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Abstract: Mastic oil from Pistacia lentiscus var. chia, a

natural plant extract traditionally used as a food additive,

has been extensively studied for its antimicrobial activity at-

tributed to the combination of its bioactive components. One

of them, perillyl alcohol (POH), displays tumor

chemopreventive, chemotherapeutic, and antiangiogenic

properties. We investigated whether mastic oil would also

suppress tumor cell growth and angiogenesis. We observed

that mastic oil concentration and time dependently exerted

an antiproliferative and proapoptotic effect on K562 human

leukemia cells and inhibited the release of vascular endothe-

lial growth factor (VEGF) from K562 and B16 mouse mela-

noma cells. Moreover, mastic oil caused a concentration-de-

pendent inhibition of endothelial cell (EC) proliferation

without affecting cell survival and a significant decrease of

microvessel formation both in vitro and in vivo. Investigation

of underlying mechanism(s) demonstrated that mastic oil re-

duced 1) in K562 cells the activation of extracellular sig-

nal–regulated kinases 1/2 (Erk1/2) known to control leuke-

mia cell proliferation, survival, and VEGF secretion and 2)

in EC the activation of RhoA, an essential regulator of

neovessel organization. Overall, our results underscore that

mastic oil, through its multiple effects on malignant cells and

ECs, may be a useful natural dietary supplement for cancer

prevention.

Introduction

Substantial evidence from epidemiological and laboratory

studies supports that regular consumption of dietary

phytochemicals is strongly associated with reduced risk of

cancer (1–3). The essential oil and gum from the plant

Pistacia lentiscus (L.) var. chia have been widely used as

food and beverage flavoring additives and traditional medi-

cines in the Mediterranean region since ancient times without

any reported toxicity in humans. Numerous recent studies

have demonstrated that they possess antimicrobial properties

against a broad range of bacterial and fungal pathogens (4–7)

and antioxidant activity as well (8). Lately, a hexane extract

of mastic gum was demonstrated to induce apoptosis in

HCT116 human colon cancer cells (9). Analysis of the chem-

ical composition of mastic oil revealed that is a complex mix-

ture of volatile compounds, mainly terpenes (5,10), with es-

tablished beneficial biological properties (11). The

monoterpene perillyl alcohol (POH), which corresponds to

0.84% of mastic oil, is of great clinical interest due to its es-

tablished chemopreventive and chemotherapeutic potential

demonstrated in a variety of rodent tumor models (12,13),

and it has currently advanced to phase I–II clinical trials

(14,15). Recently, we have shown that POH, besides its

antitumor effect, acts as an angiogenesis inhibitor (16).

Aberrant angiogenesis plays an important role in the pro-

gression not only of solid tumors but of hematological malig-

nancies as well (17,18). In fact, increased angiogenesis in

bone marrow is one of the characteristics of various types of

leukemia (19). Vascular endothelial growth factors (VEGFs)

essentially coordinate the angiogenic process by activating

several signal pathways upon binding to the tyrosine kinase

VEGF receptors (VEGFRs), largely restricted to the vascular

endothelium (20,21). It has been recently shown that certain

leukemia cells not only produce VEGF but also express func-

tional VEGFRs resulting in an autocrine and paracrine loop

for tumor growth and propagation (22,23). Therefore, the use

of VEGF and VEGFR inhibitors for the treatment of

leukemias seems particularly attractive because it may target

not only the vascular environment but also the malignant

cells per se.

It is currently widely accepted that health benefits associ-

ated with phytochemicals present in complex mixtures of nu-

trients are attributed to their additive and/or synergistic inter-

actions rather than to the effect of single constituents (24).
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This has also been indicated for mastic oil in a recent investi-

gation correlating the antimicrobial activity with individual

components or the mastic oil itself (25). The results from this

study support that the observed activity of mastic oil was due

to the combination of several compounds, including some of

the trace elements, working synergistically. Based on these

observations, we sought out to determine whether mastic oil

would exhibit tumor and angiogenesis preventive properties.

