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A B S T R A C T

Non-thermal plasma (NTP) treatment has been proposed as a potential approach for cancer therapy for killing

cancer cells generation of reactive oxygen species (ROS). As an antioxidant protein, Heme oxygenase-1 (HO-via 

1) has been known to protect cells against oxidative stress. In this paper, we investigated the role of HO-1

activation in NTP-induced apoptosis in A549 cells. Distinctly increased ROS production and apoptosis were

observed after NTP exposure. NTP exposure induced HO-1 expression in a dose- and time-dependent manner via

activating the translocation of Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) from cytoplasm to nucleus.

Furthermore, inhibiting HO-1 activation with its speci c inhibitor, ZnPP, increased killing e ect of NTP.fi “ ” ff

Knocking down HO-1 or Nrf2 with the special siRNA also led to elevated ROS level and enhanced NTP-induced

cell death. In addition, the c-JUN N-terminal kinase (JNK) signaling pathway was shown to be involved in NTP-

induced HO-1 expression. Interestingly, a higher resistance to NTP exposure of A549 cell compared to H1299

and H322 cells was found to be linked to its higher basal level of HO-1 expression. These ndings revealed thatfi

HO-1 could be considered as a potential target to improve the e ect of NTP in cancer therapy.ff

1. Introduction

Non-thermal plasma (NTP) treatment, which selectively kill cancer

cells with minimal adverse e ects on normal cells, have emerged as aff

promising approach for cancer therapy in recent years [ ]. The anti-1 3–

cancer e ect of NTP has been demonstrated in various cancer cells ff in

vitro such as breast, lung, liver, melanoma, and colorectal cancers

[ ], and also in tumors [ , ]. NTP is in fact a cocktail4 9– in vivo 10 11 “ ”

which contains various components including electrons, ions, UV

photons, charged particles, etc. [ ] and will induce generation of in-12

tracellular reactive oxygen species (ROS) [ , ]. It is well established13 14

that ROS has a dual role in regulating multiple cellular activities, in-

cluding triggering cell death and activation of antioxidant processes.

Numerous studies revealed that NTP exposures increased ROS genera-

tion which caused DNA damages, arrested cell cycle, induced apoptosis

and inhibited tumor invasion [ ]. Furthermore, NTP-induced DNA15 19–

damages and apoptosis mediated by ROS could be reduced through pre-

treatment with the ROS scavenger N-acetyl-L-cysteine (NAC) [ ].20

However, whether the intracellular antioxidant system was also acti-

vated and involved in resisting NTP-induced cell death was not fully

understood.

Heme oxygenase-1 (HO-1), a rate-limiting enzyme, catalyzes heme

into biliverdin, carbon monoxide (CO) and free iron [ , ]. HO-1 has21 22

been found to express highly in various solid tumors, such as lung

cancer and prostate cancer [ , ], or to be induced by oxidative stress23 24

to provide favorable conditions for tumor growth [ ]. Further-25 27–

more, induction of HO-1 expression could provide an adaptive protec-

tion against apoptosis [ ] and DNA damages [ ]. Accumulated evi-27 25

dence suggested that inhibition of HO-1, with its speci c inhibitors suchfi

as ZnPP or by knocking down through siRNA interference, increased the

sensitivity to chemotherapy [ , ] and radiotherapy [ ]. These28 29 30

findings hinted that HO-1 could be considered as a target for cancer

therapy.

Nuclear factor (erythroid-derived 2)-like 2 (NFE2L2 or Nrf2), a
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leucine zipper (bZIP) transcription factor, regulates the expression of

antioxidant proteins and protects cells from oxidative damages.

Normally, Nrf2 combines with Kelch-like ECH-associated protein 1

(Keap1) which retains Nrf2 in the cytoplasm [ ]. In response to oxi-31

dative stress, Nrf2 is activated and translocated from cytoplasm into the

nucleus, binds to the antioxidant response element (ARE) and then

initiates the transcription of antioxidant genes, including HO-1, NADPH

quinone oxidoreductase 1 (NQO-1), sul redoxin (Srx) etc. [ , ].fi 32 33

Activation of MAPK signaling pathways is demonstrated to play vital

roles in activating the Nrf2 transcriptional factor and subsequently in-

ducing HO-1 expression [ , ].34 35

In this study, we aimed to investigate the e ects and the molecularff

mechanism underlying the induction of HO-1 expression in the human

lung cancer cell line (A549) by NTP, and to study the protective role of

Nrf2/HO-1 against NTP-induced cell death. We hope these results can

provide mechanistic information on NTP-induced cell death, which will

be vital for potential clinical applications of NTP in cancer therapy.

