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A B S T R A C T

Background: Metastatic tumor cells have acidic extracellular pH and differential electrochemical H+ gradients
generated across their cell membranes by V-type H+-ATPases. This study shows that inhibition of the V-ATPases
by the plant-derived monoterpene Myrtenal results in tumor cell death and decreased metastatic dissemination
in mice.
Methods: The Myrtenal anticancer toxicity was evaluated in vitro using murine (B16F0 and B16F10) and human
(SkMel-5) melanoma cell lines, and in in vivo mouse metastatic dissemination model. Proton flux and extra-
cellular acidification were directly evaluated at the surface of living cells using a non-invasive selective ion
electrode approach.
Results: The inhibition of V-ATPases by 100 μM Myrtenal disrupted the electrochemical H+ gradient across the
cell membranes, strongly induced cell death (4–5 fold), and decreased tumor cells migration and invasion in
vitro. Myrtenal (15mg/kg) also significantly reduced metastasis induced by B16F10 in vivo, further reinforcing
that V-ATPase is a molecular target to halt the progression of cancers.
Conclusions: These data revealed the therapeutic potential of Myrtenal as inhibitor of melanoma progression
proposing a mechanism of action by which once inhibited by this monoterpene the proton pumps fail to activate
cancer-related differential electrochemical gradients and H+

fluxes across the tumor cell membranes, disrupting
pH signatures inherent in tumor progression, resulting in reprogrammed cell death and metastasis inhibition.
General significance: The work represents a new mechanistic strategy for contention of melanoma, the most
aggressive and deadly form of cutaneous neoplasm, and highlights Myrtenal, other related monoterpenes and
derivatives as promising proton pump inhibitors with high chemotherapeutic potential.
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1. Introduction

Over the years, many synthetic and natural plant compounds have
been considered as potential anti-neoplastic drugs and have increas-
ingly been used alone or in combination with conventional che-
motherapeutic agents [1,2]. Myrtenal is an active principle of essential
oils found in plants, such as cardamom, orange, lemon, spearmint,
pepper and ginger, widely used as flavoring agent in food industry [3],
for which no toxicity mechanism has been demonstrated up to now.
Here, we provide a body of evidence that demonstrate a new bioactivity
for this monoterpene, associated with a strong antimelanoma activity
mechanistically related to the inhibition of V-ATPases, a molecular
target that have been increasingly demonstrated to be overexpressed in
tumor membranes of highly metastatic cancer cells [4,5].

Significant advances have been achieved in cancer therapy, leading
to an improvement of overall patient survival and reduction of mor-
tality rates in some, but not all types of cancer. Malignant melanoma,
the most lethal skin cancer, evades most pro-apoptotic mechanisms and
has shown an increase in death incidence over the last decades [6].
Progress in the treatment of this lethal disease has been made by using
immunotherapy with Ipilimumab, a human monoclonal antibody that
targets cytotoxic T-lymphocyte antigen 4 (CTLA-4), which was found to
be effective in only 11% of the cases. Another chemotherapy drug,
Vemurafenib, has shown to improve overall survival in 40–50%, but
just for those patients with specific V600E mutation in the BRAF en-
zyme [7,8]. Therefore, new bioactive molecules with wider therapeutic
spectrum are required for development of more effective and safer anti-
melanoma therapies.

In 1956, Otto Warburg reported that tumors generated an acidic
extracellular microenvironment as result of increased glycolysis and
other related changes in cancer bioenergetics [9]. However, only re-
cently has this feature become a major focus to develop novel ap-
proaches for cancer therapy [10]. A series of seminal studies has un-
covered that extracellular tumor acidification increases the malignant
phenotype of tumor cells, by activating proteases with optima acidic
extracellular pH that disrupts the extracellular matrix and contributes
to tumor cell invasion and dissemination of highly metastatic tumors
[11–13]. These works have proved that tumor acidification is asso-
ciated with differential activations of V-type H+-ATPases (V-ATPases),
transmembrane ATP-dependent proton pumps composed by a multi-
subunit complex that energizes a myriad of secondary transport systems
across cell membranes, pumping H+ ions from the cytoplasm into the
lumen of organelles or to the extracellular matrix [14]. Chronic dis-
turbances of cellular and extracellular ionic homeostasis, and altera-
tions in energy metabolism in carcinogenic processes are main factors
in tumor progression, invasion and metastasis [15]. Alterations in pH
are also involved in DNA damage and control of programmed cell death
[16,17]. Tumor cells express differential electrochemical gradient of
ions in their cell membranes, including the nuclear membranes, driven
by V-ATPases [18], which has been linked to the apoptosis avoidance
[16] and metastasis [15]. Recently, we have also demonstrated that
disturbance of membrane microdomains promotes V-ATPase inhibition
and disrupts pH signatures required for melanoma cell migration and
invasion [19].

