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Lemongrass essential oil and citral inhibit Src/Stat3
activity and suppress the proliferation/survival of small-
cell lung cancer celis, alone or in combination with

chemotherapeutic agents.
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Lemongrass essential oil and citral inhibit Src/Stat3 activity and
suppress the proliferation/survival of small-cell lung cancer cells,
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Abstract. Small-cell lung cancer (SCLC) is intractable due to
its high propensity for relapse. Novel agents are thus needed
for SCLC treatment. Lemongrass essential oil (LG-EO) and
its major constituent, citral, have been reported to inhibit the
proliferation and survival of several types of cancer cells.
However, the precise mechanisms through which LG-EO and
citral exert their cffects on SCLC cells have not been fully
clucidated. SCLC cells express Src and have high levels of
Src-tyrosine kinase (Src-TK) activity. In most SCLC cell lines,
constitutive phosphorylation of Stat3(Y705), which is essential
for its activation, has been detecied. Src-TK can phosphorylate
Stat3(Y'705), and activated Stat3 promotes the expression of
the anti-apoptotic factors Bcl-xL and Mcl-1. In the present
study, LG-EO and citral prevented Src-TK from phosphory-
lating Stat3(Y705), resulting in decreased Bcl-xL and Mcl-1
expression, in turn suppressing the proliferation/survival of
SCLC cells. To confirm these findings, the wild-type-src gene
was transfected into the LU135 SCLC cell line (LU135-wt-src),
in which Src and activated phospho-Stat3(Y705) were overex-
pressed. The suppression of cell proliferation and the induction
of apoptosis by treatment with LG-EQ or citral were signifi-
cantly attenuated in the LU135-wt-src cells compared with the
control LU135-mock cells. The signal transducer and activator
of transcription 3 (Stat3) signaling pathway is also associ-
ated with intrinsic drug resistance, LU135-wt-src cells were
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significantly resistant to conventional chemotherapeutic agents
compared with LU135-mock cells. The combined effects of
citral and each conventional chemotherapentic agent on SCI.C
cells were also evaluated. The combination treatment exerted
additive or more prominent effects on LUi35-wt-src, LU165
and MNI1112 cells, which are relatively chemoresistant SCLC
cells. These findings suggest that either LG-EO or citral, alone
or in combination with chemotherapeutic agents, may be a
novel therapeutic option for SCLC patients.

Introduction

Lung cancer is the leading cause of cancer-related mortality
and a major health concern worldwide. Smali-cell lung cancer
(SCLC) accounts for ~12% of all lung cancer cases (1). The
majority of SCLCs show a favorable response to initial chemo-
therapy, but have a high propensity for relapse and metastasis.
Relapsed SCLC is generally refractory to chemotherapy
and tends to progress rapidly. The prognosis of relapsed and
refractory SCLC is very poor (2,3). Therefore, novel agents
are nceded for the treatment of SCLC, Lemongrass (LG),
Cymbopogon citratus, is a widely used herb in tropical coun-
tries. Tea and essential oil (EQ) made from LG are popularly
used for analgesic (4), anti-inflammatory (5,6), antibacterial (7)
and antifungal (8,9) purposes. A major constituent of LG-EO
is citral (3,7-dimethyl-2 6-octadienal). I.G-EO has been shown
to inhibit the proliferation of human mouth epidermal carci-
noma (KB) and murine lezkemia (P388) cell lines (10). Citral
was also reported to inhibit the growth of spontaneous tumors
in mice (11) and to induce cell cycle arrest and apoptosis in
tumor cell lines (12,13). However, the precise mechanisms
underlying these tumor-inhibiting effects on SCLC cells have
not been fully elucidated.

In several types of cancer, including lung cancer, the
transcription factor signal transducer and activator of transcrip-
tion 3 (Stat3) is constitutively activated, and aberrant signaling
via Stat3 is implicated in malignant transformation {14), and
is associated with intrinsic resistance to chemotherapy (15,16).
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Stat3 is also expressed in primary SCLC tumor tissues as well
as SCLC cell lines, and is strongly phosphorylated on tyro-
sine 705 (Y705} (17), which is essential for its activation.

Src expression was detected in SCLC cell lines (18-20).
In resected human SCLC tissue samples, Src was expressed
in 17 of 19 SCLC tumor tissues (21) and was found in all 4
of 4 SCLC cases (19). Src is frequently overexpressed in lung
cancers, including SCLC (22). Src-tyrosine kinase (Src-TK)
activity was detected in SCLC cell lines (20), and its level in
SCLC tissues was higher compared with that in normal lung
tissues (18). Src-TK can phosphorylate Stat3(Y705) indepen-
dently of cytokine or growth factor receptor activation {23).
The durable activation of Src-TK in tumor cells causes
a constitutive activation of Stat3 (14,24). Activated Stat3
promotes the expression of downstream target genes, such as
the anti-apoptotic factors Bel-xL and Mel-1 (25,26).