2. Materials and methods

2.1. Cell culture and reagents

The human lung cancer cell lines A549, H1299 and H322 cells,

obtained from the Type Culture Collection of the Chinese Academy of

Sciences, were maintained in high glucose Dulbecco's modi ed Eaglefi

medium (DMEM, Hyclone, Logan, USA), supplemented with 10% fetal

bovine serum (FBS, Thermo Scienti c Hyclone, Logan, UT, USA),fi

100 g/ml streptomycin and 100 U/ml penicillin (Gibco, Carlsbad, CA,μ

USA). All cells were maintained in a humidi ed incubator under 5%fi

CO2 at 37 °C.

Counting Kit-8 (CCK-8) and NAC (ROS scavenger) were purchased

from Beyotime Biotechnology (Beyotime Biotechnology, Shanghai,

China). ERK1/2 inhibitor (SCH772984), p38 MAPK inhibitor

(SB203580) and JNK inhibitor (SP600125) were purchased from

Selleck Chemicals (Houston, TX, USA). The primary antibodies against

Caspase3, PARP, HO-1, ERK1/2, -ERK1/2, JNK, -JNK, p38 MAPK,p p

phosphorylated p38 MAPK, -actin and Histone H3 were purchasedβ

from Cell Signaling Technology (Danvers, MA, USA), and primary an-

tibody against Nrf2 was purchased from Abcam (Abcam, Cambridge,

MA, USA).

2.2. NTP treatment

The NTP generator consists of a hollow plexiglass as a reactor

chamber with four electrodes, one air inlet hole and one outlet hole,

which was su ciently described in our previous studies [ , , ].ffi 19 36 37

The high-voltage electrode is a 32 mm diameter copper cylinder cov-

ered by a layer of dielectric materials quartz glass (1 mm). The ground

Fig. 1. Induction of apoptosis in A549 cells after NTP exposure. (A&B) Apoptosis was detected using Annexin V/PI double staining assay; (C) Expression levels o f

apoptosis-associated proteins, cleaved PARP and Caspase 3, were detected with Western Blot. * < 0.05, ** < 0.01.p p 
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electrode is a 37 mm diameter copper cylinder. NTP was generated by a

voltage of 12 kV (peak to peak) with a frequency of 24 kHz. The dis-

charge power density was measured to be about 0.9 W/cm2 . The dis-

charge gap between the bottom of the quartz glass and medium surface

was maintained at 5 mm. Helium gas (99.99%) was injected into the

chamber at a rate of 80 L/h at 5 min before the experiment to expel air.

For NTP exposures, cells were seeded into 35 mm diameter Petri dishes

with 2 ml complete culture medium and exposed to NTP for 20, 40, 60

Fig. 2. ROS levels in A549 cells after NTP exposure. (A&B) ROS level was detected with 10 M DCFDA staining using ow cytometry (2 h after NTP treatment); (C&μ fl

D) E ects of NAC on apoptosis of A549 cells after NTP exposure. NAC (10 mM) treatment was performed at 2 h before NTP treatment; (E) Expression levels offf

apoptosis-associated proteins, PARP and Caspase 3. * < 0.05, ** < 0.01.p p 
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or 80 s after overnight incubation. A Helium-only treatment was used as

the control experiment.

