose-dependent man-
ner along with cholesterogenesis and cholesterolemia in addition
to reducing the amount of membrane-bound Ras protein. These
results showed that the doses of G used in this work, though non-
toxic to animals, clearly inhibited the mevalonate pathway, which
is closely linked to cell proliferation and increased apoptosis in
A549 tumors, but not in normal mouse-liver cells. Accordingly, we
suggest that G displays significant antitumor activity and should
be a promising candidate for cancer chemotherapy.

INTRODUCTION
Over the past decade, lung cancer—one of the most com-

mon causes of death from malignancy in the world—caused
1.37 million deaths per year worldwide (1). Nonsmall-cell lung
cancer accounts for over 80% of newly diagnosed lung cancer
with the majority of patients being diagnosed with advanced and
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unresectable disease (2). For our studies we selected the A549
cell line because of its derivation from a typically malignant and
invasive nonsmall-cell lung carcinoma. As cells that are actively
proliferating, the A549 line requires at least 2 products from the
mevalonate pathway: cholesterol and certain nonsterol products
(3). The major rate-limiting enzyme in cholesterol biosynthe-
sis in mammalian cells is 3-hydroxymethylglutarylcoenzyme-
A reductase (HMGCR) catalyzing the synthesis of mevalonic
acid—a precursor for isoprenoid intermediates that are sub-
sequently incorporated into various end-products, including
cholesterol plus farnesylated and geranylgeranylated proteins
(3,4). Cancer cells rapidly proliferate and may thus require
an increased concentration of all these products for optimal
cell growth. A greater demand for cholesterol can be by an
increased HMGCR activity and/or an enhanced extracellular
cholesterol uptake via the low-density-lipoprotein receptor (5).
Although an elevated HMGCR activity has been found to com-
monly occur in tumors along with a resistance to the tran-
scriptional feedback regulation by sterols, isoprenoids could
still act to mediate an inhibition posttranscriptionally (6–8). A
modified rate of synthesis of nonsterol compounds could also
increase isoprenylated proteins. Protein isoprenylation within
the cell results in a localization of small GTPases in cellu-
lar membranes (9). These proteins are also involved in signal
transduction, cellular growth control, and apoptosis. The Ras
protein is the most extensively studied small GTPase. The pres-
ence of a Ras mutation in the cell has been associated with
malignancy, thus making the membrane-localized Ras a ratio-
nal target for anticancer therapy. Nonmembrane-localized Ras,
however (mutated or not) is generally mitogenically inactive
(4).

Plant isoprenoids—a broad class of plant products derived
from the mevalonate pathway—are recognized as potent
suppressors of mammalian HMGCR. Although some of those
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studies demonstrated that plant-derived isoprenoids decreased
the amount of enzyme, the specific levels at which this
regulation occurs have not yet been well characterized (10).
Moreover, these natural products showed significant antitumor
activity in a variety of cells in culture and are therefore
emerging as potent anticancer agents in cancer chemotherapy
and chemoprevention (8,11,12).

Geraniol (G) (3,7-dimethylocta-trans-2,6-dien-1-ol), an
acyclic monoterpene alcohol of empirical formula C10H18O,
is a common constituent of several essential oils and occurs
in Monardafistulosa (<95.0%), ninde oil (66.0%), rose oil
(44.4%), palmarosa oil (53.5%), and citronellaoil (24.8%) (13).

The aim of this work was therefore to study the effects of G
on A549 cells—here to be used as a model for human pulmonary
carcinoma—both in culture and in athymic mice bearing those
A549 cells as a tumor in vivo to shed light on the mechanisms by
which G could exert antitumor activity as well as to determine
the relationship between growth control and the regulation of
the mevalonate pathway.

MATERIALS AND METHODS

Reagents
G (98%) was supplied by Sigma (St. Louis, MO). The in-

organic reagents and solvents were of analytical grade and ob-
tained from Merck (Darmstadt, Germany), Analyticals Carlo
Erba (Milan, Italy), and Sigma (St. Louis, MO). [14C]acetate
(54.7 Ci/mol) was purchased from Perkin Elmer Life Sciences,
Inc. (Boston, MA).

