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A B S T R A C T

Aims: 1,8-Cineole is a plant-derived monoterpene and a major constituent of Eucalyptus essential oil. Previously,
we demonstrated that 1,8-cineole inhibited hepatocellular carcinoma (HCC) HepG2 cell growth. However, the
underlying mechanisms remain unknown. Here, we evaluated the mechanisms of action of 1,8-cineole and the
potential benefits of its combination with anticancer compounds harboring “anti-senescence” properties in
HepG2 cells.
Main methods: Cell viability was determined by the MTT assay. Cell cycle was assessed through flow cytometry
(FC) and western blot (WB). Senescence was determined by the SA-β-galactosidase assay, and apoptosis by
caspase-3 activity, WB, and TUNEL. MAPKs (ERK, JNK, and p38), AMPK, and Akt/mTOR were analyzed by WB.
Reactive oxygen species (ROS) and mitochondrial membrane potential (ΔΨm) were evaluated by FC and
fluorescence microscopy.
Key findings: 1,8-Cineole inhibited cell proliferation by promoting G0/G1 arrest. While 1,8-cineole was unable to
trigger apoptosis, it induced cellular senescence. 1,8-Cineole promoted ROS production, ΔΨm depolarization,
AMPK, ERK, and p38 activation and mTOR inhibition. Antioxidants, like N-acetyl-L-cysteine and vitamins,
prevented HepG2 cell growth inhibition and senescence induced by 1,8-cineole. Pre-incubation with 1,8-cineole
sensitized HepG2 cells to the anti-senescence compounds, quercetin, simvastatin, U0126, and SB202190.
Combinations of 1,8-cineole and each compound synergistically inhibited cell viability, and combined treatment
with 1,8-cineole and simvastatin induced apoptosis.
Significance: 1,8-Cineole induces G0/G1 arrest and senescence in HepG2 cells through oxidative stress and
MAPK, AMPK, and Akt/mTOR pathways, and sensitizes cells to anti-senescence drugs, suggesting that 1,8-ci-
neole has potential as an antineoplastic and adjuvant compound in combination with anti-senescence drugs in
HCC therapy.

1. Introduction

Liver cancer is the second most common cause of cancer death
worldwide, with an incidence of about 800,000 new patients per year.
Hepatocellular carcinoma (HCC) is the most frequent primary liver
malignancy (75–90%) and is characterized as highly recurrent and
treatment-resistant, with a mortality-to-incidence ratio of 0.95 [1,2].
HCC commonly does not respond to conventional chemotherapy. Safer
and more effective chemopreventive and chemotherapeutic compounds
are thus required to be able to develop novel and/or complementary
therapies. Small molecular target agents, monoclonal antibodies and

multikinase inhibitors have emerged as possibilities for HCC treatment
[1].

Nature is an excellent source of potential anticancer drugs.
Approximately 50% of the drugs currently used in clinics are natural-
based products. In particular, plants and herbs are an inexhaustible
source of phytochemicals with potential antitumor activities, and many
of these (alkaloids and taxanes) have widely been employed in cancer
therapy for several years [5].

Terpenes are natural isoprenoids found in essential oils of plants and
herbs with, for example, analgesic, anxiolytic, antimicrobial, and anti-
tumor activities. Several studies showed that these compounds have
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chemopreventive and chemotherapeutic activities both in vitro and in
vivo [6]. The main molecular targets include the Ras/Raf/MEK/ERK
and Akt/mTOR pathways [6], commonly deregulated and implicated in
HCC development and progression [7]. A wide variety of these plant-
derived compounds also act as anticancer agents by promoting the
generation of reactive oxygen species [8,9], which inhibit cancer pro-
gression [10]. ROS play a central role as signaling molecules by indu-
cing stress-responsive mitogen-activated protein kinase (MAPK), AMPK,
Akt and mTOR modulation and/or mitochondrial damage which results
in cell cycle arrest, apoptosis, senescence and/or autophagy of cancer
cells [11–14].

1,8-Cineole (Fig. 1A), also known as eucalyptol, is a cyclic-ether
monoterpene present in essential oils of several plants including tea,
rosemary, sage, bay, cinnamon and is the major constituent of eu-
calyptus essential oil [15]. Numerous biological and pharmacological
applications have been reported for 1,8-cineole, including expectorant,
penetration enhancer, anti-inflammatory, antibacterial, antifungal
[16–18] and to a much lesser extent, as an anticancer compound
[19–22]. We reported for the first time that 1,8-cineole inhibits the cell
growth of hepatocellular carcinoma (HepG2) and lung adenocarcinoma
(A549) cells [23]. However, the mechanisms of action involved remain
poorly understood.

The aim of this study was to shed light on the mechanisms of action
responsible for the antiproliferative effects of 1,8-cineole in HepG2 HCC
cells and to evaluate in vitro its potential as a neoadjuvant or co-ad-
juvant molecule when combined with anticancer anti-senescence drugs.