2.3. Cell viability assay

After exposures to NTP for 20, 40, 60 or 80 s, the cells were returned

to the incubator for further incubation for 24 h. The cells were in-

cubated with the CCK-8 reagent for 1 h at 37 °C and the supernatant

(100 l) was then transferred into a 96-well plate. The absorbance wasμ

measured at 450 nm using a Varioskan Flash microplate reader

(Thermo Fisher Scienti c, Rockford, IL, USA).fi

2.4. ROS detection with uorescent probefl

Intracellular levels of ROS were measured with the uorescentfl

probe CM-H2DCFDA (Invitrogen, Grand Island, NY, USA) following the

manufacturer's instructions. At 2 h post NTP exposures, the cells were

incubated with CM-H2DCFDA (10 M) for 30 min (37 °C) and thenμ

Fig. 3. Expression of HO-1 in A549 cells after NTP exposure. (A)E ect of exposure dose on HO-1 transcription; (B) Level of HO-1 transcript at di erent time pointsff ff

after NTP exposure (60 s); (C) E ect of exposure dose on HO-1 protein expression; (D) Expression level of HO-1 protein at the di erent time points after NTP exposureff ff

(60 s); (E) The changes of HO-1 activity after NTP treatment. (F) E ect of NAC pretreatment on HO-1 protein expression after NTP exposure. * < 0.05, ** < 0.01.ff p p 
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quanti ed using ow cytometry (Accuri C6, BD Biosciences, Bedford,fi fl

MA, USA).

2.5. Cell apoptosis detection

Cell apoptosis was detected with Annexin V- FITC/PI apoptosis

detection kit (BD Biosciences, Bedford, MA, USA) according to the

manufacturer's instruction. Brie y, the cells were incubated for 24 hfl

after exposures to NTP or gas only (control). The cells were harvested,

washed with PBS, and stained with Annexin V-FITC and propidium

iodide (PI) for 15 min at room temperature in dark, and then analyzed

using ow cytometry (Accuri C6, BD Biosciences, Bedford, MA, USA).fl

2.6. RNA isolation and RT-PCR analysis

Total RNA was extracted using TRIzol Reagent (Life technologies,

Carlsbad, CA, US) according to the manufacturer's instructions. RT-PCR

was performed with the One Step PrimeScript RT-PCR Kit (TaKaRa,

Japan) and a Light Cycler 480 instrument (Roche, Indianapolis, IN).Ⅱ

Gene expression levels were normalized by using a relative quanti -fi

cation approach (2- Ct method) with -actin as control. The primersΔΔ β

used in PCR ampli cation were shown as follows: human HO-1:fi

5 -GCCAGCAACAAAGTGCAAGAT -3′ ′, 5′-GGTAAGGAAGCCAGCCAAGA

G-3 , -actin: 5 -CCACACCTTCTACAATGAGC-3′ β ′ ′, 5′-GGTCTCAAACATG

ATCT GGG-3 . Each measurement was performed at least three times.’

2.7. RNA interference

Speci c siRNAs for HO-1 (sequence: 5 UGCUCAACAUCCAGCUfi ′ 

CUUtt 3 and 5 AAGAGCUGGAUGUUGAGCAtt 3 ), Nrf2 (sequence: 5′ ′ ′ ′

GCAUGCUACG UGAUGAAGAtt 3 and 5 UCUUCAUCACGUAGCA′ ′ 

UGCtt 3 ) and the control siRNA were purchased from Santa Cruz′

Biotechnology (Santa Cruz, CA, USA). Transfection medium and

transfection reagent were also purchased from Santa Cruz

Biotechnology. The cells were transfected with double-stranded siRNAs

for 24 h with the transfection reagent according to the manufacturer's

protocols and recovered in fresh media for 24 h. The cells were then

exposed to NTP and the proteins were collected at the indicated time

points for further experiments.

2.8. Immuno uorescence assayfl

A549 cells (2 × 10 4 cells) were seeded onto slides and grown to 80%

con uence before being exposed to NTP. The culture medium was re-fl

moved, and the cells were washed twice with cold PBS and xed withfi

4% paraformaldehyde in PBS for 20 min at room temperature. The cells

were then rinsed three times with cold PBS and permeabilized with

PBST (PBS supplemented with 0.1% Triton X-100) for 30 min and then

blocked with PBS + solution (PBS supplemented with 0.1% BSA) for

1 h at room temperature. After incubated with rabbit anti-Nrf2 antibady

(1:200, Abcam, Cambridge, MA, USA) at 4 °C overnight and then wa-

shed three times with PBST, the cells were incubated with goat anti-

rabbit IgG-FITC secondary antibody (1:500, Santa Cruz, Paso Robles,

CA, USA) for 1 h at room temperature. After washed with PBST for

another three times, the cells were counterstained with Hoechst 33342

(10 g/ml, Invitrogen, Eugene, OR, USA) for 30 min at room tempera-μ

ture. The stained cells were mounted by a uoroguard antifade reagentfl

(Bio-Rad, Hercules, CA, USA) after a nal wash with PBS, and uor-fi fl

escent images were captured with a laser scanning confocal microscope

(LSM510 META; Zeiss, Oberkochen, Germany).