POH was also examined in parallel experiments as a refer-

ence compound. We demonstrated that mastic oil was able to

inhibit cell proliferation and survival of human leukemia

K562 cells and decrease VEGF release from K562 and

mouse melanoma B16 cells. In addition, mastic oil attenu-

ated endothelial cell (EC) proliferation and neovessel forma-

tion both in vitro on Matrigel and in vivo on the chicken em-

bryo chorioallantoic membrane (CAM). Finally, mastic oil

reduced the activation levels of extracellular signal–regu-

lated kinases 1/2 (Erk1/2) in K562 cells and of RhoA small

GTPase in ECs, thus modulating important signaling path-

ways in target cells.

Materials and Methods

Materials

Mastic oil was kindly donated by the Chios Mastic

Growers Association. POH was from Fluka Chemie AG

(Buchs, Switzerland). Microvascular ECs (MVECs) were

obtained from Vec Technologies (Rensselear, NY). K562 and

B16 cell lines were originally obtained from the American

Type Culture Collection (Manassas, VA). Tissue culture

plastic ware was from Corning-Costar (Corning, NY). Cell

culture media and supplements were obtained from Life

Technologies (Paisley, UK). A VEGF enzyme-linked

immunoabsorbent assay (ELISA) Duo set kit was provided

by R&D Systems (Minneapolis, MN). The CyQUANT and

EnzChek Caspase-3 Assay kits were purchased from Molec-

ular Probes (Eugene, OR). Antibodies against Erk1/2 and

RhoA were from Cell Signaling Technology (Beverly, MA)

and Santa Cruz Biotechnology, respectively. GST-Rhotekin

RBD agarose was purchased from Upstate (Lake Placid,

NY). All other materials were purchased from Sigma Chemi-

cal Co. (St. Louis, MO).

Cell Culture

K562 and B16 cells were maintained in RPMI-1640 and

MVECs in Dulbecco’s Modified Eagle’s medium. Media

were supplemented with 10% FCS, L-glutamine, and antibi-

otics (10 U/ml penicillin and 100 mg/ml streptomycin). Hu-

man umbilical vein ECs (HUVECs) were isolated as previ-

ously described (16) and cultured in M199 supplemented

with 20% FCS, 200 µg/ml EC growth supplement, 5 U/ml

heparin sodium, l-glutamine, and antibiotics (as previously

described). Cells were incubated in a humidified 37°C incu-

bator containing 5% CO2.

Cell Proliferation and Apoptosis Assays

For cell proliferation assays, endothelial (MVEC or

HUVEC) or K562 cells were plated at 4 × 103 or 104 cells per

well, respectively, in a 96-well plate. Twenty-four hours

later, proliferating cells were treated with mastic oil

(0.01–0.02% vol/vol), POH (0.5 mM), or dimethyl sulfoxide

(DMSO) vehicle (0.1%); after 24–72 h, cell numbers were

measured as described previously (16) using the CyQUANT

Cell Proliferation assay kit. Briefly, cells were washed with

phosphate-buffered saline, and then 200 µl of CyQUANT

GR dye in cell lysis buffer was added to each well. This dye

exhibits strong fluorescence enhancement when bound to nu-

cleic acids. After 5 min of incubation at room temperature

under light protection, the sample fluorescence was mea-

sured. A reference standard curve with ECs or K562 cells in

the linear detection range (50–50,000 cells) was created for

converting sample fluorescence to cell number.

Cell apoptosis was monitored by measuring caspase-3 ac-

tivity as previously described (16). Briefly, 1 × 106 K562

cells per well in 24-well plates or confluent ECs in 12-well

plates were incubated with fresh media containing mastic oil

(0.01–0.1% vol/vol), POH (1 mM), DMSO vehicle (0.1%),

or 10 µM cyclohexamide. After 24–72 h, the cells were col-

lected and processed according to EnzCheck Caspase-3 As-

say kit #1 instructions. Results were normalized as relative

fluorescence units per milligram of protein.