2. Materials and methods

2.1. Reagents and antibodies

1,8-Cineole (> 99%), Propidium iodide (PI), 2,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA), N-acetyl-L-cysteine (NAC), rhoda-
mine-123 (Rh-123), quercetin (Qc), simvastatin (Sv), U0126 (U), and
SB202190 (SB) were obtained from Sigma Chemical Co. (St Louis, MO,
USA). Protease and phosphatase inhibitors were from Thermo Scientific
(Rockford, USA). Other chemicals from local suppliers were of analy-
tical grade. Antibodies for phospho-ERK (Thr202/Tyr204), phospho-
JNK (Thr183/Tyr185), phospho-p38 (Thr180/Tyr182), p38, phospho-
Akt (Ser473), phospho-AMPK (Thr172), phospho-70S6K (Thr389) were
from Cell Signaling Technology (Danvers, MA, USA). Antibodies for
p21, p27, p53, Cdk6, Cdk4, Cdk2, cyclin A, cyclin D1, cyclin E, PARP,
caspase-3, caspase-9, and p70S6K were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies for ERK and Akt were from BD
Biosciences (Erembodegem, Belgium). Anti-β-actin and anti-GAPDH
antibodies were from Sigma (St Louis, MO).

2.2. Cell culture

HepG2 cells (ATCC® HB-8065™) were obtained from the American
Type Culture Collection and maintained in Dulbecco's Minimal
Essential Medium (DMEM) supplemented with 10% fetal bovine serum
and 1% streptomycin and penicillin (Gibco, Invitrogen, Carlsbad, CA) in
a humidified atmosphere at 37 °C and 5% CO2. The medium was re-
newed every 48 h. For experiments, the cells were seeded at a density of
1–3 × 103 cells/cm2 and allowed to adhere 24 h before the beginning
of treatments. The number of cultured cells was adjusted to a density
such that the cells grew exponentially before initiating the experimental
incubations.

2.3. Cell viability

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) was used to evaluate cell viability. HepG2
(5 × 103) cells were seeded in 96-well plates and cultured under
standard conditions for 24 h. The cells were then treated with DMEM
supplemented with ethanol 0.2% (vehicle) or 1,8-cineole (0–10.0 mM)
for 24, 48 or 72 h. After washing with PBS, cells were incubated with
MTT solution (0.5 mg/ml in PBS) for 3 h. The resulting formazan
crystals were dissolved in 0.1 ml DMSO and the absorbance at 560 nm
was measured with a Beckman Coulter DTX 880 microplate reader.

2.4. Cell cycle analysis

HepG2 cells (3 × 105) were plated in 6-well plates and grown for
24 h. The cells were then incubated with ethanol 0.2% (control) or 1,8-
cineole (4.0 and 8.0 mM) for 24 or 48 h, harvested by trypsinization,
centrifuged at 500 ×g for 5 min, resuspended in PBS and fixed in 70%
ethanol −20 °C overnight. Then, cells were washed twice with PBS and
treated with ribonuclease A (500 U/ml; Biodynamics, Buenos Aires,
Argentina) for 30 min at 37 °C. Nuclei were stained with PI (0.025 mg/
ml) in the dark for 30 min and cells were analyzed by flow cytometry
(BD FACSAriaII, BD Biosciences). DNA content was quantified by
FlowJo version X 10.0.7r2 (Tree Star, Ashland, OR, USA).

2.5. Senescence-associated β-galactosidase (SA-β-gal) activity assay

The SA-β-gal activity assay was performed as previously reported
[24]. Briefly, HepG2 cells (1.5 × 104) plated in 24-well plates were
incubated with ethanol 0.2% v/v or 1,8-cineole (4.0 and 8.0 mM) for
24, 48 or 72 h. The cells were then incubated in fresh medium for an
additional 72 h. The cells were then fixed in 3.7% paraformaldehyde in
PBS, washed with PBS and incubated in SA-β-gal staining solution
[1 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal),
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Fig. 1. Effects of 1,8-cineole on HepG2 cell viability. (A) Structural formula of 1,8-cineole. (B) HepG2 cells were incubated for 24, 48 and 72 h with increasing
concentrations of 1,8-cineole (0–10 mM). Data are presented as the mean ± SD. *p < 0.05; ***p < 0.001. (C) IC50 values obtained from non-lineal regression
curves.
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40 mM citric acid sodium phosphate, pH 6.0, 5 mM potassium ferro-
cyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2 mM
MgCl2] at 37 °C for 12–14 h in the dark. HepG2 cells were washed twice
with PBS and then examined under a Leica DMIL light microscope
(Leica, Wetzlar, Germany).

2.6. Detection of apoptosis by TUNEL assay

HepG2 cells (3 × 105) plated on sterile coverslips (24 × 24 mm) in
6-well plates were incubated for 24 or 48 h with ethanol 0.2%, 1,8-
cineole 4 mM or 8 mM. Apoptosis was determined by terminal deox-
ynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)
assay (In-Situ Cell Death Detection Kit, TMR Red, Roche, Mannheim,
Germany) according to the manufacturer's instructions. The slides were
mounted with ProLong® Gold Antifade Reagent with DAPI (4′,6-dia-
midino-2-phenylindole dihydrochloride) for nuclear staining (Life
Technologies, Carlsbad, CA, USA) and examined under an Olympus
BX51 Fluorescence Microscope (Tokyo, Japan) equipped with an
Olympus DP70 digital camera. Images were analyzed using ImagePro
Plus v. 5.1 software (Media Cybernetics, Silver Spring, MD, USA).

2.7. Measurement of caspase-3 activity

Caspase-3 activity was determined with the colorimetric Caspase-3
Assay Kit (Sigma, St. Louis, MO, USA) following the manufacturer's
protocol.

