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Abstract 

Low-dose ionizing radiation (LDIR) can induce radio-resistance to following high dose radiation in 
various mammalian cells. The protective role of LDIR has been thought to be associated with the 
overall outcomes of cancer radiotherapy. NF-E2 related factor 2 (Nrf2) is a transcription factor 
that plays pivotal roles in maintaining cellular oxidative equilibrium. Since oxidative stress has been 
indicated to be a mediator of LDIR induced radio-resistance, the role of Nrf2 in this process was 
investigated in this research. Our results showed that in human lung adenocarcinoma A549 cell, 
5cGy alpha particle induced radio-resistance to following 75cGy alpha particle radiation. The 
expression level of Nrf2 and its target Heme Oxygenase-1(HO-1) increased after 5cGy radiation. 
Both the shRNA of Nrf2 and the chemical inhibitor of HO-1 suppressed the induced ra-
dio-resistance, indicating the involvement of Nrf2 antioxidant pathway in this process. Further, we 
found 5cGy radiation stimulated autophagy process in A549. Inhibition of the autophagy process 
resulted in suppression of the radio-resistance and the induced expression of Nrf2 and HO-1. ROS 
scavenger N-acetyl-L-cysteine (NAC) blocked the autophagy process induced by 5cGy alpha 
particle, the upregulation of Nrf2 and HO-1, as well as the induced radio-resistance. In conclusion, 
ROS elevation caused by LDIR promoted Autophagy/Nrf2-HO-1 and conferred radio-resistance 
in A549. 
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Introduction 
More than 50% of cancer patients receive radio-

therapy at some time during the course of their dis-
ease. Recent technical developments in diagnostic 
imaging such as CT scanning have significantly in-
creased the precision of dose delivery to the target 
tumor, making radiotherapy more efficient in cancer 
treatment [1]. However, they also garner raised in-
terests and importance in the biological effects of 
low-dose ionizing radiation (LDIR) [2]. Especially, 
more and more studies have shown that exposure of 
cells to LDIR induces an elevated resistance when 
subsequently exposed to a much higher dose of radi-
ation, which may be linked to increased recurrence 
and treatment failure in many patients after radio-

therapy [3-6]. Even though this phenomenon has been 
generally accepted in mammalian cells and animals 
[3, 4, 7, 8], the underlying mechanisms remain to be 
explored. LDIR induced radio-resistance has been 
shown to be associated with increased cellular func-
tions such as stress responses and DNA repair capa-
bilities [3]. For example, during the process of LDIR 
induced radio-resistance, STAT1 was found to be 
profoundly up-regulated [9], the activation of poly 
(ADP-ribose) polymerase (PARP) which is well 
known to participate in DNA repair was required 
[10], and ATM/ERK/NF-κB pathway was involved 
[11]. 

It has been well established that generation of 
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reactive oxygen species (ROS) is a key event involved 
in ionizing radiation (IR) induced biological effects 
[12]. ROS is important in regulating both cell survival 
and cell death. Excessively high levels of ROS can lead 
to significant DNA damage and various cellular re-
sponses, including cell cycle arrest, senescence and 
apoptosis. However, supra-basal levels of ROS gen-
erated in response to LDIR may bring about untoward 
or even beneficial cellular responses [13]. There is 
evidence that the generation of ROS confers ra-
dio-resistance to directly irradiated cells and the by-
stander cells [3]. Antioxidant responses participate in 
LDIR induced protection in cells [14]. For example, 
Eldridge et al. reported that manganese superoxide 
dismutase (MnSOD), an important mitochondrial 
antioxidant in mammalian cells, played a key role in 
the LDIR-induced radio-resistance [15]. NF-E2 related 
factor 2 (Nrf2) is a member of the cap 'n collar family 
of basic leucine zipper transcription factors and can be 
induced by elevated oxidative stress. By transcrip-
tional regulation of a variety of detoxification en-
zymes such as heme oxyegenase-1 (HO-1), NAD(P)H: 
quinone oxidoreductase 1 (NQO1), Nrf2 protects cells 
against oxidative stress caused damages [16-20]. Nrf2 
is aberrantly overexpressed in several types of cancer 
cell lines or tumor tissues and antioxidant pathways 
regulated by Nrf2 are thought to play pivotal roles in 
maintaining favorable redox balance therefore pro-
mote cell survival, evade apoptosis and tolerate 
therapeutic intervention [21, 22]. Accumulated clues 
show that Nrf2 can be stimulated by IR [23-26]. And 
pre-activation of Nrf2 by chemical inducer such as 
sulforaphane and naphthoquinone results in amelio-
ration of IR induced DNA double strand breaks [27, 
28]. However, whether Nrf2 mediated antioxidative 
response participates in LDIR induced ra-
dio-resistance has not been elucidated. To this point, 
we performed research and our results were pre-
sented in the present article. 

