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A B S T R A C T

Lung carcinogenesis is a complex process in an unregulated inflammatory environment.

Curcumin has been extensively investigated as a multi-target anti-tumor and anti-

inflammation compound. In this paper, we demonstrate a novel inflammation-related

mechanism for curcumin-induced inhibition of lung tumor growth. We found that neutro-

phil elastase, an important regulator of inflammatory processes, directly triggered tumor

cell proliferation in human lung adenocarcinoma A549 cells, and curcumin could com-

pletely suppress the excess tumor proliferation induced by neutrophil elastase. a1-anti-

trypsin is synthesized by tumor cells and is the natural inhibitor of neutrophil elastase.

We found that curcumin counteracted the decrease of a1-antitrypsin induced by neutro-

phil elastase by inducing the promoter activity of a1-antitrypsin and promoting its expres-

sion in A549 cells. The inhibition of neutrophil elastase-induced proliferation by curcumin

was dependent on the PI3K/Akt pathway. Knockdown of a1-antitrypsin by siRNA further

enhanced the tumor cell proliferation induced by neutrophil elastase and significantly

blocked the anti-proliferation effect of curcumin against neutrophil elastase. Curcumin re-

markably inhibited the primary tumor growth of Lewis lung carcinoma (LLC) in C57BL/6

mice. We further showed that curcumin upregulated the level of a1-antitrypsin in primary

tumor tissue by promoting its local expression, and the protein level of neutrophil elastase

in tumor tissue was obviously decreased in mice treated with curcumin. Overall, our re-

sults suggest that neutrophil elastase and a1-antitrypsin play important roles in modulat-

ing lung tumor proliferation in inflammatory microenvironment and curcumin inhibits

neutrophil elastase-induced tumor proliferation via upregulating a1-antitrypsin expression

in vitro and in vivo.
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Published by Elsevier B.V. All rights reserved.
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proliferation, apoptosis resistance, invasion, metastasis and

angiogenesis in a deregulated inflammatory environment

(Lee et al., 2008). The surrounding inflammation in the tumor

microenvironment has many tumor-promoting effects which

accelerate the proliferation and survival of malignant cells,

and promote angiogenesis and metastasis (Mantovani et al.,

2008). A better understanding of molecular mechanisms in-

volved in tumor-associated inflammation may provide

a new insight for improved diagnosis and drug development

in the treatment of lung cancer.

Curcumin (diferuloylmethane), a polyphenolic natural

product, is the main active component of tumeric derived

from the rhizomes of Curcuma longa, which is used in cooking

and traditional medicines (Goel et al., 2008). Curcumin has

been extensively investigated as an anticancer compound

which inhibits proliferation, invasion, angiogenesis and me-

tastasis in various cancer cells and animal models including

colon cancer, breast cancer, lung cancer and prostate cancer

(Kunnumakkara et al., 2008, 2007; Wu et al., 2010). Increasing

evidence indicates that curcumin has a range of molecular

targets and influences numerous biochemical and molecular

processes (Goel et al., 2008). Moreover, curcumin is safe for

humans and there is no dose-limiting toxicity when curcumin

is administered at doses up to 10 g/day (Cheng et al., 2001). In

addition to its anti-tumor effect, curcumin also has anti-

inflammatory activity (Jurenka, 2009). Curcumin modulates

the inflammatory response by downregulating the activity of

cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase

(iNOS) enzymes, and suppressing nuclear factor kappa B (NF-

kB) activation (Surh et al., 2001). However, the molecular

mechanisms underlying the anti-tumor properties of curcu-

min within specific inflammatory microenvironment still re-

main elusive. In this paper, we demonstrate some other

contributions of inflammation to lung cancer progression

and the novel molecular mechanism of curcumin-induced in-

hibition of lung tumor growth.

Neutrophils, as a component of the tumor microenviron-

ment, only recently have been thought to play an important

role in tumor growth and invasiveness (Gregory and

Houghton, 2011). The presence of increased infiltrated neutro-

phils within tumors was significantly associated with a poorer

clinical outcome in patients with bronchioloalveolar carci-

noma (Cadranel et al., 1998). Neutrophil elastase released by

activated neutrophils is the most potent neutrophil protein-

ase. The potential substrates of this protease include cyto-

kines and cytokine receptors, which makes neutrophil

elastase a potential regulator of the inflammatory process

(Lungarella et al., 2008). Recent reports have shown that neu-

trophil elastase directly leads to uncontrolled tumor prolifera-

tion in lung adenocarcinoma mice model and lung epithelial

tumor cells (Houghton et al., 2010). To our knowledge, there

is no information available to address the effects of natural

products on this key inflammatory molecule, neutrophil elas-

tase. In the present study, we investigate themolecularmech-

anisms by which curcumin suppresses the tumor growth

induced by neutrophil elastase. Our results suggest that cur-

cumin could inhibit neutrophil elastase-induced tumor prolif-

eration by upregulating the expression of a1-antitrypsin

which is the natural inhibitor of neutrophil elastase in lung

cancer in vitro and in vivo.
2. Materials and methods

2.1. Cell culture and treatment

Human lung adenocarcinoma cell lines A549 and Calu-3 were

used for in vitro experiments. The cells were maintained in

Dulbecco’s modified essential medium (DMEM, Gibco, NY,

USA) plus 10% fetal bovine serum (FBS), 100 U/ml penicillin

and 100 mg/ml streptomycin in a humidified incubator with

5% CO2 in air at 37 �C. The cells were treated with different

concentrations of neutrophil elastase (Merck Group, Darm-

stedt, Germany) and/or curcumin (SigmaeAldrich Co., St

Louis, Mo, USA) for 24 h and then evaluated as described later.