2.8. Intracellular reactive oxygen species (ROS) measurement

Intracellular ROS generation was determined using the oxidant-
sensitive fluorescent probe DCFH-DA (Sigma Aldrich), as previously
described [25]. Briefly, HepG2 cells seeded in 24-well plates (5 × 104)
were treated for 3 h with ethanol 0.2%, 1,8-cineole (4.0 and 8.0 mM),
hydrogen peroxide 0.5 mM (positive control), or pretreated with NAC
5 mM 2 h prior to 1,8-cineole exposure. Then the cells were washed
with PBS and incubated with 10 μM DCFH-DA in the dark for 30 min at
37 °C.

Fluorescence intensity was detected under an Olympus LX71
Inverted Fluorescence Microscope (Tokyo, Japan) at an excitation wa-
velength of 488 nm and an emission wavelength of 525 nm. In parallel,
after DCFH-DA staining, cells were washed, harvested in 1 ml PBS and
DCF fluorescence was detected by flow cytometry (FACSCanto II,
Becton Dickinson, Erembodegem, Belgium).

2.9. Evaluation of mitochondrial membrane potential (ΔΨm)

The loss of mitochondrial membrane potential (ΔΨm) was mon-
itored with the fluorescent probe Rh-123, a cationic dye which pre-
ferentially accumulates in mitochondria in a ΔΨm-dependent manner.
HepG2 cells seeded in 24-well plates (5 × 104) were treated with dif-
ferent concentrations of 1,8-cineole (4.0 and 8.0 mM) and rotenone
5 μM (positive control) for 3 h. Cells were washed twice with PBS and
stained with 5 μM Rh-123 in free-serum DMEM for 30 min at 37 °C in
the dark, again washed three times with PBS and analyzed under an
Olympus LX71 Inverted Fluorescence Microscope (Tokyo, Japan) at an
excitation wavelength of 488 nm and an emission wavelength of
525 nm. Fluorescence intensity was analyzed by Image J 1.51k soft-
ware.

2.10. Western blot analysis

HepG2 cells (2 × 106) seeded in 100 mm Petri dishes were allowed
to adhere for 24 h and then exposed to 1,8-cineole 4.0 and 8.0 mM for
24 or 48 h. Cells were washed twice in PBS and lysed in RIPA lysis
buffer supplemented with protease and phosphatase inhibitors. Total
protein was quantified by BCA protein assay (Pierce, Rockford, IL,

USA). Protein samples (50 μg) were resolved on a 10–12% SDS-PAGE
and transferred to polyvinylidene difluoride membranes (Amersham
GE, Munich, Germany). After blocking for 1 h at room temperature in
5% BSA in TBST buffer (150 mM NaCl, 10 mM Tris-HCl– pH 7.4, 0.05%
Tween-20), membranes were incubated with primary antibodies (4 °C,
overnight) and secondary antibodies (room temperature, 2 h). Protein
bands were detected with the Western Lightning Chemiluminescence
Reagent Plus (Perkin Elmer, Boston, MA, USA) detection system and
quantified by densitometry analysis using the Molecular Imager Gel
Doc XR System 170–8170 device and software (Bio-Rad, Nazareth,
Belgium). Each protein band was normalized to GAPDH and phospho-
kinases were normalized to their total kinase (ERK, JNK, p38, Akt and
p70S6K) or β-actin (AMPK).

2.11. Effect of N-acetyl cysteine and vitamins C and E on 1,8-cineole-
induced HepG2 cell growth inhibition

HepG2 cells (5 × 103) seeded in 96-well plates were pre-incubated
or not with NAC (5 mM) and the combination of vitamins C and E
(50 μM each), washed in PBS and then treated with 1,8-cineole
(0–10 mM) or hydrogen peroxide 0.5 mM (positive control) for 24 and
48 h. Cell viability was evaluated by the MTT assay.

2.12. Evaluation of effects of combined treatments between 1,8-cineole and
various anti-senescence compounds on cell viability

To evaluate the potential benefits of 1,8-cineole as a sensitizer or
adjuvant compound in combined or in tandem therapies, HepG2 cells
were pre-treated with 1,8-cineole before incubation with various an-
ticancer anti-senescence compounds (in tandem) or co-treated with 1,8-
cineole and each compound (combined). Qc, Sv, U (Ras/MEK/ERK in-
hibitor), and SB (p38 MAPK inhibitor) were selected, given that they
have been reported to inhibit senescence-related pathways and/or
preferentially promote senescent cell death [12,26–30]. HepG2 cells
(5 × 103) seeded in 96-well plates were pre-treated with ethanol 0.2%,
1,8-cineole 4 mM (48 h) or 8 mM (24 h), before incubation with Qc
75 μM, Sv 10 μM, U 10 μM or SB 10 μM for another 24 h. In parallel,
cells were co-treated with 1,8-cineole and the mentioned compounds at
different concentrations for 24 or 48 h. Cell viability was determined by
the MTT assay.

2.13. Statistics

Results are expressed as relative change compared with controls and
presented as means± SD. Statistical significance was determined using
the Student t-test. Significance was set at p < 0.05 (GraphPad inStat
program). The IC50 values (concentration that inhibits cell viability by
50%) were calculated by nonlinear-regression curves (SigmaPlot soft-
ware; Systat Software, Inc., Point Richmond, CA, USA).