Cultured Cells
The nonsmall-cell human pulmonary-carcinoma cell line

A549 was obtained from Dr. Amada Segal-Eiras (CINIBA,
UNLP. Argentina). The cells were maintained in 75-cm2 tissue-
culture flasks in Eagle’s Minimal Essential Medium (MEM)
(Gibco, Invitrogen, Carlsbad, CA) supplemented with 10%
(v/v) (Natocor, Córdoba, Argentina) fetal-bovine serum and
100 μg/ml streptomycin that had been filter-sterilized. The cells
were routinely grown at 37◦C in a humidified atmosphere with
5% (v/v) CO2 in air. For the assays and the continuous cell
propagation, surface cultures in exponential growth (at about
80% confluence) were harvested with 0.25% (w/v) trypsin in
phosphate-buffered saline (PBS; 1.5 mM KH2PO4, 8.1 mM
Na2HPO4.2H2O, 0.14 M, NaCl, 2.7 mM KCl, pH 7.4). Cell
proliferation was measured by the MTT assay (14). For the as-
say A549 cells were seeded in 24-well plates at 8 × 103/well,
and the cultures kept at 37◦C for 24 h for cell attachment be-
fore further additions. The cells were then incubated with G
for 24 h, with the added G having been dissolved in a volume
of dimethylsulfoxide (DMSO) such that the final concentration
of that vehicle was 0.05% (v/v). That same concentration of
DMSO was therefore added in parallel to the control cultures.
After treatment, the cells were incubated with 0.5 mg/ml of

[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma Chemical Co., St Louis, MO)] in PBS at 37◦C for
2 h. The MTT was then removed from the wells and acidified
with 0.04 M HCl in isopropanol. The absorbance of the reaction
product (the formazan) was measured at 560 nm with back-
ground subtraction at 640 nm with a Beckman Coulter DTX
880 Microplate Reader.

Tumor Tissue
A549 cells were detached, centrifuged, resuspended in

MEM, and implanted subcutaneously in the back of nude mice
(2 × 106 cells/mouse). Tumor growth was evident between
15–20 days following inoculation. Tumors weighing between
2–3 g were transplanted as described by Polo and Bravo (15)
to reduce the lag time and minimize both the variables lag time
and growth rate in all the implanted tumors. The procedure
stated in brief: Tumors were surgically removed and washed
with MEM, the necrotic regions eliminated and the remain-
ing tissue cut and dispersed by passage through a 1-mm2 steel
mesh to obtain a tissue suspension of 300 mg/ml. Finally, each
animal was inoculated subcutaneously with 0.2 ml of that sus-
pension. Tumors were measured twice a week with calipers
and their volume calculated for an ellipsoid by the formula V
= a2 × b/2, where a is the width and b is the length of the
mass.

Animals and Diets
NIH female mice bearing the nu/nu genotype were obtained

from the Bioterio of Centro Atómico Ezeiza and housed in
a temperature-controlled room on a 12-h cycle of light and
darkness. The host animals were maintained ad libitum on a
gamma-irradiated chow diet and autoclaved water until the aver-
age tumor size reached 300 mm3. The mice were then randomly
separated into 1 control group and 3 test groups. The latter re-
ceived supplemented diets containing 25, 50, and 75 mmol G/kg
food, whereby the animals accordingly ingested 0.099 ± 0.006,
0.201 ± 0.0125, 0.291 ± 0.017 mmol G/mouse/day, respec-
tively. After 3 weeks of treatment all the mice were injected
with [14C]acetate (25 μCi/animal) and 3 h thereafter killed at
the mid-light period. Blood was collected and serum cholesterol
determined by means of a commercial kit (Wiener, Rosario, Ar-
gentina). Livers and tumors were immediately removed, minced
into pieces, placed into cold buffer solution, and processed as
indicated below. All experiments on animals were done in con-
formity with the Handbook of Laboratory Animal Management
and Welfare (16). The animal-use protocols used were approved
by the Institutional Animal Care and Use Committee, Facultad
de Ciencias Medicas, Universidad Nacional de La Plata, Proto-
col number 04-001-13.