In this work, a putative anti-metastatic potential of the monoterpene
Myrtenal is investigated through a toxicity/therapeutic mechanism of
action by which inhibition of V-ATPase will induce programmed cell
death and inhibit migration and invasiveness in vitro in human and mice
tumor cell lines, inhibiting metastatic dissemination in vivo in a mouse
melanoma model.

2. Materials and methods

2.1. Chemicals

(1R)-(-)-Myrtenal and concanamycin A purchased from Sigma

Aldrich® were prepared as a stock solution in dimethyl sulfoxide
(DMSO).

2.2. Cell lines and cell culture

B16F0 and B16F10 murine melanoma cell lines were used as models
of low and high proliferative and metastatic potential, respectively, and
compared with the highly metastatic human melanoma cell line SkMel-
5. We also used a murine macrophage cell line (J774 A1) that is known
to express V-ATPase at the plasma membrane as non-cancer control
cells [20] (Supplemental Fig. S2). Melanoma cell lines B16F0, B16F10
and SkMel-5 were cultured in DMEM medium (Sigma Aldrich®) sup-
plemented with 10% FBS (Gibco™). The cells were incubated at 37 °C in
a humidified chamber containing 5% CO2. As expected, the highest
metastatic cells, B16F10 and SkMel-5, exhibited a faster cell growth
rate than the less metastatic B16F0 or the non-tumor J774 A1 cell line
(Supplemental Fig. S1A). The cell lines were obtained from the cell
bank of the Federal University of Rio de Janeiro (UFRJ, Brazil).

2.3. Cell viability assay

The viability of the cells incubated with Myrtenal was evaluated by
an MTT (3-(4,5 dimethyltiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay, as described earlier [21]. Cells were plated in 96-well plates at
8.3× 104 cells/mL, and then were treated with different concentrations
of Myrtenal (10, 20, 50, 100, and 200 μM) or concanamycin A. The
formazan crystals were dissolved in acidic isopropanol and their ab-
sorbance was determined at 570 nm using a microplate reader (Thermo
Labsystems Multiskan, model 352). Treatment of these cells with in-
creasing Myrtenal concentrations (10–200 μM) for 24 h resulted in a
concentration-dependent decrease in cell viability, and above 50 μM
this effect was stronger in the higher metastatic melanoma cell lines
B16F10 and SkMel-5 (Supplemental Fig. S1B).

2.4. Evaluation of cell death

Apoptotic and necrotic cells were quantified by double staining with
acridine orange and ethidium bromide essentially as previously de-
scribed [22], a method in which viable/early apoptotic cells stain green
with bright green dots in the nuclei, while late apoptotic and necrotic
cells exhibit increasing orange fluorescence depending on the loss of
membrane integrity due to co-staining with ethidium bromide. Cells
were plated in 12-well plate at a density of 1×105 cells/mL, and
18–20 h after adhesion the cells were treated with Myrtenal (50 μM) or
concanamycin A (5 nM) and incubated at 37 °C and 5% CO2 for 12 h.
Cells were stained with 10 μg/mL acridine orange and 10 μg/mL ethi-
dium bromide (AO/EB) and immediately examined using fluorescence
microscopy (Axioplan-Carl Zeiss). In order to prevent a possible pho-
toactivated cytotoxicity [23], straight after AO/EB incubation in the
dark, the cells were quickly washed with PBS and all procedure upon
white light takes no>5–7min and just few seconds of blue light
(450–490 nm bandpass filter) exposure, no longer than is necessary to
achieve the images. The resulting images were subsequently analyzed
by the Zen 2.3 (Blue Edition) software.

2.5. Flow cytometry

Cells were incubated with Myrtenal (100 μM) or concanamycin A
(5 nM) for 24 h. Following double staining with FITC-Annexin V and
propidium iodide (PI), cells were analyzed by flow cytometry (BD
FACSCalibur™) using FlowJo V10 software. The flow cytometry al-
lowed a more detailed quantitative analysis, which distinguished early
and late apoptotic cells from the necrotic cells.
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2.6. Transmission electron microscopy

Cells were grown to 90% confluency and treated with 100 μM
Myrtenal or 5 nM concanamycin A for 18 h and then, prepared as de-
scribed by Marino et al. [24], post fixed with 1% OsO4 in 0.12M
phosphate buffer. Cells were dehydrated in acetone and embedded in
epon resin. Ultrathin sections were cut, stained with uranyl acetate and
lead citrate, and analyzed in a transmission electron microscope TEM-
900 (Zeiss, Germany).

2.7. Wound-healing cell migration assay

Tumor cells were plated at density of 5×104 cells/mL in 6-well
plates and grown to 90% confluency. A wound was inflicted to the cell
monolayer using a 10 μL pipette tip. The cell plates were washed with
PBS for three times to remove detached cells and immediately in-
cubated with Myrtenal (5 and 10 μM) or concanamycin A (5 nM).
Images were taken at 0 and 24 h after scratching, and the wound clo-
sure was quantified.