3. Results

3.1. 1,8-Cineole decreased HepG2 cell growth in a dose- and time-
dependent manner

To determine the antiproliferative concentrations of 1,8-cineole,
HepG2 cells were treated with increasing concentrations of 1,8-cineole
(0–10 mM) for up to 72 h, followed by the MTT assay. 1,8-Cineole
significantly inhibited cell growth from 8 mM and 4 mM onward after
24 and 48 h, respectively. A dose-dependent effect was observed for all
different time-course experiments while time-dependent differences
were mainly observed between 24 and 48 h treatments (Fig. 1B). IC50
values obtained from dose-response curves are shown in Fig. 1C.
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3.2. 1,8-Cineole induced G0/G1 cell cycle arrest but not apoptosis in
HepG2 cells

A cell cycle analysis was performed to explore the mechanisms by
which 1,8-cineole inhibited HepG2 cell growth (Fig. 2). The G0/G1 cell
population increased from 40.5% in control cells to 46.9 (p = 0.10) and
48.8% (p < 0.05) in cells exposed for 24 h to 1,8-cineole 4 and 8 mM,
respectively. This effect was further amplified with the extension of
treatment to 48 h (44.5% in control cells to 51.9 and 53.6% for 1,8-
cineole 4 and 8 mM, respectively; p < 0.05). G0/G1 arrest was ac-
companied by a statistically significant decrease in S-phase cells after
24 h of treatment with 1,8-cineole 8 mM, peaking at 48 h (25.7% in
controls vs. 12.6% in 1,8-cineole 8 mM) (Fig. 2B). To investigate the
molecular events that caused G0/G1 arrest, the expression of cell cycle
regulatory proteins involved in G1 progression and G1/S transition was
evaluated by western blot (Fig. 2C). After 1,8-cineole 8 mM exposure,
expression of Cdk2, Cdk4, Cdk6, and cyclin A strongly decreased
(p < 0.05). Moreover, increased levels of p27 (p < 0.01) but not of
p21, two well-known cyclin-dependent kinase inhibitors, were detected
in cells treated with 1,8-cineole 4 mM. Cyclin D1 levels notably in-
creased at both 1,8-cineole 4 and 8 mM (p < 0.01, Fig. 2D). Finally, no
significant changes were observed for cyclin E and p53.

To determine whether cell apoptosis was involved as an anti-
proliferative mechanism, we first analyzed caspase-3 activity, an ef-
fector caspase activated either by intrinsic or extrinsic pathways.
Fig. 3A shows that no caspase-3 activation was observed in HepG2 cells
after 24 or 48 h incubation with 1,8-cineole 8 mM. To further confirm
that 1,8-cineole was incapable of inducing apoptosis, caspase-9 (in-
itiator caspase from the intrinsic pathway), caspase-3, and PARP
(substrate of effector caspases) were evaluated by western blot. No
cleaved (activated) caspase-3 (Fig. 3B) or caspase-9 (Fig. 3C) was ob-
served. Moreover, protein levels of procaspase-9 and PARP did not

change (Fig. 3C). Finally, DNA fragmentation, a hallmark of late
apoptosis, was assessed by TUNEL assay. As expected, no TUNEL-po-
sitive cells were observed after exposure of HepG2 cells to 1,8-cineole 4
or 8 mM during 48 h (Fig. 3D).

3.3. 1,8-Cineole induced HepG2 cell senescence

Cellular senescence is an irreversible cell cycle arrest that occurs in
response to stress signals and it seems to play a key role in impairing the
proliferation of cancer cells resistant to apoptosis [29]. We analyzed the
ability of 1,8-cineole to induce cellular senescence in HepG2 cells
through the SA-β-galactosidase staining assay (Fig. 4A), calculating the
percentage of SA-β-galactosidase positive cells. As shown in Fig. 4B, the
number of HepG2 senescent cells substantially increased from 2.7, 2.1,
and 4.0% in control cells to 5.2, 9.4, and 13.6% (1,8-cineole 4 mM), and
7.3, 15.4, and 22.8% (1,8-cineole 8 mM), after 24, 48, and 72 h
treatments, respectively. Additionally, changes were observed in the
morphology characteristics of senescent HepG2 cells, which adopted an
enlarged and flattened morphology and increased nuclear size (Sup-
plementary Fig. 1). Altogether, these and earlier results suggest that
1,8-cineole induced G0/G1 cell cycle arrest followed by cellular se-
nescence in cultured HepG2 cells.

3.4. 1,8-Cineole induced oxidative stress and depolarization of
mitochondrial membrane potential (ΔΨm)

Next, we evaluated whether oxidative stress was part of the me-
chanism involved in 1,8-cineole-induced cell growth inhibition, as we
observed for other monoterpenes in previous studies [25]. HepG2 cells
were exposed to 1,8-cineole in the absence or presence of the anti-
oxidant NAC, and ROS generation was evaluated (Fig. 5A–B). As shown
in Fig. 5A and quantified in Fig. 5B, 1,8-cineole 4 mM did not induce

)
%(

noitalupoplle
C

0

20

40

60

80

100

120 G2/MSG0/G1

***

   Ctrl     CN 4    CN 8     Ctrl      CN 4    CN 8

***
****

***

***

*

                  24 h                             48 h     

Fig. 2. 1,8-Cineole induces cell cycle arrest in HepG2 cells. (A-B) HepG2 cell cycle distribution after 24 h and 48 h treatments with 1,8-cineole (CN). (A)
Representative histograms showing control and treated cell populations in G0/G1, S and G2/M phases. (B) Cell cycle distribution in HepG2 cells treated with CN 4
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significant changes in ROS levels with respect to control cells. However,
1,8-cineole 8 mM moderately but significantly enhanced ROS produc-
tion after 3-h treatments (p < 0.001), and pre-incubation with NAC
5 mM prevented 1,8-cineole-induced ROS, resulting in levels compar-
able to those of control cells.

