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Natural compounds have been utilized in inhibiting metastasis alone or in combination with other anti-tumor
agents. Dehydrocostus lactone (DHC), a natural sesquiterpene lactone, was used to investigate its effect on
proliferation of lung cancer cells and on the anti-angiogenic efficacy of doxorubicin.

Cell proliferation was assessed by MTT assay and clonogenic assay. Apoptosis and migration were assessed by
flow cytometry and wound-healing assay, respectively. Western blotting and qPCR were performed for gene
and protein expression analysis. Matrigel plug assay was performed for angiogenesis assessment.

Results of the study show that DHC inhibited the survival and proliferation of lung cancer cells (A549 and
H460) and enhanced the growth-inhibitory properties of DOX. Cotreatment of DHC enhanced the apoptosis-
inducing effects of DOX by activating caspase-9 and caspase-3 followed by cleavage of PARP. Treatment of
A549 and H460 cells with DHC caused suppression of HIF-1o, Akt and pAkt, GSK-3 and pGSK-3f, as well as
ERK, pERK, mTOR, and p-mTOR. DHC enhanced the effect of DOX by inhibiting migration of A549 cells as ob-
served by wound-healing assay. DHC caused synergistic inhibition of MMP-2 and MMP-9 genes when treated
in combination with DOX. DHC further enhanced the anti-angiogenic properties of DOX in mice implanted with
Matrigel plugs. DHC suppressed the proliferation of lung cancer cells and enhanced the anti-angiogenic prop-
erties of DOX.

The putative mechanism behind the metastasis-limiting effects of DHC may involve the suppression of Akt/GSK-
3B and inhibition of MMP-2 and MMP-9 in lung cancer cells.
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Background

Lung cancer was diagnosed in about 2 million people and re-
sulted in about 1.6 million deaths worldwide in 2016 [1]. Lung
cancer is a malignant tumor characterized by uncontrolled pro-
liferation of cells in lung tissues and is characterized as small-
cell lung carcinoma and non-small-cell lung carcinoma (NSCLC).
NSCLC has a relatively poor prognosis and accounts for about
80% of all lung cancer cases [1]. Smoking remains the major
cause (about 85%) of lung carcinogenesis, mainly due to car-
cinogens (more than 70 reported), mainly benzo[o]pyrene,
1,3-butadiene, and NNK [2]. Treatments for lung cancer, such
as surgical resection, radiation therapy, adjuvant chemotherapy,
and targeted therapy, have been conventionally applied and
have been advanced with research approaches in diagnosis
and therapy for improving health and survival of patients [3].
Among these, chemotherapy has been a critical intervention
for lung cancers, but limiting metastasis is still a challenge.
Angiogenesis is a normal process of formation of new blood ves-
sels, which is regulated mainly by vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF). Tumor
cells persistently release these factors and tightly regulate the
switch between angiogenesis inhibitors and activators [4]. Thus,
inhibition of these angiogenic steps by blocking angiogenesis-
related proteins by chemotherapeutic agents could be a novel
preventive strategy to arrest tumor growth. Chemotherapeutic
agents possessing the ability to induce apoptosis and inhibit
migration or invasion may effectively limit metastatic lung car-
cinoma [5]. Thus, drugs with abilities to suppress malignant tu-
morigenesis, invasion, and metastasis may intervene through
the regulation of cellular apoptosis. Chemotherapy regimens
can suppress cancer symptoms and improve quality of life for
lung cancer patients [6]. Drugs activating apoptosis and lim-
iting metastasis can selectively inhibit proliferation of cancer
cells and are in increasingly high demand. Growing evidence
suggests that Traditional Chinese Medicine and phytochemicals
may exert promising alternative therapeutic effects on human
malignancies, including limiting metastasis [7,8].