Materials and methods 
Materials and chemicals 

Human lung carcinoma A549 was kept by this 
laboratory. Dulbecco’s Modified Eagle Medium 
(DMEM), superoxide indicator Hydroethidine and 
Amplex® Red Hydrogen Peroxide/Peroxidase Assay 
Kit were purchased from Life Technology (Shanghai 
Office, China). Fetal bovine serum (FBS) was pur-
chased from Hyclone (Beijing, China). Earle’s Bal-
anced Salts solution was from Sigma (MS, USA). 
shRNA plasmids and transfection reagent Mega-
Tran1.0 were purchased from OriGene (Shanghai 
China). Primary antibodies were Nrf2 (Cat. No. 
sc-722, Santa Cruz, TX, USA), Heme Oxygenase 1 

(HO-1, Cat. No. 10701-1, ProteinTech, IL, USA), LC3B 
(Cat. No. L7543, Sigma, MS, USA), Beta Actin (Cat. 
No. M20010, Abmart, Shanghai, China), Alpha Tubu-
lin (Cat. No. 2871-1, Epitomics, CA, USA), phos-
pho-ERK 1/2 (Cat. No.4370, Cell Signal Technology, 
MA, USA), Histone H3 (Cat. No. H9289, Sigma, MS, 
USA). Both HRP linked goat anti-rabbit and HRP 
linked goat anti-mouse secondary antibodies were 
bought from Jackson ImmunoResearch Laboratories 
(PA, USA). MEK inhibitor U0126 was from Promega 
(WI, USA). HO-1 chemical inhibitor protoporphyrin 
IX zinc (II) (ZnPP), autophagy inhibitor 
3-Methyladenine (3-MA), E-64d, pepstatin, dan-
sylcadaverine, N-Acetyl-L-cysteine (NAC) and pro-
tein phosphotase inhibitor cocktail were from Sigma 
(MS, USA). Hemoglobin was purchased from 
Worthington Biochemical Corporation (NJ, USA). 
Etoposide was from J&K Chemicals (Shanghai, Chi-
na). Protease inhibitor cocktail was purchased from 
Roche (Mannheim, Germany). Chemiluminescence 
substrate Superstar ECL for western blotting was 
from Boster (Wuhan, China). Protein amount was 
determined with bicinchoninic acid (BCA) kit which 
was purchased from Sangon (Shanghai, China). Other 
chemicals were reagent grade. 

Cell culture and radiation 
Complete medium for A549 culturing was 

DMEM with 10% FBS. Cells were incubated at 37℃ in 
a humidified 5% CO2 incubator. Radiation was per-
formed on an alpha particle emitter which delivers 3.5 
MeV α particles derived from 241Am at a dose rate of 
1cGy per second. Cells were seeded into specially 
designed circular dish with a 3.0μm thick mylar film 
bottom on which the cells attached. Culture medium 
was refreshed every other day and the cells were ir-
radiated by α particles when reaching 70%~80% con-
fluence. The alpha particle emitter used in this re-
search is assembled by this institute. The dose rate 
was calculated by putting a CR-39 on the mylar bot-
tomed dish (the same as that used for cell culturing) 
and counting particle numbers after different expo-
sure time. Then the received particle number was 
converted to dose and plotted against exposure time 
to determine dose rate. For radiation of cells, all the 
region of the dish was exposed for a total time calcu-
lated based on desired dose and the dose rate. The 
actual dose received by cultured cells was mentioned 
in Results section. 

Clonogenic assay 
Cells were seeded into mylar-bottomed dish. 

After alpha particle radiation, cells were cultured for 6 
hours. Then the cells were washed carefully with PBS 
and trypsinized to produce single-cell suspension. 300 
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cells from each treatment group were plated into 6-cm 
cell culture dish respectively and incubated for 10 
days. After washed with PBS, a mixture of 6% glutar-
aldehyde and 0.5% crystal violet was added into the 
dish. Four hours later, the glutaraldehyde crystal vi-
olet mixture was removed and the dish was washed 
with de-ionized water. After dried at room tempera-
ture, colonies in each dish were counted to calculate 
the plating efficiency and colony formation rate.  

Protein extraction and western blot analysis 
Cells were washed with PBS and then harvested 

using ice-cold RIPA lysis buffer containing protease 
inhibitor and protein phosphotase inhibitor. Protein 
concentration of total cell lysate was measured using 
BCA reagent and determined on microplate reader at 
562nm. 60μg proteins were resolved by 10% or 12% 
Tris-Glycine SDS-PAGE according to the protocol 
described by Laemmli [29] and transferred to a PVDF 
membrane. After blocked in PBST with 1% BSA (bo-
vine serum albumin), PVDF membrane was incubated 
with primary antibody at 4℃ overnight with gentle 
agitation. Then the membrane was washed with PBST 
3 times at room temperature for 5 minutes and incu-
bated with corresponding HRP-linked secondary an-
tibody for 2 hours at room temperature. After washed 
with PBST 3 times at room temperature for 5 minutes, 
the membrane was incubated with chemilumines-
cence substrate for 3 minutes at 37℃. Protein band 
intensity was visualized and captured in FCE (Protein 
Simple) image analyzer.  