Mitochondria is a major source of ROS, and excessive ROS levels
evoke mitochondrial dysfunction. Both processes are known to be in-
volved in cellular senescence [29,31]. Therefore, we evaluated Rh-123
incorporation in HepG2 cells after 3-h treatments with 1,8-cineole 4
and 8 mM (Fig. 5C) and found that 1,8-cineole 8 mM induced a 20.5%
ΔΨm loss compared to control cells (Fig. 5D, p < 0.001).

3.5. Effect of antioxidants on 1,8-cineole induced cell growth inhibition and
senescence

To evaluate the involvement of oxidative stress in HepG2 cell
growth inhibition mediated by 1,8-cineole, cells were incubated with
1,8-cineole in the presence or absence of NAC (5 mM), or of a combi-
nation of vitamins C and E (50 μM each one), for 24 and 48 h. In the
presence of NAC, cell viability was restored from 74.3 to 94.3 after
being exposed to 1,8-cineole 8 mM for 24 h (p < 0.01, Fig. 6A). NAC
was even more effective in preventing 1,8-cineole-induced growth in-
hibition if treatment was prolonged for 48 h (Fig. 6B). Similar results
were observed in the presence of vitamins C + E, which significantly
diminished cell viability loss after exposure to 1,8-cineole ≥8 mM and
1,8-cineole ≥6 mM for 24 and 48 h, respectively (Fig. 6C–D).

To investigate whether 1,8-cineole-induced oxidative stress is re-
sponsible for the HepG2 cell senescence phenotype, we performed the
SA-β-gal assay in HepG2 cells exposed to 1,8-cineole 4 and 8 mM for up
to 72 h, pre-incubated or not with NAC 5 mM (Fig. 6E–F). In the pre-
sence of NAC, the number of SA-β-gal positive cells was reduced from
5.2 to 3.7% (p = 0.3), 9.4 to 3.8% (p < 0.05) and 13.6 to 5.1%
(p < 0.05) after being incubated with 1,8-cineole 4 mM for 24, 48 and

72 h, respectively. When treated with 1,8-cineole 8 mM, HepG2 se-
nescent cells were markedly reduced in the presence of NAC, from 7.3
to 3.5%, 15.4 to 3.7% and 22.8 to 6.8% after 24, 48, and 72 h treat-
ments, respectively (Fig. 6F, p < 0.05 in all cases).

These results suggest that oxidative stress is strongly involved in
HepG2 senescence induced by 1,8-cineole and that both ROS and se-
nescence are responsible for the cell growth inhibition mediated by this
monoterpene.

3.6. Modulation of MAPK, Akt/mTOR and AMPK signaling by 1,8-cineole

MAPK (ERK, JNK, and p38 kinases) signaling pathways are acti-
vated by phosphorylation in response to different stimuli including
cellular stress, leading to cell survival or cell death [12,32]. Therefore,
we first analyzed the time-(1–24 h, 1,8-cineole 8 mM) and dose-(24 h,
1,8-cineole 4 and 8 mM) effects of 1,8-cineole on ERK, JNK, and p38
phosphorylation. As shown in Fig. 7A, no changes in phospho-protein
levels were detected for any of the three MAPKs after exposure to 1,8-
cineole 4 mM. In contrast, 1,8-cineole 8 mM induced a significant 2-fold
and 5.7-fold increase in ERK and p38 phosphorylation (p < 0.05),
respectively, while phospho-JNK remained unaffected. When a time-
dependent evaluation of MAPK phosphorylation was performed
(Fig. 7B), we observed a sustained increase in phospho-ERK (p-ERK)
from 1 to 24 h, while p-p38 expression peaked at 3 h and then remained
high until 24 h.

Next, we assessed the effect of 1,8-cineole on surrogate markers of
activation of the Akt/mTOR pathway, the main pro-survival anti-
apoptotic signaling pathway related to chemoresistance of cancer cells.
In comparison to control cells, 1,8-cineole 4 mM reduced Akt phos-
phorylation by 40% (p < 0.05), which was reversed in cells exposed to
1,8-cineole 8 mM (Fig. 7C).

Although 1,8-cineole 4 mM did not impact p70S6K phosphoryla-
tion, a 57% decrease in p70S6K phosphorylation was observed after
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Fig. 3. Effect of 1,8-cineole on HepG2 cell
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About 10–15 fields (100–200 cells/field)
from three independent experiments were
evaluated.
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1,8-cineole 8 mM treatment for 24 h (p < 0.01) (Fig. 7C). p-p70S6K
levels were strongly diminished at 3 h (p < 0.001) and remained lower
than controls for up to 24 h (Fig. 7D).

HepG2 cells exposed to 1,8-cineole 8 mM at different time points
showed higher levels of p-Akt from 1 to 12 h, with a maximum at 3 h
(p < 0.001, Fig. 7D).

Finally, we evaluated the phosphorylation of AMPK, a negative
regulator of mTOR, which is activated in response to oxidative stress

and/or AMP/ATP ratio increase. 1,8-Cineole 4 mM did not affect AMPK
phosphorylation after 24 h, but 1,8-cineole 8 mM induced a 50% re-
duction in p-AMPK (p < 0.05) compared to control cells (Fig. 7C).
However, time-course experiments showed that 1,8-cineole 8 mM eli-
cited a strong 5.9-fold increase in p-AMPK levels after 3 h incubation
(p < 0.001), which remained high up to 12 h (Fig. 7D).

