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ABSTRACT

Geraniol, an acyclic end product of a plant isoprene pathway and a
pyrophosphorylated intermediate in plant and animal pathways, caused
a concentration-dependent increase in the population doubling time of
murine P388 leukemia cells in suspension culture and of B16 melanoma
cells in monolayer culture. The suppression of the growth of P388 cells
by geranio! (0-0.9 HIM)and by mevinolin (0-0.25 MM),a competitive
inhibitor of mevalonate biosynthesis, was reversed by the addition of 0.5
HIMmevalonolactone to the growth medium. Flow cytometry of asyn
chronous B16 cells grown with geraniol (0-0.15 IHM)revealed a popula
tion characterized by larger cells with altered nuclear characteristics.
Over the course of four studies, dietary geraniol increased the 50%
survival time of mice by 10, 29, 33, and 50% following the i.p. transfer
of P388 cells. The results of the latter study showed that, following the
Â¡.p.transfer of 1 x 10s P388 cells, the control group of female C57BL x

DBA/2 FI mice had a 50% survival time of 24 days and a maximum
survival of 27 days. Mice fed a diet containing 0.1% geraniol for 14 days
prior to and following the P388 cell transfer had a 50% survival time of
36 days, and 20% of the mice remained free of tumors during the 50-day
trial. These studies support the possibility that monoterpenes and other
isoprenoid products of plant metabolism are in part responsible for the
anticarcinogenic actions of diverse fruits, vegetables, and cereal products.

Terpenoid products of plant metabolism suppress hepatic
mevalonate biosynthesis (28-31). Geraniol (3,7-dimethyl-2,6-
octadien-1-ol), the first monoterpenoid end product of plant
mevalonate metabolism and a pyrophosphorylated intermediate
in plant and animal mevalonate metabolism, is readily oxidized
to Hildebrandt's acid (32), a metabolite that might play a role

in the multivalent feedback regulation of 3-hydroxy-3-methyl-
glutaryl-CoA reducÃase(33), e.g., the role ascribed to a non-
sterol product of mevalonate metabolism (1). Terpenoids sup
press the growth of plant cells (34, 35), fungi (36), yeast (36),
bacteria (31), and flukes (37). The cyclic monoterpenoid, d-
limonene, exerts anticarcinogenic actions in systems using N-
nitrosomethylurea (38), 7,12-Dimethylbenz[a]anthracene (39,
40), and Â¿V-nitrosodiethylamine (41). We now report that an
acyclic monoterpene, geraniol, causes a concentration-depend
ent increase in the PDTs4 of murine P388 leukemia and B16

melanoma cells. The survival of mice following the i.p. transfer
of P388 cells is prolonged by dietary geraniol.

MATERIALS AND METHODS

INTRODUCTION

Although its role is just now being delineated (1), there is
clearly a requirement for a nonsterol, mevalonate-derived prod
uct in normal cell cycling (1-14). Inhibition of 3-hydroxy-3-
methylglutaryl-CoA reducÃasearrests the cell cycle at the G,-S
boundary (2-7). This arrest of animal (6-9) and plant (10) cell
division can be reversed by the addition of mevalonate but not
by the addition of intermediates or nonsterol and sterol end
products of the mevalonate pathway. Mevalonic acid is required
for the posttranslational modification of soluble (IS) and nu
clear structural proteins (16), including lamin B, a protein
isoprenylated prior to the onset of the S phase (11-13, 16-18),
and lamin A (19) or its precursor (20).

An elevated 3-hydroxy-3-methylglutaryl-CoA reducÃaseac
tivity, resistant to cholesterol feedback, is characteristic of many
neoplastic tissues (21-23). Because of this and of the require
ment for an end product of mevalonate metabolism at the G,-
S boundary in the cell cycle, mevinolin and other inhibitors of
reductase activity have potential application as antineoplastic
agents (8, 9, 22-27). This potential is further indicated by the
recent finding that all p21"" proteins are posttranslationally
modified by isoprenylation (25-27).
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Murili.- P388 Leukemia Cells

In Vitro Studies. Single-cell suspensions of P388 cells were grown in
a MEM (GIBCO) containing 10% FBS (Hyclone), 80 ^g/ml genta-
mycin (GIBCO), 20 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid buffer (Sigma), and 2.2 g/liter NaHCO.,. The cultures, gassed with
5% CO2/95% air, were incubated at 37Â°in a gyrorotary water bath.