ELISA for VEGF Detection

K562 (1×106) or B16 cells grown to confluence in 24-well

plates were treated with fresh media containing mastic oil

(0.01–0.1% vol/vol), POH (1 mM), or DMSO vehicle (0.1%)

for 24–48 h. Conditioned media were then collected for

ELISA analysis, whereas cells were solubilized and total

protein was measured. VEGF ELISA was performed accord-

ing to the manufacturer’s specifications. Results were nor-

malized as picograms per milligram of protein.

Angiogenesis Assays

The Matrigel tube formation assay was performed as de-

scribed in Ref. 26. Briefly, HUVECs (105 cells per milliliter)

were added onto Matrigel-coated wells in 96-well plates in

the presence of mastic oil (0.01–0.04% vol/vol) or vehicle

(0.1% DMSO) and incubated for 6 h. The cells were then

fixed, and the length of tube-like structures was measured in

the total area of the wells using Scion Image software (Scion

Corp., Frederick, MD) as previously described (27).

The in vivo chicken embryo CAM angiogenesis model was

used as previously described (27). In brief, Leghorn fertilized

eggs were incubated for 4 days at 37°C, when a window was

opened on the egg’s shell, exposing the CAM. The window

was covered with tape, and the eggs were returned to the incu-

bator. Different amounts of mastic oil (1 × 10–4 to 1×10–6) or

vehicle (0.1% DMSO) were applied onto an area of 1 cm2 (re-

stricted by a plastic ring) of the CAM on Day 9 of embryo de-

velopment. Forty-eight hours later, CAM was fixed in situ and

Vol. 55, No. 1 87



excised from the eggs, and pictures were taken through a ste-

reoscope equipped with a digital camera. The total length of

the vessels was measured using the Scion Image software.

Western Blotting

K562 cells grown in 24-well plates (1 × 106) were treated

with fresh media containing mastic oil (0.01–0.04% vol/vol)

or vehicle (0.1% DMSO) for 5–30 min and then subjected to

cell lysis and Western blotting. Briefly, cells were collected

and solubilized with lysis buffer (50 mM Tris-HCl, pH 7.6;

150 mM NaCl; 50 mM NaF; 1 mM Na3VO4; 0.5% sodium

deoxycholate; 1 mM ethylenediaminetetraacetic acid (EDTA);

0.1 mM ethylene glycol-bis(2-amionoethylether)-N,N,N′,N′-

tetraacetic acid (EGTA); 1% Triton-X; 1% sodium dodecyl sul-

fate (SDS); 1 mM phenylmethanesulfonyl fluoride (PMSF);

10 µg/ml aprotinin; 5 µg/ml leupeptin; and 10 ng/ml

pepstatin). Lysates containing equal amounts of protein were

resolved by SDS-polyacrylamide gel electrophoresis

(PAGE) on 12% gels, transferred to nitrocellulose mem-

branes, and probed with primary antibodies that specifically

recognize the phosphorylated or total form of Erk1/2.

Immunoreactive bands were visualized by enhanced

chemiluminescence detection.

Determination of Active RhoA Levels

Serum-starved confluent HUVECs in 10-cm dishes were

stimulated by adding 10% FCS containing mastic oil

(0.01–0.04% vol/vol), POH (0.5 mM), or vehicle (0.1%

DMSO) for 2 min. RhoA activation was then determined by a

pull-down assay using GST-Rhotekin RBD agarose beads es-

sentially as described in Ref. 28. In brief, cells were

solubilized with lysis buffer (25 mM HEPES, pH 7.5; 150

mM NaCl; 1% vol/vol Igepal CA-630; 10 mM MgCl2; 1 mM

EDTA; 10 % glycerol; 10 µg/ml leupeptin; 10 µg/ml

aprotinin; 1 mM PMSF; and 1 mM sodium orthovanadate),

and cell lysates containing equal amounts of protein were in-

cubated with 30 µg GST-RBD agarose beads for 45 min at

4°C. Active RhoA bound to the beads was then eluted and an-

alyzed in parallel with aliquots containing 20 µg protein of

total cell lysates by 12% SDS-PAGE and Western blotting

using anti-RhoA antibody.