These results support the hypothesis that 1,8-cineole 8 mM induces
cellular (oxidative) stress, which peaks at 1–3 h, promoting the
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Fig. 4. Cellular senescence induced by 1,8-ci-
neole (CN) in HepG2 cells. HepG2 cells were
seeded in 24-well plates and treated with CN
4 mM (CN 4) or 8 mM (CN 8) for 24, 48 and
72 h. The cells were then cultured for another
72 h in fresh medium. SA-β-gal assay was per-
formed as described in Material and methods.
SA-β-gal positive cells were stained blue. (A)
Representative images obtained under a stan-
dard light microscope showing SA-β-gal posi-
tive HepG2 cells (blue cells). (B) Quantification
of SA-β-gal positive cells. Data are presented as
mean ± SD from three independent experi-
ments. At least 800 cells for each treatment
were evaluated. **p < 0.01; ***p < 0.001.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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activation of stress-responsive MAPKs, Akt, and AMPK kinases.

3.7. Combination of 1,8-cineole with anti-senescence compounds

HepG2 cells were pre-treated or not with 1,8-cineole 4 mM (48 h)
and 1,8-cineole 8 mM (24 h) followed by incubation with Qc 75 μM (Qc
75), Sv 10 μM (Sv 10), U 10 μM (U 10) or SB 10 μM (SB 10) for 24 h
(Fig. 8A). Pre-incubation with 1,8-cineole 4 mM (48 h) and 8 mM
(24 h), as well as incubation of non-pre-treated cells with all com-
pounds for 24 h, did not substantially affect HepG2 cell viability.
However, when 1,8-cineole pre-treated cells were exposed to each of
the four compounds for 24 h, cell growth inhibition was significantly
enhanced compared with non-pre-treated cells (p < 0.001 in all
cases), particularly in Sv treated cells (Fig. 8B–C).

To evaluate the potential of 1,8-cineole as an adjuvant in combined
treatments, HepG2 cells were incubated for 24 or 48 h with 1,8-cineole,
Qc, Sv, U, and SB, alone or in pairwise-combination of 1,8-cineole and
each compound (Fig. 8D). Additive (S = 1) and synergistic effects
(S > 1) were evaluated as described earlier [23]. As shown in Fig. 8E,
HepG2 cells treated with 1,8-cineole 8 mM and each compound for 24 h
presented synergistic growth inhibition when combined with Qc 75
(S = 1.56), Sv 10 (S = 1.15), U 10 (S = 1.23), and SB 10 (S = 1.19).
Synergism was also found at 48 h when 1,8-cineole 4 mM was com-
bined with Qc 50 (S = 1.31), Sv 5 (S = 1.27), U5 (S = 1.25) and SB 10
(S = 1.27) (Fig. 8F).

To get some insight into whether 1,8-cineole favors or sensitizes
HepG2 cells to apoptosis in response to Sv, a TUNEL assay was per-
formed for combined treatments of 1,8-cineole (4 mM) and Sv (5 μM)
for 48 h (Fig. 8G). As expected, no apoptosis induction was detected for
any of the compounds tested alone. Nonetheless, a significant 5.3-fold
increase in TUNEL-positive cells was found for the combined treatment
compared to control cells (p < 0.01).

4. Discussion

Natural products are an exceptional source for novel drugs.
Particularly, 1,8-cineole has been extensively investigated as an anti-
microbial and anti-fungal molecule [17,18]. However, its potential as
an anticancer compound remains barely explored. A small number of
works report antiproliferative effects of 1,8-cineole in vitro against
leukemia [20], oral [21], colon [19,33], cervical [34], skin [22] and
ovarian [35] cancer cells, or in in vivo xenograft models [19]. Here, we
reported for the first time on the antiproliferative mechanisms of action
of 1,8-cineole against HCC cells. We observed that 1,8-cineole inhibited
HepG2 cell viability in a dose- and time-dependent manner, at con-
centrations comparable to those reported by others [19,21,34,35]. Ex-
cept for Dӧrsam et al., none of these reports accounted for the effects of
1,8-cineole on cell cycle progression [33].

As we observed an increase in G0/G1 phase cells exposed to 1,8-
cineole, we analyzed the proteins that regulate the G1 progression and
G1/S transition of the cell cycle. Activation of cyclin-D-dependent Cdk4
or Cdk6 is necessary for progression through G1, while cyclin A-Cdk2
and cyclin E-Cdk2 complexes regulate G1/S transition and S progres-
sion. 1,8-Cineole induced a strong reduction in Cdk2, Cdk4, Cdk6, and
cyclin A expression. In addition, p21 and p27 are Cdk inhibitors which
promote cell cycle arrest and senescence and mediate the anti-cancer
effects of several compounds [36]. Here, p27 was upregulated at low
concentrations of 1,8-cineole. No variations were observed in p21 le-
vels, which is consistent with the fact that p53, its positive modulator,
did not change significantly. These results suggest that the G0/G1 arrest
induced by 1,8-cineole is due to Cdk2, Cdk4, Cdk6 and cyclin A in-
hibition, p27 induction, and is independent of the p53-p21 axis.

Apoptotic cell death is one of the chief mechanisms by which an-
tineoplastic drugs eliminate cancer cells. Under our conditions, 1,8-ci-
neole was unable to induce apoptosis, even in circumstances where cell
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viability was strongly impaired. This may be related to the resistance of
HCC to apoptosis, characterized by alterations in p53 expression/acti-
vation and enhanced activity of anti-apoptotic pathways like PI3K/Akt
and Ras/ERK pathways [37]. Indeed, Lai et al. showed that high p53
expression induced apoptosis in HCC cells, but lower amounts elicited
only cell cycle arrest [38].