Experimental cultures inoculated with cells from mid-log stock cul
tures harvested by centrifugation (10 min at 1500 x g) were grown in
duplicate 500-ml culture flasks filled with 120 ml medium. Geraniol
was added to the growth medium at final concentrations of 0-0.9 mM.
Preliminary microscopic evaluations suggested that cells grown with
<0.9 mivi geraniol tended to be larger and irregularly shaped. Cells
were lysed in medium containing 1.5 mM geraniol. Geraniol (Aldrich)
was filter-sterilized (0.2-iim filter); 10 mM geraniol was solubilized in
FBS by maintaining the solution at 37Â°for 3-5 h and then at 45Â°with

shaking for l h immediately before its addition to the growth medium.
A stock solution of 66 mM mevalonolactone in MEM was filter-
sterilized (0.2-jim filter). Mevalonolactone (0.5 mM) was added to
supplemented cultures 24 h after inoculation. Aliquots of cells were
withdrawn at 24, 48, and 72 h and cell counts were made with a
hemacytometer. In other trials, P388 cells were washed after 20 h
exposure to geraniol and transferred to fresh medium, and their sub
sequent growth was monitored. Last, the effect of a competitive inhib
itor of mevalonate synthesis, mevinolin (10 and 25 ^M), on cell growth
was determined. Mevinolin was generously provided by Dr. A. E.
Alberts (Merck Sharp & Dohme, Rahway, NJ).

In Vivo Study. Four-week-old female C57BL x DBA/2 F, (hereafter
called BD'FO mice (The Jackson Laboratory and Harlan-Sprague

Dawley) were housed in groups of three or four in plastic cages with
wood shaving bedding. Corn oil (5% weight) was added to AIN-76A
semipurified diet (Teklad Test Diets). A 2% solution of Bacto-Agar

The abbreviations used are: PDT, population doubling time; MEM, minimal
essential medium; FBS, fetal bovine serum; PBS. phosphate-buffered saline.
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(Difco) was mixed (1:1) with the diet to yield a semisolid product.
Experimental diets contained additionally 0.1% (Study A) or 0.5%
(Study B) geranio!. Geranio! was dissolved in corn oil prior to mixing
with the semipurified diet. Cubes of the diet in excess ofthat consumed
each day and water were provided ad libitum. The mice were fed the
semisolid diet for 2 wk (Study A) or 4 days (Study B) prior to the cell
transfer and thereafter for the remainder of the trials.

P388 cells, held under liquid N2, were thawed and injected i.p. into
and passed through five and nine sets of mice to establish highly viable
cells for Studies A and B, respectively. Ascites fluid was extracted from
host mice and the cells were sedimented by centrifugation, washed, and
resuspended in MEM (1:10). The cells were counted and diluted as
required with MEM to obtain in a volume of 50 p\ the specific
populations of cells used in the trials. Weights of the mice were recorded
for the period prior to cell transfer. On becoming moribund, the mice
were killed and gross necropsies were performed.

Murine B16 Melanoma Cells

In y Â¡froStudies. B16 cells were grown in monolayer culture (25 cm2

flasks, VWR Scientific) in 5 ml RMPI 1640 (GIBCO) supplemented
with 10% newborn calf serum (GIBCO), 25 mM 4-(2-hydroxyethyl)-l-
piperazineethanesulfonic acid buffer (Sigma), 80 Â¿ig/mlgentamycin,
and 1.8 m,M1-glutamine (GIBCO). Cultures seeded with lOx 10" cells/
ml were maintained at 37Â°in a 5% CO2/95% air atmosphere. A stock

solution of geranio! (40 niM) was prepared in absolute ethanol. Geranio!
was added to experimental flasks at final concentrations of 0.05-0.3
mivi.Control flasks contained a volume of ethanol equivalent to that in
experimental flasks containing 0.3 m\i geranio!. Cells were harvested
for counting at 24, 48, and 72 h by exposing the monolayers to trypsin
(GIBCO). Trypsin was inactivated by suspending the cells in medium
containing 10% FBS. Cell death was determined by uptake of 10%
trypan blue; cell counts were made with a hemacytometer.

