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Citronellol Induces Necroptosis of Human Lung Cancer Cells
via TNF-0 Pathway and Reactive Oxygen Species Accumulation
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Abstract. Background/Aim: Our current study aimed to
determine the molecular mechanisms of citronellol-induced
cell death and ROS accumulation in non-small cell lung
cancer (NCI-H1299 cells) and also compare the anticancer
effects of citronellol and EOPC. Materials and Methods: ROS
measurement and western blotting were performed to detect
whether citronellol can induce necroptosis in vitro. Besides,
we performed an in vivo analysis of tumourigenesis inhibition
by citronellol treatment in BALB/c (nu/nu) nude mice. Results:
Necroptosis occured by up-regulating TNF-a, RIPI/RIP3
activities, and down-regulating caspase-3/caspase-8 activities
after citronellol treatment in NCI-H1299 cells. Citronellol also
resulted in a biphasic increase in ROS production at 1 h and
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at 12 h in NCI-HI299 cells. Xenograft model experiments
showed that citronellol could effectively inhibit subcutaneous
tumours produced 4 weeks after intraperitoneal injection of
NCI-HI1299 in BALB/c nude mice. Conclusion: Citronellol
induced necroptosis of NCI-HI1299 cells via TNF-a pathway
and ROS accumulation.

Lung cancer is one of the most common cancers in the
world. More than 2.0 million new cases are diagnosed each
year. The World Health Organization (WHO) divides lung
cancer into non-small-cell lung carcinoma (NSCLC) and
small-cell lung carcinoma (SCLC). NSCLC accounts for 80-
85% of all lung cancer cases, is characterized by high
recurrence rate and drug resistance, and its 5-year survival
rate is about 15-20% (1-4). This underlines the need to
develop effective drugs for treatment and overcome the
clinical challenges involved in NSCLC (5).

Necrosis is an acute form of cell death triggered by
unexpected injuries (6, 7), which destroy cell structure.
When apoptosis fails to occur, cells die by necrosis (8).
Necrosis is divided into non-programmed necrosis (or simply
necrosis) and programmed necrosis (or necroptosis),
depending on whether it is initiated by the activation of a
specific receptor or sensor on the cell surface or inside the
cell to induce a multi-step signal transduction, as well as a
variety of molecular biological reactions (9). Several
receptor-mediated signal transduction pathways are involved
in necroptosis. For example, binding of tumor necrosis
factor-a (TNF-0) to TNFR induces programmed cell death
pathway. TNFR-associated death domain (TRADD) is
associated with the receptor-interacting protein kinase 1
(RIP1), cellular apoptosis inhibitor 1/2 (cIAP1/2) and TNFR-
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associated factor 2/5 (TRAF2/5), forming the RIPKI-
dependent complex I. Subsequently, RIP1 is deubiquitylated
by ubiquitin carboxyl-terminal hydrolase (CYLD) and then
combine with multiple RIP3, Fas-Associated protein with
Death Domain (FADD), TRADD and caspase 8 to form
Complex IIb, also known as Necrosome (10, 11). In the case
where caspase 8 is inhibited, RIP1 will be
autophosphorylated at position Ser161, and RIP3 will also
phosphorylate RIP1 directly or indirectly, leading Complex
IIb to enter the Necroptosis program. The RIP3/ mixed
lineage kinase domain-like (MLKL) regulatory mechanism
is upregulated, allowing multiple phosphorylated MLKL
molecules to form a complex that induces cell necroptosis
(12-14). Later, energy depletion, oxidative stress due to
reactive oxygen species (ROS) accumulation, and lysosomal
membrane permeabilization (LMP) occur, ultimately leading
to cell death. Another marker of apoptosis is the proteolytic
cleavage of poly (ADP-ribose) polymerase (PARP), a nuclear
enzyme involved in DNA repair, DNA stability, and
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Figure 1. Continued

transcriptional regulation. PARP is proteolytically inactivated
during apoptosis (15-17), but is activated during necroptosis
because of inhibition of caspase 8 (18-20). Activated
complexes I, II can increase calcium and calpain,
respectively, leading to lipid peroxidation and activation of
cathepsin B/D which is released into the cytoplasm to induce
necroptosis (21).