2.2. Lewis lung carcinoma mice model

Female C57BL/6 mice weighing 18e20 g were purchased from

the Experimental Animal Center of Peking University (Grade

II, Certificate No. 11-00-0004). Lewis lung carcinoma (LLC)

was provided by Chinese Academy of Medical Sciences and

maintained in C57BL/6 mice by the subcutaneous injection

of 0.2 ml of homogenized tumor tissue suspension (tumor tis-

sue (g): 0.9% sodium chloride (ml) ¼ 1:3) into the left flank fold

(Ma et al., 2011). Curcumin was administered orally via a gas-

tric probe for 21 days after the inoculation of tumor cells. The

mice were randomly divided into three groups, and respec-

tively received the vehicle, curcumin 100 mg/kg/day or curcu-

min 300mg/kg/day. On day 22, after anesthesiawith ether and

scarification, primary tumors and lungs were removed and

weighed. All manipulations involving livemicewere approved

by the Animal Experiment Ethical Committee of Peking Uni-

versity. The sections of primary tumor tissue used for immu-

nohistochemistry were rinsed with cold PBS, embedded in

OCT compound (Sakura Finetek Japan Co., Tokyo, Japan), fro-

zen in liquid nitrogen and finally stored at �80 �C. Other sec-

tions of the primary tumors were frozen at �80 �C for

Western blot and quantitative real-time PCR analysis.

2.3. Cell viability assay

Cell viability was determined using a Cell-Counting Kit-8

(CCK-8, Dojindo Laboratories, Tokyo, Japan). A549 cells or

Calu-3 cells were seeded into 96-well plates at the density of

5000 cells/well and allowed to adhere for 24 h. After incuba-

tion with neutrophil elastase and/or curcumin for 24 h, 10 ml

of the CCK-8 solution was added to each well, followed by in-

cubation for 2 h at 37 �C. The resulting color was assayed at

450 nm using a microplate reader (Bio-Rad Laboratories

Inc., Hercules, CA, USA). LY294002 (SigmaeAldrich) and

U0126 (SigmaeAldrich) were used in a subset of experiments.

2.4. Multiparametric proliferation assay by high content
screening (HCS)

The BrdU and Ki-67 Cell Proliferation Reagent Kit (Thermo Sci-

entific, Pittsburgh, PA, USA) was used for simultaneous quan-

tification of four fundamental parameters associated with cell

proliferation: cell number, DNA content, BrdU incorporation

and Ki-67 expression in the same cell. Cell number and DNA
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content were quantified with DAPI staining. BrdU and Ki-67

were determined with primary antibodies toward them and

secondary antibodies conjugated with DyLight 488 and

DyLight 549 respectively. Plates with fixed and stained A549

cells were analyzed using the ArrayScan VTI HCS Reader

(Thermo Scientific) for automated imaging acquisition and

analysis. Hundreds of cells were detected for each of the three

microscopic fields per well.

2.5. Western blot analysis

Total protein was extracted with RIPA lysis buffer and equal

amounts of proteins were subjected to 10% SDS-PAGE for

a1-antitrypsin (1:500, Santa Cruz, CA, USA), neutrophil elas-

tase (1:500, Santa Cruz), pAkt and Akt (1:1,000, Cell Signaling,

Beverly, MA), pERK and ERK (1:1,000, Cell Signaling), p-IKKb

and IKKb (1:500, Bioworld, Louis Park, MN, USA), p-p65 and

p65 (1:500, Bioworld), Bcl-2 (1:1,000, Bioworld), b-actin

(1:20,000, SigmaeAldrich), GAPDH (1:10,000, SigmaeAldrich),

and 8% SDS-PAGE for IRS-1 (1:500, Santa Cruz), p-mTOR and

mTOR (1:1,000, Cell Signaling), then transferred to polyvinyli-

dene difluoride membranes (Millipore Corp., MA, USA). The

slides were fixed and incubated with primary antibodies over-

night at 4 �C with gentle agitation, followed by secondary an-

tibody reactions with AP-labeled IgG (Santa Cruz). The

detection was performed using the 3-bromo-4-chloro-5-

indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT) re-

action (Amersco, NJ, USA).

2.6. Immunofluorescence assay

A549 cells were plated on glass coverslips in 5% CO2 in air at

37 �C and then incubated in 40 nM of neutrophil elastase

and 20 mM of curcumin for another 24 h. The coverslips were

gently washed in PBS, fixed in 3.7% paraformaldehyde for

15 min, permeabilized in PBS containing 0.1% Triton X-100

for 20 min and blocked in PBS containing 3% BSA for

30 min. The fixed cells were incubated with anti-human

a1-antitrypsin (Santa Cruz) antibody overnight at 4 �C in a hu-

mid chamber, and then washed and incubated with the corre-

sponding DyLight 594-conjugated secondary antibody

(Jackson ImmunoResearch Laboratories, West Grove, PA,

USA) for 1 h at 37 �C. After a PBS wash, the cells were incu-

bated with Hoechst 33342 (1 mg/ml, SigmaeAldrich) for 5 min

at room temperature. After several washes, stained speci-

mens were viewed using a TCS-SP5 laser scanning confocal

microscope (Leica Microsystems, Wetzlar, Germany).