Flow Cytometry. Cultures for DNA staining were grown in media
with final concentrations of 0.05-0.15 mM geranio!. Experimental
cultures seeded with 9 x IO4 cells/ml were grown for 5 days, with

replacement of fresh medium on Day 3. Monolayers were harvested by
trypsinization, pelleted by centrifugation (10 min, 1,000 x g), and
resuspended in 6 ml ice-cold 70% ethanol containing 0.59c Tween 20
for 30 min. The cells were pelleted by centrifugation, resuspended in 1
ml PBS (0.02 M sodium phosphate, pH 7.2, in 0.15 M NaCI) with 0.5%
Tween 20, and incubated with 1 ml RNase A (bovine pancreas; Sigma;
1 mg/ml in PBS) for 20 min at 37Â°.This was followed by the addition

of 5 ml propidium iodide solution (50 Mg/ml in PBS) (Aldrich). Cells
were held in the staining solution for l h at room temperature. Prior
to flow cytometric analysis (42), cells were pelleted and resuspended in
1 ml PBS. DNA histograms were generated using a Becton/Dickinson
FACScan. Aliquots of 10,000 cells were measured for fluorescence
distribution. Propidium iodide was excited with 30 mW of 488-nm
light from an argon laser.

RESULTS

A summary of the results of six studies of the suppression of
P388 cell growth at 24, 48, and 72 h by geranio! is shown in
Fig. 1. The PDTs (10.6 h) increased proportionately with
incremental increases in the concentration of geranio! in the
medium.

Geranio!, at the concentrations used in these trials, was not
lethal. In a representative experiment, P388 cells were grown
in media containing 0 (n = 2), 0.4 (n = 4), or 0.7 (n = 4)
geranio!. At 20 h, cells grown in media containing 0.4 (n = 2)
and 0.7 (n = 2) HIMgeranio! were washed with 82 Â±6% (SD)
recovery and resuspended in geraniol-free medium. PDTs of
the cultures during the ensuing 24-h period were calculated.
The PDTs of control cells and of cells continued in 0.4 and 0.7
mivi geranio! were 10.5. 14.8, and 18.0 h, respectively. The
PDTs of cells grown for 20 h in media containing 0.4 and 0.7

o.o 0.8 1.0

mM GERANIOL

Fig. 1. The concentration-dependent suppression of the growth of P388 cells
by geranio!. The values (% of control culture population) are the means Â±SD of
six trials. Cell count at 24 h <â€¢).4g h (O) and 72 h (â€¢).
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Fig. 2. The rescue of P388 cells from geranio! arrest of cell division by
supplementÃ¤r) mevalonale. Cells were grown with 0 (â€¢.D). 0.3 (not shown), 0.6
(A.A), or 0.9 (â€¢.O)m,Mgeranio!. Mevalonate (0.5 mM) was added to cultures
(open symbols) at 24 h.

mM geranio! prior to transfer to geraniol-free media were 11.1
and 12.2 h, respectively. Also, the viability of cells grown with
0.9 mM geranio! was checked by confirming that cell counts of
living cells corresponded to counts with acridine orange and
ethidium bromide.

The rescue of P388 cells from the growth-suppressive action
of geranio! was also accomplished by adding supplemental
mevalonate to the cultures (Fig. 2). Cultures with initial popu
lations of 3.5 x IO4cells/ml were incubated for 24 h in media

containing geraniol. The cell counts at 24 h for cultures con
taining 0.3 (not shown), 0.6, and 0.9 mM geraniol were 68%,
45%, and 6%, respectively, of the control count. At 24 h, one-
half of the cultures were supplemented with 0.5 mM mevalon-
olactone. The 72-h cell counts in cultures grown in 0.6 mM
geraniol and in 0.6 mM geraniol supplemented with mevalonate
were 10% and 89%, respectively, of the control count. This
reversal of the geraniol-mediated suppression of P388 cell
growth was confirmed in a second trial in which mevalonolac-
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Fig. 3. The rescue of P388 cells from mevinolin â€¢0 ^M; A, 10 JIM;A, 10
nM+mevalonate; â€¢,25 ^M; O, 25 fiM+mevalonate) arrest of cell division by 0.05
HIMmevalonate at 24 h.

tone was added at 48 h. Supplemental mevalonate stabilized
the cell count in cultures grown with 0.9 mM geraniol. Data
shown in Fig. 2 imply that mevalonate becomes limiting for
growth as the population approaches 1 x IO6cells/ml.

This requirement for a mevalonate-derived product is con
firmed by data shown in Fig. 3. P388 cells were grown for 20
h with either 10 or 25 UMmevinolin, a competitive inhibitor of
mevalonate biosynthesis. Mevalonolactone (0.5 mM) was then
added to half of the flasks, and growth was monitored for an
additional 50 h. After the addition of mevalonate to cells grown
with 10 UM mevinolin, cell division continued at an arrested
pace for an interval approaching one PDT and then resumed a
rate (PDT = 14 h) nearly equal to that recorded for the controls
(PDT = 11 h). The PDT of mevalonate-supported cells grown
with 25 MMmevinolin was 23 h, whereas, in non-supplemented,
mevinolin-treated cultures, the population decreased. Chinese
hamster ovary cells (7) respond similarly to mevalonate depri
vation and resupplementation.