Lipid Extraction and Analysis
Lipids from mouse liver, tumors, and A549 cells were

extracted with chloroform:methanol (2:1 v/v) (17) and
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GERANIOL INHIBITS A549 GROWTH IN CULTURE & IN VIVO 3

saponified with 10% (w/v) KOH in methanol at 85◦C for
45 min. Nonsaponifiable lipids were extracted with petroleum
ether. Radioactivity incorporation into nonsaponifiable lipids
or cholesterol was measured in a Wallac 1214 Rackbeta
liquid-scintillation counter (Pharmacia, Turku, Finland) at 97%
efficiency for [14C]cholesterol.

Western Blotting
To determine HMGCR and total Ras (both membrane-bound

and cytosolic) levels, small pieces of liver tissue and/or tumor
(0.3 g) were homogenized in a buffer solution (10 mM HEPES,
pH 7.9; 10 mM KCI; 0.1 mM ethylenediaminetetraacetic acid
(EDTA); 0.1 mM ethylene glycol tetraacetic acid; 1 mM dithio-
threitol; 0.5 mM phenylmethanesulfonylfluoride). To determine
the Ras levels in the plasma membranes of the tumor cells, that
subcellular fraction was obtained after Mander et al. (18), but
with modifications: Tumor tissue was homogenized in buffer
(10 mM HEPES, 0.25 Msacarose, 1 mM EDTA, pH 7.4) and
centrifuged at 16,000 × g for 15 min. A Nicodenz-Ficoll gradi-
ent (1–22%) was prepared in the laboratory. The supernatant of
the tumor sample was loaded onto the gradient and sedimented
in an L8.70M ultracentrifuge at 230,000 × g, in a SW60 Ti ro-
tor (Beckman Coulter, Fullerton, CA) at 4◦C for 16 h. Fractions
were collected from the top of the gradient. The protein con-
tent in each sample was assayed by the Bradford method (19)
with Coomassie brilliant blue G-250 and bovine-serum albumin
as standard. Liver and tumor proteins were boiled in sample
buffer supplemented with 5% (v/v) ß-mercaptoethanol for 5 min.
The samples were electrophoresed on 12.5% (w/v) sodiumdo-
decylsulfide polyacrylamide gels and adsorbed to polyvinyli-
dene difluoride (PVDF) membranes (Amersham, GE Health-
care, Little Chalfont, UK) by semidry transfer at 10 V for 1 h
in 48 mM Tris pH 8.3, 39 mM glycine containing 20% (v/v)
methanol. Nonspecific protein-binding sites were blocked by
incubation in PBS containing 0.05% (v/v) Tween 20 and 5%
(v/v) skimmed milk. The membrane was incubated with anti-
HMGCR (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-
pan-Ras antibody (Calbiochem, Darmstadt, Germany) diluted
1/200 in antibody-dilution buffer [2% (v/v) skimmed milk in
PBS plus 0.1% (v/v) Tween 20] for 1 h followed by three 5-min
washes in the same buffer. Horseradish-peroxidase-conjugated
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were
added to the membrane for 1 h. Internal control was loaded with
anti-ß-actin antibody (Sigma, St. Louis, MO). Immunoreactive
bands were detected by enhanced-chemiluminescence Western-
blot–detection reagents (Amersham Pharmacia Biotech, Little
Chalfont, UK) and processed manually through the use of com-
mon X-ray film developers and fixers. Protein immunoblots
were scanned and the density of each band quantified by means
of the ImageJ software (Image processing and analysis in Java).
As an internal control, PVDF membranes probed for plasma-
membrane-associated Ras were stained with Coomassie brilliant
blue R 250.

Apoptosis-Detection System

TUNEL Assay
Tumor tissues were fixed in 10% (v/v) buffered formalde-

hyde. For apoptosis quantification, the tissue sections were pro-
cessed for in-situ immunohistochemical localization of nuclei
exhibiting DNA fragmentation by the technique of terminal
deoxynucleotidyl-transferase- (TdT-)mediated dUTP–TMR-
red nick-end labelling (TUNEL) with the In-Situ Cell Death
Detection Kit (TMR Red, Roche, Mannheim, Germany). Sec-
tions were treated according to the manufacturer’s instructions
and as described by Meresman et al. (20). The method stated in
brief: Sections were deparaffinized, rehydrated with xylene and
ethanol, permeabilized with 20 g/mL proteinase K (Invitrogen,
Carlsbad, CA), rinsed with PBS, and finally immersed in the TdT
buffer provided by the kit containing the labelled nucleotides
and incubated at 37 ◦C for 1 h. The TUNEL-positive cells were
evaluated under an Olympus BX51 fluorescence microscope
(Tokyo, Japan) equipped with an Olympus DP70 digital cam-
era and the results analyzed through the use of the ImagePro
Plus v5.1 software (Media Cynernetics, Silver Spring, MD).
The data were expressed as the percentage of TUNEL-positive
cells relative to the total number of cells, the latter being deter-
mined by uptake of the fluorescent dye DAPI (4’, 6-diamidino-2-
phenylindole dihydrochloride; Invitrogen by Life Technologies,
Carlsbad, CA).

