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Radiation-induced lung injury (RILI) is one of the most comam and fatal complications of
thoracic radiotherapy. In ammatory cell in Itration, imtalance of in ammatory cytokines,
and oxidative damage were reported to be involved during Rllpathogenesis, especially
in the early phase of RILI. Nuclear factor-erythroid 2-refed factor 2 (Nrf2) is a key
transcriptional regulator of antioxidative cascades, andegulates life span of mice
after administration of thoracic irradiation. We investgjed the effects of Nrf2 on RILI
and in ammation using Nrf2-knockout, Nrf2-overexpressiom and wild-type mice with
or without 15 Gy ionizing radiation to thorax. Our results shwed that Nrf2 de ciency
aggravated radiation-induced histopathological changesmacrophage and neutrophil
in Itration, serum levels of pro-in ammatory cytokines (-6, MCP-1, IFN-g, TNF, and
IL-12p70), and the levels of peroxidation products in the mose lung. Moreover, loss
of Nrf2 reduced radiation-induced serum levels of anti-irmammatory cytokine, IL-10,
and antioxidative proteins. Nrf2 overexpression signi catly alleviated radiation-induced
histopathological changes, macrophages and neutrophilsniltration, serum levels of
pro-in ammatory cytokines, and the levels of peroxidatiorproducts in lung tissues. Nrf2
overexpression also increased the serum levels of IL-10 arehtioxidative proteins. These
results indicated that Nrf2 had a protective role against diation-induced acute lung injury
and in ammation, and that antioxidative therapy might be a ppmising treatment for RILI.

Keywords: radiation-induced lung injury, in ammation, Nrf2, oxidative damage, in ltration, cytokines

INTRODUCTION

Radiation-induced lung injury (RILI) is one of the most comma&nd fatal complications in
radiotherapy for thoracic cancers, and limits the e ectivelietion dosage applied to eradicate
tumors. Radiation-induced acute lung injury and in ammati involve a cascade of in ammatory
events following ionizing radiation (IR)L( 2). In Itration of macrophages and neutrophils in lung
tissues and high serum levels of in ammatory cytokines areognized markers for RILI and
in ammation (2-5). Until now, there is no e ective prevention and treatment metts for RILI.
Although steroids had been used to treat RILI, severe sida&remain a huge challenge.
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IR induces cellular damage by direct deposit of energy angrotocols were approved by the Medical Sciences Animal Care
indirect oxidative damage via excessive reactive oxygesiespe Committee of Zhongnan Hospital of Wuhan University. For
(ROS), which were reported to be implicated in radiation-loss-of-function study, 24 wild-type mice and 24 Nrf2-knoci
induced pulmonary injury, in ammation and brosis®, 7). IR mice were randomly divided into 4 groups: 1 non-instrumented
induces the accumulation of ROS, including hydroxyl radical control (NC) group (WT-CON and KO-CON), and 3 IR groups
hydrogen peroxide, and superoxide. ROS accumulation in lungncluding IR1d group (WT-IR1d and KO-IR1d), IR7d group
tissues results in protein, lipid, and DNA damage, such adesing(WT-IR7d and KO-IR7d), IR14d group (WT-IR14d and KO-
strand breaks, double strand breaks, protein DNA cross|inkdR14d) group. Mice from the IR group received a single dose
as well as, other types of oxidative damage These damages of 15 Gy thorax radiation. The mice were sacri ced and samples
cause cell apoptosis and extracellular matrix remodelind¢hvh were collected on day 1, 7, and 14 after radiation. The viitida
were the secondary injury of IR. Nuclear factor-erythroid 2-of Nrf2-knockout mice was showed iRigure S1 For gain-of-
related factor 2 (Nrf2) is a well-characterized and redersitive  function study, 20 wild-type mice were randomly divided into 4
transcriptional activator, whose activity is tightly coolfied by  groups: Lv-vector control group (injected with Lv-vectordano
cytoplasmic association with its inhibitor Keapl. Upon oxiglati radiation), Lv-vector IR14d group (injected with Lv-vectand
stress, Nrf2 dissociates from Keapl and translocates into threceived radiation), Lv-Nfe2l2 control group (injectedthiviv-
nucleus to activate a series of antioxidant response elementife2l2 to establish Nrf2 over-expressiorvivoand no radiation)
(AREs), such as glutathione peroxidase (GPx), superoxided Lv-Nfe2l2 IR14d group (injected with Lv-Nfe2l2 to estslbli
dismutase (SOD), catalase (CAT), heme oxygenase-1 (H)-:1) (Nrf2 over-expressiorin vivo and receive radiation). The mice
Recent studies indicated that Nrf2 reduced radiation-ingllic were sacriced and samples were collected on day 14 after
tissue injury by preventing alveolar type 2 cells loss after IRadiation.