2.9. HO-1 activity

HO-1 activity was evaluated by measuring bilirubin production as

previously described [ ]. Cells were harvested and homogenized with38

homogenation bu er (20 mM potassium phosphate bu er (pH 7.4),ff ff

250 mM sucrose, 2 mM EDTA, 10 g/ml leupeptin, 2 mM PMSF).μ

Homogenates were centrifuged 30 min at 4 °C, 10,000 g, then the su-

pernatant were centrifuged 1h at 4 °C, 100,000g. The microsomal

proteins were suspended with potassium phosphate bu er (pH 7.4).ff

The reaction mixture containing microsomal protein, cytosolic fraction

of rat liver (source of biliverdine reductase), 10 M Hemin and 0.8 mMμ

NADPH was incubated for 60 min at 37 °C in dark and was terminated

by ice bath for 2 min. The production of bilirubin was calculated by

Fig. 4. NTP-induced expression of HO-1 is mediated by ac-

tivation of Nrf2. (A) Cells were treated with NTP for 60 s at

the indicated time, with the localization of Nrf2 determined

by immuno uorescence and images captured with a confocalfl

microscope; (B) Cellular nuclear and cytosolic lysates were

separated and the level of Nrf2 in cytoplasm and nucleus

were determined by Western blot.
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measuring the di erence absorbance between 465 and 530 nm byff

spectrophotometer, with a molar extinction coe cient of 40/mM/cm.ffi

2.10. Western blot

Total protein was extracted with RIPA lysis bu er (Beyotimeff

Biotechnology, Shanghai, China) and the protein concentration was

determined with BCA Protein Assay Reagent Kit (Beyotime

Biotechnology, Shanghai, China). The nuclear and cytosolic protein was

extracted separately with nuclear and cytoplasmic protein extraction kit

(Beyotime Biotechnology, Shanghai, China) according to the manu-

facturer's instructions. Equal amounts of protein extracts (50 g) wereμ

fractionated by 10% SDS-PAGE, then transferred to polyvinylidene di-

fluoride (PVDF) membranes (Millipore Corporation, Bedford, MA, USA)

and blocked with 5% non-fat dry milk for 1 h at room temperature. The

membranes were incubated with the corresponding primary antibodies

with appropriate dilution at 4 °C overnight, then washed three times

with TBST (0.1% Tween-20 in Tris-HCl bu er) and developed with theff

fluorescent secondary antibodies (Alex Fluor
®

790 goat anti-rabbit IgG,

1:10,000, Alex Fluor
®

680 goat anti-mouse IgG, 1:10,000, LI-COR,

Lincoln, NE, USA). The membranes were detected and analyzed with an

Odyssey
®

CLx Infrared Imaging System (LI-COR, Lincoln, NE, USA).

2.11. Statistical analysis

Statistical analysis was performed on the data obtained from at least

three independent experiments. The data were presented as

mean ± SD. The signi cance was accessed using Student's -test. A -fi t p

value less than 0.05 between two independent groups was considered

statistically signi cant.fi

3. Results

3.1. ROS mediated A549 cell apoptosis after NTP exposure

Previous studies have reported that NTP treatment increased ROS

production and induced apoptosis in cancer cells [ , ]. In this study,8 14

human lung cancer A549 cells (3 × 10 5 cells/dish) were seeded into

35 mm Petri dishes and then exposed to NTP, which was generated with

an dielectric barrier discharge device described in our previous study

[ , , ] for 20, 40, 60 or 80 s after overnight incubation. Then, cell19 36 37

apoptosis were detected with ow cytometry (Annexin V-FITC/PIfl

staining) and western blot (PARP and Caspase 3 expression). As shown

in A and B, the ratio of apoptotic cells increased with NTP ex-Fig. 1

posure time. When the exposure time increased to 60 or 80 s, the ratio

of Annexin V positive cells signi cantly increased from 6.92% (controlfi

Fig. 5. E ects of ZnPP on cell death induced by NTP exposure in A549 cells. (A) The change of HO-1 activity after ZnPP treatment 18 h; (B) E ect of ZnPP on cellff ff

viability (assessed with CCK-8 assay) exposed to NTP (60 s); (C &D) E ect of ZnPP (20 M) on apoptosis and necrosis induced by NTP exposure; (E) E ect of ZnPPff μ ff