Caspase-3 Activity
Tumor caspase-3 activity was determined by the Caspase-3

Assay Kit, Colorimetric (Sigma, St. Louis, MO) according to
the manufacturer’s protocol but adapted for measuring tissue
as follows: The tissue homogenate was obtained with 200 mg
of tissue in 300 μL of lysis buffer provided by the kit. The
reaction mixture for 96-well–plate microassay with 100 μl of
final volume contained 5 μl of tissue homogenate along with
10 μL of the caspase-3 substrate: acetyl-Asp-Glu-Val-Asp-p-
nitroanilide (2 mM) added to 85 μL of the assay buffer included
in the kit. The p-nitroaniline moiety released from the sub-
strate by caspase-3 was measured at 405 nm with a Beckman
Coulter DTX 880 Microplate Reader. The concentration of the
p-nitroaniline was calculated from a calibration curve prepared
with defined p-nitroaniline solutions.

Statistical Analysis
The results are expressed as the means ± SEM, and all anal-

yses were conducted with GraphPad InStat 3.0. Statistical dif-
ferences between the control and the G-treated cells or animals
were evaluated by the analysis of variance test followed by
Tukey HSD post-hoc comparisons. Differences were consid-
ered significant at a P < 0.05.
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4 M. GALLE ET AL.

FIG. 1. Dose–response curve of A549 cells incubated with geraniol, expressed
as percent inhibition of cell growth as assessed by the MTT test. Each point on
the curve was calculated from the mean value ± SD of 8 replicate wells per
dose performed in 3 separate experiments.

RESULTS

Inhibition by G of A549-Cell Proliferation in Culture
The effects of G were first tested on the A549 cell line in cul-

ture. Dose-response studies on cell proliferation were conducted
with 0–1,800 μM G (Fig. 1). The IC50 value for G, determined
from the graph depicted in Fig. 1, was 797.2 μM.

Tumor-Growth Suppression by Geraniol
The data obtained from measurement of tumor volume in

A549-bearing mice twice a week for 21 days (Fig. 2) demon-
strated that G significantly decreased tumor growth from Day
14 in the groups receiving 50 and 75 mmol G/kg food. For the
group receiving a lowest dose (25 mmol G/kg food), the re-
duction in tumor size became significant only at the end of the
treatment.

The inhibition of tumor growth by G was also demonstrated
by the tumor-weight data obtained (Table 1). Although the de-
crease in tumor weight in the mice treated with the lowest dose of
G was not statistically significant, the inhibition of tumor growth
at the 2 higher doses evaluated was highly significant. No dif-
ference in the body or liver weight (P > 0.05) was observed
between the different experimental groups: Thus, G caused no
apparent toxicity at the dosages that were used.

The Effect of G on RAS-Protein Levels
Western blot analysis indicated that G treatment of the tumor-

bearing mice at the intermediate dose (50 and mmol G/kg food)
resulted in a decrease in the level of membrane-bound Ras pro-
tein in the tumors compared to controls, whereas the total Ras-
protein levels did not vary significantly in any of the G-treated
groups (Fig. 3).
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FIG. 2. The effect of geraniol on tumor volume. A549 cells were implanted
subcutaneously in the back of nude mice (2 × 106 cells/mouse). Animals bearing
tumors of approximately 300 mm3 received supplemented diets containing 0,
25, 50, and 75 mmol G/kg diet. Tumors were measured twice a week with
calipers and the volume calculated as an ellipsoid through the formula V = a2

× b/2, where a is the width and b is the length. The data are presented as means
± SEM for each group. ∗∗∗P < 0.001 vs. control.