(10). Furthermore, Nrf2 de ciency reduced life span of mice

after administration of thoracic irradiationi(l). Therefore, we Lentivirus Delivery

hypothesized that Nrf2 might be a protective factor against IRLentivirus carrying Nfe2I2 (Lv-Nfe2l2) was o ered by Genethe
induced acute lung injury and in ammation, and that activi@  (Shanghai, China). C57BL/6J mice were anesthetized and
of Nrf2 signaling pathway alleviated IR-induced lung injury intratracheally injected with Lv-Nfe2l2 (5 10 copies
There were several studies reported that Nrf2 was involvedf lentivirus/mouse), and Lv-vector (5 1 copies of

in radiation-induced oxidative stresslZ, 13), but the related lentivirus/mouse) was used as control. Tinevivo transfection
mechanism study and the use iof vivo over-expressing animal was performed 7 days before IR. The method of exposure of
model were lacking. the mice to lentivirus has been previously describ&d.(The

In this study, we explored the regulatory e ects of Nrf2 in IR- expression levels of Nrf2 mRNA and protein in lung tissue were
induced lung injury and in ammation in the early phase of RILI detected by real-time quantitative polymerase chain reacti
using Nrf2-knockout and Nrf2-overespression mice. Our fesu (QPCR) and western blotF{gures S2A,B. The e ciencies of
indicated that Nrf2 protected against IR-induced lung injur lentiviral-mediated transfection were determined by @scent
and in ammation by reducing IR-induced oxidative damage inimaging of mice lung tissue§igure S20.
lung tissues. Our ndings revealed the molecular mechasisin
Nrf2 regulation on RILI and might broaden our comprehensivelrradiation Treatment

understanding of RILI and improve the clinical outcomes. Mice were anesthetized and received a single dose of 15 Gg to th
thorax using a small animal micro-CT irradiator X-RAD 225Cx
MATERIALS AND METHODS (Precision X-ray Inc., North Branford, CT). The beam was-225
i . . kV photon at a dose rate of 3.12 Gy/min. The source-surface
Mice and Experimental Design distance (SSD) was 30 cm. The radiation eld was 2cm.

Wild-type (Nfe21%) male C57BL/6 mice were obtained

from Hubei Provincial Investigation Center for Animals Serum Collection and Tissue Isolation

(Wuhan, China) and Nrf2-knockout (Nfe2lZ ) male mice Mice were sacri ced atindicated times. Retro-ocular artdool
were purchased from Jackson Laboratory (stock 017009). Adlas collected and centrifuged at 5,000 rpm for 5min and then at
mice were housed in a temperature-controlled and speci @,000 rpm for another 5min. The serum was collected and kept
pathogen free environment. All experimental procedures anét 20 C for future analysis of cytokines. The upper left lung
lobe from each mouse is xed in 4% paraformaldehyde and then
Abbreviations: RILI, Radiation-induced lung injury; Nrf2, Nuclear factor- embedded in paran for histopathology analysis. The lowet lef
erythroid 2-related factor 2; IR, lonizing radiation; ROS, Reactoxygen and riaht luna lobes were snap-frozen in liquid nitrogen arsd
species; AREs, Antioxidant response elements; GPx1, Glutatpereidase- g g oo X p q 9 .
1; SOD, Superoxide dismutase; CAT, Catalase; MDA, Malondialdehyi®- for RNA and pro'.[elln isolation, measurement of hydroxyproline
1, Hemeoxygenase-1; NC, Non-instrumented control; MPO, Myelopdesd; ~ content, CAT activity and MDA levels.