Cellular senescence is a stress-induced response of proliferating
cells, triggered by stimuli like telomere shortening, oxidative and DNA
damage, and cellular stress. Senescence acts as a survival response,
characterized by permanent cell cycle arrest in which cells exhibit
specific phenotypical and molecular features. Some of the hallmarks of
senescence include enlarged size, flattened shape, vacuolization, re-
sistance to apoptosis, cyclin D1 accumulation, senescence-associated β-
galactosidase (SA-β-gal) activity and the acquisition of the senescence-

associated secretory phenotype (SASP) [39–41]. The main pathways
involved in senescence include p53/p21, p16/Rb activation, or Cdk4/
Cdk6 inhibition, in the last instance, in a manner dependent or in-
dependent of p21 and p16 [29,40,42,43]. Previous reports showed the
ability of some terpenes to elicit senescence in cancer cells, including
HepG2 cells [44,45]. However, to our knowledge, this is the first report
showing that 1,8-cineole induces senescence in cancer cells. Here, the
SA- β-gal assay showed that 1,8-cineole induced HepG2 cell senescence
in a dose- and time-dependent manner. Moreover, additional markers
such as cyclin D1 accumulation, Cdk4/Cdk6 inhibition, and SA-changes
in HepG2 cell morphology supported these findings.

Intracellular ROS are generated at physiological levels in normal
cellular processes. Increased quantities of ROS promote tumorigenesis,
while excessive oxidative stress can produce cancer cell death [46].

Fig. 6. Effect of antioxidants on HepG2 cell viability and senescence. (A–D) HepG2 cells were pre-incubated for 2 h with NAC 5 mM (A–B) or a mixture of vitamins C
and E 50 μM each (C–D), prior to the addition of 1,8-cineole for 24 and 48 h, respectively. Cell viability was determined by MTT assay. Data are presented as the
mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. (E–F) HepG2 cells were seeded in 24-well plates and treated with 1,8-cineole 4 mM (CN 4) or 8 mM (CN 8) for
24, 48 and 72 h in absence or presence of NAC. The cells were then cultured for another 72 h in fresh medium. SA-β-gal assay was performed as described in Section
2.5. (E) Representative images showing SA-β-gal positive HepG2 cells (stained blue) after exposed to 1,8-cineole 8 mM for 72 h in absence (CN 8) or presence (CN
8 + NAC) of NAC. (F) Quantification of SA-β-gal positive cells. Data are presented as mean ± SD. A minimum of 800 cells for each treatment were evaluated.
*p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Effect of 1,8-cineole on MAPK, Akt/mTOR and AMPK pathways. Western blot analysis showing the dose- (A, C) and time- (B, D) dependent effects of 1,8-
cineole on MAPKs, Akt, AMPK and p70S6K in HepG2 cells. Immunoblot bands corresponding to phosphorylated and total protein of ERK, JNK, and p38 MAPK (A–B)
and Akt, p70S6K and p-AMPK(C–D). β-Actin was employed as loading control.
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Fig. 8. Effect of 1,8-cineole (CN) as a sensi-
tizer or adjuvant compound in tandem and
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for 48 h (1) or CN 8 mM (CN 8) for 24 h (2).
Then the cells were exposed to the anti-se-
nescence compounds (ASC) Qc 75 μM (Qc
75), Sv 10 μM (Sv 10), U10 μM (U 10) or SB
10 μM (SB 10) for another 24 h. (B–C) Cell
viability was determined by MTT assay. Data
are presented as the mean ± SD.
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treatments, as described in Section 2. Cells
were examined under an Olympus BX51
fluorescence microscope (10×) and analyzed
as stated in Fig. 3D. Data are expressed as the
mean ± SD. Means without the same letter
are different (p < 0.01).
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Different studies in cancer cells suggest that low to moderately in-
creased ROS levels trigger cytostatic autophagy, followed by cell cycle
arrest and senescence, while higher amounts lead to cytotoxic cell death
[41,42]. Indeed, Aravinthan et al. demonstrated that low concentra-
tions of hydrogen peroxide elicited HepG2 cell senescence [47]. In this
work, we found that 1,8-cineole is a weaker ROS inducer, as previously
reported in colorectal cancer cells [33], and that oxidative stress is
involved in HepG2 cell senescence and growth inhibition, since dif-
ferent antioxidants partially and/or totally prevented SA-β-gal activity
and cell viability loss.

Many anti-cancer drugs, including phytochemicals, target mi-
tochondria and promote mitochondrial ROS generation, which in turn
exacerbates mitochondrial dysfunction leading to mitochondrial mem-
brane depolarization (ΔΨm loss) [48]. There is increasing evidence that
ΔΨm loss may be an early trigger of cellular senescence through ROS
production, ATP depletion, and AMPK activation [31,49]. In this study,
1,8-cineole induced moderate ΔΨm loss at 8 mM after 3-h treatments,
which paralleled the increase in ROS observed under the same condi-
tions, suggesting a direct relationship between ROS production and
ΔΨm loss.

MAPKs, which include ERK, p38, and JNK kinases, are activated in
response to stimuli such as mitogens or cellular stressors, including ROS
[46]. While JNK activation is commonly associated with apoptosis in-
duction, p38 and ERK have different roles, inducing cell proliferation,
autophagic/senescent cell survival or cell death, depending on the cell
type, intensity, and duration of the activation stimuli
[11,12,14,32,41,46]. Indeed, ERK and p38 chronic signaling provoked
by oxidative stress is one characteristic feature in senescent cancer cells
[12,29,41].