One-step qRT-PCR 
 To determine the mRNA levels of Nrf2 in 

Scr-shRNA A549 and Nrf2-shRNA A549 cells, 
one-step qRT-PCR analysis was performed. Total 
RNA was prepared with RNAiso reagent purchased 
from TaKaRa (Dalian, China). One-step qRT-PCR was 
done with TaKaRa One Step SYBR® PrimeScriptTM 
PLUS RT-PCR Kit on StepOne real time PCR machine 
by ΔΔCt method. mRNA level of actin was used as 
endogenous control. The primers used for determine 
the mRNA level of Nrf2 were P1: 
ATGGATTTGATTGACATACTTT and P2: 
ACTGAGCCTGATTAGTAGCAAT. The primers 
used for determine the mRNA level of Actin were P3: 
CCTGGCACCCAGCACAAT and P4: GGGCCGGAC 
TCGTCATAC. Reaction parameters were step 1: 42℃ 
for 5minutes, step 2: 95℃ for 10 seconds, step 3: 95℃ 
for 10 seconds, step 4: 50℃ for 30 seconds, step 5: 72℃ 
for 30 seconds. Step 3 to step 5 were repeated for 35 
cycles. The level of Nrf2 mRNA was analyzed by 
StepOne Software version2.1. 

Measurement of intracellular ROS 
For measurement of superoxide, final concentra-

tion of 2μM hydroethidine was added into cell culture 
medium 30 minutes prior to 5cGy alpha particles ra-
diation. 15 minutes after radiation, the cells were gen-
tly washed with warm PBS and the fluorescence was 
captured under fluorescence microscope. The aver-
aged fluorescence intensity per cell for each experi-
mental group was calculated with NIH Image soft-
ware. For detection of H2O2 release, the Amplex® Red 
Hydrogen Peroxide/Peroxidase Assay Kit was used. 
At different time points post 5cGy radiation or sham 
radiation, the content of H2O2 in the growth medium 
(phenol red-free) from each group was measured with 
the kit on Molecular Device fluorescent plate reader 
according to the product manual.  

shRNA plasmids transfection 
shRNA plasmid targeted to specific human gene 

or scrambled shRNA plasmid were transfected into 
A549 by MegaTran 1.0 Transfection Reagent accord-
ing to the manufacturer’s recommendation respec-
tively. Complete medium with 1μg/ml puromycin 
was used as the selective medium. Transfectants were 
isolated and maintained in complete medium con-
taining 0.2μg/ml puromycin for further experiments. 
Knockdown of specific gene was confirmed by de-
termining the expression level of the target protein 
with western blotting and the level of the corre-
sponding mRNA by qRT-PCR. 

Dansylcadaverine (MDC) staining of au-
tophagic vacuoles 

 6 hours after exposure to 5cGy α particles, cells 
were washed with PBS. Then, the cells were incubated 
in PBS with 50μM MDC in incubator for 10 minutes. 
After that, cells were washed 3 times with PBS and 
immediately observed under fluorescence microscope 
with ultraviolet as excitation source. 

Statistical analysis 
Statistical data were represented as mean ± 

standard deviation from at the least three independ-
ent experiments performed in triplicate. Statistical 
significance of differences between two groups was 
determined by one way ANOVA with SPSS software 
version 20. P value <0.05 between groups was con-
sidered to be of statistical significance. 

Results 
Low dose α particle inducing radio-resistance 
in A549 cell line 

Firstly, we detected the induction of ra-
dio-resistance in human lung carcinoma A549 cell. 
Cells were irradiated with 5cGy α particle. 6 hours 
later, the irradiated cells were exposed to 75cGy α 
particle. The control group was sham irradiated and 6 
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hours later, irradiated with 75cGy α particle. By col-
ony formation assay, it was observed that the surviv-
ing fraction after a single dose of 75cGy α particle 
treatment was 9% compared to that of the 
non-irradiated group (Fig 1A). Pretreatment with 
5cGy α particle 6 hours before 75cGy radiation ame-
liorated the influence of 75cGy α particle on A549. As 
shown in figure 1A, the surviving fraction of 5+75cGy 
group was 16%. Levels of pro-apoptosis protein Bax 
and anti-apoptosis protein Bcl-2 were detected by 
western blotting (Fig 1B). Compared to sham irradi-
ated group, single dose 75cGy α particle significantly 
increased the level of Bax. While for 5+75cGy α parti-
cle treatment, the level of Bax was higher than that in 
sham irradiated group, but lower than that in 75cGy α 
particle treatment group. An opposite tendency was 
observed for Bcl-2 level compared to that of Bax. 
pH2AX(Ser139) is a marker of DNA double strand 
breaks (DSBs). As shown in figure 1B, 5cGy pre-
treatment resulted in amelioration of DSBs formation 

after a further 75cGyα particle radiation compared to 
single 75cGy radiation. These confirmed that 5cGy 
radiation conferred A549 resistance to a higher dose 
radiation. Extracellular signal regulated protein ki-
nases (ERK) was reported to play important role in 
controlling cell death induced by ionizing radiation. 
In this work, it was found that the level of phosphor-
ylated ERK 1/2 in 5+75cGy α particle treatment group 
was significantly higher than that in the 75cGy α par-
ticle treatment group (Fig 1C). U0126 is a chemical 
inhibitor of MEK 1/2, the upstream regulator of ERK 
1/2. Final concentration of 5μM U0126 was added 
into the culture medium 30 minutes before 5cGy α 
particle radiation. Under this concentration, U0126 
diminished the activation of ERK 1/2 remarkably (Fig 
1C). Colony formation assay showed that inhibition of 
ERK 1/2 resulted in the diminishment of ra-
dio-resistance induced by 5cGy α particle, indicating 
the role of activation of ERK 1/2 in the process (Fig 
1D). 