Dehydrocostus lactone (DHC) is a sesquiterpene lactone isolated
from Chinese herbs like Saussurea lappa and Laurus nobilis.
DHC has been used to treat various diseases, including pre-
vention of various types of cancers, such as liver cancer [9,10],
breast cancer [11,12], leukemias [13], prostatic cancer [14],
ovarian cancer [15], colorectal cancer [16], and bladder
cancer [17]. DHC mediates anti-cancer effects by interacting
mechanisms like inhibition of telomerase activity, induction
of cellular apoptosis pathways (mitochondrial intrinsic and
death-receptor dependent extrinsic), induced endoplasmic re-
ticulum (ER) stress [18], and limiting migration-invasion and
metastasis [8,16,19]. DHC prevents growth of various types
of cancer by specific mechanisms like tumor necrosis factor
(TNF)-a-induced degradation and phosphorylation of 1kBa [20],
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inhibition of signal transducers, and activators of transcription
3 (STAT3) [9]. JAK/STAT modulation by DHC has been found to
be associated with suppression of human chronic myeloid leu-
kemia cells proliferation [21]. DHC suppresses proliferation of
glioma cells through inhibition of the NF-kB/COX-2 signaling
pathway by targeting IKKB [22]. DHC suppressed the angio-
genesis of human umbilical vein endothelial cells (HUVEC) in
vitro and in vivo through inhibition of Akt/glycogen synthase
kinase (GSK-3B) and mechanistic target of rapamycin (mTOR)
signaling pathways [23]. DHC was also shown to prevent in-
vasiveness of cervical cancer cells through the PI3K/Akt sig-
naling pathway [24] and inhibited invasion and migration in
neuroblastoma cells [25]. These properties indicate that DHC
might be a promising anti-tumor agent alone or in combina-
tion with other chemotherapeutic agents, and it may modu-
late tumor metastasis, which also needs validation.

This study investigated the anti-proliferative effects induced
by DHC in lung cancer cells in vitro and in vivo. The effects of
DHC in combination with doxorubicin (DOX) was also analyzed
and the molecular mechanism was elucidated.

Material and Methods

Cell culture

Human lung carcinoma cells A549 and human NSCLC cells
NCI-H460 were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Thermo Fisher Scientific Inc., OK, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS),
penicillin (100 U/mL), and streptomycin (100 pg/mL), all from
Sigma (MO, USA). Cells were kept at 37°C in a humidified at-
mosphere of 5% CO, and 95% air in a CO, incubator.

Cell viability assay

A549 and H460 cells were seeded at a density of 4000 cells
per well in 96-well plates for 24 h and then treated with or
without DHC, DOX, and DHC+DOX for 48 h at various concen-
trations. DHC and DOX were dissolved in dimethyl sulfoxide
(DMSO0) and serially diluted for treating cell cultures to a final
concentration of 1% DMSO as vehicle control. The MTT cell
viability kit (Sigma) was used as per the manufacturer’s in-
structions. The percentage of viable cells in test sets was cal-
culated against vehicle control. Experiments were performed
in triplicate.

Clonogenic assay
A549 and H460 cells were seeded at a density of 4000 cells

per well in 96-well plates for 24 h and then treated with or
without DHC, DOX, and DHC+DOX at indicated concentrations
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for 24 h. Culture media was removed from wells and 100 pl
methanol added. Plates were incubated at 37°C for 30 min,
then cells were stained with crystal violet for 1 h. Cells were
then washed with PBS and counted under a light microscope
(40x). Experiments were performed in triplicates.

Flow Cytometric assessment of apoptosis

A549 and H460 cells were seeded at a density of 2x106 cells for
24 h and then treated with or without DHC, DOX, and DHC+DOX
at indicated concentrations for 24 h. The pattern of apoptotic
cell death in cells was assayed by flow cytometry using the
Annexin V-FITC Apoptosis Detection Kit (BD Bioscience, USA) as
per the manufacturer’s instructions. Cells treated for 24 h were
subjected to staining with FITC-conjugated annexin V and anal-
ysis by flow cytometry using FACSCalibur (BD Bioscience, USA).

Wound-healing assay

A549 cells were seeded in 6-well plates at a density of 1x10°
cells per well for 24 h. Cells could grow in a monolayer conflu-
ence and wounds were created with a sterile micropipette tip
of 200 pl volume. Cells in different wells were treated with or
without DHC, DOX, and DHC+DOX at indicated concentrations
for 24 h. Wells were photographed under phase-contrast mi-
croscopy at 0 h (within 30 min of creating the wound) and at
the end of incubation (24 h). The images of wound scratches
were comparatively analyzed in different treatment groups.