2.7. Quantitative real-time PCR

TRIzol reagent (Invitrogen, Groningen, NL, USA) was used

to isolate total RNA from A549 cells at 80% confluence

and tumor tissues according to the manufacturer’s instruc-

tions. Total RNA samples were prepared as previously de-

scribed (Normandin et al., 2010) and retrotranscribed

into first-strand cDNAs using the QuantiTect reverse

transcription kit (QIAGEN, Valencia, CA, USA). Quantitative

real-time PCR was performed as described previously

(Normandin et al., 2010). The primers used to amplify human

a1-antitrypsin were 50-CCCCACCCAGAGTTGCTC-30 (sense)
and 50-GGTTAGGTGACAGCGGGTC-30 (antisense) and those

for mouse a1-antitrypsin were 50-CGCAGAAGGTTAGCCCA-
GATCCATA-30 (sense) and 50-TATGCACAGCCTGGCT-
GAGCTTCA-30 (antisense). The primers for human b-actin

were 50- GACGACATGGAGAAGATCTG-30 (sense) and 50-
ATGGCGTGAGGGAGAGCATA-30 (antisense), and those for

mouse b-actin were 50-TGCGTGACATCAAAGAGAAG-30 (sense)
and 50-GATGCCACAGGATTCCATA-30 (antisense).

2.8. Promoter cloning and dual-luciferase reporter (DLR)
assay

A 0.87-kb genomic DNA fragment upstreamof the a1-antitryp-

sin start codon was amplified and cloned into the pGL3-basic

vector (Promega, Madison, Wisconsin, USA). Sequences of

primers used in the amplification of the a1-antitrypsin

promoter were 50-GGTACCTCTCCAGGCAGGGCC-30 (sense)

and 50-CTCGAGGCCCAGTTCCTGCCCACCCA-30 (antisense)

(Morgan et al., 2009). A549 cells seeded into 24-well plates

were cotransfected with 200 ng of pAAT-Luc and 20 ng of

pRL-TK vectors (as a transfection efficiency control, Promega)

by Lipofectamine LTX (Invitrogen) according to standard in-

structions. After 24 h, cells were treated with neutrophil elas-

tase and curcumin at the indicated concentrations for

additional 24 h. Both firefly and Renilla luciferase activities

in lysed cells were measured using the Dual-Luciferase Re-

porter Assay System (Promega) according to the manufac-

turer’s instructions and an Infinite M200 plate reader (Tecan,

Gr€odig, Australia). The ratio of firefly and Renilla luciferase ac-

tivities represented the normalized firefly luciferase activity.

2.9. Small interfering RNA (siRNA) transfection

siRNA specific for the gene encoding a1-antitrypsin was

bought from Santa Cruz and was a pool of three target-

specific 19e25 nt siRNAs designed to knock down gene expres-

sion of a1-antitrypsin. The scramble control siRNA (Santa

Cruz) was used as the negative control. A549 cells were incu-

batedwith themixture of siRNA and Lipofectamine 2000 (Invi-

trogen) for 6 h according to the general transfection procedure

provided by themanufacturer. After transfection for 48 h, cells

were subjected to CCK-8 assay and Western blot analysis.

2.10. Immunohistochemistry

Ki-67 expression was assessed as an evaluation of tumor cell

proliferation. Tumor sections (6 mm) were incubated at 4 �C
overnight with the antibody against Ki-67 (1:200, Abcam Inc.,

Cambridge, MA, USA). Secondary antibody detection was per-

formed with a Polink-2 plus HRP anti-rabbit DAB detection kit

(Golden Bridge International Inc., Mukilteo, WA, USA). Detec-

tion was carried out using a DAB chromogen, which resulted

in a positive brown stain. Instead of the primary antibody,

normal rabbit serum was used as the negative control.

2.11. Statistical analysis

Experiments were repeated a minimum of three times. Data

are expressed asmean� SEM. Statistical significance of differ-

ences betweenmeanswas determined by one-way analysis of

http://dx.doi.org/10.1016/j.molonc.2012.03.005
http://dx.doi.org/10.1016/j.molonc.2012.03.005
http://dx.doi.org/10.1016/j.molonc.2012.03.005


M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 4 0 5e4 1 7408
variance (ANOVA) followed by Dunnett’s test or New-

maneKeuls post hoc test (SPSS version 11.5 software). A value

of P < 0.05 was considered to be statistically significant.
3. Results

3.1. Curcumin inhibited tumor cell proliferation induced
by neutrophil elastase in A549 cells

To explore the anti-proliferation effect of curcumin on

lung cancer when neutrophil elastase is involved in vitro, we

performed the following assays in human lung adenocarci-

noma cell line A549. Dose-response curves in A549 cells

showed that modest concentrations of neutrophil elastase

(20e160 nM) could enhance tumor cell viability, and among

all the concentrations, 40 nM of neutrophil elastase showed

the strongest effect and was selected for the subsequent ex-

periments (Figure 1A). Without neutrophil elastase, a range

of concentrations of curcumin (from 10 to 40 mM) significantly

attenuated cell survival in a concentration-dependent man-

ner (Figure 1B). In the presence of 40 nM of neutrophil elastase,

20 mM and 40 mM of curcumin could completely suppress

the excess proliferation induced by neutrophil elastase in

A549 cells (Figure 1B). In the meantime, we found that

40 nM of neutrophil elastase also promoted cell proliferation

in other human lung adenocarcinoma cells such as Calu-3

cells (without K-ras mutation), and curcumin inhibited neu-

trophil elastase-induced proliferation to some extent

(Figure 1C).

To further confirm the negative regulation of curcumin in

neutrophil elastase-induced cell survival, we conducted high

content screening assay. Multiparameter fluorescent images

(Figure 1D) and simultaneous quantifications of each parame-

ter (Figure 1EeH) were obtained from the same microscopic

field. 40 nMof neutrophil elastase increased tumor cell counts,

however, in the presence of curcumin, this effect was over-

whelmingly suppressed (Figure 1D, E). DNA content (2N vs.