In the present study, we observed that LG-EO and citral
both inhibited the phosphorylation of Src(Y416), which
is essential for its activation, resulting in reduction of
Stat3(Y705) phosphorylation, followed by disruption of cell
growth and survival signal transduction pathways mediated
by Stat3 that upregulate the expression of Bel-xL and Mel-1.
Therefore, both LG-EO and citral were shown to suppress the
proliferation/survival of all of the SCLC cell lines in a simiiar
dose-dependent manner.

Our experiments also revealed that wild-type-sre
(wt-src)-transfected and Src-overexpressing SCLC cells were
significantly more resistant to LG-EQ and citral, as well as to
conventional chemotherapeutic agents, compared with control
mock-transfected cells; however, the combination of citral and
anticancer drugs enhanced the cytotoxic efficacy of these drugs
on SCLC cells, including Src-overexpressing wi-sre-transfec-
tants. These findings suggest that either LG-EO or citral, alone
or in combination with chemotherapeutic agents, may be a
novel therapeutic option for patients with SCL.C,

Materials and methods

Reagents and chemicals. LG-EO (lot no. 79), which contains
citral at a concentration of 74.2% (v/v) (4.31 M), was purchased
from Seikatsu-no-ki (Tokyo, Japan). Citral was obtained
from Nacalai Tesque (Kyoto, Japan). LG-EO and citral were
dissolved in dimethyl sulfoxide (DMSO; Wako Pure Chemical
Industries, Ltd., Osaka, Japan) at a concentration of 1% (v/v)
before use, PP2 and PP3 dissolved in DMSO, the proteaseinhib-
itor cocktail set 1 and G418 were purchased from Calbiochem
{San Diego, CA, USA). WST-1 was obtained from Roche
Diagnostics (Mannheim, Germany). Cisplatin (CDDP) from
Wako Pure Chemical Industries, Ltd. and amrubicin (AMR)
from Nippon Kayaku (Tokyo, Japan) were dissolved in 0.9%
NaCl solutior and distilled water, respectively, and stored at
30°C, Etoposide (VP-16) obtained ftom Wako Pure Chemical
Industries, Ltd. and an active metabolite of irinotecan,
7-ethyl-10-hydroxycamptothecin (SN38), purchased from
Tokyo Chemical Industry (Tokyo, Japan) were dissolved in
DMSO and stored at -30°C. All other reagents and chemicals
were purchased from commercial sources,

Antibodies. Anti-Src (aSrc) monoclonal antibody (mAb)
was obtained from Calbiochem. aSrc and aStat3 polyclonal
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antibodies were purchased from Santa Cruz Biotechnology
{Santa Cruz, CA, USA). Anti-phospho-8rc(Y416) {ap-Src)
mAb was purchased from Upstate Biotechnology (Lake Placid,
NY, USA). ap-Stat3(Y705), ap-Akt(S473) and oAkt mAbs,
and aBcl-xL, aMcl-1 and aGAPDH antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Horseradish peroxidase-conjugated anti-mouse
IgG and anti-rabbit IgG antibodies were purchased from
GE Healthcare UK {Buckinghamshire, UK).

Cells. The human SCLC cell lines LUI34AM, LUI35 and
LU163 were obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan), and the MN1112 SCLC cell
line was established in our laboratory (27). All cell lines were
cultured in RPMI-1640 growth medium (Wako Pure Chemical
Industries, Ltd.) supplemented with 5% heat-inactivated fetal
calf serum (FCS) and antibiotics (100 U/ml penicillin G and
100 pg/mi streptomycin) (Sigma-Aldrich; Merck KGaA,
St. Louis, MO, USA),

Vectors and their transfection into the LU135 SCLC cell line.
A eukaryotic expression vector containing murine wild-type-
src (wt-sr¢) cDNA in pUSE (pUSE-wt-src) and an empty
vector pUSE (Upstate Biotechnology) were electroporated into
LU1335 cells as previously described (28). Briefly, pUSE-wt-src
or empty pUSE (25 ug) was electroporated into 5x10¢ Lt}135
cells using a gene pulser apparatus (Bio-Rad Laboratories,
Richmond, CA, USA) set at 960 uF and 250 V. Transfected
cells were cultured for 24 h in growth medium containing
10% FCS, and selected after a 3-week culture in the presence
of 300 ug/ml G418. Selected clones of pUSE- or pUSE-wt-src-
transfected LU135 cells (1.U135-mock or LU135-wt-src cells,
respectively) were expanded and screened for the expression
of Sre protein by immunoprecipitation and western blotting.