Protein isolation and western blotting

A549 and H460 cells were seeded in 6-well plates for 24 h and
then treated with or without DHC, DOX, and DHC+DOX at indi-
cated concentrations for 24 h. Protein was isolated from cells
and quantified by using the BCA protein assay kit (Sigma, USA).
An equal amount of protein was electrophoresed by SDS-PAGE
followed by blot transfer onto the PVDF membrane. Membranes
were incubation with specific primary antibodies overnight at
4°C followed by treatment with HRP-conjugated secondary
antibodies. Protein bands were visualized by using an en-
hanced chemiluminescence (ECL) detection system (Thermo
Fisher, USA). Primary antibodies with the following technical
details were used for Western blotting: caspase-9 (Cat#9508,
Cell Signaling Technology, USA), caspase-3 (Cat#9662, Cell
Signaling Technology, USA), PARP (Cat#9542, Cell Signaling
Technology, USA), NF-xB (Cat# NB100-2176, Novus Biologicals,
USA), BCL-2 (Cat#2876, Cell Signaling Technology, USA), GAPDH
(Cat#tsc-166574, Santacruz Biotechnology, USA), HIF-1o: (Cat#
NB100-105, Novus Biologicals, USA), AKT (Cat#4691, Cell
Signaling Technology, USA), pAKT (Cat#9271, Cell Signaling
Technology, USA), ERK1/2 (Cat#9102, Cell Signaling Technology,
USA), pERK1/2 (Cat#9106, Cell Signaling Technology, USA),
GSK-3p (Cat#9366, Cell Signaling Technology, USA), pGSK-3f
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(Cat#9323, Cell Signaling Technology, USA), mTOR (Cat#2983,
Cell Signaling Technology, USA), p-mTOR (Cat#2971, Cell
Signaling Technology, USA).

RNA isolation and quantitative real-time PCR (qPCR)

A549 cells were seeded in 6-well plates for 24 h and then
treated with or without DHC, DOX, and DHC+DOX at indicated
concentrations for 24 h. Total cellular RNA was extracted using
TRIzol reagent (Thermo Fisher, USA) and cDNA was synthesized
using the Superscript IIl reverse transcription kit (Thermo Fisher,
USA). The gPCR amplification for target genes was performed
on an Applied Biosystems 7500 Real-Time PCR system. A total
of 2 pl cDNA per sample was used for target amplification in a
20-pl reaction using 10-pmol primers (forward and reverse each)
and 10 pL of SYBR Green dye (Thermo Fischer, USA). SYBR Green
binding to double-stranded DNA resulted in the fluorescence,
which was measured and quantified by threshold cycle (Ct)
value method. Gene-specific primers used for PCR analysis were:
MMP-1, 5’-AGCTAGCTCAGGATGACATTGATG-3’ (forward) and
5’-GCCGATGGG CTGGACAG-3’ (reverse); MMP-2, 5-TGAGCTCCCG
GAAAAGATTG-3’ (forward) and 5’-TCAGCAGCC TAGCCAGTCG-3’
(reverse); MMP-9, 5’-CAACATCAC CTATTGGATCC-3’ (forward)
and 5’-CGGGTGTAG AGTCTCTCGCT-3’ (reverse); GAPDH,
5’-ACCACAGTCC ATGCCATCAC-3’ (forward) and 5’-TCCACCACC
CTGTTGCTGTA-3’ (reverse). The relative quantification of genes
was performed by normalizing their levels to that of 18S in the
same cDNA. Data are represented as relative fold change in
expression of target genes in treatment group versus control.
Each experiment was performed in triplicate.

Animals

The animal experimental procedures were performed in accor-
dance with the guidelines of the Animal Ethics Committee of
the institute. Animal ethics clearance was obtained for each
experiment performed in this study. Female C57BL/6 mice
(5 weeks old and 22 g average weight) were included in the
study for Matrigel assay. Mice were housed in a climate-con-
trolled room maintained at 22-24°C and 50-60% humidity
with a 12-h light/dark cycle.