Increase in Apoptosis in the Tumor Cells After G
Treatment

Apoptosis in tumor cells was evaluated by the TUNEL assay
and by caspase-3 activity (Fig. 4). We observed comparable
results with those 2 different methods. At the higher doses the
isoprenoid significantly enhanced apoptosis. Nevertheless, there
were no significant differences between 50 and 75 mmol G/kg
food: Mice treated with 50 mmol G/kg food, however, showed
a somewhat greater percentage of tumor-cell death.

Cholesterolemia and Cholesterogenesis
To determine the influence of G on circulating choles-

terol, we measured the total serum cholesterol in each mouse.
The results demonstrated that serum cholesterol became sig-
nificantly decreased at the higher doses of G (Table 2). We
also evaluated the effect of G on cholesterol synthesis in
liver and in the tumor cells and determined the extent of the

TABLE 1
The effect of geraniol on tumor growth and liver and body

weights

Tumor Body Liver
Group weight (g) weight (g) weight (g)

Control 2.64 ± 0.73 21.67 ± 0.27 1.68 ± 0.10
25 mmol G/kg food 1.57 ± 0.36 23.49 ± 0.60 1.86 ± 0.11
50 mmol G/kg food 0.55 ± 0.26∗ 21.98 ± 0.94 1.75 ± 0.07
75 mmol G/kg food 0.79 ± 0.21∗ 20.70 ± 0.64 1.72 ± 0.07

The values represent the means ± SEM, n = 5. Difference is statis-
tically significant relative to the controls at (∗) P < 0.05.
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GERANIOL INHIBITS A549 GROWTH IN CULTURE & IN VIVO 5

FIG. 3. The effect of geraniol on the levels of total and membrane-bound
Ras by Western blot analysis. A: Western blot analysis of plasma-membrane-
bound Ras was performed with plasma-membrane fractions obtained from the
tumors of 3 individual mice per group (0, 25, 50, and 75 mmol G/kg food).
Upper panel: Density of Ras-immunoblot bands as a percent of the control after
scanning and correction for differences in loading as described in Materials and
Methods. Middle panel: Ras-immunoblot bands. Lower panel: Polyvinylidene-
difluoride (PVDF) membrane stained with Coomasie blue as a loading control.
B: Western-blot analysis of total Ras was performed with tumor homogenate
obtained from 3 individual mice per group (0, 25, 50, and 75 mmol G/kg food).
To confirm the equal loading of protein samples, membrane was incubated with
β-actin. Upper panel: Density of Ras-immunoblot bands as a percent of the
control after scanning as described in Materials and Methods. Middle panel:
Ras-immunoblot bands. Lower panel: ß-actin–immunoblot bands. Values are
expressed as means ± SEM. ∗P < 0.05 vs. control group (color figure available
online).

conversion of [14C]acetate into cholesterol and other non-
saponifiable lipids by quantification of the incorporation of ra-
dioactivity into that fraction after 3 h. In vitro assays furthermore
indicated that cholesterol synthesis was significantly reduced by
55% in A549 cells incubated with 200 μM G compared to con-
trols (29 ± 7 vs. 13 ± 4 dpm/μg cellular protein). In in vivo
assays we found that the radioactivity incorporation was sig-
nificantly reduced in the livers and tumor cells of mice treated
with 75 mmol G/kg food, whereas in mice treated with 25 and

50 mmol G/kg food the decrease was not statistically significant
(Table 2).

Decreases in HMGCR Protein Levels After G Treatment
To determine the molecular mechanism by which the meval-

onate pathway was affected by G, we measured by Western blot
analysis the levels of HMGCR protein in both the mouse-host
livers and the A549 tumors (Fig. 5). Our data demonstrated that
G decreased HMGCR levels in both tissues in a dose-dependent
manner.