4N) was determined by DAPI staining. Curcumin remarkably

decreased the ratio of the cells with 2NDNA content and those

with 4N DNA content, that was, relatively increased the cells

with 4N DNA content, which indicated that curcumin might

induce a G2/M cell-cycle arrest to inhibit cell proliferation pro-

voked by neutrophil elastase (Figure 1F). Neutrophil elastase

resulted in an increase of BrdU incorporation and Ki-67 con-

tent, which could be substantially diminished by curcumin

(Figure 1D, G, H).

3.2. Curcumin upregulated a1-antitrypsin expression in
A549 cells provoked by neutrophil elastase

a1-antitrypsin is a serine protease inhibitor (SERPIN) and it’s

the natural inhibitor of neutrophil elastase. The imbalance be-

tween a1-antitrypsin and neutrophil elastase plays an impor-

tant role in lung cancer progression (Sun and Yang, 2004).

Given this, we predominantly focused on the regulation of

a1-antitrypsin by curcumin to investigate the mechanisms

of the inhibition of neutrophil elastase-induced proliferation

by curcumin. Western blot was used to determine whether

a1-antitrypsin protein level was regulated by curcumin
in vitro. Without neutrophil elastase co-incubated, a range of

concentrations of curcumin (from 5 to 40 mM) didn’t affect

a1-antitrypsin expression in A549 cells. When co-incubated

with 40 nM of neutrophil elastase, curcumin promoted

a1-antitrypsin accumulation in A549 cells in a concentra-

tion-dependent manner (Figure 2A, Supplementary Figure 1).

As shown in Figure 2B, when neutrophil elastase was in-

volved, the protein level of a1-antitrypsin was obviously de-

creased, and 20 mM of curcumin counteracted the reduction

of a1-antitrypsin induced by neutrophil elastase. To further

confirm the regulation of a1-antitrypsin by curcumin, immu-

nofluorescence and confocalmicrocopywere used to examine

the subcellular distribution and protein level of a1-antitryp-

sin. As shown in Figure 2C, a1-antitrypsin in A549 cells

exhibited a diffuse distribution pattern in both the cytoplasm

and nucleus, and curcumin neutralized the decrease of

a1-antitrypsin induced by neutrophil elastase. Quantitative

real-time PCR showed that neutrophil elastase inhibited

a1-antitrypsin transcription and 20 mM of curcumin elevated

a1-antitrypsin mRNA levels in A549 cells treated with neutro-

phil elastase (Figure 2D). The a1-antitrypsin promoter lucifer-

ase reporter assay illustrated that the upregulation of

a1-antitrypsin by curcumin in A549 cells treated with neutro-

phil elastase could be attributed to the induction of the pro-

moter activity of a1-antitrypsin by curcumin (Figure 2E).

3.3. The counteraction of neutrophil elastase-induced
proliferation by curcumin was dependent on the PI3K/Akt
pathway

In order to expand our observations on the regulation of

a1-antitrypsin by curcumin and assess downstream signaling

and phenotype, we evaluated cell growth using selected signal

pathway inhibitors and examined the protein levels of down-

stream signal molecules. Using the inhibitors of the PI3K path-

way (LY294002) and the MEKeERK pathway (U0126), we

demonstrated that the negative regulation of neutrophil

elastase-induced proliferation by curcumin depended on the

PI3K pathway but not on the MEKeERK pathway in A549

cells (Figure 3A). Neutrophil elastase could directly induce

lung tumor cell proliferation by degrading insulin receptor

substrate-1 (IRS-1) which is an adapter protein of PI3K and

then activating the PI3K pathway within the tumor cells

(Houghton et al., 2010). With neutrophil elastase exposure,

the protein level of IRS-1 was decreased, the phosphorylation

of Akt and mTOR which are the key downstream molecules

of PI3K were elevated, and the phosphorylation of ERK was

not affected. 20 mM of curcumin enhanced the protein level of

IRS-1, and reduced the phosphorylation of Akt and mTOR but

did not affect the phosphorylation of ERK in A549 cells stimu-

lated with neutrophil elastase (Figure 3BeF). Activation of Akt

may act upstream of NF-kB signaling pathway (El-Rayes et al.,

2006).We found that curcumin treatment significantly reduced

neutrophil elastase-induced phosphorylation of IKKb and the

p65 subunit ofNF-kB, and the expression of Bcl-2which is tran-

scriptionally regulated by NF-kB (Figure 3B, GeI). These results

argued that curcumin inhibited IRS-1 degradation induced by

neutrophil elastase, suppressed the subsequent phosphoryla-

tion and activation of Akt and blocked the pro-proliferation ef-

fect of neutrophil elastase.

http://dx.doi.org/10.1016/j.molonc.2012.03.005
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3.4. a1-antitrypsin-targetted siRNA partially reduced
the anti-proliferation effect of curcumin in A459 cells
exposed to neutrophil elastase

siRNAwas used to further confirm the involvement of a1-anti-

trypsin in curcumin-induced inhibition of cell survival
Figure 1 e Curcumin prevented tumor cell proliferation induced by neutrop