In vivo anti-angiogenesis (Matrigel plug) assay

The anti-angiogenic effect of DHC alone or in combination with
DOX was investigated by the in vivo angiogenesis assay in an
exogenous Matrigel plug injected into C57BL/6 mice (n=5, each
group). Matrigel (BD Bioscience, San Jose, CA) was injected in
mice after mixing with heparin (10 units/ml), VEGF (40 ng/ml),
IGF-1 (40 ng/ml), EGF (40 ng/ml), and bFGF (40 ng/ml), all from
Sigma. The mixture was mixed with: (i) vehicle control, (ii) DHC
(5 mg/kg), and (jii) DHC (5 mg/kg) + DOX (2 mg/kg) and the re-
sulting mixture was injected subcutaneously into the abdomens
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under cold conditions. One week later, mice in the 3 groups
were sacrificed and the Matrigel plugs were carefully dissected
and photographed. Angiogenesis was assayed by determining
blood vessel growth in the Matrigel plugs. The quantification
of the formation of blood vessels and hemoglobin content
was analyzed using Drabkin’s reagent kit (Sigma, USA). To vi-
sualize endothelial infiltration and to assess the microvascular
density (MVD) in treatment groups, Masson’s Trichrome (M-T)
staining was performed. Matrigel plugs were sectioned to 4-pm
thickness followed by staining with M-T solution. The blood
vessels distribution was visualized under a light microscope.

Statistical analysis

All data were collected in triplicate and are presented as
mean+SD (standard deviation). Data were analyzed using
SPSS v15.0 statistical software (SPSS, Chicago, IL, USA) and
statistical comparisons were performed between the groups
by the one-way analysis of variance (ANOVA) or t test, as per
experimental requirements. P values <0.05 were considered
statistically significant.

Results

DHC suppresses proliferation of lung cancer cells

The effect of DHC on survival and proliferation of lung cancer
cells was investigated by treating A549 and H460 cells with
DHC alone or in combination with DOX. The cell growth anal-
ysis demonstrates that DHC suppressed the growth of both
cells in time- and dose-dependent manners (Figure 1A). The
growth-inhibitory concentration (IC50) determined for A549
and H460 in both cell lines was about 2 yM at 24 h and about
1 UM at 48 h. DHC has time-dependent pharmacological ef-
fects on lung cancer cells. DHC was effective on both cell
lines at 24 h, which was further enhanced at 48 h of treat-
ment (Figure 1A). Next, we assessed the effect of the combi-
nation of DHC (1 and 5 pM) with DOX (1 uM) by analyzing cell
viability (Figure 1B). The treatment of A549 with DOX caused
15.8% growth inhibition (in 3 quadrants), which was signifi-
cantly enhanced to 25.4% growth inhibition (in 3 quadrants)
at 1 pM of DHC. The growth inhibition was synergistically high
in the combination of 1 uM DOX and 5 uM DHC with 42.8%
cells in early apoptosis, 16.2% in late apoptosis, and 6.8% in
necrosis stage (Figure 2B). The treatment of H460 cells with
DOX (1 uM) caused growth inhibition in a similar manner with
13.2% growth inhibition with only DOX and 20.6% growth in-
hibition with only DHC. The combination of DOX and DHC lead
to a high growth inhibition with 22.4% of cells in early apop-
tosis and 34.2% in late apoptosis stage (Figure 2B). The effect
of DOX and its combination with DHC on H460 cells was sim-
ilar in pattern to A549 cells, yet slightly lower; however, this
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assessment is not comparable. Further, the clonogenic assay
was performed to analyze the effect of DHC on proliferation
of A549 lung cancer cells proliferation. Colony formation assay
results demonstrated that DHC (1 uM) treatment (24 h) sup-
pressed the proliferation of A549 by 38%, DOX (1 uM) sup-
pressed colony formation by 26%, and the combination of both
at 1 pM each synergistically suppressed A549 cells prolifera-
tion to 48% (Figure 1C). These results show that DHC enhances
the chemotherapeutic potentials of DOX in lung cancer cells.