2.8. Invasion and migration assay

For invasion assay we used the transwell system (24 wells with 8 μm
pore size in polycarbonate membrane, Corning Costar). The filters were
coated with 3 μg/mL Matrigel (BD Biosciences) and incubated for 3 h.
Thereafter, 5× 104 cells/mL DMEM containing 0.1% BSA and 6 μL fi-
bronectin (10 μg/mL) were plated onto the upper chamber and grown
for 24 h. Thereafter, Myrtenal (5 and 10 μM) or concanamycin A (5 nM)
were added in medium into the lower chamber. After overnight in-
cubation the cells that did not invade through the pores of the transwell
inserts were removed with a cotton wool. The cells were washed with
PBS and cells remained on the filter were fixed in 2% paraformaldehyde
for 10min and stained with 0.05% crystal violet for 15min. For mi-
gration assay, the experiments were performed as above, except that
cells were placed on the top of uncoated (Matrigel-free) inserts.
Migrated and invaded cells were recorded under light microscopy after
14 h of incubation with or without the inhibitors.

2.9. Fractionation and membrane vesicles isolation

Tumors and cells plasma membranes were obtained by subcellular
fractionation as described by Cotter et al. [25], with some modifica-
tions. Both were homogenized in medium containing: 50mM MOPS-
KOH (pH 7.2), 250mM sucrose, 150mM KCl, 150mM EDTA, 1mM
DTT, 1mM phenylmethylsulfonyl fluoride (PMSF), 3 mM benzamidine
and bovine serum albumin (BSA) 0.03%. The solutions were main-
tained at 0–4 °C, at pH=7.2. The tumors were previously homogenate
and filtered using a Miracloth (MilliporeSigma) filtration material with
a pore size of 22–25 μm, and culture cells were scraped. After that, both
membrane vesicle preparation followed similar for tumors and cells,
and were subjected to centrifugation (3000×g, 20min). The pellet,
which contains the densest homogenate fraction, was discarded and the
supernatant was centrifuged at 100,000×g for 30min. The resulting
pellet was solubilized in the buffer, applied on a two-step sucrose gra-
dient (46 and 25%, (w/v)) and centrifuged at 100,000×g for 3 h. The
plasma membranes were obtained in the 46/25% sucrose interface. The
protein content in the plasma membrane fraction was determined as
described elsewhere [26], using BSA as a standard. The fraction con-
taining the plasma membrane-enriched vesicles was used immediately
or stored in liquid nitrogen for subsequent enzymatic analysis.

2.10. Enzyme activities

Plasma membranes-enriched vesicles (30 μg of protein) were added
to the incubation medium containing 20mM KCl, 2.5 mM MgSO4,
12.5% sucrose, 20mM MOPS-KOH, pH 7.2, and 2 μM ACMA (9-amino-

6-cloro-2-methoxyacridine). Increasing concentrations of Myrtenal
(25–100 μM) and 5 nM concanamycin A were used to evaluate its in-
hibitory effect, the membrane vesicles were preincubated with the in-
hibitors for 5min. Proton transport was started by the addition of 1mM
ATP and the H+ electrochemical gradient (ΔμH+) was monitored by
measuring the fluorescence quenching of ACMA using a fluorescence
spectrometer (Shimadzu RF-530 1PC). ATP hydrolysis was determined
by measuring the amount of Pi released according to Fiske and
Subbarow [27]. The reaction was stopped by adding ice-cold molybdate
solution after 30min of incubation, at 37 °C, in a medium containing:
1 mM ATP, 2.5 mM MgSO4, Na2MoO4 and Hepes-Tris 10mM pH 7.2.
The V-type H+-ATPase specific activity was calculated by the difference
of ATP hydrolysis with and without 5 nM concanamycin A.

2.11. Proton fluxes (JH+) measurements in living tumor cells

Cell samples (1× 106) were incubated in DMEM tissue culture in
34mm round coverslips for 24 h. Thereafter, the JH+ was measured at
the cell surface using the non-invasive Scanning Ion-selective Electrode
Technique (SIET) as described by Ramos et al. [28]. Living cells were
incubated in DMEM, pH 7.0 at 37 °C, during 24 h, and H+

fluxes at cell
surface were monitored by an ion-selective 3D vibrating probe con-
tained a hydrogen ionophore (H+ ionophore I, Cocktail B, Sigma Al-
drich®). The vibrating microelectrode was positioned near the cell
surface and the net JH+ were measured during 60min, in the presence
or absence of V-ATPase inhibitors, over an excursion distance of 15 μm
to detect the H+ specific μV difference and the data were also used to
calculate the extracellular pH changes. Control measurements were
performed at 300–500 μm distance away from the cells, and the back-
ground references were subtracted from measurements performed at
the cells surface.