A549 cells stimulated with neutrophil elastase (NE). Data represent mean ±

(control). (B) The effects of curcumin (Cur) on cell viability of A549 cells tre

n [ 3. *P < 0.05, ***P < 0.001 compared to the group without curcumin a

neutrophil elastase and without curcumin. (C) The effects of curcumin on the

Data represent mean ± SEM, n[ 3. *P< 0.05, **P< 0.01. (D) Representat

neutrophil elastase and curcumin. (EeH) Cell number (E), the ratio of the ce

quantification for BrdU (G) and Ki-67 (H) were analyzed by HCS system. Da
triggered by neutrophil elastase. When A549 cells were trans-

fected with siRNA against a1-antitrypsin for 48 h, the expres-

sion of a1-antitrypsin was approximately reduced by 50% in

comparison to the scramble siRNA control (Figure 4A). Trans-

fection with a1-antitrypsin siRNA significantly enhanced the

cell viability (Figure 4B) and the phosphorylation activation
hil elastase in A549 cells. (A) Cell viability detected by CCK-8 assay for

SEM, n[ 3. *P< 0.05, **P< 0.01 vs. neutrophil elastase free group

ated with or without neutrophil elastase. Data represent mean ± SEM,

nd neutrophil elastase. ###, P < 0.001 compared to the group with

cell viability of Calu-3 cells (K-rasWT) induced by neutrophil elastase.

ive HCS images for BrdU, Ki-67 and DAPI from A549 cells exposed to

lls with 2NDNA content and those with 4N DNA content (F) and the

ta represent mean ± SEM, n[ 3. *P< 0.05, **P< 0.01, ***P< 0.001.

http://dx.doi.org/10.1016/j.molonc.2012.03.005
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Figure 2 e Curcumin-induced a1-antitrypsin expression in A549 cells provoked by neutrophil elastase. (A) Dose effects of curcumin (Cur) on

a1-antitrypsin (a1-AT) protein levels in A549 cells when treated with or without neutrophil elastase (NE). (B) Western bolt of a1-antitrypsin for

20 mM of curcumin-treated and 40 nM of neutrophil elastase-exposed A549 lysates. Data represent mean ± SEM, n [ 3. **P< 0.01. (C) Confocal

images for a1-antitrypsin from A549 cells exposed to curcumin and neutrophil elastase. A549 cells were grown to 80% confluency and then

incubated with 20 mM of curcumin and/or 40 nM of neutrophil elastase for 24 h. The cells were labeled by anti-human a1-antitrypsin antibody and

DyLight 594-conjugated secondary antibody (red) and Hoechst 33342 staining (blue). (D) Real-time PCR for a1-antitrypsin in A549 cells treated

with curcumin and neutrophil elastase. Data represent mean ± SEM, n[ 3. *P< 0.05, **P< 0.01. (E) The effect of curcumin on the normalized

luciferase activity in A549 cells transfected with a1-antitrypsin promoter when treated with neutrophil elastase. Data represent mean ± SEM,

n [ 3. *P < 0.05, **P < 0.01.
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of Akt (Figure 4C) in A549 cells stimulated with neutrophil

elastase. The anti-proliferation effect of curcumin was re-

markably offset by the a1-antitrypsin siRNA in A549 cells ex-

posed to neutrophil elastase (Figure 4B). In addition, the

inhibitory effect of curcumin on the phosphorylation of Akt

was partially decreased in cells treated with neutrophil elas-

tase (Figure 4C). These results strongly suggested that curcu-

min could inhibit neutrophil elastase-induced proliferation

through upregulation of a1-antitrypsin expression in A549

cells.
3.5. Curcumin inhibited primary tumor growth and lung
metastasis in mice bearing Lewis lung carcinoma

Neutrophil elastase has been shown to directlymediate tumor

growth in Lewis lung carcinomamodel (Houghton et al., 2010).

To determine the effects of curcumin on lung cancer in vivo,

we introduced the Lewis lung carcinoma mouse model in

C57BL/6 mice. As shown in Figure 5A, curcumin at a dose of

300 mg/kg reduced the primary tumor growth 21 days after

flank injection of LLC cells (P < 0.01). The lung net weight

http://dx.doi.org/10.1016/j.molonc.2012.03.005
http://dx.doi.org/10.1016/j.molonc.2012.03.005
http://dx.doi.org/10.1016/j.molonc.2012.03.005


Figure 3 e Curcumin attenuated neutrophil elastase-induced proliferation depending on the PI3K/Akt pathway. (A) CCK-8 assay for A549 cells

stimulated with 40 nM of neutrophil elastase in the presence of 20 mM curcumin (Cur) and 10 mM LY294002 or 10 mM U0126, mean ± SEM,

n [ 3. *P < 0.05, ***P < 0.001. (B) Western blot for IRS-1, pAkt, Akt, p-mTOR, mTOR, pERK, ERK, p-IKKb, IKKb, p-p65, p65, Bcl-2 and

GAPDH in A549 cells treated with neutrophil elastase (NE) and curcumin. (CeI) Statistical data shown as the histograms of Western blot for

IRS-1 (C), the pAkt:Akt ratio (D), the p-mTOR:mTOR ratio (E), the pERK:ERK ratio (F), the p-IKKb:IKKb ratio (G), the p-p65:p65 ratio (H)

and Bcl-2 (I) in A549 cells treated with neutrophil elastase and curcumin. Data represent mean ± SEM, n [ 3. *P < 0.05, **P < 0.01,

***P < 0.001.
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(Figure 5B) and the number of lungmetastasis (Figure 5C) were

dramatically reduced in a dose-dependent manner when

treated with curcumin. To further confirm the inhibitory ef-

fect of curcumin on tumor growth, we identified tumor cell

proliferation reductions in the groups treated with curcumin

by Ki-67 immunohistochemistry staining (Figure 5D).

3.6. Curcumin upregulated a1-antitrypsin expression
and inhibited the effect of neutrophil elastase in primary
tumor tissue

Western bolt and quantitative real-time PCR were used to

determine the presence of a1-antitrypsin in tumor tissues.