8-OHdG, 8-Hydroxy-2-deoxyguanosine; 4-HNE, 4-Hydroxynonenal; CBA,

Cytometric Bead Array; IL-6, interleukin-6; IL-10, Interleukin- ;10/1CP-1, HE Staining and Immunohistochemistry

Monocyte chemoattractant protein-1; IFiy-interferong; TNF, tumor Necrosis The left lun imens were embedded in ran and cut int
Factor; 1L-12p70, Interleukin-12p70; TG#A, Transforming growth factobl; ele .u g spec e S, eree eaae .pa a. anacu 0
WT, Wild-type; KO, Knockout; Lv-Nfe2l2, Lentivirus carrying Nfé2Lv-vector, 4 mm-thick slices. Sections were depara nized in Xylene and
Lentivirus carrying empty vector. rehydrated in a graded ethanol series. Hematoxylin and eosin
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(HE) staining was performed using a HE staining kit (C0105Measurement of CAT Activity and MDA
Beyotime, Hangzhou, China) according to the manufactarer'|_eyel|s

instructions. A pathologist who was unaware of the grouprotal proteins were extracted from mice lung tissues using
assignment examined the sections. To measure the degree@bA puer containing PMSF. After protein concentrations
lung injuries, 10 elds for 2 slides from each mouse weréneasurement using a BCA assay kit (P0012, Beyotime,
analyzed under a 200 eld of microscope. A scoring system Hangzhou, China), catalase (CAT) activity and malondihjctie

of 0-4 was used for each section based on the degree @fipA) levels in lung tissue was measured by a CAT assay kit
septal thickening, congestion, hemorrhage, edema, and&té& (A007-1, Jiancheng Biological Institution, China) and a MDA ki

in Itration. The scoring criteria were as follows: 0, normal (A003-1, Jiancheng Biological Institution, China) accogito

and widespread abnormality. The mean value of each mouse

was used for statistical analysis. Immunohistochemiaihsty  Statistical Ana_lysis

of F4/80, MPO, 8-OHdG, and 4-HNE were performed usingStatistical analysis was performed using SPSS 19.0 (IBM
an UltraSensitive’ SP Kit (KIT-9710, Maxim Bio, Fuzhou, Corporation, Armonk, NY, USA). Results were presented as
China) following the standard protocol. The information mean SD. Multigroup comparisons were carried out by one-
of primary antibodies is shown as follows: anti-8-OHdGway analysis of variance (ANOVA) test. Di erences between 2
(ab62623, 1:1000, Abcam, UK), anti-4-HNE (ab46545, 1:20§soups were determined using Dunnetest. Multiple means

Abcam, UK), anti-MPO (ab188211, 1:8000, Abcam, UK), angvere compared by Tukey's ted® < 0.05 were considered
anti-F4/80 (GB11027, 1:1000, Servicebio, China). As ivegat statistically signi cant.

controls for immunohistochemistry analysis, sections were

incubated with non-immune serum instead of the primary RESULTS

antibody. Images were then analyzed with Image-Pro Plus

5.1. software (Media Cybernetics, Inc., Rockville, MD, USANrf2 Knockout Aggravates
Immunoactivity of F4/80, MPO, and 8-OHdG were quantied Radiation-Induced Lung Injury

with the percent of positive cells, immunoactivity of 4-HNE afier 15 Gy local irradiation, increased alveolar septatkhiss,

was quantied with the 10D and mean density (MDP  grycture damage, hemorrhage and in ammatory cell in ltrati

IOD/area. were observed in the sections of lung tissues. These patholog
changes of radiation-induced acute lung injury were worse i

Measurement of Serum Cytokines the Nrf2-knockout mice compared with the wild type controls

A BD Cytometric Bead Array (CBA) Mouse Inammation (Figure 1).