Data Analysis and Statistics

Data are presented as mean ± SE of the indicated number

of observations. Statistical comparisons between control and

other groups were performed using the Mann-Whitney

nonparametric test. Differences among means were consid-

ered significant when P < 0.05 from control.

Results

Effects of Mastic Oil on Tumor Cells

Mastic oil inhibits K562 cell growth and survival: To

estimate the effect of the examined compounds on cell prolif-

eration, cultures of dividing cells were treated for various

time periods, and thereafter the cell number was measured.

Mastic oil induced a concentration-dependent decrease in

cell number compared with control treatment, indicating an

inhibition in the proliferation of K562 cells. Following a 48-h

incubation with 0.01 and 0.02% vol/vol mastic oil, the cell

number was reduced to 91.9% and 68.5% of control samples,

respectively (Fig 1A).

Moreover, treatment of cells with mastic oil (0.01–0.1%

vol/vol) caused a concentration-dependent stimulation of

caspase-3 activity in K562 cells after 72-h of incubation (Fig.

1B). It is interesting to note that the apoptotic effect of mastic

oil and POH followed a similar time-response pattern while

cyclohexamide (used as a positive control) caused an earlier

induction of caspase-3 activity at 24–48 h of incubation (not

shown).

Mastic oil down-regulates VEGF release from tumor

cells: VEGF is produced by most tumor cells and appears

to be one of the main mediators relevant to the proangiogenic

tumor phenotype. Treatment of K562 cells with mastic oil

(0.01–0.1% vol/vol) for 24–48 h caused a concentration- and

time-dependent reduction of the secreted VEGF (Fig. 2A). A

similar inhibition of VEGF protein production was also ob-

served in a B16 mouse melanoma cell line in response to in-

creasing concentration of mastic oil (Fig. 2B).
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Figure 1. Mastic oil inhibits K562 (A) cell proliferation and (B) survival.

(A) In a 96-well plate, 104 cells per well were plated and 24 h later were

treated with mastic oil (0.01–0.02% vol/vol), perillyl alcohol (POH, 0.5

mM), or vehicle. Cell numbers were measured after 48 h. (B) Cells (1 × 106)

grown in 24-well plates were treated with mastic oil (0.01–0.1% vol/vol),

POH (1 mM), or vehicle and analyzed after 48–72 h for caspase-3 activity.

Results are expressed as mean ± SE; n = 9–12; *P < 0.05 from vehicle.



Effect of Mastic Oil on ECs

Mastic oil inhibits EC proliferation: EC proliferation

is a key component of normal and tumor-associated angio-

genesis. As shown in Fig. 3, mastic oil efficiently reduced the

number of growing MVECs and HUVECs in a concentra-

tion-dependent manner (0.01–0.02% vol/vol), indicating in-

hibition of cell proliferation. EC treatment with mastic oil

(0.01–0.04% vol/vol) did not induce any significant change

in caspase-3 activity, suggesting that mastic oil does not af-

fect EC survival. Representative values (% of vehicle) from

HUVEC incubated with 0.04% vol/vol mastic oil for 24, 48,

and 72 h were 104.4 ± 3.7, 101.0 ± 8.5, and 96.4±2.5,

respectively.

Mastic oil attenuates capillary-like organization of EC

on Matrigel: The effect of mastic oil on the morphologi-

cal differentiation of ECs was studied in the Matrigel assay.

As shown in Fig. 4A, vehicle-treated HUVECs grown on

Matrigel developed tube-like networks. However, mastic oil

inhibited the organization of the cells in structures mimick-

ing vascular networks. Visual observations were confirmed

by morphometric analysis (Fig. 4B) showing that mastic oil

(0.01–0.04% vol/vol) induced a concentration-dependent re-

duction of the total length of the tube-like structures.

Mastic oil inhibits neovascularization in the CAM:

The effect of mastic oil on the in vivo formation of new ves-

sels was evaluated using the CAM system of angiogenesis.

As demonstrated by morphometric analysis, mastic oil in-

duced in the examined concentrations a small but statistically

significant reduction in the number of CAM vessels under

basal conditions (Fig. 5).