 
Figure 1: (A) LDIR induced radio-resistance in A549 detected by clonogenic assay. Cells were either pre-irradiated with 5cGy α particle or 0Gy α particle. 6 hours later, these 
cells were irradiated with 75cGy α particle. 6 hours after the 75cGy radiation, clonogenic assay was used to determine the survival fraction. Sham represented non-irradiated 
group. (B) Detection of apoptosis related proteins and pH2AX(Ser139) by WB. Radiation treatment steps were same as above mentioned. 3 hours after the 75cGy radiation, cell 
samples were collected for WB analysis of pH2AX(Ser139). 24 hours after the 75cGy radiation, cell samples were collected for WB analysis of Bax and Bcl-2. (C) Activation of 
ERK 1/2 in LDIR induced radio-resistance. Detection of phosphor-ERK 1/2 by WB was performed 24 hours after the 75cGy radiation. To evaluate the effect of ERK 1/2 inhibitor, 
final concentration of 5μM U0126 was added into the culture medium 30 minutes before 5cGy radiation. (D) Confirmation of ERK 1/2 activation in LDIR induced radio-resistance 
by clonogenic assay. Final concentration of 5μM U0126 was added into the culture medium 30 minutes before 5cGy radiation. 6 hours after 5cGy radiation, cells were irradiated 
with 75cGy. And after 6 hours incubation, clonogenic assay was performed to determine the survival fraction. 
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Nrf2 antioxidant pathway was involved in low 
dose α particle induced radio-resistance 

To make it clear whether Nrf2 mediated antiox-
idant response participated in low dose α particle 
induced radio-resistance, the expression of Nrf2 was 
detected 6 hours after 5cGy α particle radiation. As 
shown in figure 2A, the levels of Nrf2 and its target 
HO-1 were obviously stimulated by both 5cGy and 
75cGy α particle in A549. However, the induction 
levels of both Nrf2 and HO-1 were higher in 5cGy 
irradiated cells those in 75cGy irradiated cells. Nu-
clear accumulation of Nrf2 after exposure to 5cGy was 
evaluated by western blotting detection. It can be seen 
from figure 2B, within 6 hours after 5cGy radiation, 
the presence of Nrf2 in nuclear fraction increased, 
indicating the induction of translocation of Nrf2 into 
nucleus where it stimulated the transcription of its 

target genes. Then the effect of HO-1 inhibitor on 
LDIR induced radio-resistance was investigated. 5μM 
ZnPP, a chemical inhibitor of HO-1, was added into 
culture medium 30 minutes prior to 5cGy α particle 
radiation and removed from culture medium just be-
fore 75cGy α particle radiation. Cell survival result 
showed that administration of ZnPP suppressed the 
induced radio-resistance (Fig 2C). Since HO-1 cata-
lyzes the degradation of heme to produce carbon 
monoxide (CO), we further tested whether CO was 
involved in 5cGy α particle induced radio-resistance. 
10ug/ml CO scavenger hemoglobin was added into 
culture medium 1 hour before 5cGy radiation. Cell 
survival result showed that this treatment resulted in 
the diminishment of the induced radio-resistance by 
5cGy radiation, thus indicating the role of HO-1 me-
diated production of CO in this process. 

 

 
Figure 2: (A) A549 cell were either irradiated with 5cGy or 0cGy. 6 hours later, cells were collected for WB detection of the expression level of Nrf2 and HO-1. (B) A549 cell 
were irradiated with 5cGy. Then proteins in nuclear fraction were extracted at time points including right after radiation, 1, 3 and 6 hours post exposure. The levels of Nrf2 in 
nuclear fractions were analyzed by WB. (C) Effects of HO-1 inhibition on LDIR induced radio-resistance. 5μM HO-1 inhibitor ZnPP was added into culture medium 30 minutes 
prior to 5cGy or 0cGy α particle radiation and removed from culture medium just before 75cGy α particle radiation. 6 hours after 75cGy radiation, clonogenic assay was used 
to determine survival fraction. (D) 10ug/ml hemoglobin was added into culture medium 1 hour before 5cGy radiation. 6 hours after 5cGy radiation, cells were irradiated with 
75cGy. And after 6 hours incubation, clonogenic assay was performed to determine the survival fraction. 
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Through shRNA mediated RNA interference, 
Nrf2 knock-down A549 was constructed, which was 
testified by the expression of Nrf2 and its induction by 
25μM chemical inducer tBHQ in scramble shRNA and 
Nrf2 shRNA transfected A549 respectively (Fig 3A). 
By one-step qRT-PCR analysis, the mRNA level of 
Nrf2 in Nrf2-shRNA A549 cells was decreased to 
about 44% compared to that in Scr-shRNA A549 cells 
(Fig 3B). In the Nrf2 knock-down A549, the induced 
radio-resistance by 5cGy α particle was suppressed 
(Fig 3C). Combining these results, it was concluded 
that low dose α particle stimulated Nrf2 was involved 
in inducing radio-resistance to high dose radiation. 