2.12. Metastatic dissemination assay

Male C57BL-6 mice, 6–8weeks old, were maintained in pathogen-
free conditions in laminar flow rooms under constant temperature and
humidity and were fed with commercial standard food and water ad
libitum. We used two approaches to analyze metastasis, in the first
1× 106 B16F10 cells/mL in 50 μL DMEM were subcutaneously injected
between the skin and cartilage on the dorsal side of the ear in order to
evaluate lymph node metastatic dissemination, as described by Bobek
et al. [29]. In the second approach the same number of cells were in-
jected in the tail vein of the animals to evaluate the metastatic dis-
semination in lung [30]. The most effective non-toxic concentration for
in vivo treatments was determined to be 15mg/kg Myrtenal (Supple-
mental Fig. S1C). The tumor-bearing mice were randomly divided into
3 groups with 10 animals per group (untreated, DMSO and Myrtenal
treated). Treatment was performed by intraperitoneal injection of
15mg/kg Myrtenal, each 48 h, on alternating days for 21 days, tumor
volumes were estimated by the formula: volume=0.52. (width)2.
Length [31]. Metastatic and control lungs or lymph nodes were re-
moved and fixed in 10% neutral buffered formalin and stored at room
temperature for histological processing and analyses. All procedures
done with mice were approved by the Animal Ethics Committee of
Universidade Estadual do Norte Fluminense Darcy Ribeiro (CEUA-
1922012; Campos dos Goytacazes, Rio de Janeiro, Brazil).

2.13. Histological analysis

Mice from each experimental group were euthanized by CO2 in-
halation and their organs were removed and fixed with 10% neutral p-
formaldehyde. All samples were processed according to standard his-
tological techniques. Briefly, tissues were dehydrated in ascending
concentrations of ethanol (70–100%) and embedded in paraffin using
an automatic tissue processor (TP 1020, Leica, Germany). Then, 5 μm
sections were stained with hematoxylin-eosin and tissue sections were
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observed using a digital image analysis system coupled to a microscope
(Zeiss Axioplan/Axiocam, Germany).

2.14. Statistical analysis

All experiments were performed at least four times, and the results
were expressed as mean ± SD. GraphPad Prism 5 software was used
for statistical analysis. Tukey test with Welch's correction and two-way-
ANOVA Bonferroni posttest were used where appropriate. P values<
.05 were considered statistically significant (* P < .05; ** P < .01;
*** P < .001).

3. Results

3.1. Myrtenal inhibits the ATP hydrolysis, ΔμH+ and JH+ mediated by V-
ATPase

Myrtenal effects on the hydrolytic activities of the V-ATPase and on
the H+ electrochemical gradient (ΔμH+) formed by this pump in
plasma membrane-enriched vesicles were investigated by comparing its
effect with that of concanamycin A, a well-known V-ATPase inhibitor
(Fig. 1A-C). Myrtenal at the concentrations of 25 and 50 μM inhibited
20 and 40% of the V-ATPase activity, respectively, in poorly metastatic
B16F0 cells (A), while the same range of concentration inhibited ~60%
V-ATPase activity in highly metastatic B16F10 (B) and SkMel-5 cells
(C). The ΔμH+ of the most metastatic melanoma cell lines was also
inhibited by 100 μM Myrtenal (Fig. 1A-C). These data indicated that
Myrtenal was almost as effective as 5 nM concanamycin A, the lowest
concentration found to nearly fully inhibit the H+ transport driven by
the V-ATPase of the highest metastatic murine cell line B16F10;
therefore, concanamycin A was used as a positive control of V-ATPase-
inhibitory effects in the remaining experiments.

We also analyzed the proton fluxes (JH+) at the surface of living
B16F10 and B16F0 cells using the non-invasive scanning ion-selective
electrode technique (SIET). The magnitude of the JH+ in B16F10 cells
was greater than in B16F0 cells, correlating with the metastatic capa-
city of these melanoma cells (Fig. 1D). concanamycin A (5 nM) and
Myrtenal (100 μM) significantly decreased JH+. Myrtenal and con-
canamycin A also decreased JH+ in B16F10 cells exhibiting a time-
dependent decrease and a complete inhibition after 20min treatment
(Fig. 1E). Analysis of the voltage difference across the cell membrane
indicated that both V-ATPase inhibitors decreased the membrane en-
ergization (Fig. 1F-G) and induced alkalinization of extracellular mi-
croenvironment, which pH rose by about 0.4 pH unit from 7.0 to 7.4 in
average (Fig. 1H).