Molecular Targets for Mastic Oil

in Leukemia and Endothelial Cells

To elucidate the signaling mechanism(s) through which

mastic oil exerted its effects on leukemia cells, we examined

by Western blotting the levels of phosphorylated Erk1/2 rela-

tive to total Erk1/2 following treatment of K562 cells with

different concentrations of mastic oil (0.01–0.1% vol/vol)

and for various incubation times (5–30 min). Mastic oil

caused a concentration- (Fig. 6A) and time- (Fig. 6B) de-

pendent inhibition of Erk1/2 phosphorylation without affect-

ing total levels of Erk1/2. This inhibition was reversible and

reached a maximum within the first 10 min of incubation. It

should be noted that K562 cells express higher levels of

Erk1; a minor band for Erk2 could only be detected with the

phosphospecific antibody.

To explore the signaling pathways that are affected by

mastic oil in ECs, we induced serum-starved HUVECs with

complete medium containing mastic oil (0.01–0.04%

vol/vol) and then determined the levels of activated RhoA

relative to total levels of RhoA. As shown in Fig. 7, mastic oil

concentration dependently inhibited RhoA activation with-

out changing the total levels of RhoA. POH exhibited a simi-

lar effect (not shown).

Discussion

The search for new effective cancer chemopreventive and

chemotherapeutic agents, especially for those that have a nat-
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Figure 2. Mastic oil reduces vascular endothelial growth factor (VEGF) se-

cretion from tumor cells. (A) K562 cells (1 × 106) or (B) confluent cultures

of B16 cells grown in 24-well plates were treated with mastic oil (0.01–0.1%

vol/vol), perillyl alcohol (POH, 1 mM), or vehicle. At the indicated times,

culture supernatants were collected and analyzed by enzyme-linked

immunoabsorbent assay for the presence of VEGF. Results are expressed as

mean ± SE; n = 9; *P < 0.05 from vehicle.

Figure 3. Mastic oil inhibits endothelial cell (EC) proliferation.

Microvascular or human umbilical vein ECs were plated in a 96-well plate at

4,000 cells per well. The next day, cell cultures were treated with mastic oil

(0.01–0.02% vol/vol), perillyl alcohol (POH, 0.5 mM), or vehicle for 48 h,

and cell numbers were measured. Results are expressed as mean ± SE; n =

12; *P < 0.05 from vehicle.



ural origin and relatively low toxicity, has recently increased

and become an important issue in public health–associated

research policy (29). In the present study, we demonstrated

for the first time the pleiotropic effects of mastic oil, a natural

mixture of phytochemicals, on tumor cell growth and

angiogenesis, and we investigated its potential molecular tar-

gets in tumor and ECs. POH, one of mastic oil’s bioactive

components, was also included in our study because it pos-
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Figure 4. Mastic oil attenuates endothelial cell (EC) differentiation on Matrigel. Human umbilical vein ECs (105 cells per milliliter) were added into

Matrigel-coated wells in 96-well plates in the presence of mastic oil (0.01–0.04% vol/vol) or vehicle and incubated for 6 h. (A) Representative photomicrographs

showing the formation of tube-like structures on Matrigel after vehicle or mastic oil (0.01% vol/vol) treatment. (B) The length of the tube network was measured

in the total well area. Results are expressed as mean ± SE; n = 9; *P < 0.05 from vehicle.

Figure 5. Mastic oil inhibits angiogenesis on the chorioallantoic membrane

(CAM). Mastic oil (1 × 10–4) or vehicle was applied onto 1 cm2 of the CAM

on Day 9 and incubated for 48 h at 37°C. CAM was fixed and excised from

the eggs, and the total length of the vessel network was measured using im-

age analysis software. Results are expressed as mean ± SE; n ≥ 24; ***P <

0.001 from vehicle.