The protein abundance of a1-antitrypsin in the primary tumor

in the flank fold was significantly increased at the higher con-

centration of curcumin (300 mg/kg, Figure 6A). a1-antitrypsin

mRNA level was consistently higher in mice treated with
300 mg/kg curcumin as determined by real-time PCR, which

indicated that cucumin could promote local expression of

a1-antitrypsin in primary tumor tissue (Figure 6B). As the nat-

ural inhibitor of neutrophil elastase, elevated a1-antitrypsin

might increase the degradation of neutrophil elastase. As

shown in Figure 6C, the protein level of neutrophil elastase

in tumor tissue was obviously decreased in mice treated

with 300 mg/kg curcumin. Immunohistochemical analysis of

Gr-1 which is a maker of neutrophil showed equivalent neu-

trophil content in subcutaneously xenografted primary tu-

mors in the three groups, which might exclude the

possibility that the reduction of neutrophil elastase was at-

tributed to decreased neutrophil infiltration induced by curcu-

min (Supplementary Figure 2). With the decrease of

neutrophil elastase, the protein level of IRS-1 was raised by

curcumin in a dose-dependent manner (Figure 6D). As the

downstream molecules of PI3K, the phosphorylation of Akt

http://dx.doi.org/10.1016/j.molonc.2012.03.005
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Figure 4 e a1-antitrypsin knockdown partially inhibited curcumin-induced suppression of cell proliferation in A549 cells exposed to neutrophil

elastase. (A) Western blot to detect the efficiency of a1-antitrypsin (a1-AT) knockdown. (B) Cell viability in A549 cells transfected with or without

siRNA against a1-antitrypsin. Scramble (Scr) siRNA was used as control. A549 cells were transfected with or without siRNA against a1-

antitrypsin for 24 h, and then incubated with or without 20 mM of curcumin (Cur) and 40 nM of neutrophil elastase (NE) for additional 24 h. Data

represent mean ± SEM, n [ 3. *P < 0.05, ***P < 0.001. (C) Western blot for pAkt and Akt in a1-antitrypsin-scilenced A549 cells exposed to

neutrophil elastase and curcumin. Data represent mean ± SEM, n [ 3. *P < 0.05, ***P < 0.001.
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and mTOR in tumor tissue was diminished in the groups

treated with curcumin, while the phosphorylation of ERK

was not affected (Figure 6D, E). Furthermore, the phosphoryla-

tion of IKKb and p65, and the expression of Bcl-2 in tumor tis-

sues were significantly decreased in curcumin-treated mice

(Figure 6D, F). Overall, these results indicated that curcumin

might inhibit neutrophil elastase-induced activation of PI3K/

Akt pathway via the upregulation of a1-antitrypsin in primary

tumor tissue.
4. Discussion

In this decade, curcumin has been reported to inhibit tumor

proliferation and metastasis, and induce the apoptosis of

lung cancer in vitro and in vivo (Kunnumakkara et al., 2008).

Curcumin suppresses the progression of K-ras-induced lung

cancer progression in mice by inhibiting intrinsic and extrin-

sic inflammation and by direct anti-tumor effects

(Moghaddam et al., 2009). In addition, curcumin potentiates

the anti-tumor activity of gefitinib, an epidermal growth factor

receptor (EGFR) tyrosine kinase inhibitor, in cell lines and xe-

nograft mice model of non-small cell lung cancer (NSCLC)

through inhibition of proliferation, EGFR phosphorylation,

and induction of EGFR ubiquitination (Lee et al., 2011). Many

molecules are involved in the anti-tumor activity of curcumin,

including NF-kB, COX-2, iNOS, activator protein-1 (AP-1), tu-

mor necrosis factor (TNF) and chemokines (Lin et al., 2009).

As cancer progression is a complex process and its pathogenic

mechanism remains somewhat elusive, and curcumin is con-

sidered as amulti-target natural chemopreventive compound,

the possibility that curcumin inhibits tumor development via

other mechanisms cannot be excluded. The purpose of this

study was to investigate the novel inflammation-related
mechanisms of curcumin for anti-tumor activity in lung

cancer.

Recent studies argue that chronic inflammatory pulmonary

diseases, such as emphysema are highly associated with in-

creased risk of lung cancer, independent of smoking (Koshiol

et al., 2009). Neutrophil elastase as one of themost potent pro-

teinases released by neutrophils is considered responsible for

the elastolytic damage in emphysema (Fingleton, 2010). Neu-

trophil elastase may explain the link between emphysema

and lung cancer to some extent. Recent reports showed that

modest levels of neutrophil elastase led to uncontrolled prolif-

eration of A549 lung epithelial tumor cells (Houghton

et al., 2010). We found that neutrophil elastase treatment

(20e160 nM) enhanced the viability of A549 cells and 40 nM

of neutrophil elastase showed the strongest activity. The con-

centrations of neutrophil elastase used in our study were in

agreementof a previous report thatneutrophil elastasewas re-

leased from activated neutrophils which resulted in modest

concentrations (about 50 nM) of neutrophil elastase just be-

yond the cell surface (Liou and Campbell, 1996). Our results in-

dicated that 20 mM and 40 mM of curcumin could completely

suppress the excess enhancement of cell viability induced by

neutrophil elastase in A549 cells. Notably, it was recently

reported that tumor-entrained neutrophils (TENs) induced by

the primary tumor accumulated in the circulation and the pre-

metastatic lung, and inhibitedmetastatic seeding of the tumor

cells in the lungs by generatingH2O2 inmousemodels of breast

cancer (Granot et al., 2011). Therefore, the role of neutrophil

elastase which is generally considered the major effector of

neutrophil function in tumor cell invasion and distant metas-

tasis formation especially worth investigating.