3.2. Melanoma cell death induced by V-ATPase inhibitors

Cells stained with ethidium bromide and acridine orange were used
to analyze the rates of cell death and the acidification of endocytic
vesicles, respectively. The melanoma cell lines B16F0 and B16F10 and
SkMel-5, exhibited a peripheral arrangement of acridine orange labeled
vesicles (Fig. 2A). The analysis also revealed that all tumor cells un-
derwent cell death when exposed for 12 h to 50 μM Myrtenal or 5 nM
concanamycin A, while the vesicular acidity decrease started in all cell
lines within the first 30min of exposure (data not shown). After the
treatment with Myrtenal, only a few scattered melanoma cells were
labeled by ethidium bromide, indicative of low levels of necrosis.
However, clear features of apoptosis were observed, such as chromatin
condensation and fragmentation of pyknotic nuclei in B16F10, B16F0
and SkMel-5. For human SkMel-5 cell line, we also observed further
apoptotic patterns, such as nuclear shrinkage and membrane blebbing
(Fig. 2A). All cell lines treated with Myrtenal also showed signals of cell
death quite like those induced by concanamycin A. However, necrotic
cells were much more prevalent following concanamycin A treatment,
as indicated by ethidium bromide staining (Fig. 2A). The ultrastructural

analyses also revealed apoptotic features in all cell lines, varying with
the metastatic potential of the cell line (Fig. 2B). The highly metastatic
B16F10 mice melanoma cells presented numerous cellular micro-pro-
jections characteristic of cells with high migratory capacity, but such
cell adhesion structures decreased with Myrtenal treatment. The chro-
matin condensation was observed in all cell lines at higher Myrtenal
concentrations (> 100 μM). Moreover, the human SkMel-5 cell line was
the most responsive to Myrtenal treatment, accumulating many multi-
vesicular bodies and vacuoles (Fig. 2B), apoptotic features previously
described to be a typical mode of cell death induced by V-ATPase in-
hibitors [16].

Flow cytometry assays were performed to evaluate the rates of
phosphatidylserine exposure on cell subsurface to identify early
(Annexin+, PI−) and late apoptotic cells (Annexin+, PI+). Data were
expressed as a percentage of total apoptotic cells (early plus late
apoptosis). Similar results were obtained when cells were treated with
either Myrtenal or concanamycin A in murine melanoma B16F0 and
B16F10 cells, but for the highly metastatic human cell line SkMel-5,
approximately, 80% and 50% of programmed cell death was found
under treatment with Myrtenal and concanamycin, respectively. In
general, Myrtenal treatment caused a 5-fold increase in the number of
cells death in SkMel-5 cells (Fig. 3D), 4-fold increase in B16F0 and
B16F10 cells (Fig. 3B-D) and only 2-fold in non-cancer J774 A1 cells
(Supplemental Fig. S2B). Similar levels of apoptosis were observed by
using the specific V-ATPase inhibitor, however, the number of necrotic
cells was significantly higher under concanamycin effect (Supp Fig. 2B;
C). Treatment of highly metastatic tumor cells (SkMel-5, B16F10) with
100–200 μM Myrtenal for 24 h significantly decreased (40–50%) cell
viability, in contrast to the slight effect (10–30%) on the low metastatic
B16F0 cells (Supplemental Fig. S1B) and non-tumor J774 A1 cells
(Supplemental Fig. S2A).

3.3. Myrtenal decreases cell migration and invasion of melanoma cells

To further investigate the Myrtenal's therapeutic potential, we ex-
amined its effect on cell migration. We found that B16F10 cells com-
pletely covered the wound-scratch after 24 h (Fig. 4A), much faster than
B16F0 cells (data not shown), indicative of a higher migratory ability
closely related to the aggressive metastatic potential of B16F10. The
addition of 5–10 μM Myrtenal resulted in a concentration-dependent
decrease of cell migration almost completely abolishing the migratory
activity at the higher concentration quite similar to the effect induced
by the V-ATPase inhibitory control related to the effect induced by 5 nM
concanamycin A (Fig. 4B). Transwell migration assays confirmed these
results indicating that cell migration is faster in B16F10 than in B16F0
melanoma cells (Fig. 4C, E) and that both Myrtenal and concanamycin
A inhibited cell invasion of melanoma cells in vitro (Fig. 4 D, F).

By using a syngeneic model of spontaneous metastatic B16 murine
melanoma [29] to determine the significance of these findings in vivo,
we induced tumors in mouse by injection of B16F10 cells into the
mouse ear or into the tail vein. This approach allowed us to evaluate
metastatic dissemination in the mandibular lymph nodes and lungs,
respectively. To investigate the potential anti-cancer effect of Myrtenal,
we injected intraperitonial 15mg/kg Myrtenal for 21 days. Fig. 5A il-
lustrates typical untreated mouse's metastatic lymph nodes with highly
affected regions, exhibiting loss of capsule integrity, melanin accumu-
lation spots and necrosis. Mice treated with Myrtenal exhibited less
metastasis, preservation of the capsule integrity and less tissue damage.
It was also possible to observe remarkable areas of tumor regression in
the lungs of mice treated with Myrtenal, indicating its potential to treat
cancer metastasis (Figs. 5B and 6C).