Autophagy conferring A549 LDIR induced ra-
dio-resistance 

To test the role of autophagy in 5cGy α particle 
induced radio-resistance in A549, we firstly deter-
mined whether 5cGy α particle could induce au-
tophagy process. 6 hours after radiation, A549 cells 
were stained with MDC, an autofluorescent dye 
which accumulates in autophagic vacuole. Compared 
to non-irradiated cells (Fig 4A upper left), cells irra-

diated with 5cGy α particle emitted enhanced fluo-
rescence (Fig 4A upper right). The level of LC3-II, a 
biomarker of autophagy, was also detected by west-
ern blotting (Fig 4B). Compared to that in sham irra-
diated group, accumulation of LC3-II in 5cGy α parti-
cle treated group increased. Combined administration 
of lysosome inhibitors pepstantin and E-64D further 
enhanced the accumulation of LC3-II. These results 
confirmed that 5cGy α particle stimulated the au-
tophagy process in A549. Then, the effect of stimu-
lated autophagy process in LDIR induced ra-
dio-resistance was analyzed. Final concentration of 
5mM autophagy inhibitor 3-MA was added into cul-
ture medium 1 hour before 5cGy α particle radiation 
and removed from culture medium before 75cGy α 
particle radiation. Inhibition of 5cGy α particle in-
duced autophagy by 3-MA was evidenced by the de-
crease of LC3-II accumulation (Fig 4D). Cell survival 
result showed that inhibition of autophagy sup-
pressed the radio-resistance induced by 5cGy α parti-
cle (Fig 4C), indicating the participation of autophagy 
in LDIR induced radio-resistance.  

 

 
Figure 3: (A) Determination of Nrf2 knockdown in A549 transfected with Nrf2 shRNA or its control counterpart which was transfected with scramble shRNA. Two cell lines 
were treated or mocked treated with Nrf2 activator tBHQ for 16 hours, and then the expression level of Nrf2 was detected by WB. (B) Suppression of 5cGy radio-resistance 
in Nrf2 knockdown A549 which was determined by clonogenic assay. 
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Figure 4: (A) MDC staining of autophagic vacuoles in A549. Upper left: 6 hours after A549 cell were sham irradiated; Upper right: 6 hours after A549 cell were irradiated with 
5cGy; Lower left: 6 hours after A549 cell were sham irradiated under the existence of 1mM NAC; Lower right: 6 hours after A549 cell were irradiated with 5cGy under the 
existence of 1mM NAC. (B) Detection of the formation of LC3-Ⅱ. A549 cells were irradiated with 5cGy or 0cGy. 6 hours later, cells were collected for WB analysis. P 
represented pepstatin. E represented E-64d. Combining administration of pepstatin and E-64d suppressed autophagy mediated degradation of LC3-Ⅱ, which confirmed the 
activation of autophagy process. (C) Determination of the effect of autophagy inhibitor 3-MA on LDIR induced radio-resistance by clonogenic assay. 5mM 3-MA was added into 
culture medium 1 hours before 5cGy or 0cGy radiation. 6 hours later, cells were irradiated with 75cGy. And 6 hours after 75cGy radiation, cell samples were subjected to 
clonogenic assay. (D) Confirmation of the inhibition of 5cGy induced autophagy by 3-MA. Samples were collected 6 hours after 5cGy radiation. (E) Effects of 3-MA on the 
activation of ERK1/2. Radiation steps were the same as that described in (C) and protein samples were collected 24 hours after 75cGy radiation. 

 

Low dose α particle activated Nrf2 was regu-
lated by autophagy  

Based on above results, we assumed that au-
tophagy participated in LDIR induced ra-
dio-resistance process by controlling the activation of 
Nrf2. To address this, the effect of 3-MA on 5cGy α 
particle stimulated Nrf2 expression was examined 
and the result was displayed in figure 5. It was obvi-
ous that 5cGy α particle elevated the level of Nrf2 and 
HO-1. Administration of 5mM 3-MA blocked the 
stimulation of both Nrf2 and HO-1 not only in 5cGy α 
particle treated cells, but also in sham irradiated cells. 
Together with the observation that 5cGy α particle 
stimulated autophagy process, these results indicated 
that autophagy mediated Nrf2 upregulation was in-
volved in LDIR induced radio-resistance.  