In preliminary experiments (see Supplementary material),
essential oil of Pelargonium capitatum (EOPC) was found
to induce necrosis in NSCLC. EOPC is a mixture that is
limited in its effectiveness in inducing cancer cell death.
Citronellol has been identified by gas chromatography—mass
spectrometry (GC-MS) as the most abundant component of
EOPC (22). Citronellol is a monoterpene having the
molecular formula of CyH,;O. Some natural essential oils
contain either (+)-citronellol or (-)-citronellol, and the
corresponding racemic mixture. (+)-Citronellol is mainly
found in amyris, citronella, and eucalyptus citriodora oils,
while (—)-citronellol is mainly found in rose and
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Figure 1. Citronellol induced necroptosis in NCI-H1299 cells. (A) NCI-H1299 cells treated with 49.74 ug/ml (24 h ICs) citronellol for 24, 48 and
72 h. Cells were stained with FITC-conjugated Annexin V-PI and measured by flow cytometry. Control: 24 h + medium: Ethanol 0.5%, 24 h +
ethanol 0.5% + medium. (B) NCI-H1299 cells were treated with 49.74 ug/ml citronellol for 6, 12, 18 and 24 h. Cells lysates were immunoblotted
with TNF-a, phosphoRIP3, phosphoRIP1 antibodies, and [3-actin was used as the loading control. Numbers below represented the relative protein
quantitation. C: control, 24 h + medium; E: 24 h + Ethanol 0.5% + medium. (C) Western blot data. (D) Western blot data for prolactive caspase-

3, prolactive caspase8 and pro/cleaved PARP. (E) Western blot data. Experiments were repeated at least three times.

pelargonium oils (both are colorless liquids with a rose
scent). Citronellol inhibits the activities of Staphylococcus
aureus and Salmonella typhi (23, 24) and also has strong
inhibitory effect on Candida albicans (25), which can be
used as an antioxidant and anti-inflammatory agent in
rodents (26). It has been shown that treatment with
citronellol in patients receiving chemotherapy and/or
radiotherapy reduces side effects of therapy (such as nausea,

dysgeusia, numbness of the extremities, and hearing loss)
and lowers the depletion of leukocytes and neutrophils to
improve their immune function (27).

The aim of the current study was to determine the
molecular mechanisms of citronellol induced cell death and
ROS accumulation in non-small cell lung cancer (NSCLC)
NCI-H1299 cells, and also to compare the anticancer effects
of citronellol and EOPC in NCI-H1299 cells.
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Materials and Methods

Chemicals. [(S)-(x)-p-Citronellol, CT, 97% purity], 3-(4, 5-
dimethylthiazol-2-y1)-2, 5-diphenyl tetrazolium bromide (MTT) and
propidium iodide (PI) were purchased from Sigma (St. Louis, MO,
USA). EOPC was a kind gift from Dr. Yuhsin Chen (Taichung
District Agricultural Research and Extension Station, Council of
Agriculture, Taichung, Taiwan). Antibodies against caspase-3
(GTX110543, 1:1000), cathepsin B (GTX63008, 1:1000) and
cathepsin D (GTX62063, 1:1,000) were purchased from GeneTex
(Beverly, MA, USA). Antibodies against RIP1 (sc-133102, 1:100),
RIP3, cyclin E (sc-247, 1:500), caspase-8 and CDK2 (sc-6248,
1:500) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Antibodies against phophoRIP1 (Serl66, #65746,
1:500), PARP (#9542, 1:1,000) and TNF-a (#3707, 1:500) were
from Cell Signaling Technology (Beverly, MA, USA). Antibody
against phophoRIP3 (S227, ab209384, 1:500) was purchased from
Abcam. Antibody against -actin was purchased from Millipore
(Temecula, CA, USA). Horseradish peroxidase (HRP)-conjugated
Goat anti-Mouse IgG and Goat anti-Rabbit IgG were obtained from
Millipore.