Myrtenal treatment decreased tumor growth and caused a six-fold
reduction of tumor nodules, compared to the control mice where we
usually found about two hundred pulmonary metastatic nodules
(Fig. 6C). Non-treated mice developed rapidly growing metastatic tu-
mors (Fig. 6A and B). Importantly, Myrtenal treatment for 21 days
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Fig. 1. Effects of Myrtenal on V-ATPase activity and H+
flux. V-ATPase concanamycin-sensitive hydrolytic activity U= μmolPi.mg-1.min-1 and proton pumping were

determined in plasma membrane-enriched vesicles isolated from B16F0 (A), B16F10 (B) and SkMel-5(C) cell lines in the presence of Myrtenal. Proton flux over time
in culture cells were measured using non-invasive Scanning Ion-selective Electrode Technique in live B16F0 and B16F10 cells treated with DMSO (D), and B16F10
were evaluated with 100 μM Myrtenal and 5 nM concanamycin A (E), and a representative profile is shown for each case. Voltage differences across the B16F10 cell
membrane were measured in the presence of Myrtenal (F) or concanamycin A (G), and extracellular pH was quantified in B16F10 after 30min of treatment
Statistically significant differences were determined using 2-way ANOVA followed by a Bonferroni post-hoc test. N=5, *p < .05, **p < .01, ***p < .001.
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significantly improved survival (Fig. 6D). Enzymatic analysis of plasma
membranes isolated from tumors induced in mice indicated that Myr-
tenal inhibits 50% of the concanamycin-sensitive ATP hydrolysis when
compared to plasma membranes of tumors-induced in untreated mice
(Fig. 6E and F). Altogether, these data indicate that Myrtenal is a po-
tential anti-cancer chemotherapeutic drug to halt metastatic

dissemination of highly aggressive tumor cells.

4. Discussion

Most anti-cancer drugs can be classified into two groups, those
which are composed of inhibitors of the initiation phase of

Fig. 2. Myrtenal reduces acidification and promotes cell death in melanoma cells. (A and B) Dual acridine orange/ethidium bromide fluorescence staining of cells
after incubation with 50 μMMyrtenal and 5 nM concanamycin A for 12 h, and quantification of cell fluorescence. Arrows indicate the pyknotic nuclei and arrowheads
indicate the membrane blebbing in apoptotic cells. (C) Cellular morphological changes in the initial stages of cell death after incubation with 100 μM Myrtenal and
5 nM concanamycin A for 18 h, as revealed by transmission electron microscopy. Arrowheads indicate the migratory microprojections characteristic of highly
metastatic B16F10 cells. Apoptotic features such as nuclear condensation, vacuolization and membrane blebs following drug treatment are clearly detected mainly in
the human cell line SkMel-5. Abbreviations: V, vacuoles, n, nucleus; *, multivesucular bodies. *** p < .001. Scale bars: 500 nm (C).
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carcinogenesis process, and those that inhibit cell proliferation and
tumor progression [31]. Cancer suppressing agents capable of acti-
vating programmed cell death and prevent metastasis deserve special
attention in drug discovery efforts, since they can be effective before
and after the onset of the disease [32]. It has been shown that specific
V-ATPase inhibitors, such as bafilomycin and concanamycin, induce

apoptosis in several types of cancer [33–36]; however, such macrolide
antibiotics have significant toxicity that precludes their usefulness in
the clinic [37]. Recently, less toxic proton pump inhibitors have in-
creasingly been found and demonstrated similar effects in eliciting
programmed cancer cell death [38,39]. Here, we reported that the
monoterpene Myrtenal, considered nontoxic and commercialized as a

Fig. 3. Myrtenal-induced apoptosis in melanoma cells. The cells were exposed to 100 μMMyrtenal and 5 nM concanamycin A for 24 h and stained with FITC-Annexin
V and propidium iodide (PI). The apoptotic cells as detected by flow cytometry analysis: (A) Representative dot/density plots of B16F10 and SkMel-5 cells are shown.
Annexin V+/PI−and Annexin V+/PI+ cells were designed as early and late stage of the apoptotic process, respectively. Flow cytometry data are presented as the
percentage of apoptotic and necrotic cells for B16F0 (B), B16F10 (C), SkMel-5 (D). Values are means± SD (n=4). Statistically significant differences were de-
termined using 2-way ANOVA with Bonferroni's post-test (*p < .05, **p < .01, ***p < .001).
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Fig. 4. Myrtenal decreases invasion and migration of melanoma cells (A) Cell migration of B16F10 cells was evaluated under microscope by wound-healing assay in
presence or absence of Myrtenal (5 and 10 μM). Representative images of cells at 0 h and 24 h after scratch are shown. (B) Quantification of wound closure in B16F10
and B16F0 cell lines in the presence of Myrtenal (5 and 10 μM) and 5 nM concanamycin A. Note that in the absence of Myrtenal (control treatment) B16F10 cells
exhibited higher migratory rates l than B16F0 cells. Transwell chamber assay comparing B16F0 and B16F10 cell migration (C and E) and invasion (D and F) in 5 or
10 nM concanamycin A, and 5 or 10 μM Myrtenal. Representative images of the bottom of the transwell migration (C) and invasion assays (D) are shown. Values are
means± SD (n=3). Statistically significant differences were determined using 2-way ANOVA with Bonferroni's post-test (***p < .001).
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food additive, has a clear anti-melanoma activity mediated by inhibi-
tion of V-ATPases, sharply decreasing metastasis in vivo. Our data
provide evidences for the capacity of Myrtenal to trigger cell death in
melanoma cells with a higher efficiency in highly metastatic murine
B16F10 and human SkMel-5 melanoma cell lines (Figs. 2, 3 and Sup-
plemental Fig. S1B). Minor cytotoxic effects were observed in the low
metastatic B16F0 cell line (Fig. 3B-D) as well as in non-cancer J774 A1