DHC enhances pro-apoptotic and anti-angiogenic
properties of DOX

To understand the mechanism behind the growth-inhibitory ef-
fects of DHC and DOX, A549 and H460 cells were stained with
Annexin V and PI and subjected to FACS analysis (Figure 2A).
DHC (1 pM)-treated cells showed induction of apoptosis by
16.8% and 16.4% for early and late apoptosis, respectively.
DOX (1 pM)-treated A549 cells also showed induction of apop-
tosis by 6.8% (early apoptosis) and 11.6% (late apoptosis).
A combination of both showed a drastic increase in early apop-
tosis (18.4%) and late apoptosis (23.5%). Similar observations
and trends in apoptosis were recorded for H460 cells. These
results show that DHC enhanced the apoptosis-inducing ef-
fects of DOX in A549 and H460 cells, which was further con-
firmed by Western blotting of protein proliferation signaling
(Figure 2B). DHC (1 uM) induced apoptosis by causing activa-
tion of pro-caspase-9 followed by cleavage of pro-caspase-3
to cleaved-caspase-3. DHC (1 uM) further caused cleavage of
PARP, a nuclear substrate of caspase-3, leading to cell death.
DOX (1 uM) also induced apoptosis via the caspase-9-de-
pendent pathway. The combination of DHC significantly en-
hanced the apoptosis-inducing effects DOX. The activation of
caspases (9 and 3) and cleavage of PARP was drastic with the
combination of DHC with DOX (Figure 2B). These results col-
lectively demonstrate that DHC enhanced the apoptosis-in-
ducing properties of DOX in lung cancer cells, which caused
growth inhibition.

DHC modulates growth-regulatory and angiogenesis
signaling pathways

Rigorous tumor growth causes hypoxia, which upregulates hy-
poxia-inducible factor-1 alpha (HIF-1c) levels, leading to cell
survival and angiogenesis via activation of PI3K/Akt and ERK
as well as GSK-3p signaling cascades [26,27]. We assessed the
effect of DHC on expression of proteins in cell growth and pro-
liferation signaling, as well as proteins involved in maintaining
invasiveness and migration of cells. Western blotting results
(Figure 3) show that treatment of A549 and H460 cells with
DHC suppressed the levels of HIF-1a in a dose-dependent
manner. DHC suppressed the levels of Akt in both cell lines,
but more clearly at the 5-uM concentration. The levels of pAkt
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Figure 1. Effect of DHC on cell survival and proliferation. (A) A549 and H460 cells were treated with DHC at indicated concentrations
for 24 and 48 h and cell viability was assayed. The MTT cell viability assessment is represented as percent of control.
* P<0.05 vs. control for 24 or 48 h. (B) Cells were treated with DHC and DOX for 48 h and cell viability was assayed. * P<0.05
vs. control; * P<0.05 vs. DOX and DHC. (C) A549 cells were treated with DHC and DOX for 24 h and clonogenic assay was
performed. Percentage of cells per well is represented as compared to control. DHC — dehydrocostus lactone;
DOX — doxorubicin. * P<0.05 vs. control; # P<0.05 vs. DOX or DHC.
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Figure 2. Effect of DHC on apoptosis of lung cancer cells. (A) Flow cytometry analysis of A549 and H460 cells after annexin V/PI-FITC
staining. (B) Western blot analysis of apoptosis-related proteins from A549 and H460 cells treated with or without DOX and
DHC. DHC - dehydrocostus lactone; DOX — doxorubicin.
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Figure 3. Effect of DHC on cell survival and growth-regulatory proteins. Western blotting of apoptosis-related proteins from A549 and
H460 cells treated with or without DOX and DHC. DHC — dehydrocostus lactone; DOX — doxorubicin.
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Figure 4. Effects of DHC and DOX migration and invasion of lung cancer cells. (A) Representative photomicrographs of cell migration
analyzed by wound-healing assay (40x). Quantification of the number of migrated cells at 24 h of treatment is represented
as the percentage of the vehicle control. DHC — dehydrocostus lactone; DOX — doxorubicin. * P<0.05 vs. control; ** P<0.05
vs. DOX or DHC. # P=0.041 vs. control. (B) A549 cells were treated with DOX and/or DHC and MMPs expression levels were

analyzed by gPCR.

were also similarly reduced in both cell lines by DHC treatment.
Likewise, ERK and pERK were reduced by the treatment of DHC,
in a dose-dependent manner. GSK-3 was highly expressed
in both cell lines and was subsequently suppressed by treat-
ment with DHC in a dose-dependent manner. The phosphory-
lated form of GSK-3f was also suppressed by DHC treatment in
both cell lines. In addition, mTOR and p-mTOR levels were also
reduced by DHC treatment in both cell lines. A549 cells were
more responsive to DHC, especially at the 5-uM dose. These
results clearly indicate that DHC has inhibitory effects against
growth-regulatory and cell proliferation signaling molecules.
DHC also suppressed HIF-1a, which supports our hypothesis
that DHC interfere in angiogenic processes in lung cancer cells.