The foregoing results suggested that dietary geraniol might
impede tumor development in vivo. We studied the effect of a
diet containing 0.10% (Study A) or 0.50% (Study B) geraniol
on the survival of mice after the i.p. transfer of 1 x IO4to 1 x
IO6 P388 ascites cells (Table 1). Although the P388 cells used

in these studies were from a common stock, those used in Study
A were less malignant than those used in Study B (Table 1).
The virulence of the cells seemed to increase with additional
passes through hosts. Nevertheless, within each study the 50%
survival time of the control group of mice receiving the lesser

load of P388 cells was longer than that of the control group
receiving the greater load. A 10-fold decrease in the load
resulted in a 39% increase in survival time (Study A), and a 5-
fold decrease prolonged the survival time by 29% (Study B).

Dietary geraniol increased the 50% survival time (all studies),
the 33% survival time (Studies A-l and A-2), and the 25%
survival time (Study B-2). The most striking response (Study
A-2) is plotted in Fig. 4. Consistent with the geraniol-mediated
increase in 50% survival time (24 versus 36 days) is the increase
in the survival of the longest living mouse in the group (27
versus more than 50 days). Superimposed on the graph are the
mean weights of the mice during the 14 days prior to the i.p.
transfer of the P388 cells. The weights of the two groups did
not differ during the first 10 days after cell transfer (not shown).

Geraniol and other monoterpenoid products of plant second
ary metabolism suppress the synthesis of mevalonic acid (28-
30) and, potentially, the synthesis of the mevalonate-derived
product (1-14) required at the G,-S boundary of the cell cycle
(2-7). A nuclear protein, lamin B, undergoes isoprenylation
prior to the onset of the S phase of the cell cycle (11-13, 16-
18). Flow cytometry was used to determine whether a geraniol-
initiated action might influence the cell cycle. We first con
firmed that geraniol increased the PDT of murine B16 mela
noma cells. Fig. 5 shows the effect of 0.05-0.30 mM geraniol
on cell counts of cultures harvested by trypsinization at 24, 48,
and 72 h. B16 cells grown in monolayer culture were more
sensitive than P388 cells grown in suspension culture to the
growth-suppressive action of geraniol. Based on data presented
in Figs. 1 and 5, 50% reductions in the 48-h cell count of P388
and B16 cells were obtained with 0.5 and 0.1 mM geraniol in
the respective cultures. Whereas supplemental mevalonate res
cued the P388 cells grown in suspension cultures, supplemental
mevalonate (0.5-2.0 mM) added to the monolayer of B16 cells
failed to reverse the effects of geraniol (data not shown). Cell
lines differ substantially in their sensitivity to mevinolin (9) and
in the quantity of mevalonate required to support their recovery
(6, 9).

Asynchronous Bl6 cells in cultures seeded with 9 x IO4cells/

ml and grown for 120 h with geraniol were harvested for flow
cytometric analysis. At harvest, the cultures grown with 0, 0.5,
0.10, and 0.15 mM geraniol had 2.6 x 10", 1.9 x IO6, 2.4 x
IO5, and 1x10' cells/ml, respectively. The merged graphs of

forward scatter, an estimate of cell size, of control B16 cells
and of cells grown with 0.15 mM geraniol are shown in Fig. 6.
The mean and mode values for the control cells are 20.99 and
19.00 forward scatter units; the respective values for the larger
geraniol-treated cells are 25.61 and 23.00 units. This result is
consistent with our subjective finding that P388 cells grown
with geraniol are larger. Fig. 7, the merged graphs of fluores
cence reflecting cellular DNA content, provides evidence that
cells grown in the presence of geraniol contained, overall, less

Table 1 Summary of in vivostudies
Geraniol was fed before and after the transfer of P388 cells as indicated.

StudyA-l

A-2
B-l
B-2Time

of prior
feeding
(days)14

144

4Control6612 12nGeraniol99
12
12Dietary

geraniol
<%)0.10

0.10
0.50
0.5050%

survival time(days)Cell

load1
x 10*

1 x 10*
5 x 10"
1 x 10"Control18

24
14
19Geraniol24'

36'18'

21"

" 33% survival: control. 20 days; geraniol, 25 days.
* 33% survival: control, 25 days; geraniol. 38 days.
c 25% survival: control. 19 days: geraniol. 19 days.
* 25% survival: control, 23 days; geraniol. >42 days.