Cell culture. Human NSCLC cell lines A549, NCI-H23, NCI-
H1299, Triple Negative Breast Cancer (TNBC) cell line BT-20,
human prostate cancer cell line PC3 and normal breast epithelial
cell line MCF-10A were obtained from the American Type Culture
Collection (Manassas, VA, USA). A549, NCI-H23 and MCF-10A
cells were cultured in DMEM/F12 (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FBS and 1% penicillin-streptomycin. BT-
20, NCI-H1299 and PC3 cells were cultured in RPMI-1640
(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1%
penicillin-streptomycin and incubated in an incubator containing 5%
CO, at 37 °C. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. MTT assay was employed to evaluate cell
viability of citronellol-treated A549, NCI-H23, NCI-H1299, BT-20,
PC3 and MCF-10A cells. Cells (5x104 per well) were cultured in
24-well plate, after 24 h of growth, the cells should reach about
95% confluence as a monolayer. After 24 and 48 h of treatment with
citronellol, 40 ul of MTT working solution (5 ug/ml) was added and
incubated at 37°C for 2 h until purple crystals appeared. The
medium was carefully removed, DMSO (200 pl/well) was added,
and after the crystals were completely dissolved, each 100 pl was
placed in a 96-well plate. The optical density was measured using
an ELISA reader at 570 nm wavelength.

Annexin V-PI assay. The Annexin V-FITC Apoptosis Kit (BioVision,
Milpitas, CA, USA) was used according to the manufacturer’s
protocol. Briefly, cells were rinsed briefly with PBS and detached
with trypsin at room temperature. After centrifugation, cells were
resuspended in 500 pl 1X binding buffer. Then 5 pl, Annexin V-
FITC and 5 pl PI were added and incubated for Smin at room
temperature in the dark. The cell suspension was analyzed for DNA
content by flow cytometry (BD Biosciences, San Jose, CA, USA).

Protein extraction and western blot analysis. Cells (1x106) were
treated with various agents as indicated in figure legends. Harvested
cells were lysed with 400 pl of lysis buffer (50 mmol/l Tris-HCl,
pH 8.0, 150 mmol/l NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.02% sodium azide, 100 pg/ml
phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin). Protein
concentration was determined according to the Bradford method
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Table 1. The ICs5 of citronellol induced toxicity in A549, NCI-H1299,
NCI-H23, BT-20, PC3 and MCF-10A cells treated for 24 h and 48 h.

24 h ICs, (pg/ml) 48 h ICs (ug/ml)

A549 69.10 54.02
NCI-H1299 49.74 40.64
NCI-H23 63.53 52.51
BT-20 61.23 45.84
PC3 60.83 50.10
MCF-10A - -

(Bio-Rad Laboratories, Hercules, CA, USA). A total of 50 pg of
protein extract were loaded into sodium dodecyl sulphate -
polyacrylamide gels, and the separated proteins were transferred to
nitrocellulose filters. The blotted membrane was blocked with 5%
skim milk for 1 h at room temperature and probed with the
appropriate primary antibody overnight at 4°C. Finally, HRP-
conjugated appropriate secondary antibody was added for 1 h.
Signals from the bound antibodies were detected with an ECL
chemiluminescence kit (Amersham Biosciences, London, UK).

Reactive oxygen species measurement. Cells at a density of 5x105
cells seeded in a 10 cm dish and incubated for 24 h were treated
with 49.74 ug/ml citronellol for the indicated time. 10 pl of 4 uM
H2DCFDA were added to cells after washing twice with PBS and
incubated for 30 min in a conventional incubator (37°C, 5% CO,)
in the dark. Cells were trypsinized and immediately analyzed for
fluorescence intensity of DCF by flow cytometry. ROS
accumulation was assessed by multicycle software.