LDIR induced ROS initiating the autopha-
gy/Nrf2 signaling 

ROS is a well-known factor that mediating ion-
izing radiation induced biological effects. The role of 
LDIR induced generation of ROS in the activation of 
autophagy and Nrf2 in A549 was then investigated. 
Firstly, production of superoxide and release of H2O2 
after LDIR was measured with hydroethidine and 
Amplex® Red respectively. As shown in figure 6A 
and 6B, the superoxide in 5cGy treated cells increased 
by 16.5% compared to that in non-irradiated cells 15 
minutes after radiation. By using final concentration 
of 1mM N-Acetyl-L-cysteine (NAC), a kind of ROS 
scavenger, the increased superoxide level in 5cGy 
treated cells was suppressed. However, as to the re-
leased H2O2, no significant effect was observed by 
5cGy treatment within 60 minutes after radiation (Fig 
6C). Under the existence of 1mM NAC, the autophagy 
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process stimulated by 5cGy α particle was inhibited as 
evidenced by the accumulation of LC-3II (Fig 6A). 
MDC staining of autophagic vacuole testified the role 
of NAC in inhibiting 5cGy α particle induced au-
tophagy (Fig 4A lower left and lower right). These 
results indicated that the ROS level induced by low 
dose α particle promoted autophagy process. Fur-
thermore, activation of Nrf2 and its target HO-1 was 
blocked by NAC concomitantly (Fig 7A), confirming 
that the autophagy regulated activation of Nrf2 anti-
oxidant response was initiated by LDIR induced ROS 
level. Cell survival result revealed that NAC treat-
ment abolished the induced radio-resistance to 75cGy 
α particle irradiation in A549 by 5cGy α particle (Fig 
7B). We then tested whether 5cGy radiation conferred 
A549 resistance to etoposide, a chemical agent which 
led to DNA double strand breaks. As shown in figure 
7C, a survival fraction of 22% was observed in A549 
after 2μg/ml etoposide treatment. However, if A549 
was radiated with 5cGy and 6 hours later, challenged 
with 2μg/ml etoposide, the survival fraction in-
creased to 38%. And NAC treatment before 5cGy ra-
diation resulted in the diminishment of the resistance 
to etoposide induced by the LDIR. This further con-
firmed the protective role of LDIR induced ROS. 

 
Figure 5: Inhibition of 5cGy induced autophagy by 3-MA suppressed the upregula-
tion of Nrf2 and HO-1. A549 cells were irradiated with 5cGy or 0cGy under the 
existence or absence of 5mM 3-MA. 6 hours later, samples were collected for WB 
detection of the expression level of Nrf2 and HO-1.  

 
Figure 6: (A) Effects of NAC on generation of intracellular superoxide after 5cGy radiation. A final concentration of 2μM hydroethidine was added into cell culture medium 30 
minutes prior to radiation under the existence or absence of 1mM NAC. 15 minutes later, intracellular superoxide level was detected under fluorescence microscope. The 
histogram showed the statistic data of averaged fluorescence intensity per cell. (B) Representative fluorescence microscope images of superoxide detection. Upper left: sham 
irradiated; Upper right: 5cGy treatment; Lower left: sham irradiated under the existence of 1mM NAC; Lower right: 5cGy treatment under the existence of 1mM NAC. (C) 
Release of H2O2 measured with Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit. At different time points post radiation or sham radiation with 5cGy, the content of 
H2O2 in growth medium (phenol red-free) from each group was measured and normalized to cell numbers. The histogram represented the fluorescence intensity of 100μL 
culture medium from 0.4 million cells. 
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Figure 7: (A) WB detection of Nrf2, HO-1 and LC3Ⅱ expression level in A549 cells irradiated with 5cGy or 0cGy under the existence or absence of 1mM NAC. (B) Effect of 
NAC treatment on LDIR induced radio-resistance. 1mM NAC was added into culture medium 1 hour before 5cGy or 0cGy radiation. 6 hours later, cells were irradiated with 
75cGy. And 6 hours after 75cGy radiation, cells were subjected to clonogenic assay. (C) Effect of NAC treatment on LDIR induced resistance to etoposide. 1mM NAC was added 
into culture medium 1 hour before 5cGy or 0cGy radiation. 6 hours later, 2μg/ml etoposide was added into culture medium. Clonogenic assay was then performed to determine 
the survival fraction. 

 

Discussion 
LDIR induced resistance to high dose radiation is 

a well recognized phenomenon which in some cir-
cumstances was called low dose radiation induced 
adaptive response. Upon LDIR treatment, cellular 
protective systems will be activated and thus confer 
cells resistance or adaptability to further high dose 
challenging radiation. This kind of phenomenon was 
not only observed with ionizing radiation, but also 
with many types of stress [30]. Radiotherapy has been 
widely applied for the treatment of tumors, inde-
pendently or in combination with anti-tumor drugs. 
With the findings that LDIR resulted in resistance of 
cells to following high dose radiation, it was sug-
gested that CT scanning might be one of the reasons 
responsible for the recurrence and failure of cancer 
after radiotherapy. Therefore, investigation on the 
mechanisms underlying LDIR induced ra-
dio-resistance is of importance for the optimization of 
cancer radiotherapy. 