Figure 6. Mastic oil inhibits extracellular signal–regulated kinase 1/2

(Erk1/2) phosphorylation in K562 cells. Cells were grown in a 24-well plate

at 1 × 106 per well. (A) A concentration-dependent effect was assessed after

cell treatment with mastic oil (0.01–0.04% vol/vol) or vehicle (CTL) for 10

min and analysis of lysates by sodium dodecyl sulfate–polyacrylamide gel

electrophoresis and Western blotting using antibodies specific for the

phosphorylated (p-Erk1/2) or total Erk1/2. The p-Erk1/2/total Erk1/2 ratios

for mastic oil–treated cells were 85.2 ± 2.2%, 72.3 ± 10.3%, and 60.4 ± 4.6%

of the corresponding ratios of vehicle-treated cells (control) after incubation

with 0.01, 0.02, and 0.04% mastic oil, respectively. (B) Time course effect

was determined after treatment with 0.04% vol/vol mastic oil (MO) or vehi-

cle (C) for the indicated time (min) and analysis as in (A). The p-Erk1/2/total

Erk1/2 ratios for mastic oil–treated cells were 43.6 ± 1.9%, 24.1 ± 4.6%,

73.05 ± 4.1%, and 127.2 ± 29.7% of the corresponding ratios of vehi-

cle-treated cells (control) after incubation for 5, 10, 15, and 30 min, respec-

tively. Blots are representative of three independent experiments.



sesses well-documented tumor chemopreventive, chemo-

therapeutic, and antiangiogenic properties (12,13,16).

The antitumor activityof mastic oil was assessed on the hu-

man K562 cell line established from a patient with chronic

myelogenous leukemia. In analogy to solid neoplasms, accu-

mulating evidence underscores the requirement of angio-

genesis for the progression of several types of leukemias

(17–19). It is known that leukemias originate from hema-

topoietic stem cells at different stages of their maturation and

that hematopoietic cells and ECs are mutually influenced in

their growth (19). Leukemia cells release endothelial growth

factors (22,23,30), and activated ECs release cytokines that

stimulate leukemia cell growth (31). VEGF is almost invari-

ably expressed by all established leukemia cell lines as well as

freshly isolated primary human leukemia cells. Furthermore,

it has been recently shown that, in addition to ECs, certain leu-

kemia cells also express functional VEGFRs, resulting in an

autocrine and paracrine mechanism for leukemia cell growth

andmigration (22,23).K562cellshavebeenshowntoproduce

functional VEGFRs that promote matrix metalloproteinase

activation and cell migration (23). Therefore, VEGF, by stim-

ulating both endothelial and leukemia cells, seems to fulfill a

fundamental role in promoting leukemia cell proliferation,

survival, migration, and angiogenesis. In the present study, we

have shown that mastic oil concentration and time depend-

ently decreased the number of dividing K562 cells, indicating

under the examined experimental conditions an inhibition of

cell proliferation, and induced the apoptotic death of K562

cells in the stationary phase following 72 h of treatment. A

proapoptotic effect of a hexane extract of mastic gum has been

also reported on HCT116 human colon cancer cells (9). More-

over, treatment of K562cellswithmasticoil reduced the levels

of secreted VEGF. Mastic oil had a similar effect on B16

mouse melanoma cells, indicating a broad activity of mastic

oil on VEGF released from malignant cells. To exclude that in-

hibitionofcell growthor inductionofapoptoticcell deathcon-

tributed to the observed reduction in VEGF, we determined

VEGF release following a 24- to 48-h treatment of

nondividing cells, a timeframe during which apoptosis is not

observed. Moreover, results of VEGF release were normal-

ized for protein content. Therefore, the decrease in VEGF lev-

els after mastic oil treatment was due to a direct effect on

VEGF production and/or secretion.