Cell proliferation/survival assay. Cell proliferation/survival
were determined using the WST-1 assay, according to the
manufacturer's instructions. The SCLC cells were plated in
flat-bottomed 96-well plates at a density of 5x10* cells/well
(LU134AM, LU135, LU165, LUJ135-mock and LU135-wt-s7¢)
or 3x10* cells/well (MN1112). Various concentrations of
LG-EQ or citral were added to the cells and incubated at 37°C
in a 5% CO, humidified atmosphere for 16 h.

For the determination of the concentration producing
50% inhibition of cell growth (IC,) in eack SCLC cell line,
each chemotherapeutic agent (CODDF, VP-16, AMR or SN38)
at various concentrations was added to the wells containing
3x10* or 5x10* cells/well as mentioned above, and incubated
under the same conditions for 72 h, followed by the addition of
10 41 WST-1 to each well and incubation for an additional 3 h.
The absorbance at 490 nm was measured using a microplate
reader (model 680; Bio-Rad Laboratories).

Analysis of proteins in SCLC cells treated with LG-EO or
citral. The SCLC cells (1x107 cells) were treated at 37°C for
2 h (for Src analysis) or 3 h (for Stat3, Bcl-xL, Mcl-1 and
Akt analyses) with the growth medium containing LG-EQO
at a concentration of 0.0035 or 0.01% (v/v) (concentration of
citral, 151 M or 431 uM, respectively), citral at a concentra-
tion of 150 #M or 400 uM, or 1% (v/v) DMSOQ as control. In
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addition, LU135-wt-sr¢ and LU135-mock cells were treated
with the growth medium containing 100 ¢M PP2 or 100 pM
PP3 as control at 37°C for 2 h (for Src analysis) or 3 h (for
Stat3 analysis). The cells were lysed in lysis buffer [50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% (v/v) Triton X-100, 1 mM
EDTA-2Na, 2 mM Na,VO,, 2 mM NaF and 1% (v/v) protease
inhibitor cocktail set 1]. For the immunoprecipitation of Sre
and Stat3, the aSrc mAb and oStat3 antibody, respectively,
and Dynabeads protein G (Dynal, Gslo, Norway) were added
to the lysates, and the immune complexes were washed with
the lysis buffer using DynaMag-2 (Dynal) according to the
manufacturer's instructions.

The immunoprecipitates and the total cell lysates [for the
analyses of Bel-xL, Mcl-1, Akt, p-Akt(S473) and GAPDH]
were resuspended and dissolved in sample buffer (195 mM
Tris-HCI, pH 6.8, 30% glycerol, 15% 2-mercaptoethanol,
9% SDS and 0.05% bromphenol blue}, boiled for 3 min, and
separated by SDS-PAGE (10%). The separated proteins were
electrotransferred to PVDF membranes (Millipore, Bedford,
MA, USA). The membranes were blocked in phosphate-
buffered saline (PBS) with 0.1% Tween-20 (PBST) containing
3% bovine serum albumin at room temperature for 1 h,
and then incubated with the respective primary antibodies
(1:1,000-1:3,000 diluted in PBST) at room temperature for 1 h.

The membranes were then washed in PBST and incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:10,000 diiuted in PBST) at room temperature for 1 h. After
washing, the membranes were developed using the enhanced
chemiluminescence prime western blotting detection reagent
(GE Healthcare), The membranes were subsequently stripped
by a stripping buffer (Jacksun Easy Biotech, Bronx, NY, USA)
according to the manufacturer's instructions and re-probed
with the relevant antibodies. All experiments were repeated
independently at least three times.

Apoptosis assay. An apoptosis assay was performed using an
Apo ssDNA kit (Cell Technology, Mountain View, CA, USA),
an antibody-based assay to detect DNA damage in apoptotic
cells, according to the manufacturer's instructions and as
described previously (28). Briefly, the cells were fixed in the
fixative at -20°C for 24-48 h, resuspended in the DNA dena-
turing buffer and heated at 80°C for 10 min. After being heated
and blocked in casein blocking buffer (Thermo Scientific,
Rockford, IL, USA), the cells were stained by indirect immu-
noflucrescence using an anti-single-stranded DNA (ssDNA)
mouse monoclonal IgM antibody. After washing, the cells were
analyzed with a NAVIOS flowcytometer {Beckman Coulter,
Miami, FL, USA) equipped with FlowJo 8.8.2 software
(Flowlo, Ashland, OR, USA). The experiments were repeated
independently three times.