In vivo studies. This project was approved by the Institutional
Animals Care and Use Committee of China Medical University,
Taiwan. In vivo tumourigenesis inhibition was determined by
subcutaneous injection of 2x106 NCI-H1299 cells in the hind flank
of 7-week-old BALB/c (nu/nu) nude mice, according to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised
1996). Mice were divided into four groups (5 mice per group) after
tumour volumes were grown larger than 100 mm3, and treated daily
with vehicle alone (10% ethanol in PBS solution) or various doses of
citronellol (12.5, 25, and 50 mg/kg) through intraperitoneal injection,
5 days per week for 4 consecutive weeks. Tumour growth inhibition
was determined by measuring tumour size twice a week by a digital
caliper. Tumour volume was calculated by (widthxlength2)/2.

Statistical analysis. S.D. was calculated from three independent
experiments. p-Values were analyzed by Student’s #-test to compare
the continuous variables between two groups, with a two-tailed
method (¥*p<0.05; **p<0.01; ***p<0.001).

Results

Cytotoxicity of citronellol for NSLCL, breast cancer, prostate
cancer and normal breast cells. The anti-tumour activity of
citronellol was evaluated against NSCLC cells A549, NCI-
H23, NCI-H1299, BT-20, PC3 and MCF-10A. Cells were
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Figure 2. Citronellol induced ROS accumulation in NCI-H1299 cells. (A) NCI-H1299 treated with 49.74 ug/ml citronellol for 1, 3, 6, 9 and 12 h.
Cells were stained with HZDCF-DA and fluorescence intensity of DCF was detected by flow cytometry. Control: 24 h + medium, Ethanol 0.5%:
24 h + Ethanol 0.5% + medium. (B) ROS accumulation was quantified by Multicycle software; X-axis represents the time to treat citronellol and
Y-axis represents the fluorescence intensity of DCF (proportional to ROS accumulation). (C) NCI-H1299 cells were treated with 49.74 ug/ml
citronellol for 6, 12, 18 and 24 h, followed by western blot analysis for cathepsin B and D expression. B-actin was used as the loading control and
the numbers below represented the relative protein quantitation. Control: 24 h + medium, E: 24 h + Ethanol 0.5% + medium. The experiments

were repeated at least three times.

treated with different concentrations of citronellol for 24 and
48 h and cell viability was assessed by the MTT assay. The
results showed that citronellol had toxic effect on all five
cancer cell lines, but had no effect on normal cells (MCF-10A)
(Suppl. Figure 1C, D). Table I illustrates the ICs of citronellol
in different cancer cell lines. Citronellol had the best inhibitory
effect on non-small-cell lung cancer NCI-H1299 cells,
therefore, NCI-H1299 cells were used in subsequent studies.

Effect of citronellol on the cell cycle of NCI-H1299. Propidium
iodide (PI) staining was employed to analyze the NCI-H1299

cell cycle. Citronellol treatment resulted in retention of cells in
the G1 phase of the cell cycle, and in a decrease in the number
of cells in the S-phase (Suppl. Figure 2C, D). Expression of
cyclin E, cyclin D and CDK?2 (28, 29) which are involved in
the transition from G; to S was examined using western
blotting. Citronellol treatment resulted in statistically
significant time-dependent reduction in the levels of cyclin E,
cyclin D and CDK?2 (Suppl. Figure 3B).