(20 M) on the expression of apoptosis associated proteins, cleaved PARP and Caspase 3. * < 0.05.μ p 
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level) to 29.29% and 57.95%, respectively. Moreover, similar patterns

were also observed in the activation of apoptosis-associated proteins,

PARP and Caspase 3, in the A549 cells exposed to NTP ( C).Fig. 1

To verify whether ROS-mediated apoptosis induced by NTP, the

production of ROS was examined at 1 2 h after NTP treatment with the–

ROS uorescent probe 2,7-dichloro uorescein diacetate (H2DCFDA).fl fl

Results in A and B showed that NTP treatment caused signi cantFig. 2 fi

increase in ROS level in A549 cells, which could signi cantly inhibitedfi

by pre-treatment with NAC (10 mM), a ROS scavenger. The NAC

treatment also signi cantly decreased the ratio of apoptotic cells in-fi

duced by NTP ( C and D), and decreased the level of cleaved PARPFig. 2

and Caspase 3 in the cells exposed to NTP ( E). These results in-Fig. 2

dicated that NTP exposures induced apoptosis, which was mediated by

ROS, in A549 cells.

3.2. NTP exposure induced HO-1 expression in A549 cells

To investigate whether NTP treatment altered the expression of HO-

1, the transcription level of HO-1 was measured with RT-PCR after NTP

exposure in A549 cells. Results showed that NTP exposure increased the

mRNA level of HO-1 in A549 cells in an exposure time dependent

manner ( A). After exposed to NTP for 60 s, the mRNA level of HO-Fig. 3

1 increased with the time and reached the peak value at 12 h after

exposure ( B). The protein level of HO-1 was also observed to in-Fig. 3

crease with the NTP exposure time ( C) and the protein level ofFig. 3

HO-1 kept increasing for 24 h after NTP exposure (60 s) ( D).Fig. 3

Moreover, HO-1 activity was signi cantly accelerated after NTP ex-fi

posure (60 s) in A549 cells ( E). With a pretreatment of NAC, in-Fig. 3

duction of the HO-1 protein was decreased comparing with the case

without NAC treatment ( F). These results indicated that ROSFig. 3

generation played a critical role in HO-1 induction after NTP exposure.

It is well known that Nrf2 is an important transcriptional factor

which regulate the expression of antioxidant phase detoxifying en-Ⅱ 

zymes such as HO-1, GCL, Trx to resistance oxidative stress [ ]. To32

determine whether Nrf2 was involved in the activation of HO-1 induced

by NTP, the nuclear and cytosolic levels of Nrf2 in control and NTP-

treated cells was determined through immuno uorescence and westernfl

blot. The results in A and B showed that the level of Nrf2 proteinFig. 4 

in the cytoplasm decreased with time after NTP exposure (60 s), but

that in the nucleus showed an opposite trend. These observations in-

dicated that Nrf2 activation, evidenced by a translocation of the protein

from cytoplasm to nucleus, was initiated after the NTP exposure.

Fig. 6. E ects of Hemin on cell death induced by NTP exposure in A549 cells. (A) E ect of Hemin on cell viability (assessed with CCK-8 assay) exposed to NTP (60 s);ff ff

(B &C) E ect of Hemin (20 M) on apoptosis and necrosis induced by NTP exposure; (D) E ect of Hemin (20 M) on the expression of apoptosis associated proteins,ff μ ff μ

cleaved PARP and Caspase 3. *p < 0.05.
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Fig. 7. E ects of knocking down Nrf 2 or HO-1 in A549 cells on cell death induced by NTP exposure. (A) Expressions of Nrf2 or HO-1 proteins after transfected withff

speci c siRNAs or control siRNA; (B) ROS levels in control or siRNA-transfected A549 cells after NTP exposure; (C) Cell viability of control or siRNA-transfectedfi