Analysis of the combination effects of citral and a chemo-
therapeutic agent on the proliferation/survival of SCLC cells.
LU135-wt-sre, LUL65 and MN1112 cells were treated with
the combination of citral and each chemotherapeutic agent at
the concentration of IC,, or less, under the same conditions as
described above for 72 h. The proliferation/survival of each
cell line was assessed by the WST-1 assay. At least three inde-
pendent experiments with triplicate samples were performed
in each investigation. The combination effects of citral and
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each indicated chemotherapeutic agent were analyzed by the
Bliss Independence model (29,30). T he combination index (CI)
was calculated as follows: CI =E, + Ej - E,Ex/E,, where E,
represents the cell growth inhibition effect of citral adminis-
tered at a dose of ICy, or less, Ej is the cell growth inhibition
effect of each indicated chemotherapeutic agent administered
at a dose of IC,, or less, and E, is the cell growth inhibition
effect of the combination of citral and each chemotherapeutic
agent at the same concentrations as described above.

Statistical analysis. Data were analyzed by Student's t-test;
P<0.05 was considered to indicate a statistically significant
difference.

Results

LG-EO and citral dose-dependently suppress the prolifera-
tion/survival of the SCLC cell lines. The effects of LG-EO and
citral on the proliferation/survival of the four SCLC cell
lines were evaluated by the WST-1 assay. The cell lines were
cultured for 16 h in the presence of LG-EQ at various concen-
trations, or DMSO alone as a control. As shown in Fig. 1,
LG-EO at the indicated concentrations suppressed the prolif-
eration/survival of all four SCLC cell lines in a very similar
dose-dependent manner. The ICg, was highest in the MN1112
cell line, followed by the LUL65, LU134AM and LU135 cell
lines (Fig. 1, left panel).

We investigated whether the inhibitory effect of LG-EQ
on cell proliferation/survival is due to its major constituent,
citral. The growth inhibition of the SCLC cell lines treated
with citral at various concentrations was determined under
the same conditions as those used for the LG-EQ treatment.
As shown in Fig. 1, citral at the indicated concentrations also
suppressed the proliferation/survival of all four cell lines in a
similar dose-dependent manner. The IC,; of citral was highest
in the LU1635 cells, followed by the MN1112, LU134AM and
LU135 cells (Fig. 1, right panel). These findings revealed that
the inhibitory effects of citral on the proliferation/survival of
SCLC cell lines were similar to those of LG-EO, indicating
that the activity of L.G-EO against the SCLC cells was due
mainly fo the action of citral.

Effects of LG-EO and citral on the constitutive phosphory-
lation of Src(Y416) and Stat3(Y705) in the SCLC cell lines.
Elevated Src protein levels and/or Src-TK activity have
been reported in lung cancer (19), including SCLC (19,20).
Blockade of Src-TK has been shown to decrease the prolifera-
tion/survival of SCLC cells (22). Based on the accumulated
evidence, we investigated the effects of LG-EO and those
of citral on the constitutive phosphorylation of Src{Y416)
[p-Src(Y416)] in the four SCLC cell lines. p-Src(Y416) was
detected in various amounts in all four cell lines, and it was
reduced by treatment with LG-EO at concentrations of 0.0035
or 0.01% for 2 h compared with that in the control cells treated
with vehicle DMSO alone (Fig. 2A). In the cells treated with
citral at concentrations of 150 or 400 pM for 2 h, the reduction
in the constitutive phosphorylation of Src(Y416) was similar to
that in the cells treated for 2 h with LG-EO at concentrations
0.0035 or 0.01%, respectively. In MN1112 cells, however, the
treatment with 150 or 400 M citral decreased the p-Src(Y416)
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Figure 1, The proliferation and survival of four SCLC cell lines were dose-dependently suppressed by LG-EO and citral, The SCLC cell lines were cultured in
the presence of LG-EO (left panel) or citral {right panel) at the indicated concentrations for 16 h, and the proliferation and survival of the cells were evaluated
by the WST-1 assay, The ratios of the cell number after treatment with LG-EQO or citral at the indicated concentrations to the number of control ceils after
treatment with vehicle DMSO alone are shown. The 1C,, values were determined by the WST-1 assay. The results are presented as the mean + standard
deviation of three measurements. *Statistically significant at P<0.05 by Student's t-test. SCLC, small-cell lung cancer; LG-EO, lemongrass essentia] oil;

DMS0, dimethyl sulfoxide.

more prominently compared with 0.0035 or 0.01% LG-EQ,
respectively (Fig. 2A).