DISCUSSION
The potential use of natural products as antineoplastic drugs

is nowadays a topic of increasing interest in human medical in-
vestigation. Plant isoprenoids have been suggested as suppress-
ing the growth of cancer cells and tumor development through
multiple effects on the mevalonate pathway (8). The molecular
mechanisms underlying these actions, however, remain poorly
understood. Recent studies demonstrated that G had significant
antitumor activity in a variety of cell-culture systems represen-
tative of liver, colon, pancreatic, and skin cancers (21–24). In
addition, the findings from the present study constitute the first
indications of the antiproliferative effect of G on human lung
adenocarcinoma cells as exemplified in the A549 line. Here, we
demonstrated that G inhibits A549-cell proliferation both in cul-
ture (Fig. 1) and in vivo (Fig. 2). These results are consistent with
the antitumor activity of G against murine hepatomas (23,25).
That most of those in vivo studies, however, suggested that G
exerts a chemopreventive but not a chemotherapeutic action is
noteworthy (25,26). In this work we demonstrated that dietary
G effectively inhibits tumor growth in mice when administered
following tumor appearance, thus documenting the isoprenoid’s
effectiveness as a chemotherapeutic agent. Tumor cells in mice
treated with higher doses of G (50 and 75 mmol G/kg food)
exhibited a lower growth rate than in the absence of G (Fig. 2,
Table 1). That the tumor-growth kinetics in the mice treated
with those 2 doses of G did not differ significantly suggested
that 50 mmol G/kg food could be provisionally considered to
produce the maxim tumor growth inhibition attainable (i.e., the
effect reaches a plateau at that dosage).

We recently reported that G inhibited the mevalonate path-
way at several levels and depressed cell growth in the hu-
man hepatoma cell line Hep G2 (27–29). The relevance of
the present work resides in the finding that G likewise in-
hibits the mevalonate pathway in human lung cancer cells in
vivo as well as in normal mouse-liver cells, as shown by the
decrease in nonsaponifiable-lipid synthesis (Table 2) and the
decline in HMGCR levels (Fig. 5). Moreover, our studies indi-
cated that G inhibited cell proliferation in A549 cells both in
culture (Fig. 1) and in vivo (Fig. 2) and furthermore decreased
the level of membrane-bound Ras protein (Fig. 3). To obtain
full oncogenic potency, the Ras protein attaches to the inner
plasma membrane in a process mediated by prenyl groups. Far-
nesyl pyrophosphate and geranylgeranyl pyrophosphate are the
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6 M. GALLE ET AL.

FIG. 4. Apoptosis detection. A: The percentage of apoptotic cells in tumor histological sections were determined by the TUNEL assay. The TUNEL-positive
cells were counted in 10 random fields from each experimental situation at 400× magnification. B: Fluorescence micrographs of tumor sections from the control
mice (top field) and from the experimentals fed with 25, 50, and 75 mmol G/kg food (lower 3 fields, respectively). Left side: The arrows indicate fluorescing
TUNEL-positive apoptotic cells; right side: total nuclei staining blue with DAPI. C: The activity of caspase-3 in tumor homogenates was quantified by a commercial
kit as described in Materials and Methods, with p-nitroanilide (pNA) being the product of substrate cleavage. Values are expressed as means ± SEM, n = 4. ∗P
< 0.01; ∗∗∗P < 0.001 (color figure available online).

prenyl-containing groups covalently attached to a Ras protein
(through a posttranslational modification) by the farnesyl- or
geranylgeranyl-transferase enzyme (30). Isoprenoids have been
shown to affect these modifications (4), thus preventing the op-
timal functioning of the Ras. The present study demonstrated
that G decreased the amount of Ras protein bound to membranes
but not the total Ras-protein content of the cell, suggesting al-
terations in the posttranslational modification of the Ras protein
through a lack of prenylation. Because depleted mevalonate lev-
els resulted from the inhibition of HMGCR by G, that decrease in

the concentration of the rate-limiting intermediate should conse-
quently diminish the pools of farnesyl and other phosphorylated
products that, for their part, are necessary for the isoprenylation
of the Ras proteins. This lack of Ras prenylation would accord-
ingly be the result of a substrate deficiency for the prenylases.
In a recent report (29), however, we suggested that this effect is
very likely not to be the main mechanism by which G inhibits the
prenylation of certain proteins. There we hypothesized that G in-
terfered with the incorporation of mevalonic-acid-derived prod-
ucts into Ras proteins by a combination of events—including

TABLE 2
Circulating cholesterol levels in tumor-bearing mice and 14C incorporation into liver and tumor nonsaponifiable lipids

14C incorporation into nonsaponifiable lipids
(dpm as a percent of control group)