Citronellol induced necroptosis in NCI-H1299 cells. To
further clarify the mechanism citronellol-induced NCI-
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mice/group) were administered vehicle, citronellol (12.5, 25 and 50 mg/kg) by intraperitoneal injection 5 days per week for 4 consecutive weeks.
(A) Tumour size was monitored through serial caliper measurements twice a week. Each point represents mean tumour size+SE. (B) Representative
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H1299 cell death, Annexin V-PI double staining was used.
The results indicated that citronellol induced NCI-H1299 cell
death by cell necrosis (Figure 1A). To elucidate citronellol-
induced cell death signaling pathway, HCI-H1299 cells were
treated for 6, 12, 18, and 24 h with citronellol and the
expression of TNF-a, phosphorylated RIP1 (Ser166) and
phosphorylated RIP3 (Ser227) was examined by western
blotting. The results showed that TNF-a expression and
RIP1, RIP3 activity increased in a time-depedent manner
after treatment of NSCLC cells with 49.74 pg/ml (24 h,
IC4() citronellol (Figure 1B). NCI-H1299 cells were also
treated with 20-60 pg/ml citronellol for 24 h to analyse TNF-
a expression and RIP1, RIP3 activity (Figure 1C). Following
treatment with citronellol, TNF-a expression and RIP1 /
RIP3 activation were significantly up-regulated in the time
and dose-dependent manner. In summary, citronellol induced
necroptosis of NCI-H1299 cells by activating downstream
RIP1, FADD and RIP3 in the TNF-a pathway, thereby
enabling the formation of Complex IIb that induced cell
death. Western blot was employed to observe the activation
of the DNA repair enzyme PARP, caspase-3 and caspase-8
in citronellol-treated NCI-H1299 cells. There were no
significant changes in pro-caspase-3 and pro-caspase-8
expression, and active-caspase-3 and active-caspase-8
expression. In addition, there was no significant increase in
cleaved-PARP expression compared to the control group
(Figure 1D and E).

Citronellol induced ROS generation in NCI-HI299 cells.
Necroptosis is closely related to the production of intracellular
ROS. To determine if citronellol can induce ROS production,
NCI-H1299 cells were treated with citronellol and then stained
with 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA)
dye. Flow cytometry was used to estimate the dichloro-
fluorescein (DCF) fluorescence intensity of the citronellol-
treated NCI-H1299, and multicycle software was used to
measure the amount of ROS in the cells (Figure 2).
Quantification of the DCF staining results (Figure 2B)
indicated over-accumulation of ROS following citronellol
treatment of NCI-H1299 cells. During necroptosis, cathepsin
activity is substantially increased due to rapid ROS
accumulation-induced LMP and lysosomal rupture (21).
Cathepsins are released into the cytoplasm and degrade the
cytoskeletal matrix. NCI-H1299 cells were treated with 49.74
pg/ml citronellol, harvested at the indicated time points,
cathepsin B/D expression was analyzed by western blot. The
results showed that cathepsin B expression in the cytoplasm of
NCI-H1299 cells increased substantially in a time-depedent
manner (Figure 2C).

Anti-tumour activity of citronellol in NSCLC xenografts. To
examine whether citronellol suppresses tumourigenesis in
vivo, NCI-H1299 cells were subcutaneously implanted into

BALB/c (nu/nu) nude mice. Intraperitonial injection of
citronellol induced a dose-dependent inhibition of NCI-
H1299 tumour volume (Figure 3A and B). There was no
significant change in body weight of the mice (23-25 kg) and
no pathologic signs were observed before sacrifice.

Discussion

In order to assess the functional differences between natural
extracts and pure compounds, the effects of EOPC and
citronellol on lung cancer cells were compared and the
molecular mechanism of citronellol-induced cell death in
NCI-H1299 cells was examined. The results of the MTT
assay indicated that the toxicity of citronellol to cancer cells
was much higher than that of EOPC (Suppl. Figure 1) and
both EOPC and citronellol have strong cytotoxic effects in
NCI-H1299 cells.

PI staining was used to examine whether EOPC and
citronellol affected the cell cycle in NCI-H1299 cells. Both
EOPC and citronellol treatment arrested NCI-H1299 cell
growth in G1 phase in the time-dependent manner (Figure
Suppl. 2). Western blotting of the cell cycle — associated
proteins revealed a significant decrease in cyclin E and
cyclin D expression after EOPC or citronellol treatment
compared to control group (Suppl. Figure 3). In conclusion,
both EOPC and citronellol downregulated the expression of
cyclin E and cyclin D, resulting in the retention of NCI-
H1299 cells in the G1 phase of the cell cycle.

To further elucidate the pathway by which EOPC or
citronellol induced NCI-H1299 cell death, AnnexinV-PI
double staining was used. Both, EOPC and cirtonellol induced
NCI-H1299 cell death by cell necrosis, but citronellol was
more efficient than EOPC (Figure 1A, Suppl. Figure 4A).
Increased expression of TNF-a and activation of RIP1/RIP3
without a significant increase in caspase-3 activity indicated
citronellol induced necroptosis of NCI-H1299 cells.