39

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/37/2443218/cr0510010037.pdf by guest on 19 M

ay 2023



ARREST OF CELLS BY GERAN1OL
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Fig. 4. Survival of mice after i.p. transfer of P388 cells. Also shown are the
weights of control and experimental mice during the 14-day period prior to the
transfer. â€¢,control: â€¢.geraniol.
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Fig. 7. Merged plots of DNA histograms. Solid line, trace of the DNA
histogram for control B16 cells; dolled line, DNA histogram for B16 cells grown
in medium containing 0.15 HIMgeraniol.
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Fig. 5. Suppression of B16 cell division by geraniol. â€¢.control; D, 0.5 HIM;
0.10mM;O, 0.15 mm; A, 0.30 IHM
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Fig. 6. Merged plots of forward scatter. Solid line, size distribution of B16
cells grown in control medium; dotted line, size distribution of B16 cells grown
in medium containing 0.15 HIMgeraniol.

DNA than the controls [3.22 versus 4.31 (mode) fluorescence
units.] Anomalously, the distribution of cells between fluores
cence thresholds set at 1.55-5.78 (diploid cells) and 6.69-

10,000 (polyploid cells) for control cells was 63:37 and for
experimental cells was 54:46, respectively. Mode fluorescence
values within these thresholds were 4.31 and 7.74 for control
cells and 3.22 and 10.37 for experimental cells. Values obtained
for cells grown with 0.05 and 0.10 mM geraniol fell within these
ranges.

DISCUSSION

These studies provide evidence that geraniol, an early end
product of a plant mevalonate pathway, increases the popula
tion doubling times of mammalian leukemic and melanoma
cells. Under our conditions, geraniol effected a concentration-
dependent increase in the PDT of cells, its effect in suspended
culture was reversed by supplemental mevalonate, and cells
resumed a normal doubling time after transfer to geraniol-free
medium. At high concentrations of geraniol (>1.0 HIM), the
monoterpene was lethal to P388 cells, perhaps because of its
membrane-fluidizing action (43).

Mevinolin suppresses mevalonate availability by competi
tively inhibiting 3-hydroxy-3-methylglutaryl-CoA reducÃaseac
tivity (1). On the other hand, the decrease in mevalonate bio
synthesis after treatment with monoterpenes (28-31) reflects a
decrease in the number of reducÃasemolecules (29). This action
is consistent with lhal of anolher yel lo be idenlified mevalon-
ale-derived produci lhal inhibils ihe iranslation of a class of 3-
hydroxy-3-methylglutaryl coenzyme A reducÃasemRNA Iran-
scripted independently of sterol feedback regulalion (1). The
mevalonate-derived produci is Ihe significanl feedback inhibitor
of mevalonale synlhesis in proliferaling cells (1, 21), whereas
choleslerol plays Ihe major regulalory role in sterologenic tis
sues (44). Mevinolin and geraniol reduce the flow of mevalonate
into the cellular pool that supports Ihe synlhesis of slerols,
ubiquinone, dolichol, and isopenlenyl adenine, as well as ihe
synlhesis of Ihe isoprenoid producÃs, farnesyl pyrophosphale
(1, 15, 18, 27) and geranylgeraniol pyrophosphale (45, 46),
required for ihe posllranslalional modificalion of ras proleins
(25-27) and lamins A and B (12, 16-20). Conversely, choles-
lyramine, a bile acid sequeslrani, enhances ihe flow of meva
lonale inlo Ihe cellular pool (47) and concomilanily promotes
chemically induced colon (48) and mammary (49) carcinogen-
esis.

Asynchronous (11) and synchronized cells arresled al ihe G\-
S interface of the cell cycle by mevalonale deprivalion (2-7)
exhibil an altered morphology that is reversed by mevalonate
supplementation (6,9,11). Among the regulation-related events
occurring prior to the onset of ihe S phase is ihe enhanced
synlhesis of 3-hdyroxy-3-melhylglularyl-CoA reducÃase (3, 7,
50, 51) resislanl lo sterol feedback regulation (44). Cells in
asynchronous cultures arrested by mevalonate deprivation ex
hibil an Â¡ilk-redmorphology (11, 51-53) thai is reflecled in our

finding (Fig. 6) of a 20% increase in cell size. DNA hislograms
of asynchronous cullures arresled by mevalonate deprivation
(53) (Fig. 7) differ from DNA histograms of similarly arrested
synchronous cultures (4, 7). Hence, mevalonale mighl also be
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