LDIR induced radio-resistance was observed in 
human lung carcinoma A549 cell line with α particle 

radiation by clonogenic assay and apoptosis assay in 
the current research. ERK 1/2 is one of the highly 
conserved mitogen-activated protein kinases 
(MAPKs) family which respond to diverse extracel-
lular stimuli, including radiation. It has been sug-
gested that ERK 1/2 plays an important role in de-
termining the cellular outcomes between a balance of 
survival and death after ionizing radiation [31]. Low 
levels of DNA damage induced by radiation led to 
pro-survival signaling regulated by the activation of 
ERK 1/2 and its upstream regulator ATM. However, 
excessive level of DNA damage induced by radiation 
resulted in the ATM-independent dephosphorylation 
of ERK 1/2, thus shut down the pro-survival signal-
ing. In this work, the pro-survival function of ERK 
1/2 activation was observed in LDIR induced ra-
dio-resistance process, as evidenced by the obvious 
activation of ERK 1/2 in the 5cGy plus 75cGy treated 
cells compared to the non-irradiated or single 75cGy 
treated cells. Pretreatment with U0126 disturbed the 
5cGy induced radio-resistance, further confirming the 
pro-survival role of ERK 1/2. Accumulating evidence 
demonstrated that the MEK-ERK pathway also con-
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tributes to the proper execution of cellular DNA 
damage response. Radiation induced ERK 1/2 activa-
tion has been linked to increased expression of the 
DNA repair proteins ERCC1, XRCC1 and XPC [32]. 
Besides, there is evidence that DNA damage induced 
ERK 1/2 activation contributes to the activation of 
ATM and ATR [33]. The role of ERK 1/2 in regulating 
DNA damage repair might also be responsible for 
LDIR induced radio-resistance. 

Nrf2 mediated antioxidant response is consid-
ered to be the core machinery for maintaining cellular 
redox balance. Under basal conditions, the Nrf2 in-
hibitor KEAP1 binds and sequesters Nrf2 in cyto-
plasm where Nrf2 will be degraded through ubiqui-
tin-mediated process. Upon oxidative or electrophilic 
stress, Nrf2 dissociates from KEAP1 and transfers into 
the nucleus where it interacts with other transcription 
factors to form transcription complex, binds to and 
activates ARE (Antioxidant Response Ele-
ment)-containing genes [20]. Nrf2 has been reported 
to be associated with chemo-resistance of cancer cell 
lines. For instance, Wang et al. found that knockdown 
of endogenous Nrf2 by siRNA or by over-expressing 
KEAP1 sensitized A549 to cisplatin, doxorubicin or 
etoposide. Meanwhile, stable over-expression of Nrf2 
led to an enhancement of resistance to these chemo-
therapeutic drugs in breast carcinoma cell line 
MDA-MB-231, and similar results were observed with 
neuroblastoma cell line SH-SY5Y [34]. Ionizing radia-
tion was a stimulus for Nrf2 activation. McDonald et 
al. reported that doses from 2 to 8Gy gamma ray ra-
diation activated ARE-dependent transcription in 
breast cancer cells in a dose-dependent manner. They 
also confirmed that Nrf2 deficient mouse embryonic 
fibroblast cells and C57BL/6 mice showed enhanced 
radio-sensitivity [25]. Mathew et al. reported that re-
peated administration of sulforaphane significantly 
ameliorated 2 or 4Gy gamma radiation induced cell 
death in mouse embryonic fibroblasts, and the ra-
dio-protective role of sulforaphane depended on the 
status of Nrf2 [27]. Therefore, based on the result that 
5cGy α particle induced resistance to high dose radia-
tion, we detected the induction of Nrf2 by LDIR in 
A549. The result showed an obvious elevation of Nrf2 
6 hours after 5cGy radiation, which was consistent 
with the findings of Lee et al. [24] and Tsukimoto et al. 
that LDIR activated Nrf2-antioxidant pathway [26]. 
To further test whether the induced Nrf2 conferred 
resistance to high dose radiation, A549 stably ex-
pressing Nrf2 shRNA and scrambled shRNA were 
established. Loss of LDIR induced radio-resistance in 
A549 harboring Nrf2 shRNA validated that Nrf2 
played a key role in the process. Nrf2 mediated pro-
tective role induced by LDIR was also indicated in 
diabetes mouse model. Xing et al. suggested that total 

dose of 7.5cGy X-ray radiation upregulated Nrf2 ex-
pression and function in the tested mouse model, and 
attenuated diabetes-induced renal inflammation, ox-
idative damage, remodeling, and dysfunction [35]. 
HO-1, which is also designated as Hsp32, is highly 
inducible in response to oxidative stress. Its expres-
sion is mainly upregulated by Nrf2 and it plays a 
pivotal role in maintaining cellular redox homeosta-
sis. Vile et al. found that pretreatment of human skin 
fibroblast with ultraviolet A resulted in protective role 
against a following ultraviolet A radiation. HO-1 was 
upregulated in this process, and antisense oligonu-
cleotide of HO-1 blocked both the induced expression 
of HO-1 and the protective role of ultraviolet A pre-
treatment [36]. In our work, similar results for HO-1 
were observed. LDIR increased the expression of 
HO-1, and chemical inhibitor of HO-1 ZnPP treatment 
abolished LDIR induced radio-resistance. HO-1 is the 
rate-limiting enzyme in the degradation of heme into 
biliverdin, CO and free iron. It has been reported that 
CO exposure could facilitate homologous recombina-
tion repair of DNA damage through an ATM/ATR 
dependent pathway [37]. In this work, treatment with 
CO scavenger hemoglobin before 5cGy radiation led 
to diminishment of LDIR induced radio-resistance, 
showing that HO-1 contributed to the process par-
tially through its activity to producing CO.  