Kit (552364, BD Biosciences, San Diego, CA) was used {o ..

measure interleukin-6 (IL-6), interleukin-10 (IL-10), mocyte oss of Nrf2 Increases Radiation-Induced

chemoattractant protein-1 (MCP-1), interferap- (IFN-g),  In ltration of Macrophages and

tumor Necrosis Factor (TNF), and interleukin-12p70 (IL- Neutrophils in Lung Tissues

12p70) levels in mice serum according to the manufacturerf |tration of macrophages and neutrophils in lung tissues

instructions. is one of the most important pathological characteristics
of RILI and inammation. F4/80 and MPO are the
Western Blot Analysis biomarkers of macrophages and neutrophils. Our data

Wsi'@dicated that inltration of macrophages Figures 2A,B

Lung tissues were homogenized and incubated in : ) e _
bu er containing a protease inhibitor cocktail. The protein and neutr_oph|ls _F|gures 2C,0 were S|gn|_cantly mcr_eased
fter IR in a time-dependent manner in both wild-type

concentrations were measured using a BCA kit (PO01% .
Beyotime, Hangzhou, China), and proteins were then denatureMice and - Nrf2-knockout mice. Moreover, both F4/80
at 100C for 5min. Proteins were loaded onto a 10% sps{Figures 2A.B and MPO (igures 2C,0 positive cell rates
PAGE gel and transferred to a polyvinylidene uoride (PvDF)N lung tissues of Nrf2-knockout mice were signi cantly
membrane. Blots were blocked at room temperature for 1 #igher than those in wild-type controls. These results
and then incubated with primary antibodies at@ overnight. Suggested that Nrf2 de ciency exacerbated radiation-metl
The information of primary antibodies is shown as follows:'n_Itratlon of macrophages and neutrophils in the lung of
anti-b-actin  (ab8227, 1:2000, Abcam, UK), anti-GAPDHMICE.

(10494-1-AP, 1:2,000, Proteintech, China), anti-Nrf2l@&F650, .

1:500, Abcam, UK), anti-50D2(06984, 1:500, Millipore, UsAl\'12 D€ ciency Exacerbates
anti-Glutathione Peroxidase 1 (GPX-1, 1:500, ab22604ampc Radiation-Induced Imbalance of Serum

UK). After washing, blots were incubated with uorescence-In ammatory Cytokines

labeled secondary antibodies (IRDye700 and IRDye80&erum in ammatory cytokines are often used to evaluate RILI
goat anti-mouse/rabbit, 1:10,000, Licor, USA). Signalseweiand in ammation. IL-12p70, IFNg, MCP-1, TNF, and IL-6
detected with an Odyssey infrared imaging system (Licomre in the pro-in ammatory prole, and IL-10 is in the anti-
USA). in ammatory pro le. Our results showed that IR signi cantly
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FIGURE 1 | Nrf2 knockout aggravates radiation-induced lung injuryA) HE staining was used to evaluate IR-induced structural desiction of the lung tissues. Scale
bar: 100 mm. The representative gures of 3 independent experiments we presented here.(B) Histology scores of HE staningn D 6. **P < 0.01; **P < 0.001.
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FIGURE 2 | Nrf2 de ciency exacerbates radiation-induced in ltration d macrophages and neutrophils in lung tissues(A,B) Immunohistochemistry staining of F4/80,
a biomarker of macrophages, in lung tissues from the 8 groupsf mice. Nrf2 knockout increased radiation-induced in Itréion of macrophages. Scale bar: 50mm.
(C,D) Immunohistochemistry staining of MPO, a biomarker of neutghils, in lung tissues of mice. Loss of Nrf2 contributed to rdiation-induced in Itration of
neutrophils. Scale bar: 500m. n D 6. NSRepresents no statistical differenceR > 0.05). **P < 0.001. The data was shown asmean  SD. The representative gures
of 3 independent experiments were presented here.