A549 cells after NTP exposure; (D & E) Apoptosis and necrosis in control or siRNA-transfected A549 cells after NTP exposure. * < 0.05, ** < 0.01.p p 
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3.3. Inhibition of HO-1 enhanced the death of A549 cells exposed to NTP

To ascertain the roles of HO-1 in cell-death induction by NTP ex-

posures in A549 cells, Zinc protoporphyrin IX, a speci c competitivefi

inhibitor of HO-1 was used. Cells were pretreated with Znpp (20 M)μ

for 18 h, followed by treatment with NTP (60 s). Cell viability was

detected by CCK-8 assay. The results showed that HO-1 activity was

inhibited in Znpp treated cells ( A). Pretreatment with ZnPPFig. 5

(20 M) led to signi cantly reduced cell viability compared with ZnPPμ fi

(20 M) treatment alone or NTP exposure (60 s) alone ( A). Theμ Fig. 5

results on apoptosis also showed a similar trend. NTP and ZnPP co-

treatment increased the ratio of apoptotic and necrotic death in

A549 cells ( C and D) and the apoptosis associated proteins (PARPFig. 5

Fig. 8. Role of MAPKs pathway in the activation of Nrf2/HO-

1 in A549 cells after NTP exposure. (A) Expression of critical

proteins associated with the MAPK pathway at 24 after NTP

exposure (0 80 s); (B) Expression of critical proteins asso-–

ciated with the MAPK pathway at indicated time points after

NTP exposure (60 s); (C) E ects of speci c inhibitors offf fi

MAPK signaling pathways on the expression of HO-1.

Fig. 9. Constitutive expression of HO-1 in three lung cancer cell lines. (A) Cells

were harvested and total proteins were extracted to carry out western blot

analysis for HO-1 protein; (B) NTP treatment inhibited cell viability in a dose-

dependent manner. At 24 h after NTP exposures for 20 s, 40 s, 60 s and 80 s, the

viability of cells was measured by CCK-8 assay. * < 0.05, ** < 0.01.p p 

Fig. 10. Possible mechanisms of NTP-induced cell death and protective e ectsff

in A549 cells. NTP treatment can induce ROS-mediated apoptosis in A549 cells.

On the other hand, ROS can also activate the antioxidant system to protect cells

from oxidative damages. Accumulated intracellular ROS activates the JNK/Nrf2

pathway following upregulated expression of HO-1, while inhibition or

knockdown of HO-1 enhances the cytotoxicity e ect of NTP in A549 cells.ff
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and Caspase 3) were also activated ( E).Fig. 5

HO-1 inducer Hemin was used to determine the protective role of

HO-1 induced by NTP. Hemin (20 M) was added 18 h before NTPμ

exposure. As shown in A, pretreatment with Hemin increased theFig. 6

expression of HO-1 and partly reversed NTP-induced cell death. The

results also showed that pretreatment with Hemin e ectively decreasedff

the ratio of apoptotic cells induced by NTP ( B and C) and the level 6Fig.

of cleaved PARP and Caspase 3 ( D). These results indicated thatFig. 6

the normal function of HO-1 was important in helping A549 cells to

defend against the stress of NTP.