Next, we explored whether curcumin inhibited neutrophil

elastase-induced cell proliferation by HCS analysis. HCS is an

efficient technique combining multi-channel quantitative
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Figure 5 e The effect of curcumin on the primary tumor growth and lung metastasis of Lewis lung carcinoma (LLC). (A) Primary tumor weights of

mice treated with the vehicle (control), 100 mg/kg curcumin and 300 mg/kg curcumin for 21 days after subcutaneous injection of LLC cells.

n [ 8e10 mice per group, mean ± SEM, **P < 0.01 vs. control. (B) Lung net weights for each group. n [ 8e10 mice per group, mean ± SEM,

**P< 0.01 vs. control. (C) Gross LLC lung metastasis for the three groups. n[ 8e10 mice per group, mean ± SEM, **P< 0.01, ***P< 0.001 vs.

control. (D) Representative Ki-67 immunohistochemistry images and statistical analysis of Ki-67 expression in primary tumor tissue for each

group. Data are expressed as the relative percentage of the value of Ki-67 content for the untreated control group. n [ 6, mean ± SEM,

**P < 0.01, ***P < 0.001 vs. control.

M O L E C U L A R O N C O L O G Y 6 ( 2 0 1 2 ) 4 0 5e4 1 7 413
fluorescence microscopy and automatic image analysis

(Rausch, 2006). Our data related to four important hallmarks

of proliferation including cell number, DNA content, BrdU in-

corporation and Ki-67 expression. We found that neutrophil

elastase elevated the BrdU incorporation and Ki-67 content

in A549 cells and the treatment of curcumin significantly neu-

tralized their increase induced by neutrophil elastase. By DNA

content analysis, the inhibitory effect of curcumin on cell pro-

liferation stimulated by neutrophil elastase might be related

to the inducement of a G2/M cell-cycle arrest by curcumin.

Our results are consistent with previous reports that curcu-

min is known as a G2/M cell-cycle blocker (Weir et al., 2007;

Zheng et al., 2004).
As a1-antitrypsin is the specific and main inhibitor of neu-

trophil elastase, we assumed that a1-antitrypsin might medi-

ate the inhibitory effect of curcumin on neutrophil elastase-

induced proliferation in vitro. a1-antitrypsin is synthesized

mainly in liver, but also in extra-hepatic tissues and cells, in-

cluding carcinoma cells (Zelvyte et al., 2002). Furthermore,

a1-antitrypsin as a member of SERPIN is a glycoprotein which

neutralizes the effects of proteases including neutrophil elas-

tase in several organ systems, especially in lungs (Sun and

Yang, 2004). Upon binding to neutrophil elastase, a1-antitryp-

sin activates cleavage within the reactive site loop (RSL) in

a suicide action (Hopkins et al., 1997). Evidence indicates

that the level of a1-antitrypsin is significantly elevated in the
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Figure 6 e Curcumin-induced increase of a1-antitrypsin and decrease of neutrophil elastase in primary tumor tissue of C57BL/6 mice. (A)

Western blot of a1-antitrypsin (a1-AT) in Lewis lung carcinoma tissue from the three groups. Data represent mean ± SEM, n [ 6. **P < 0.01 as

compared with control. (B) Quantitative real-time PCR analysis for a1-antitrypsin in tumor tissue. The mRNA level of a1-antitrypsin was

normalized to b-actin. Data represent mean ± SEM, n[ 3. **P< 0.01 as compared with control. (C) Western analysis of neutrophil elastase (NE)

in tumor tissues. Data represent mean ± SEM, n [ 6. *P < 0.05, ***P < 0.001 as compared with control. (D) Western blot for IRS-1, pAkt, Akt,

p-mTOR, mTOR, pERK, ERK, p-IKKb, IKKb, p-p65, p65, Bcl-2 and b-actin in primary tumor tissues. (E) Statistical data shown as the

histograms of Western blot for IRS-1, the ratio of pAkt:Akt, p-mTOR:mTOR and pERK:ERK. (F) Statistical data of Western blot for the

p-IKKb:IKKb ratio, the p-p65:p65 ratio and Bcl-2. Data represent mean ± SEM, n [ 6. **P < 0.01, ***P < 0.001 as compared with control.
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skin of NE�/� mice as compared to NEþ/þ mice in a mouse

model of the autoimmune disease bullous pemphigoid (Liu

et al., 2000). We found that A549 cells produced a1-antitrypsin

and the treatment of curcumin might neutralize the decrease

of a1-antitrypsin induced by neutrophil elastase using
Western blot and confocal microcopy. It’s known that defi-

ciency of circulating a1-antitrypsin is highly associated with

lung inflammation, especially with the early onset of pulmo-

nary emphysema (Jones, 1974). In addition, clinical findings

have indicated that a1-antitrypsin which is elevated in serum

http://dx.doi.org/10.1016/j.molonc.2012.03.005
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of cancer patients is a serum biomarker for the diagnoses of

lung cancer and prostate cancer (El-Akawi et al., 2010; Patz

et al., 2007). To explain the regulation of a1-antitrypsin by cur-

cumin, we examined the gene expression of a1-antitrypsin by

real-time PCR and the a1-antitrypsin promoter activity by lu-

ciferase reporter assay. We found that the accumulation of

a1-antitrypsin induced by curcumin might be attributed to

the induction of the promoter activity of a1-antitrypsin by cur-

cumin and the subsequent promotion of its expression in

A549 cells stimulated by neutrophil elastase.