increased the serum levels of IL-12p70, IBNMCP-1, TNF  (Figures 3A-B. On the contrary, the serum levels of IL-10
and IL-6, as well as, IL-10, in both wild-type and Nrf2-in Nrf2-knockout mice were signi cantly lower than those
knockout mice in a time-dependent manneFigures 3A-F. in wild-type mice on day 14 after IRFgure 3F. These

In addition, on day 7 and 14 after IR, the serum levels ofesults indicated that Nrf2 de ciency aggravated radiatio
IL-12p70, IFNg, MCP-1, TNF, and IL-6 in Nrf2-knockout induced imbalance of serum pro- and anti-in ammatory
mice were signi cantly higher than those in wild-type mice cytokines.
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FIGURE 3 | Loss of Nrf2 aggravates radiation-induced imbalance of seim in ammatory cytokines. BD CBA Mouse In ammation Kit was usedio measure the serum
levels of in ammatory cytokines at different time points. N2 knockout increased radiation-induced serum levels of 11:2p70 (A), IFN-g (B), MCP-1 (C), TNF (D), and
IL-6 (E). Nrf2 knockout inhibited radiation-induced serum levels DIL-10 (F). n D 6. NSRepresents no statistical differenceR > 0.05). *P < 0.05; **P < 0.01;
**P < 0.001. Every experiment was repeated for 3 times and the datavas shown asmean  SD.

Nrf2 Knockout Worsens Radiation-Induced Nrf2 suppressed radiation-induced antioxidative pathwayimg

Oxidative Damage in Lung Tissues tissues of mice.

8-OHdG, 4-HNE, and MDA are the most commonly used . .

markers of oxidative damage. In this study, the results ssbw NIf2 Overexpression Mitigates

that IR signi cantly elevated levels of 8-OHdG, 4-HNE, andRadiation-Induced Lung Injury and

MDA in a time-dependent manner in both Nrf2-knockout and |n ammation

wild-type mice Figures 4A-F. The levels of 8-OHdG and 4- |n order to further conrm the important role of Nrf2 in

HNE in lung tissues of Nrf2-knockout mice were signi cantly R|LI and in ammation, a Nrf2-overexpressing mice model

higher than those in wild-type mice~(gures 4A-D). Similarly, was established viin vivo transfection. The results of HE

on day 14 after IR, the levels of MDA in lung tissues of Nrf2-staining showed that the alveolar septal thickness, stractu

knockout mice was signi cantly higher than those in wild-type damage, and hemorrhage were alleviated in lung tissues of

mice (Figure 45. These results indicated that Nrf2 knockout Nrf2-overexpression mice compared with vector-control mice

exacerbated radiation-induced oxidative damage in lusgues on day 14 after IR Rigure 6A; Figure S3. The in Itration

of mice. of macrophages and neutrophils in lung tissues of Nrf2-
overexpressing mice were signi cantly lower than those in
vector-control group Figures 6B—g. Similarly, Exogenous Nrf2

Nrf2 De ciency Reduces signi cantly reduced IR-induced serum levels of IL-12p706|,

Radiation-Induced Antioxidant in Lung MCP-1, IFN-g, and TNF Eigures 6F-). In addition, the serum
Tissues levels of IL-10 in Nrf2-overexpressing group was higher than