Phosphorylation of Sre(Y416) is crucial for Sre-TK acti-
vation; therefore, its reduction diminishes Src-TK activity.
Activated Src-TK phosphorylates Stat3(Y705) (31,32),
resulting in the activation of Stat3 as a transcription factor.
Treatment for 3 h with L.G-EO and treatment with citrai under
the same conditions as described above reduced the phos-
phorylation of Stat3(Y705) in all four SCLC cell lines, and the
treatments at the respective higher concentrations suppressed
the phosphorylation more prominently in the LU134AM and
LU133 cell lines compared with the LU165 and MN1112 ceill
lines (Fig. 2B). The LU134AM and LUI135 cell lines had lower
IC,, values for each reagent compared with the other two cell
lines (Fig. 1.

Effects of LG-EQ and citral on the expressions of Bel-xL
and Mcl-1. To study the effects of LG-EO and citral on the
expression of the anti-apoptotic factors Bel-xL and Mcl-1,
which are dependent on Stat3 activity (25,26), each SCLC cell
line was treated with LG-EG, citral, or vehicle DMSO alone
for 3 h. In all four SCLC cell lines examined, the expression
of the anti-apoptotic factors was reduced by various degrees
following treatment with LG-EQ at concentrations of 0.0035
and 0.01% (1L.G-EOQ lanes, Fig. 2C) and treatment with citral
at concentrations of 150 and 400 uM (citral lanes, Fig. 2C)
compared with that following treatment with DMSO alone
(DMSO lanes, Fig. 2C).

In the LUI34AM and MN1112 cell lines, the reduction
in Bel-xL expression were smaller compared with that in the
other cell lines following treatment with LG-EQ and citral
at the respective higher concentrations (Fig. 2C, lower panel,
top row). The Mecl-1 expression declined in all four SCLC

cell lines following treatment under the same conditions as
mentioned above (Fig. 2C, lower panel, middle row).

Effects of Src overexpression on the inhibition of the phos-
phorylation of Src(Y416) and Star3(Y705) induced by LG-EO,
citral or PP2. To confirm that the overexpression of Src would
enhance the phosphorylation of Src(Y416) and Stat3(Y705),
we transfected the wt-sre-recombined or empty vector plasmid
into LU135 cells and established LU135-wt-src or LU135-mock
cells, respectively. We observed that Src was clearly overex-
pressed in three clones of LUL35-wt-sre (representatives out of
seven) compared with LU135-mock cells (Fig. 3A). The levels
of the phosphorylation of Src(Y416) and Stat3(Y705) in the
LU135-wt-src cells were clearly higher compared with those
in the control LU135-mock cells (DMSO lanes, Fig. 3B, upper
and lower panels, top rows), and were correlated with the levels
of Src expression,

We next examined the effects of Src overexpression on the
inhibition of the phosphorylation of Src(Y416) and Stat3(Y 705)
in the transfectants by treatment with 0.01% LG-EO and
400 uM citral. The treatments reduced the phosphoryiation of
both Src(Y416) and Stat3(Y'705) in the LUI35-wt-src as well
as the LU135-mock cells, but the reduction of the phosphoryla-
tion in the former cells was less prominent compared with that
in the iatter celis (LG-EO and citral lanes, Fig. 3B upper and
lower panels, top rows). These findings indicate that the over-
expression of Src attenuates the inhibitory effects of LG-EC or
citral on the activation of Src and Stat3.

Next, to examine whether the Src-TK activity was corre-
lated with the phosphorylation of Src{Y416) and Stat3(Y703),
the selective Src-TK inhibitor PP2 was used (33,34). The two
transfectants were treated with 100 M PP2 or 100 uM PF3,
an inactive analog of PP2. The phosphorylation of Src(Y416)
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Figure 2. Effects of the treatment with LG-EOQ or citral on the constitutive phosphorylation of (A) Sre(Y416) and (B) $tat3(Y705), and (C) the expressions of
Bel-xL and Mel-1 in SCLC cell lines were examined by immunoprecipitation and/or western blotting, as deseribed in Materials and methods. (A) The cell
lines were treated with LG-EO (0.0035 or 0.01%), citral (150 or 400 M) or vehicle DMSO (1) afone for 2 h to determine the effects on the reduction of the
constitutive phosphorylation of Src(Y416). (B) The reduction of the constitutive phosphorylation of Stat3(Y705) was examined in the cell lines treated for
3 h with LG-EO, citral or DMS0 at the same concentrations as mentioned above, (C) The reduction in the expressions of BelxL, and Mcl-1 in the SCLC celt
lines treated under the same conditions as described for (B). After treatment, total cell lysates (5x10° cells of LU134AM, LUI135 and U165, and 3x10° cells
of MN1112) were subjected to western blot analyses with aBel-xL, aMecl-1 and aGAPDH antibodies as described in Materials and methods. Upper panels,
treated with LG-EO or citral at concentrations of 0.0035% or 150 uM, respectively, and 1% DMSO alone. Lower panels, treated with LG-EOQ or citral at
concentrations of 0.01% or 400 uM, respectively, and 1% DMSO alone. SCLC, small-cell lung cancer; LG-EO, lemongrass essential oil; DMSO, dimethyl
sulfoxide; Stat3, signal transducer and activator of transeription 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