cells (Supplemental Fig. S2B), which showed very low levels of necrosis
and higher cell viability upon Myrtenal treatment. Yet, this mono-
terpene demonstrated some apoptotic effect even on immortalized cells
of the non-cancer model J774 A1 (~30%), whereas apoptosis levels in
tumoral cells varied from 40 to 80% in low metastatic B16F0 and highly
metastatic SkMel-5 cell lines, respectively. These findings are especially
important considering that loss of apoptosis and acquisition of a multi-
drug resistance phenotype represent some of the main factors related to

melanoma progression and metastasis [40], and melanoma has been
described as one of the cancers of the highest resistance to apoptosis-
inducing agents [41]. Indeed, pharmacological inhibition of V-ATPase
reversed resistance of breast cancer to chemotherapy [42], and this
proton pump has proved to be involved in the acquisition of the mul-
tidrug resistance phenotype [10,43].

Cancer selectivity and minimal toxicity are highly desired but rarely
achieved properties of anticancer agents [31]. In this regard, Myrtenal
exhibited a quite higher cytotoxicity toward highly metastatic mela-
noma cells in comparison to the less aggressive melanoma cell line and
non-cancer J774 cells, which maintained higher levels of cell viability
at high Myrtenal concentrations. It is worth noting that no detectable
systemic adverse effects were induced by the Myrtenal on in vivo
treatment in the mouse model. Furthermore, long-term use as flavor/
food additive of this monoterpene all over the world has proven it to be

Fig. 5. Histological analysis of the Myrtenal effect on metastatic melanoma. Tumors were induced by injection of B16F10 cells into the mouse ear or in tail vein and
the metastasis was analyzed in the lymph node (A) or in lungs (B), respectively. Metastasis induced by B16F10 cells was decreased by treatment with 15mg/kg
Myrtenal for 21 days. Scale bars: 500 μm (A) and 100 μm (B).
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relatively safe, especially when compared with most of the commer-
cially available chemotherapeutics.

The efficacy of Myrtenal to induce V-ATPase inhibition in metastatic
melanoma cells was associated with a decrease in the H+

fluxes to the
extracellular matrix (Fig. 1), and a decreased intravesicular acidifica-
tion (Fig. 2), therefore disrupting V-ATPase-dependent pH signatures
related to tumor-proliferative activity and impairing metastasis (Fig. 6).
Myrtenal elicited an almost complete inhibition of the acidic com-
partments as determined by acridine orange in all cells, however, the
effect was more pronounced in highly metastatic cells (Fig. 2A). Myr-
tenal inhibitory activity was found as early as after 1 h of treatment,
when clear apoptosis signals in B16F10 cells were already detectable,

associated with a decrease in vesicular acidification, as determined by
acridine orange. These results are in agreement with data on other
natural compound, diphylline, which also inhibited V-ATPase and
promoted apoptosis in gastric adenocarcinoma cell lines [44]. One of
the first steps in apoptosis is the translocation of phosphatidylserine
from the inner leaflet to the outer leaflet of the plasma membrane
[45,46]. After 24 h of Myrtenal treatment, human melanoma (SkMel-5)
and metastatic murine melanoma (B16F10 and B16F0) cells exhibited a
significant decrease in cell viability.