As shown in Figure 5A, the protein levels of Nrf2 in wild- those in the vector-control groupH{gure 6K). Taking together,

type mice were signi cantly up-regulated after IR. Similarly,excess Nrf2 mitigated RILI and in ammation in mice.
the protein levels of GPx1, SOD2 and the activity of CAT, . .
were signi cantly increased after IR in both Nrf2-knockout Nrf2_ O_VereXpreSSKm A_‘”e\_/la‘tes .

mice and wild-type miceRigures 5A-B. The protein levels of Radiation-Induced Oxidative Damage in

GPx1, SOD2 and the activity of CAT in lung tissues of Nrf2-Lung Tissues

knockout mice were signi cantly lower than those in wild- As shown in Figures 7A-E the levels of 8-OHdG, 4-HNE,
type mice Figures 5A—-B. These results suggested that loss odand MDA in lung tissues of Nrf2-overexpressing group were
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FIGURE 4 | Nrf2 knockout worsens radiation-induced oxidative damagef lung tissues.(A,C) Nrf2 de ciency increased radiation induced 8-OHdG (a biomdter of
DNA peroxidation product) positive cells in lung tissuegB,D) Loss of Nrf2 increased 4-HNE (a biomarker of lipid peroxidain product) positive cells in lung tissues.
(E) Nrf2 knockout upregulated the levels of MDA, another biomaeer of lipid peroxidation product, in lung tissues. Scale ba 50 mm. n D 6. NSRepresents no statistical
difference P > 0.05). *P < 0.05; **P < 0.01; ***P < 0.001. Every experiment was repeated for 3 times. The data weashown asmean SD, and the representative
gures were presented here.

signi cantly lower than those in the vector-control group.n0 DISCUSSION
the contrary, the protein levels of Nrf2, GPx1, SOD2, and

activity of CAT were signi cantly increased in lung tissues RILI is one of the most common complications in the

Nrf2-overexpression group than those in vector-control gwo
(Figures 7F=J.

radiotherapy of chest tumor. IR-induced acute lung injurydan
in ammation characterized the early phase of RILI, which will
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FIGURE 5 | Nrf2 knockout suppressed radiation-induced antioxidatig proteins. (A—D) Nrf2 de ciency inhibitd radiation induced Nrf2, GPx1, and S@2 in lung tissues
as meaured by Western blot.(E) Nrf2 knockout reduced radiation-induced activation of CATn D 6. NSRepresents no statistical differenceR > 0.05). *P < 0.05; **P
< 0.01; **P < 0.001. Every experiment was repeated for 3 times. The data washown asmean SD and the representative gures were presented here.