in both transfectants was almost completely inhibited by PP2  panel, top row). Although treatment with PP2 also reduced the
treatment, whereas PP3 exerted no effect on the phosphoryla-  phosphorylation of Stat3(Y705) (PP3 and PP2 lanes, Fig. 3C,
tion of the two transfectants (PP3 and PP2 lanes, Fig. 3C, upper  lower panel, top row), the extent of the reduction was lesser
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Figure 3. Level of 8¢ expression and effects of the Sre overexpression on the reductions of p-Src(Y416) and p-Stat3(Y705) in LU135-mock and LU135-wt-sre
cells treated with LG-EO, citral or PP2. Immunoprecipitation and western biotting were performed as described in Materials and methods. (A) The levels of
Src expression in LUI35-mock and 3 clones of LU135-wi-s#¢ determined by immunoprobing with aSrc antibody. (B) The two transfectants were treated with
LG-EO (0.01%), citral (400 uM) or DMSO (1%) alone, as described for Fig. 2A and B for the determination of the effects on the reduetions of p-Sre(Y416)
{upper panel, top row) and p-Stat3(Y705) (lower panel, top row), respectively. Delermination of Src and $tat3 by re-probing with aSrc antibody (upper panel,
bottom row) and aStat3 antibody (lower panel, bottom row), respectively. (C) The two transfectants were treated with PP2 (100 #M) or PF3 (100 M) for2h
to determine the effects on the reductions of p-Sre{Y416) (upper panel, top row) and for 3 h to determine the effects on the reductions of p-Stat3(Y 705) (lower
panel, top row). The levels of Src and Stat3 were determined by re-probing with aSre antibody (upper panel, bottom row) and o:Stat3 antibody (lower panel,
bottom row), respectively. LG-EO, lemongrass essential oil; DMSO, dimethy! sulfoxide; Stat3, signal transducer and activator of transeription 3.

compared with that of Src{Y416), and phosphorylated
Stat3(Y705) was still detectable (PP3 and PP2 lanes, Fig. 3C,
lower panel, top row).

Effects of LG-EO and citral on the proliferation/survival and
apoptosis of LU135-wt-src cells. We examined whether Src
overexpression reduces the cell growth inhibitory effect of
LG-EQO or citral, The LU135-wt-src and control LU135-mock
cells were treated with each reagent at the indicated concentra-
tions for 16 h and, as shown in Fig. 4A, the reduction in the
number of LUL35-wt-src cells was significantly less prominent
compared with the reduction in the number of the control
cells foliowing treatment with LG-EQ at concentrations of
0.0005-0.002% (corresponding to 21.6-86.2 M citral) (left
panel) and following treatment with citral at concentrations
of 20-80 pM (right panel). The IC,, of LU135-wt-src cells for
LG-EO or citral was significantly higher compared with that of
the control cells for each reagent (Fig. 4A, left and right panels).

To study the effect of Src overexpression on LG-EO- or
citral-induced apoptosis, the two transfectants were treated
with 0.01% LG-EO or 400 uM citral for 3 h. The apoptosis

induced in these celis was evaluated by indirect immuno-
fluorescence using an anti-ssDNA antibody followed by flow
cytometric analysis, and compared with that in the cells treated
with DMS8O alone (Fig. 4B). The ratios of the mean fluores-
cence intensity (MFT) (LG-EQ/DMSO MFI and citral/DMSO
MFI} were decreased in the LU135-wt-sre cells compared with
the control LU135-mock cells; 3.88 vs. 2.40 (LG-EQ/DMSO)
and 5135 vs, 3.32 (citral/DMSQ), respectively (Fig, 4B left and
right panels). These results indicate that Src overexpression
followed by upregulation of Stat3(Y705) phosphorylation
clearly attenuated the apoptosis induced by LG-EO or citral in
the LU135-wt-src cells compared with the control cells,

Combined effects of citral and each of the four conventional
chemotherapeutic agents on the proliferation/survival of
SCLC cell lines. The results of several studies suggested
that the upregulation of Stat3 confers a drug-resistant
phenotype (16,23). Therefore, LU135-wt-src and control
LU135-mock cells were treated with CDDP, VP-16, AMR, or
SN38 at various concentrations for 72 h. The results revealed
that the LUI35-wt-src cells were significantly more resistant
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to CDDP at concentrations of 1-5 M, to VP-16 and AMR at
concentrations of 0.4-1.0 uM, and to SN38 at the concentra-
tions of 5-40 nM compared with the control cells (Fig. 5A).
The ICq, value of LU135-wt-src for each chemotherapeutic
agent was significantly higher compared with that of the
control LU133-mock cells (Fig. 5A).