Serum cholesterol (g/l) Liver Tumor

Control 1.073 ± 0.035 100.0 ± 18.4 100.0 ± 25.76
25 mmol G/kg food 0.954 ± 0.055 50.24 ± 5.1 66.85 ± 34.81
50 mmol G/kg food 0.852 ± 0.060∗ 48.32 ± 5.4 46.17 ± 16.10
75 mmol G/kg food 0.861 ± 0.051∗ 21.27 ± 1.4∗ 26.11 ± 10.44∗

Cholesterolemia was determined in each animal serum by an enzymatic method as described in Materials and Methods. The values represent
the means ± SEM, 6 ≤ n ≤ 20. The radioactivity (dpm) incorporated into nonsaponifiable lipids of the mouse-host livers and the tumors were
quantified. The results are expressed as the mean ± SEM with 3 ≤ n ≤ 5.

∗P < 0.05.
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FIG. 5. The effect of geraniol on 3-hydroxymethylglutarylcoenzyme-A reduc-
tase (HMGCR) protein levels. HMGCR levels were determined in liver and tu-
mor cells by Western blotting followed by densitometry quantitation through the
use of the ImageJ software. β-actin was included in the runs as a loading control.
Upper panel: HMGCR immunoblot bands. Middle panel: ß-actin–immunoblot
bands. Lower panel: Density of HMGCR-immunoblot bands as a percent of the
control after scanning and correction for differences in loading as described in
Materials and Methods. Values are expressed as means ± SEM, n = 3. ∗∗P <

0.01; ∗∗∗P < 0.001 vs. control group. #P < 0.05; ##P < 0.01 vs. group treated
with 25 mmol G/kg food.

the depleted mevalonate levels, but possibly also by impairing
farnesyl-protein–transferase activity (8,31). Furthermore, that
several cellular lipids are fulfilling major roles in cell growth
and division should also be kept in mind. Our results showed
that G inhibited nonsaponifiable-lipid synthesis both in tumor
cells and normal liver (Table 2), and several studies in our lab-
oratory had previously demonstrated that cholesterol was the
major nonsaponifiable lipid whose biosynthesis was inhibited
by G (27–29). In addition, the higher doses of G significantly
decreased the concentration of serum cholesterol in the treated
mice (Table 2). This effect is consistent with recent results from
this laboratory (unpublished) that indicated an increase in the
expression in mouse liver and tumor cells of the mRNA encod-
ing the plasma-membrane low-density lipoprotein receptor that
binds and internalizes cholesterol from the extracellular fluid af-
ter treatment with G. We also found that G inhibited fatty-acid
biosynthesis both in tumor cells and in mouse liver. Studies in
culture furthermore showed that G inhibited phospholipid (e.g.,
phosphtidyl-choline) biosynthesis in both HepG2 (29) and A549
cells (data not shown). These results demonstrate that G clearly
restricts the availability of lipids that are essential for cell growth
and proliferation so as to lead to a blockade of cell growth and to
apoptosis.

Apoptosis induction has been reported as the main mech-
anism in the anticarcinogenic action of isoprenoids (25), and
G has been suggested as one of the most potent inducers (32).
In addition, this effect was expected to be more pronounced in
malignant cells than in normal cells (8). In keeping with this
notion, we observed that G increased the amount of apoptotic
cells in the A549 tumor line implanted in mice (Fig. 4) without

an increase in the number of apoptotic cells in the host liver
(data not shown).

Tumor-cell survival, death, and cell-cycle traverse are inter-
connected mechanistically (33). We recently reported that G
inhibits cell-cycle progression (with an arrest occurring at the
G0/G1 interphase) in Hep-G2 cells (28). We thus propose here
that the mechanisms by which G could exert antitumor activity
against A549 cells involve associations among all of the follow-
ing actions at the molecular level: suppression of the synthesis
of essential lipids for cellular growth such as fatty acids, phos-
pholipids, cholesterol, and prenyl groups and inhibition of the
relevant prenyltransferase enzymes. These effects, in turn, in-
duce an arrest in cell-cycle progression along with a concomitant
stimulation of apoptosis. Moreover, all of the antitumor effects
observed in our experiments occurred at dietary doses that did
not cause significant toxicity to the animals. These results ac-
cordingly point to the possibility that G could be exploited as
a promising candidate for use in human lung cancer prevention
and therapy with the added benefit of low toxicity.
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