During apoptosis, caspase-3 is activated and reduces
cellular energy loss by rapidly cleaving PARP and neutralizing
its ability to deplete ATP for DNA repair. However, when
necroptosis-induced ROS accumulation leads to DNA damage,
PARP synthesis continues and over-activation further leads to
repetitive DNA damage and subsequent depletion of ATP and
NAD (30). Pro-caspase-3 exhibited no significant changes in
EOPC or citronellol-treated NCI-H1299 cells, while
expression of active-caspase-3 was negligible. Furthermore,
pro-PARP expression was markedly increased in a dose and
time-dependent manner, without an increase in cleaved-PARP,
indicating over-activation of PARP in citronellol-treated NCI-
H1299 cells. By contrast, no significant PARP activation was
observed in EOPC-treated NCI-H1299 cells (Figure 1D, E and
Suppl. Figure 4B, C). These data suggested that only
citronellol activated RIP1, FADD, and RIP3 which are
downstream of the TNF-a pathway, allowing them to form
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Complex IIb and induce PARP over-activation to trigger
necroptosis in NCI-H1299 cells.

Excessive accumulation of ROS during necroptosis lesds to
oxidative stress and DNA damage. These free radicals also
attack unsaturated fatty acids, leading to lipid peroxidation and
damage to the membranes of mitochondria, endoplasmic
reticulum, and lysosomes, subsequently resulting in elevated
levels of calcium and release of proteases in the cytoplasm (31,
32). It was observed that accumulation of ROS was increased
to 46.75%, the highest content, at 6 h, and then decreased to
15.33% at 12 h of treatment of NCI-H1299 with EOPC (Suppl.
Figure 5A, B). However, in citronellol-treated NCI-H1299
cells, ROS accumulation increased to 51.45% at 12 h. Thus,
citronellol-treated NCI-H1299 cells exhibited higher and long-
lasting ROS accumulation than EOPC-treated NCI-H1299 cells
(Figure 2A, B, Figure Suppl. 5A, B). ROS production
increased rapidly 1 h after both EOPC or citronellol treatment,
stabilized between 3-9 h, and then increased again at 12 h after
of citronellol treatment but not of EOPC treatment. The data
indicated that there are two ROS accumulation pathways after
EOPC or citronellol treatment, one was due to stimulation of
the NCI-H1299 cells and the other was due to the necroptosis
process. Citronellol treatment resulted in higher release of
TNF-a which bound to TNFR, and activated Complexes I and
II in NCI-H1299 cells, leading to more efficient and persistant
ROS production. Over-accumulation of ROS leads to LMP,
lysosomal rupture, and increase in cathepsin concentration (16).
Accordingly, cathepsin B expression was substantially
increased in a time-dependent manner after citronellol or
EOPC treatment; but citronellol induced higher expression of
cathepsin B compared to EOPC (Figure 2C, Suppl. Figure 5C,
D). Therefore, the data indicated that citronellol causes
lysosomal disruption, higher release of cathepsin in NCI-
H1299 cells, and more severe necroptosis than EOPC.

Xenograft model experiment showed that citronellol could
effectively inhibit growth of subcutaneous tumours produced by
subcutaneous inoculation of NCI-H1299 cells in BALB/c nude
mice. Mice injected with high doses of citronellol (50 mg/kg)
had tumour inhibition rate of up to 80%.

In summary, our current study revealed that citronellol
could trigger necroptosis by upregulating TNF-a expression
and RIP1, RIP3 activities, down-regulating caspase-3 and
caspase-8 activity, and inducing over-activated PARP in
NCI-H1299 cells. It also illustrated that there were two ROS
accumulation pathways after citronellol treatment; one was
to direct stimulation of NCI-H1299 cells and the other to the
necroptosis process (Figure 4). It is expected that citronellol
will be used to treat tumours in the future.
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