To evaluate the combined effect of citral and each of
the chemotherapeutic agents, the four SCLC cell lines were
treated with each agent at various concentrations, and the ICg,
value of each cell line for each chemotherapeutic agent was
determined by WST-1 assay, As shown in Fig. 5B, the IC,,
values of the LU165 and MNI1112 cell lines for each of the
chemotherapeutic agents were significantly higher compared
with those of the LUI34AM and LU135 cell lines. Based on
these data, we determined whether the combination of citral
and each chemotherapeutic agent would efficiently inhibit
the proliferation/survival of the relatively chemoresistant

LU135-wt-src, LU165 and MN1112 cells. These cells were
treated with citral or each chemotherapeutic agent alone, or
with the combination of citral and each agent for 72 h. In this
experiment, each of the chemotherapeutic agents and citral
were used at the indicated concentrations, which were the ICs,
or less for each cell line, After 72 h of treatment, the prolifera-
tion/survival of each cell line was assessed by the WST-1 assay.
As shown in Fig. 5C, the combination index (CI) of each of the
relatively chemoresistant cell lines treated with the combina-
tion of citral and each chemotherapeutic agent was <1, but the
CI value of the MN1112 cells treated with the combination
of citral and CDDP or SN38 was very close to 1 (0.9900 or
0.9634, respectively).

These results suggest that the combination of citral and
each chemotherapeutic agent exerts an additive or higher cell
growth inhibitory effect on the relatively chemoresistant LU165
and MN1112 SCLC celis, as well as on the Src-overexpressing
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Figure 5. Combination effects of citral and each of the four chemotherapentic agents on the proliferation/survival of refatively chemoresistant SCLC cells.
(A) The LUI35-wt-src and control LUI35-mock cells were treated with CDDP, VP-16, AMR or SN38 at the indicated concentrations for 72 h, and their
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independent experiments. SCLC, small-cell lung cancer; CDDP, cisplatin; VP-16, etoposide; AMR, amrubicin; SN38, 7-ethyl-10-hydroxycamptothecin.
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LU135-wt-src cells, which exhibit upregulated Stat3(Y705)
phosphorylation and chemoresistance to anticancer drugs
compared with the control LU135-mock cells.

Discussion

The results of the present study demonstrated that LG-EO and
its major constituent, citral, inhibited the constitutive activa-
tion of Src-TK, resulting in suppression of Stat3 activity, which
reduced the expression of the anti-apoptotic factors Bel-xL
and Mcl-1, and consequently induced apoptosis, followed by
the decline of proliferation/survival in all four of the SCLC
cell lines examined. The reduction of Mcl-1 expression was
found to be more closely correlated with the suppression of
proliferation/survival in the SCLC cell lines compared with
the reduction of Bel-xL expression. We also observed that the
overexpression of Src significantly enhanced the resistance to
LG-EOQ, citral and the conventional chemotherapeutic agents
CDDPF, VP-16, AMR and SN38 in LU135-wt-src cells.

Stat3 is constitutively activated in several cancers, and
aberrant signaling via Stat3 has been implicated in malignant
transformation, particularly that induced by Sre-TK (14,32).
Stat3 isalso expressed and activated in both SCLL.C tumor tissues
and SCLC cell lines (17). It was reported that the constitutive
phosphorylation of Stat3(Y705) was detected in 100% (10/10)
of SCLC tumor tissues and the majority of the SCLC cell
lines {17). Src is a major upstream regulator of Stat3 (31), and
activated Src-TK can phosphorylate Stat3(Y705) (31,32); in
addition, the durable activation of Src-TK in tumor cells leads
to a constitutive activation of Stat3 (14,24). To the best of our
knowledge, the present findings are the first to demonstrate
that treatment with LG-EO or citral reduces the phosphoryla-
tion of Stat3(Y705) and Src(Y416) in all the SCL.C cell lines
examined. These findings suggest that I.G-EO and citral
both inhibit the constitutive activation of Src-TK, resulting in
reduction of the constitutive phosphorylation of Stat3(Y705).

To confirm the correlation between the upregulation
of Src-TK and Stat3 activation, wt-sre-transfected and
Src-overexpressing LU135-wt-sre cells were constructed and
treated with L.G-EO or citral. The level of the phosphorylation
of Stat3(Y705) in the LUI35-wt-src cells was clearly higher
compared with that in the control LU135-mock cells, in correla-
tion with the amounts of Src protein and activated p-Src(Y416).
Treatment with each of the reagents reduced the activated
p-Stat3(Y705) in both transfectants, but the reduction in the
LUI35-wt-src cells was attenuated compared with that in the
control LU135-mock cells. As expected, therefore, the inhibi-
tory effect of each reagent on the proliferation/survival of the
LUI35-wt-src cells was significantly attenuated compared with
that in the LUI35-mock cells. Consistent with these findings,
Src overexpression and upregulated Stat3(Y705) phosphoryla-
tion clearly inhibited the LG-EO- or citral-induced apoptosis
of LU135-wt-src cells.