Proliferation, survival, and differentiation of ECs are key

events of angiogenesis, and compounds that target these pro-

cesses may be of clinical relevance as antiangiogenic drugs

(32). In this study, the effects of mastic oil on ECs were as-

sessed in three in vitro assays, namely, cell proliferation,

apoptosis, and tube-like formation assay using MVECs

and/or HUVECs. Mastic oil exerted a concentration-depend-

ent inhibitory activity in both cell proliferation and

Matrigel-induced differentiation without affecting cell sur-

vival. Furthermore, to investigate the ability of mastic oil to

interfere with the angiogenic process in vivo, we used the

well-established CAM model of neovascularization and ob-

served that mastic oil caused a small but significant reduction

in the number of new vessels. These data suggest that mastic

oil is an effective inhibitor of EC proliferation and differenti-

ation in vitro and angiogenesis in vivo.

We next investigated the potential mechanisms through

which mastic oil may exert its major effects on tumor cells

and ECs. In leukemia cells, we focused on the mitogen-acti-

vated protein signal transduction pathway leading to the acti-

vation of Erk1/2. There is direct evidence that the Raf/

Mek/Erk pathway primarily mediates mitogenic and antia-

poptotic signals in leukemia cells (33,34). It has also been

demonstrated that VEGF induces myeloma cell proliferation

by activating this signaling cascade (35), and more recently it

has been shown that down-modulation of Erk1/2 activation

inhibits VEGF secretion by human myeloma cells (36). In

this study, we found that mastic oil concentration and time

dependently reduced the levels of Erk1/2 phosphorylation,

suggesting that it might inhibit leukemia cell proliferation

and survival and VEGF secretion by attenuating activation of

this signaling pathway. A similar effect on Erk1/2 activation

was reported previously for POH in K562 cells (16), in line

with earlier evidence suggesting that POH blocks Ras small

GTPase, an upstream activator of the RAF/Mek/Erk signal-

ing cascade (37).

In ECs, we investigated the effect of mastic oil on the lev-

els of RhoA activation. RhoA is an important member of the

Rho GTPase family, known to interact with the cytoskeleton

and regulate cytokinesis in different cell types including EC

(38,39). Recent evidence suggests that RhoA GTPases are in-

volved in the process of EC morphogenesis during neovas-

cularization in vitro and in vivo (40–42). In the present work,

we showed that mastic oil markedly reduced the levels of the

active form of RhoA (GTP-RhoA) in a concentration-de-

pendent manner without altering the expression of total lev-

els of RhoA. This result suggests that mastic oil might inhibit

the EC assembly into new blood vessels by disrupting the

RhoA signaling cascade. POH was found to exert similar ef-

fects with mastic oil in ECs. Interestingly, POH has been

shown to reduce RhoA levels in tumor cells (43).
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Figure 7. Mastic oil inhibits RhoA activation in endothelial cells (ECs).

Starved human umbilical vein ECs were serum stimulated in the presence of

mastic oil (0.01–0.04% vol/vol) or vehicle (CTL) for 2 min. Cell lysates

were incubated with GST-RBD beads, and eluted active RhoA samples were

analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and

Western blotting, in parallel with aliquots of total cell lysates, using

anti-RhoA antibody. The active RhoA/total RhoA ratios for mastic

oil–treated cells were 92.6 ± 6.0%, 80.4 ± 8.3%, and 38.3 ± 3.5% of the cor-

responding ratios of vehicle-treated cells (control) after incubation with

0.01, 0.02, and 0.04% mastic oil, respectively. Blots are representative of

three independent experiments.



As mentioned previously, POH was used in the present

study as a reference compound. Comparison of the concen-

trations at which mastic oil and POH are effective (as deter-

mined herein and in Ref. 16) as well as consideration of the

POH content of mastic oil (approximately 1%) suggest that

mastic oil is more potent than POH in inhibiting tumor

growth and angiogenesis. We speculate that this can be attrib-

uted to the additive and/or synergistic action of its bioactive

constituents, as has been already shown for the chemo-

preventive effect of other mixtures of phytochemicals (24)

and for the antimicrobial activity of mastic oil (25).

In conclusion, our results suggest that mastic oil is a tumor

and angiogenesis inhibitor targeting components of critical

signaling cascades in both leukemia and ECs. If present find-

ings are extended to other malignancies and to in vivo tumor

models, they can form the basis for establishing mastic oil as

a naturally occurring chemopreventive and antiangiogenic

agent.
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