Autophagy, a cellular cytoplasm and organelle 
turnover process to maintain homeostasis, has evoked 
a number of correlation with radio-sensitivity and 
radio-resistance [38]. However, it is not known 
whether autophagy process participated in LDIR in-
duced radio-resistance yet. Our results showed that 
LDIR promoted autophagy process. And if autophagy 
was blocked, the induction of radio-resistance by 
LDIR was inhibited, indicating the role of autophagy 
in this process. Since the role of Nrf2 in LDIR induced 
radio-resistance was established, we further investi-
gated whether LDIR induced autophagy was respon-
sible for Nrf2 upregulation. By inhibiting autophagy 
process, we proved that LDIR induced autophagy 
was a stimulus of Nrf2. Concomitant change of the 
expression level of HO-1 with Nrf2 was observed, 
confirming the role of Nrf2/HO-1 antioxidant path-
way in LDIR induced radio-resistance. It was reported 
that autophagy deficiency resulted in a competitive 
inhibition of Nrf2-KEAP1 binding which was due to 
the sequestration of KEAP1 by the selective autoph-
agy substrate p62, therefore leading to the stabiliza-
tion of Nrf2 and its downstream pathways [39]. 
Taguchi et al. found another regulatory pathway for 
the stabilization of Nrf2 that was autophagy led to the 
degradation of KEAP1 [40]. Denicola et al. reported 
that transcriptional upregulation of Nrf2 by onco-
gene-dependent signaling contributes to the increase 
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of Nrf2 protein level [41]. Chen et al. showed that a 
direct interaction between p21 and Nrf2 upregulated 
the Nrf2 mediated antioxidant pathways [42]. It is 
well known that autophagy regulation was influenced 
by networks of tumor suppressors and oncogenes 
[43]. Since it was reported that in A549 cell line, there 
was a somatic mutation in KEAP1 gene which re-
sulted in its function deficiency and constitutive sta-
bilization of Nrf2 [34], KEAP1 level might not be di-
rectly related to the level of Nrf2. Thus, complicated 
regulations between autophagy and Nrf2 may exist in 
A549 after LDIR treatment, which deserve further 
investigation.  

It has been well accepted that over-generation of 
free radical species is pivotal for radiation induced 
cellular damages. Besides, there were studies showed 
that reactive oxygen species and nitric oxide radicals 
were important for radiation induced protective roles 
[13, 44]. Activities of detoxification enzymes such as 
MnSOD, Catalase, Gpx and GST had been reported to 
increase in LDIR induced radio-resistance [14]. The 
protective role of LDIR induced ROS was also ob-
served in our work, as shown by the fact that ROS 
scavenger NAC treatment abolished 5cGy radiation 
induced radio-resistance. However, it is still largely 
unclear how the moderately induced ROS by LDIR 
leads to the protection against high dose radiation. 
We clarified that LDIR induced autophagy and 
Nrf2/HO-1 expression in A549 was responsible for its 
resistance to following high dose radiation. Therefore, 
whether ROS elevation after LDIR treatment pro-
moted autophagy was investigated. NAC treatment 
blocked the 5cGy radiation induced formation of 
LC3Ⅱ, indicating the ROS induction was responsible 
for LDIR stimulated autophagy process. Studies have 
confirmed that ROS is an important regulator of au-
tophagy under various conditions [45]. For example, 
deprivation of nerve growth factor led to accumula-
tion of mitochondrial ROS, which further resulted in 
autophagy and cell death [46]. ROS is essential for 
starvation induced autophagy by oxidative inactiva-
tion of Atg4 and facilitating autophagosome for-
mation [47]. In this work, similar to that observed 
with starvation, LDIR induced ROS and autophagy 
was shown to be protective not only to high-dose ra-
diation, but also to etoposide treatment, a chemo-
therapy agent for cancers such as lung cancer, Ka-
posi’s sarcoma, Ewing's sarcoma and et al. Consistent 
with the previous findings that autophagy upregu-
lated Nrf2 and HO-1, NAC treatment suppressed of 
elevated expression of the two proteins, further con-
firmed ROS promoted autophagy and its downstream 
events.  

 In conclusion, this study indicated the following 
findings: (1) LDIR conferred radio-resistance in hu-

man lung adenocarcinoma A549 cell through activat-
ing the Nrf2/HO-1 antioxidant pathway; (2) Moder-
ate elevation of ROS caused by LDIR promoted au-
tophagy process, which resulted in the activation of 
Nrf2/HO-1. Our results implicated that 
ROS/autophagy might be an intervention target for 
improving radiotherapy outcomes. Further studies 
are needed for better understanding of the underlying 
mechanisms of ROS/autophagy/Nrf2 pathway in 
LDIR induced radio-resistance. 
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