3.4. Knocking down HO-1 or Nrf2 enhanced the death of A549 cells

exposed to NTP

To investigate the functional role of HO-1 in A549 cells, the HO-1/

Nrf2 special siRNA was utilized to knockdown the HO-1/Nrf2 expres-

sion. The negative control siRNA was used as negative control. After

transfection with HO-1 siRNA for 24 h, HO-1 expression was con rmedfi

by Western blot analysis. By transfection of speci c siRNA, the genefi

expression of Nrf2 or HO-1 was signi cantly knocked down comparedfi

with the transfection with control siRNA ( A). After NTP exposure,Fig. 7

the ROS levels in A549 cells with knocked down Nrf2 or HO-1 distinctly

increased when compared to the control ( B). On the contrary, theFig. 7

viability of A549 cells with knocked down Nrf2 or HO-1 signi cantlyfi

decreased ( C). The results on apoptosis showed that the ratios ofFig. 7

necrotic and apoptotic cells were also higher than those of the control

after NTP exposure ( D and E).Fig. 7

3.5. JNK pathway may be involved in activation of Nrf2/HO-1 in

A549 cells after NTP exposure

MAPK signaling pathways (p38 MAPK, ERK1/2 or JNK) were re-

ported to regulate the activation of Nrf2/HO-1 [ ]. To con rm which39 fi

pathway was involved in the activation of Nrf2/HO-1 after NTP ex-

posure, we determined the critical proteins in the MAPK pathway with

western blot. The results in A and B showed that NTP exposuresFig. 8

signi cantly increased the expression of phosphorylated JNK, but notfi

phosphorylated ERK1/2 and p38 MAPK. With pretreatment with the

JNK speci c inhibitor (SP600125), ERK1/2 speci c inhibitorfi fi

(SCH772984) or p38 MAPK speci c inhibitor (SB203580) at 2 h beforefi

NTP exposures, the expression of HO-1 protein was determined. The

results in C showed that pretreatment with SP600125, a speci cFig. 8 fi

inhibitor of JNK, decreased the expression of HO-1, but SCH772984 or

SB203580, speci c inhibitors of ERK1/2 or p38 MAPK did not.fi

3.6. Basal level of HO-1 indicated the cell sensitivity to NTP exposure

Accumulated evidence showed that HO-1 overexpression played a

key role in development of resistance to chemotherapy or radiotherapy

[ , ]. To further explore whether overexpression of HO-1 in cancer23 40

cells be associated with more resistance to NTP-caused cell death, the

basal expression of HO-1 was determined in three lung cancer cell lines

(A549, H1299 and H322) and the corresponding cell viability was

measured after NTP exposure (60 s). The results in Fig. 9A showed that

the basal levels of HO-1 was A549 > H1299 > H322. The viability of

these three cell lines exposed to NTP also showed the trend A549 >

H1299 > H322 ( B). These results indicated that the protein levelFig. 9

of basal HO-1 had tight relationship with the sensitivity or resistance to

NTP exposures, which could potentially be a useful indicator of prog-

nosis for NTP cancer therapy.

4. Discussion

NTP treatment has been proved very e ective against cancer cells inff

in vitro studies, and has thus attracted the attention of the research

community as a promising novel cancer therapy technique. Numerous

studies showed that NTP treatment enhanced intracellular ROS gen-

eration, caused DNA damages and induced apoptotic cancer cell death

[ , , ]. Several studies also showed that NTP induced cancer cell15 20 41

apoptosis through various signaling pathway: activating TNF-ASK1

pathway [ ], targeting cell cycle [ ], inhibiting cell invasion [ , ],8 17 42 43

involving DNA damages [ , ], triggering sub-G1 arrest the ATM/16 44 via 

p53 pathway [ ] and so on. In the present study, we also demon-45

strated that NTP up-regulated intracellular ROS production, and in-

duced apoptotic cell death in a dose-dependent manner while per-

treatment with NAC (a ROS scavenger) could e ectively repress cellff

death. However, the intracellular mechanism involved in NTP-induced

antioxidant responses is still unclear.

The speci c mechanisms of HO-1 induction might depend on thefi

types of inducers and cells. Previous studies reported that hydrogen

peroxide (H 2 O2 ) up-regulated HO-1 expression through activation of

JNK and p38-MAPK pathways in H9c2 cells [ ], whereas ca eic acid34 ff

phenethyl ester (CAPE) induced HO-1 expression through activation of

the ERK pathway [ ]. The e ects and mechanisms of HO-1 induction35 ff

by NTP in A549 cells are still unknown.