DHC enhances anti-angiogenic effects of DOX

Results in Figure 3 indicate the probable anti-angiogenic role
of DHC in lung cancer cells, so we assessed the effect of DHC
in combination with DOX on migration and invasion of lung
cancer cells. The wound-healing assay was performed to
evaluate the effects of DHC in combination with DOX on mi-
gration of A549 cells. Results in Figure 4A demonstrate that
wound-healing was very high in control cells and cells almost
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reached confluence at 24 h after wound creation. A549 cells
treated with DOX at the 1-uM concentration showed dramatic
wound healing at 24 h. Likewise, treatment of A549 cells with
DHC at the 1-uM concentration showed high wound healing
at 24 h, while the combination of DHC and DOX (1 pM each)
drastically increased the wound-healing pattern in A549 cells
at 24 h after wound creation. The quantitative estimation of
cells transport ratio shows that control cells reached 92+6%
confluence at 24 h after wound creation. Treatment of cells
with DOX and DHC (1 uM each) caused transport of 61+5%
and 69+6% cells (* P<0.003) as compared to control, while
the combination of DOX and DHC (1 pM each) caused 78+6%
(** P<0.02) cells transport as compared to control (Figure 4A).
The high migration of cells in combination of DOX with DHC
was close to that of the control (78%) with a marginal statis-
tical difference (* P=0.041 vs. control) (Figure 4A).

Cancer cell metastasis is characterized by the degradation of
ECM, which is closely associated with overexpression of pro-
teolytic enzymes like matrix metalloprotease (MMPs) [28].
Activation of MMPs 1, 2, and 9 has been found elevated in
the metastasis of several carcinomas. Thus, we examined
the effect of DHC in combination with DOX on A549 cells by
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Figure 5. DHC inhibits angiogenesis and enhances effects of DOX. (A) Matrigel plugs were implanted in C57BL/6 mice (n=5).
(B) Masson-Trichrome staining from sections of the Matrigel plug (40x). Scale bar 100 uM. (C) Hemoglobin content was
analyzed data represented as mean +SD. DHC — dehydrocostus lactone; DOX — doxorubicin. * P<0.05 vs. control; # P<0.001 vs.

control; ** P<0.038 vs. DOX; *** P<0.022 vs. DHC.

analyzing gene expression of MMP-1, MMP-2, and MMP-9 by
gPCR (Figure 4B). Results show that treatment of A549 cells
with DOX (1 pM) and DHC (1 uM) alone caused reduction in
the levels of MMP-1, MMP-2, and MMP-9 to significant levels
as compared to that in control. The combination of DOX (1 uM)
with DHC (1 uM) caused synergistic reduction in the levels of
MMP-1, MMP-2, and MMP-9 to significant levels (Figure 4B).
These observations suggest that DHC enhances the anti-an-
giogenic effects of DOX in lung cancer.

DHC enhances anti-angiogenic properties of DOX in mice

The anti-angiogenic effects of DHC were evaluated in a Matrigel
plug in the mouse model (Figure 5). Matrigel plugs in control
mice (containing VEGF alone) were very dark red, suggesting
vessel formation by induction of the angiogenic process
(Figure 5A). The Matrigel plugs in DOX-treated mice were light-
er than in control mice, followed by lighter Matrigel plugs in
DHC-treated mice. Conversely, the Matrigel plugs in mice treat-
ed with the combination of DOX and DHC were avascular and
pale white (Figure 5A). These observations suggest that Matrigel
plugs in control mice have abundant functional vasculatures
formed due to VEGF supplementation, which was subsequently
suppressed by DOX and DHC or the combination of both. These
results were further supported by M-T staining of the sections
of Matrigel plugs and by analyzing the number of functional ves-
sels within the Matrigel plugs (Figure 5B). Control mice showed
very high number of blood vessels formed in the Matrigel plugs,
while the vasculature was comparatively lower in DOX- and
DHC-treated mice. Furthermore, the section of Matrigel plugs
in mice treated with the combination of DOX and DHC showed
drastically reduced numbers of vessels (Figure 5B). The analysis