Some studies state that 1,8-cineole modulates MAPK expression
[19,21]. Here, we observed robust and sustained activation of both ERK
and p38 at higher concentrations of 1,8-cineole, but no substantial
changes in JNK. These and previous results together support the se-
nescent phenotype observed and the absence of apoptotic features in
1,8-cineole-treated HepG2 cells.

AMPK (AMP-activated protein kinase) is an energy sensor protein
that promotes the suppression of cell growth in response to low ATP
levels, partially by inhibiting the mTORC1 pathway. Under stress con-
ditions that cause ATP depletion (e.g., oxidative stress or ΔΨm loss),
AMPK may stimulate pro-survival autophagy, promote irreversible cell
growth arrest or induce autophagic cell death [50–52]. Robust evidence
suggests that oxidative stress-induced AMPK promotes cytoprotective
autophagy before the senescent phenotype is established [51,53]. Some
phytochemicals have been found to activate AMPK in HCC cells leading
to autophagy and senescence [54,55]. Here, 1,8-cineole strongly eli-
cited AMPK phosphorylation after 3 h, in correlation with a sharp de-
crease in p70S6K, augmented ROS production and ΔΨm loss. These
results suggest that 1,8-cineole-induced AMPK activation could be ROS-
and ΔΨm loss-dependent and that, even though no autophagic markers
were evaluated here, AMPK-dependent mTOR inhibition could promote
cytostatic autophagy as an early survival mechanism in response to a
mild cellular insult [42].

Akt is a protein kinase that plays a central role in cell survival by
inducing cell cycle protein synthesis through the activation of the
mTORC1/p70S6K axis, diminishing p27 expression and suppressing
pro-apoptotic proteins [56,57]. Akt signaling can be inhibited or acti-
vated by AMPK, depending on different factors, but the resulting phe-
notype is cell- and context-dependent [58]. Akt is induced by ROS,
promoting pro-survival functions [59]. Our results showed that 1,8-ci-
neole inhibited Akt phosphorylation at low concentrations, while
higher amounts induced Akt phosphorylation, as we observed pre-
viously in the case of another monoterpene [25]. Choudhury et al.
showed that AMPK activation with 5-aminoimidazole-4-carboxamide
riboside (AICAR) activated or inhibited Akt signaling depending on the
duration and intensity of the stimulus, but in both cases, mTOR sig-
naling and tumor growth were inhibited, regardless of Akt status [60].

In our conditions, Akt phosphorylation increased from 1-h of treatment
and peaked at 3 h at 1,8-cineole 8 mM; however, p70S6K remained
highly inhibited, even after 24 h, suggesting that mTOR inhibition was
strongly dependent on AMPK activation.

Inducing senescence in cancer cells appears to be a potent tool
against cancer, including HCC [29,30,40]. Senescence-triggering anti-
cancer drugs are effective not only because they robustly stop cancer
cell growth but also because they promote a strong antitumor immune
response [28–30,61]. While apoptosis is a cell-intrinsic response, se-
nescent cells would have the advantage of communicating with
neighboring cells and promoting their SASP phenotype, encouraging
the immune system to clear both premalignant and established tumor
cells [62]. Current evidence indicates that eliminating senescent tumor
cells avoids the possible induction of cancer evolution favored by these
cells via the SASP [29,30].

In this context, two families of anti-senescence drugs made their
way into basic and medical research. While “senocidals” specifically
eliminate senescent cells through apoptotic or non-apoptotic mechan-
isms, “senomorphics” suppress markers of the SASP [26,29,30,61].
Considering this, therapies with 1,8-cineole and senocidal/senomorphic
drugs, combined or in tandem, could be a good strategy to potentiate
the anti-cancer activity of each individual agent and avoid possible
undesirable effects of senescence in cancer cells. We therefore eval-
uated combined and in tandem treatments of 1,8-cineole with four anti-
senescence molecules, Qc, Sv, U, and SB, which selectively block the
SASP and/or provoke senescent cell death [26–29]. Our results showed
that 1,8-cineole and each compound strongly exacerbated cell growth
inhibition in both combined and tandem treatments.

Statins are the lipid-lowering drugs that are most prescribed
worldwide, but their antitumor efficacy has also been widely reported
with both pre-clinical and clinical data, especially in combined thera-
pies against cancer, including HCC [63]. We therefore assessed whether
combined suboptimal concentrations of Sv and 1,8-cineole promoted
HepG2 apoptosis, as a potential anti-cancer strategy capable of not only
reducing the effective concentrations of each compound but also of
evading the latent “dark side” of 1,8-cineole-induced senescence. As
revealed here, the combined treatment effectively triggered apoptosis
in HepG2 cells. Based on our findings, we propose a model for the
mechanisms of action involved in HepG2 cell senescence induced by
1,8-cineole (Fig. 9).

5. Conclusions

Our study shows that 1,8-cineole promoted cell cycle arrest and
ROS-induced senescence but not apoptosis in hepatocellular carcinoma
HepG2 cells by regulating stress-activated AMPK, Akt/mTOR, and
MAPK pathways. In addition, 1,8-cineole is capable of sensitizing
HepG2 cells to anti-senescence drugs. These findings suggest that 1,8-
cineole has a potential anti-cancer effect as a neoadjuvant or co-ad-
juvant molecule in combined therapies with antineoplastic drugs with
senocidal and/or senomorphic properties.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.lfs.2020.117271.
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