HO-1 is one of the cytoprotective enzymes and its up-regulation

protects against cell death induced by oxidative stress [ , ]. Previous46 47

studies also found that HO-1 overexpression was related to resistance to

cancer therapy [ , ]. Up-regulation of HO-1 induced by Fisetin was23 48

also identi ed as a protection mechanism against cell death induced byfi

H 2 O2 in human umbilical vein endothelial cells (HUVECs) [ ]. Over-47

expression of HO-1 with transfection of a full-length human HO-1 cDNA

exhibited more resistance to hyperbaric oxygen (HBO)-induced DNA

damages in V79 cells [ ]. Furthermore, suppression of HO-1 enhanced49

the sensitivity to radiotherapy [ ] and chemotherapy [ , ], and30 29 50 

reduced tumor growth [ ]. Our results showed that NTP treatment28

induced HO-1 expression in dose- and time-dependent manners. Fur-

thermore, our data revealed that knockdown of HO-1 with the special

siRNA or the combination treatment with ZnPP signi cantly enhancedfi

the cytotoxicity e ect of NTP in A549 cells. Pretreatment with HO-1ff

inducer Hemin decreased NTP-induced cell death and the ratio of cell

apoptosis. We also found that a higher basal level of HO-1 expression

might contribute to resistance in A549 cells against cell death induced

by NTP treatment. Therefore, HO-1 can serve as e ective target toff

improve NTP therapy.

Nrf2 is an important transcription factor which regulates the ex-

pression of the HO-1 gene against oxidative damages [ ]. Numerous51

studies reported that some chemicals induced the expression of HO-1

via ROS generation and induction of Nrf2 for protection against oxi-

dative stress [ , ]. For example, Celastrol induced up-regulation of52 53

HO-1 expression in HaCaT cells ROS generation upon activation ofvia 

the ERK/p38-Nrf2-ARE pathway [ ]. Anke et al. revealed that NTP53

treatment activated the Nrf2/Keap1 pathway and up-regulated the

mRNA and protein expression of NQO-1 and HO-1 to protect HaCaT

cells against oxidative stress, which facilitated wound healing [ ].54

Musarat et al. found that the up-regulation of sul redoxin (Srx) as afi

protective factor against NTP-induced oxidative stress was mediated by

activation of Nrf2 [ ]. Our results showed that the induction of HO-19

expression by NTP treatment was mediated by ROS generation, which

activated Nrf2 translocation from cytoplasm to nucleus. Furthermore,

knockdown of Nrf2 with the special siRNA led to ROS overproduction

and increased the cytotoxicity e ect of NTP in A549 cells.ff

MAPK pathways, including JNK, ERK and p38 MAPK, are involved

in regulating many cellular processes, including cell proliferation, cell

death and metastasis [ ]. Numerous studies reported that MAPK55

pathways were involved in regulating the HO-1 expression [ , , ].34 48 56

Celastrol protected HaCaT cells against in ammation by up-regulatingfl

HO-1 expression activation of ERK and p38 MAPK pathways [ ].via 53

The JNK pathway was also found involved in the up-regulation of HO-1

induced by H2 O2 in H9c2 cells [ ]. Our results demonstrated that NTP34

treatment enhanced the phosphorylation of JNK and pre-treatment with

JNK inhibitors (SP600125) decreased the NTP-induced HO-1

J. Ma et al. Archives of Biochemistry and Biophysics 658 (2018) 54–65

63



expression. These results suggested that up-regulation of HO-1 by NTP

could be mediated through activation of the JNK signaling pathway in

A549 cells.

It was reported that NTP can altered antioxidant system, including

glutathione peroxidases (GPX), glutathione reductase (GSR), glu-

tathione S-transferases (GST), cytochrome P450 family members, which

may contribute to reducing NTP-induced ROS level in cells [ , ].57 58

Previous studies also proved that iron produced by heme metabolism

can up regulation of ferritin expression which plays protective role, not

HO-1 [ ]. However, our results found that knocked down ferritin59 61–

expression with special siRNA did not increased NTP-induced cell death

( ). This nding indicated that ferritin may not play the protectiveFig. S1 fi

role in NTP-induced cell death. Our study also found that pretreatment

with HO-1 inducer Hemin did not completely recovered NTP-induced

cell death. This study found that HO-1 play an important protective role

against NTP-induced cell death, however, there still some other anti-

oxidant proteins involved in this process.

In conclusion, the present study demonstrated that NTP exposures

caused two opposite e ects in A549 cells, including induction of cellff

death and activation of antioxidant response. The possible mechanisms

are depicted in . Induction of HO-1 expression plays a protectiveFig. 10

role against NTP-induced cell death the JNK-Nrf2 pathway invia 

A549 cells. On the other hand, inhibition of Nrf2/HO-1 leads to ROS

overproduction and enhances the cytotoxicity e ect of NTP. Theseff

findings facilitates a better understanding on the interaction between

NTP and cancer cells, and provides useful information to guide clinical

applications of NTP in future.
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