of hemoglobin content in Matrigel plugs was further confir-
mation of angiogenesis (Figure 5C). The relative hemoglobin
(Hb) content in control mice averaged 100+8%. The relative
Hb content was comparatively lower in DOX- and DHC-treated
mice, at 84+7% and 68+7%, respectively, while the combina-
tion of DOX with DHC showed drastically lower levels of Hb
content (32+6%) (Figure 5C). The statistical analysis of these
data shows that Hb content was significantly lower in mice in-
dividually treated with DOX and DHC (* P<0.05) as compared
to control. The combination of DOX with DHC produced sig-
nificantly lower Hb levels (# P<0.001) compared to control.
The combination of DHC with DOX caused highly significant
reduction in Hb levels as compared to DOX (** P<0.038) and
DHC (*** P<0.022) alone. Overall, these results demonstrate
that DHC suppresses angiogenesis in a mouse model and it
enhances the anti-angiogenic properties of DOX when treated
in combination.

Discussion

Lung cancer therapy requires prevention of invasion and me-
tastasis of carcinoma. Thus, there is a need for therapeutic mo-
dalities limiting lung cancer metastasis, along with a need to
reduce the associated adverse effects. Natural chemical agents
have been a great source of cancer therapy drugs and several
phytochemical treatments have showed metastasis-limiting
potential. In this study, we demonstrated that DHC induced
apoptotic cell death in lung cancer cell lines A549 and H460.
Whether DHC-induced apoptotic machinery affects prolifera-
tion and invasive potential of lung cancer was further explored.
Based on the available knowledge of tumor biology, plant
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molecules with novel and specific mechanisms of action may
serve as alternative therapies, even in drug-resistant tumors.

Network-based pharmacological approaches have been
successful in determining the active components of plants and
have led to identification of bioactive molecules, such as the
identification of over 70 compounds from Curculigo orchioides
as potential targets for the treatment of osteoporosis [29].
Diterpenoids are interesting molecules for cancer therapy
and prevention. Recently, 2 diterpenoids (Jolkinolide A and B)
isolated from Euphorbia fischeriana were shown to have anti-
tumor and anti-metastatic activity against lung the cancer cell
line A549. They prevented the invasion of tumor cells to blood
vessels and thus metastasis [30]. Dehydrocostus lactone, a ses-
quiterpene lactone, has shown potent therapeutic effects, in-
cluding anti-cancer effects [9-15,17]. DHC was reported to trig-
ger oxidative endoplasmic reticular stress, leading to apoptotic
cell death in lung carcinoma cells [18]. However, studies relating
the effects of DHC on angiogenesis and metastasis need valida-
tion. The present study found that DHC inhibited the prolifera-
tion of lung cancer cell lines (A549 and H460) and it enhanced
the growth-inhibitor properties of DOX against both cell lines.
DHC was found to induce mitochondrial intrinsic apoptosis with
enhanced pro-apoptotic effects of DOX in both cell lines. DHC
was shown to induce apoptosis in liver [9,10], breast [11,12],
leukemia [13], prostate [14], ovary [15], colon [16], and blad-
der cancer [17]. DHC caused reduction in HIF-1o: levels in A549
and H460 cells followed by suppression of the levels of Akt
and pAkt, GSK-3B and pGSK-3p, and mTOR and p-mTOR. It is
noteworthy that Akt levels were remarkably reduced by DHC
at 5-uM concentration in cell lines, while 1-uM DHC was only
fairly effective. However, pAkt levels were effectively reduced
at 1-uM DHC in both cell lines. DHC was also earlier reported
to modulate Akt signaling in cervical cancer cells [24]. These
observations indicate that DHC may act as anti-angiogenic
agent in treatment conditions and it may also enhance the
effects of DOX. HIF-1a plays an essential role in the develop-
ment of NSCLC by regulating important signaling events in re-
sponse to hypoxia for cell survival and angiogenesis [26,27].
HIF-1a is a heterodimer consisting of 2 subunits (o and B).
It is stabilized during hypoxia but metabolized by the ubig-
uitin-proteasomal pathway under normoxia. Thus, it acts as
a marker signaling molecule activated under hypoxia, and is,
in turn, a marker of tumor environments where oxygen defi-
ciency is due to high cell proliferation. The HIF-1a stabiliza-
tion and activation process is affected by specific signal cas-
cades, such as PI3K/Akt and ERK [31,32]. A natural diterpene,
andrographolide, also suppressed metastasis of lung can-
cer cells by suppressing HIF-1a through suppression of PI3K/
Akt signaling [33]. PI3K/Akt and ERK signaling cascades were
also reported to be involved in HIF-1la-mediated metastasis
in human malignancies like ovarian carcinoma [34], breast
tumor [35], hepatoma [36], and prostate cancer [37]. Tumor
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growth is critically regulated by Akt activation, which simulta-
neously causes activation of phosphorylation in a number of
substrates, including GSK-3[ [38], which regulates cell cycle
progression by phosphorylating cyclin D1 [39]. DHC was re-
ported to suppress proliferation and invasiveness of cervical
cancer cells through downregulation of the 13K/Akt signaling
pathway [24]. Our results are comparable to these observa-
tions that DHC inhibited the HIF-1a followed by inhibition of
Akt/GSK-3 signaling pathways, leading to limiting the rate
of metastasis in lung cancer cells.