progress to lung brosis. Lung brosis is a progressive andnduced alveolar wall thickening and minimal interstitialema
fatal disease which causes severe impairments of respiratary rat lung tissues, and increased serum levels of IL-1, IL-
system. Till now, there is no available therapeutical sgpate 6, TNF4a, and IL-10 on day 3, 7, 14, and 28 after IR).(
for RILI, and the underlying mechanism is still unclear. InIR induced in ammatory cytokines and chemokines, which
this study, we found that Nrf2 de ciency aggravated the IR-caused in ltration of in ammatory cells such as macrophages
induced acute lung injury, inltration of microphages and and neutrophils 8, 18 19. In turn, increased in Itration of
neutrophils, imbalance of serum in ammatory cytokines andin ammatory cells in lung tissues would promote the secretion
oxidative damage. Nrf2 overexpression alleviated IR-ieduc of pro-in ammatory cytokines and the synthesis of ROS 18
lung injury and immunological responses. These data sugdest20, 21). In this study, we found that IR promoted the in Itration
that Nrf2 played a protective role against IR-induced lungiigj  of microphages and neutrophils in lung tissues, suggesting
and in ammation. pathological manifestations of in ammation. Furthermoiérf2
Acute lung injury and in ammation involve destruction de ciency increased IR-induced microphage and neutrophil
of the lung structure and a cascade of in ammatory eventsin Itration in lung tissues. The in ammatory cell in Itratin
including the alterations of in ammatory cells and in amntiary  might cause consequent burst of in ammatory cytokines and
cytokines 8-5). Activation of the Nrf2 signaling is a well- result in aggravated lung injury. IR increased the serunelev
known mechanism that protects cells against radiation-icetl  of IL-6, MCP-1, IFNg, TNF, and IL-12p70, as well as, IL-10.
oxidative stress 12, 13), but its role in RILI is not well- Similar to in ammatory in Itration, loss of Nrf2 aggravated
understood. Our data showed that alveolar septal thicknestR-induced increases of serum in ammatory cytokines IL-6,
structure damage, hemorrhage, and in ammatory cell indton ~ MCP-1, IFNg, TNF, and IL-12p70, but reduced the increase
were observed in sections of lung tissues after IR in botbf IL-10. These data suggested that Nrf2 de ciency sigmitga
Nrf2-knockout and wild-type mice. These pathologic changesggravated IR-induced acute lung injury and in ammation,
of IR-induced acute lung injury were much more serious inincluding destruction of the structure and pathological obas
the Nrf2-knockout mice compared with the wild-type mice. of pneumonia, in Itration of microphages and neutrophils, as
Similarly, Traver et al. reported that Nrf2 loss promotedwell as, the imbalance of in ammatory cytokines.
IR-induced alveolar type 2 cell loss and initiated a brotic IR induces the production of ROS and the excessive
phenotype {0). In ammation is thought to play critical roles accumulation of ROS causes oxidative damage in lung tissues
in RILI (15-17). Jiang et al. reported that 15 Gy of irradiation (7, 22, 23). ROS-induced oxidative damage in lung tissues
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FIGURE 6 | Nrf2 overexpression alleviates radiation-induced lungjiry and in ammation. (A) Nrf2 overexpression attenuated radiation-induced lung jory as
measured by HE staining. Scale bar: 100nrm. (B,D) Nrf2 overexpression decreased radiation-induced in Itrabn of macrophages as measured by
immunohistochemistry staining. Scale bar: 50rm. (C,E) Excess Nrf2 inhibited radiation-induced in Itration of netrophils. Scale bar: 50mm. (F—K) Nrf2
overexpression downregulated radiation-induced serum keels of pro-in ammatory cytokines (IL-12p70, IFNg, MCP-1, TNF, and IL-6) and increased
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FIGURE 7 | Excess Nrf2 attenuates radiation-induced oxidative damagin lung tissues.(A,C) Nrf2 overexpression decreased 8-OHdG positive cells in luntissues as
measured by immunohistochemistry staining(B,D) Nrf2 overexpression decreased 4-HNE positive cells in luntissues. (E) Levels of MDA in lung tissues were lower
in Nrf2-overexpression mice compared with vector-contromice. (F) CAT activity in lung tissues was higer in Nrf2-overexpressi mice compared with vector-control
mice. (G-J) Excess Nrf2 upregulated the protein levels of Nrf2, GPx1, &hSOD2 in lung tissues as measured by Western blot. Scale baBOmm. n D 5.
NSRepresents no statistical differenceR > 0.05). *P < 0.05; ***P < 0.001. Every experiment was repeated for 3 times. The data weashown asmean SD and the
representative gures were presented here.