Previous studies showed that curcumin inhibits PI3K/Akt/

mTOR signaling in various tumor cells (Choi et al., 2008;

Johnson et al., 2009; Yu et al., 2008). Our present data demon-

strates that the inhibition of neutrophil elastase-induced pro-

liferation by curcumin is also depending on the PI3K pathway

in A549 cells. Recently, it was shown that neutrophil elastase

released by activated neutrophils within the lung is taken up

by adjacent epithelial tumor cells and degrades IRS-1 which

is a binding partner of the p85 regulatory subunit of PI3K

and induces the hyperactivity of the PI3K pathway which

leads to uncontrolled tumor cell proliferation (Houghton

et al., 2010). Our results showed that the increase of IRS-1

and the decrease of phosphorylation activation of Akt and

mTOR induced by neutrophil elastase were significantly

inhibited by curcumin in A549 cells. Inhibition of the NF-kB

pathway has been thought to mediate the anti-tumor effect

of curcumin, and IKK which is the downstream target of Akt

phosphorylates IkB, leading to the activation NF-kB, which

regulates the expression of key proteins involved in growth

and survival such as Bcl-2 and Bcl-XL (El-Rayes et al., 2006;

Kamat et al., 2009; Prakobwong et al., 2011). Therefore, we ex-

plored whether curcumin could inhibit the NF-kB pathway

and found that curcumin treatment remarkably suppressed

neutrophil elastase-induced phosphorylation and activation

of IKKb and the p65 subunit of NF-kB, and the expression of

Bcl-2 which is regulated by NF-kB.

To further confirm that curcumin-induced a1-antitrypsin

plays a crucial role in tumor cell proliferation triggered by neu-

trophil elastase, we used siRNA to specifically downregulate

a1-antitrypsin in A549 cells. Our data showed that knockdown

of a1-antitrypsin further enhanced the tumor cell prolifera-

tion induced by neutrophil elastase. In addition, the anti-

proliferation effect of curcumin was significantly blocked by

the a1-antitrypsin siRNA in neutrophil elastase-triggered

A549 cells.

To evaluate the effects of curcumin on lung cancer in vivo,

we established the mouse model of Lewis lung carcinoma in

C57BL/6 mice. It was reported that oral administration of cur-

cumin inhibited mediastinal lymph node metastasis of ortho-

topically implanted Lewis lung carcinoma (Ichiki et al., 2000).

Our results suggested that curcumin at doses up to 300 mg/

kg significantly reduced the primary tumor weight and cell

proliferation of primary tumors and inhibited LLC metastasis

from primary tumor to lung in a dose-dependent manner.

We found that curcumin promoted local expression of

a1-antitrypsin in primary tumor tissue using real-time PCR

and Western blot, which was in accordance with the anti-

proliferation effect of curcumin in a dose-dependent manner.

a1-antitrypsin inhibited tumor growth and reduced tumor an-

giogenesis in nude mice bearing LLC cells and comparative
analysis of the human tumors and normal tissues of origin

showed that decreased local expression of a1-antitrypsin

was favorable for tumor growth (Huang et al., 2004). a1-anti-

trypsin reduces [3H]-thymidine incorporation and tissue in-

hibitor of metalloproteinases-1 (TIMP-1) levels in melanoma

cells ME1477 in vitro (Zelvyte et al., 2002). The role of a1-anti-

trypsin in cancer development has been supported by some

laboratory data, however, the molecular mechanism underly-

ing the role of a1-antitrypsin in tumor proliferation is not well

understood. The main function of a1-antitrypsin is inhibiting

neutrophil elastase. Our results indicated that the protein

level of neutrophil elastase in tumor tissue was obviously de-

creased inmice treated with curcumin, whichmight be due to

the upregulation of a1-antitrypsin by curcumin. However, the

contribution of a1-antitrypsin to cancer development is some-

what controversial. In contrast to its effects against tumor

growth, a1-antitrypsin has been shown to be related to poor

prognosis in lung adenocarcinoma (Higashiyama et al., 1992)

and block the inhibitory effect of polymorphonuclear neutro-

phil (PMN) on cell proliferation and invasiveness in lung can-

cer HCC cells (Zelvyte et al., 2004). Thus, to unequivocally

confirm the role of a1-antitrypsin in primary tumor growth

and metastasis in vivo, it’s necessary to establish stable

a1-antitrypsin knockdown cell line using the shRNA lentiviral

vector to perform mouse xenograft assays and determine the

subsequent change of neutrophil elastase in response to

inhibiting a1-antitrypsin in vivo.

Taken as a whole, these data suggest that the stimulatory

effects of curcumin on a1-antitrypsin are crucial for the inhi-

bition of neutrophil elastase-induced proliferation by curcu-

min. However, the molecules and signal pathways that

modulate the expression of a1-antitrypsin remain exclusive

and it is important to explore the mechanisms that regulate

a1-antitrypsin as a SERPIN highly related to lung inflamma-

tion and lung cancer. In addition, it remains to be investigated

the role of a1-antitrypsin in curcumin-induced suppression

of tumor growth in other xenograft mouse model of lung

cancer.
5. Conclusions

This study demonstrates that a1-antitrypsin as an inhibitor

of neutrophil elastase modulates tumor proliferation in in-

flammatory microenvironment and curcumin blocks neutro-

phil elastase-induced tumor proliferation via upregulating

a1-antitrypsin expression in lung cancer in vitro and in vivo.

This provides a new inflammation-related mechanism of cur-

cumin against tumor proliferation and suggests the potential

of curcumin to treat other inflammation-related diseases in

lung such as emphysema.
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