To verify the results using LG-EO or citral, the transfectants
were treated with the Src-TK inhibitor PP2. PP2 preferentially
inhibits Src family TKs, without inhibiting other TKs (33,34).
Treatment with PP2 almost completely inhibited the phos-
phorylation of Src{Y416) in both transfectants, whereas the
activated p-Stat3(Y705) remained more detectable in the
LU135-wt-src compared with the LU135-mock cells. These
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findings indicate that there are TKs other than Src-TK, which
are resistant to PP2 and able to phosphorylate Stat3(Y705),
and/or that LG-EO or citral may directly suppress the phos-
phorylation of Stat3(Y705).

Despite a favorable response to initial chemotherapy, SCLC
almost invariably relapses, and relapsed tumors are generally
refractory to chemotherapy. The oncogenic Stat3 signaling
pathway is associated not only with cell transformation, but also
with intrinsic drug resistance (15,35). Stat3 activation has been
shown to confer a drug-resistant phenotype on cancer cells,
upregulating the expression of anti-apoptotic factors, such as
Bcl-xL and Mecl-1, in the cells, whereas downregulation of Stat3
activation reduced drug resistance (36). In the present study,
the resistance to the four conventional chemotherapeutic agents
was compared between the Src-overexpressing LUI35-wt-src
and the control LU135-mock cells, The LU135-wt-src cells
were significantly more resistant to all chemotherapeutic agents
compared with the control cells. Consistently with previous
reports (15,35), Stat3 activity constitutively upregulated by Src
overexpression enhanced the resistance to chemotherapeutic
agents in the LU135-wt-sre cells.

The activation of Akt is also known to promote the resis-
tance of cancer cells to chemotherapeutic agents (37,38). The
suppression of Akt has been reported to enhance the cyto-
toxicity of anticancer drugs, such as doxorubicin (39,40) and
AMR (21}. Activation of Src-TK leads to Akt stimulation (41).
Selective Src inhibitors were shown to effectively suppress
Akt activity in parallel with Sre-TK inhibition (21). In the
present study, constitutively activated p-Akt(S473) was clearly
detected in the LU134AM and LU165 SCLC cell lines, but not
in LU135, MN1112 or LU135-wt-sre cells (data not shown).
However, the MNI112 cells were significantly more resistant
to each of the four chemotherapeutic agents compared with the
LU134AM cells, in which activated p-Akt(S473) was clearly
detected. These findings suggest that Src/Stat3 activation also
confers resistance to chemotherapentic agents on SCLC celis
in which activated p-Akt(S473) was not detected.

Finally, the combination effect of citral and each conven-
tional chemotherapeutic agent on the relatively chemoresistant
SCLC cell lines LU135-wt-src, LU165 and MN1112 was evalu-
ated. Treatment with the combination of citral and each of the
anticancer drugs CDDP, VP-16, AMR and SN38 at concentra-
tions of IC5; or less appeared to exhibit at least additive or more
potent combination effects on the proliferation/survival of all of
the chemoresistant cell lines examined. The CI value of MN1112
cells for the combination treatment of citral with CDDP or SN38
was very close to 1, which indicates an additive effect.

Phase II trials of the Src-TK inhibitors dasatinib (42) and
saracatinib (43) were conducted for patients with chemosensi-
tive relapsed and advanced-stage SCLC, respectively. In both
trials, the specific efficacy criteria in the clinical setting were
not met. it was reported that dasatinib only exerted a weak
inhibitory effect on the proliferation/survival of the lung
adenocarcinoma cell line A549, and did not inhibit the phos-
phorylation of Stat3(Y705) in these cells (44). Saracatinib also
exerted little effect on tumor growth in preclinical models (43).

By contrast, LG-EO and citral both inhibited the
phosphorylation of Stat3(Y705) and suppressed the prolifera-
tion/survival of A549 cells (unpublished data), as well as of
the SCL.C cell lines examined in the present study. The results
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from our present experiments suggest that the mechanism by
which I.G-EO and citral inhibit Src-TK activity may be distin-
guished from the mechanism of Src-TK inhibition by either of
the two inhibitors dasatinib and saracatinib. Taken together,
our findings suggest that either .G-EO or citral, alone or in
combination with chemotherapeutic agents, may represent a
novel therapeutic option for patients with SCLC.
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