DHC was further found to exert anti-angiogenic effects against
A549 cells and it enhanced the effects of DOX. DHC treatment
of A549 cells caused transport of cells for wound-healing. DOX-
treated cells, when co-treated with DHC, showed dramatically
high transport of cells in synergistic manner. Cancer cell me-
tastasis is characterized by the overexpression of proteolytic
enzymes like MMP-2 and MMP-9, controlling the rate of cell
invasion and metastasis [28,40,41]. Higher levels of MMPs are
critically associated with metastasis in many tumors, including
lung cancer [41], and MMP-9 overexpression is especially as-
sociated with the progression of several tumor types [42,43].
MMP-2 is constitutively expressed in tissues and its level is ab-
rogated during neoplastic transformation, especially at the oc-
currence of metastasis leading to migration and invasion [42].
Therefore, pharmacological inhibition of MMP-2 and MMP-9 is
a critical target in therapeutic strategies against malignant tu-
mors, including lung cancer. DHC inhibited the levels of MMP-2
and MMP-9 and it also caused synergistic inhibition of both
MMPs when treated in combination with DOX.

DHC was further found to enhance the anti-angiogenic prop-
erties of DOX in mice implanted with Matrigel plugs. DHC-
treated Matrigel plugs showed highly reduced vasculature as
compared to control and similar observation reported from
the DOX-treated Matrigel plugs. The combination of DHC en-
hanced the vessel-growth inhibitor properties of DOX in plugs.
The M-T staining of Matrigel plugs sections and the Hb con-
tent analysis confirms our observation. DHC was reported
to suppress proliferation and invasiveness of cervical cancer
cells [24] and suppressed proliferation, migration, and invasion
of colorectal carcinoma [16]. Overall results demonstrate that
DHC suppresses angiogenesis in a mouse model and enhances
the anti-angiogenic properties of DOX when treated in combi-
nation. The possible mechanism of action is suppression of Akt/
GSK-3p and inhibition of MMPs (2 and 9) in lung cancer cells.

Conclusions

Results of the study demonstrate that DHC could be a potent
anti-tumor agent with pro-apoptotic properties, which sup-
presses proliferation of lung cancer cells. DHC enhances the
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apoptosis-inducing and growth-inhibitory properties of DOX.
DHC suppressed the expression of HIF1o, GSK-3f, Akt, ERK,
MMP-2, and MMP-9 and limited the metastasis of lung tu-
mors. DHC enhanced the anti-angiogenic properties of DOX
through a probable mechanism of the inhibition of Akt/GSK-
3B and MMPs (2 and 9) signaling in lung cancer cells. Our find-
ings emphasize the therapeutic potential of DHC in targeting
Akt/GSK-3p signaling and for limiting metastasis of lung car-
cinoma. These observations have high clinical relevance in de-
veloping therapeutic regimens containing DHC for individual
treatment or to enhance the efficacy of known anti-cancer
agents such as DOX.
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