The effectiveness of such a mechanism of action is in line with the
notion that not only the acidification of the extracellular micro-
environment, but also other V-ATPase-dependent pH signatures play

Fig. 6. Anti-metastatic activity of Myrtenal related to the V-ATPase inhibition. Induced melanoma in lymph node tumors, volume (A) and weight (B), and number of
nodules in metastatic lungs (C) from mice treated (right) or not (left) with 15mg/kg Myrtenal by intraperitoneal injection each 48 h for 21 days. Primary tumors
weight and volume (A and B) and animal survival rates (D) were determined on the 21th days after tumor induction using Log-rank (Mantel-Cox) Test. Tumors were
removed and used for isolation of plasma membranes-enriched vesicles by cell fractionation as described in Materials and Methods; (E) concanamycin-sensitive V-
ATPase hydrolytic activity U= μmolPi.mg-1.min-1 and initial velocity of the H+ transport in cell membranes of primary tumors (F) were determined in mice upon
Myrtenal treatment compared to untreated ones. (G) A proposed model for the Myrtenal mechanism of action by interacting with membrane microdomains and
inactivating the V-ATPase. Values are means± SD (n=4). *p < .05, **p < .01,***p < .001 (unpaired Student's t-test with Welch's correction) represent statis-
tically significant differences from controls.
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key roles in tumor malignancy and metastatic potential [19]. Indeed, in
addition to the induction of apoptosis, our study also shows that at
lower concentrations (5–10 μM) Myrtenal decreased cell migration and
cell invasion in vitro and its efficacy in reducing tumor growth and
metastatic dissemination in vivo was demonstrated. The reduction of
migration and invasion of tumor cells was also described for other V-
ATPase inhibitors, such as Nik-12,192 [47] and bafilomycin [13], in
non-small lung and breast cancer cells, respectively. In vitro, we have
already shown that V-ATPase inhibition by membrane cholesterol de-
pletion decreased melanoma cell migration and invasiveness [19].
Therefore, it was not surprising to find a significant decrease in meta-
static dissemination in the lymph nodes and lungs following Myrtenal
treatment in vivo. In addition, the body weight of treated mice remained
stable and the survival rates were significantly improved when com-
pared to untreated mice (Figs. 5-6). The ATP hydrolysis catalyzed by
the V-ATPase in plasma membranes isolated from tumors of Myrtenal-
treated animals was significantly reduced (Fig. 6E and F), reinforcing
that Myrtenal effects in decreasing metastatic dissemination should be
also related to inhibition of V-ATPase in vivo.

In regard to the Myrtenal mode of action, an analogous effect to that
we have recently reported [19] on destabilization of membrane mi-
crodomains as disturbing the activity of intrinsic proteins like the V-
ATPase should be expected, since monoterpenes are highly hydro-
phobic substances covering a wide spectrum of bioactivities with a
membrane interaction as a common feature [48]. In agreement, meta-
bolomics data confirmed the intramembrane localization of Myrtenal
[3]. Moreover, like other monoterpenes it could interact with choles-
terol [49] and induce changes in the membrane structural organization
and surface electrostatics disrupting functional rafts of which the V-
ATPase activity was shown to depend [19]. At higher concentrations
(100 μM) Myrtenal could induce apoptosis due to the collapse of the
tumor acidification by a mechanism of action typical of pharmacolo-
gical V-type proton pumps inhibition [16]. The V-ATPase inhibition
along with the collapse of the secondary transport system of nutrients
would elicit an acute energy stress, which in turn would induce cellular
autophagy among other anoxia related factors. These processes are
succeeded by a shutdown of energy-consuming processes trying to es-
cape cell death. But prolonged activation of these processes would
eventually lead to apoptosis induction, especially when the electro-
chemical gradient of H+ is disturbed in plasma membrane as well as in
endomembrane vesicles as is the case of Myrtenal treatment here de-
scribed (Fig. 1 and Fig. 2). On the other hand, at lower concentrations
(5–10 μM) Myrtenal would inhibit cell migration and metastatic dis-
semination by disrupting V-ATPase-dependent pH signatures [19],
which modulate a myriad of metastasis related processes, underlying
cytoskeleton reorganizing, vesicles traffic, and the functionality of ad-
hesion structures. Because of the complex interrelation of the migration
and invasiveness parameters to be assessed along with specific elec-
trochemical H+ gradients oscillations in plasma membranes and en-
domembranes, this mode of action drawn above requires further me-
chanistic investigations. A proposed model for the Myrtenal mechanism
of action by interacting with lipid membrane microdomains and in-
activating the V-ATPase is shown in Fig. 6G.

In conclusion, mechanistically compelling evidences are provided
establishing that Myrtenal toxicity and anti-melanoma effects are re-
lated to inhibition of V-ATPases expressed in the tumors cells and im-
paired JH+, which in turn leads to apoptosis induction and decreased
cell migration and invasion, and impaired metastatic dissemination.
The understanding of the mechanism of toxicity underlying the
Myrtenal anti-cancer properties opens a new avenue to explore its
pharmacological potential and may be also instrumental for assessment
of putative adverse influences on normal cells upon accidental exposure
to toxic concentrations of a monoterpene widely utilized in food in-
dustry. Moreover, Myrtenal has proved to be a potential chemother-
apeutic agent endowed with the capacity to halt animals/human mel-
anoma metastasis and thus should be considered for further evaluation

in clinical trials.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbagen.2018.09.006.
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