might be one of the origin of in ammatory cell in ltration ad  transfection. As we expected, excess Nrf2 alleviated |Reied
imbalance of in ammatory cytokines. Our data showed that IRin Itration of microphages and neutrophils in lung tissues,
signi cantly increased oxidative damage in lung tissuemafe. as well as, the serum levels of pro-in ammatory cytokines.
As a consequence, the Nrf2 signaling pathway, an importanthe serum IL-10 levels were higher in Nrf2-overexpression
antioxidative signaling cascade, was upregulated in lisgyés. group compared with vector-control mice after IR. In addition
Nrf2 de ciency aggravated IR-induced oxidative damage andNrf2 overexpression promoted the upregulation of antioxidati
reduced the upregulation of Nrf2 signaling cascade after IRsignaling cascade after IR. As a consequence, IR-induced
Therefore, we deduced that Nrf2 might have a protective rolexidative damage was reduced by Nrf2 overexpression. Hence,
against RILI and in ammation. Previous studies indicatecth our data shows that Nrf2 had a protective role against |R-iretii
upregulation of Nrf2 protected against RILI and lung brosis acute lung injury and in ammation through the reduction of
both in vivo and in vitro (12, 13 24, 25. In our study, a oxidative damage in lung tissues through both Nrf2 de cignc
Nrf2-overexpression mice model was established imiavivo  and over-expression mice model.
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We also test the levels of TGA/Smads signaling pathway AUTHOR CONTRIBUTIONS
proteins in lung tissues of miceFigure S4A. The results
indicated that Nrf2 loss increased the protein levels of T@F- XT, YG, and CX: Conceptualization. XT, FW, and YL:
and phosphorylated Smad2/3. Collagen content was indirectiylethodology. XT, FW, YL, SM, Nz, YS, CY, GT, and
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results indicated that Nrf2 might protect against RILI incing
oxidative-induced destruction of the lung tissues, in aratary
cell in Iltration, imbalance between pro- and anti-in ammaty

This study was supported in part by grants from the Chinese

National Natural Science Foundation (grant No. 81572967,

81372498, and 81800429), Hubei Natural Science Foundation

factors, and activation of pro- brotic signaling, the meatism  (grant No. 2013CFA006), Zhongnan Hospital of Wuhan

might be through the activation of anti-oxidative cascadiise ~ University Science, Technology and Innovation Seed Fund

limitation of this study is that the e ects of Nrf2 were only (grant No. znpy2016050, znpy2017001, and znpy2017049),

evaluated in the early phase of RILI. A long-term study for seive Wuhan City Huanghe Talents Plan and Medical Physics

months to 1 year to identify the roles of Nrf2 in IR-inducechiy ~ Teaching, and Research Fund of Elekta & Wuhan University

brosis is required to further con rm our conclusions. (grant No. 250000200) and the Fundamental Research
In summary, our study was the rst to evaluate the protectiveFunds for the Central Universities (grant No. 2042018

role of Nrf2 against RILI and in ammation in both Nrf2- kf0065).

knockout and over-expressing mice model, and our data

supported the concept that Nrf2 played a protective role againSUPPLEMENTARY MATERIAL

RILI'and in ammation through the upregulation of antioxidaté

capacity and consequent alleviation of oxidative damagerig| The Supplementary Material for this article can be found

tissues. Therefore, our ndings suggest that antioxidativerapy online at:  https://www.frontiersin.org/articles/10.388nc.

might be a promising treatment for RILI. 2018.00542/full#supplementary-material

REFERENCES

1. Demirel C, Kilciksiz SC, Gurgul S, Erdal N, Yigit S, Tamer L, et al.

8. Zhao W, Robbins ME. In ammation and chronic oxidative stressadiation-
induced late normal tissue injury: therapeutic implicatio@urr Med Chem.
(2009) 16:130-43. doi: 10.2174/092986709787002790

Inhibition of radiation-induced oxidative damage in the lunggue: may 9.

acetylsalicylic acid have a positive role?ammation (2016) 39:158-65.
doi: 10.1007/s10753-015-0234-x

. Jiang X, Jiang X, Qu C, Chang P, Zhang C, Qu Y, et al. Intravenous
delivery of adipose-derived mesenchymal stromal cells attenuates acu
radiation-induced lung injury in rats.Cytotherapy (2015) 17:560-70.
doi: 10.1016/j.jcyt.2015.02.011

. Szabo S, Ghosh SN, Fish BL, Bodiga S, Tomic R, Kumar G, et al.
Cellular in ammatory in Itrate in pneumonitis induced by a single modeeat
dose of thoracic x radiation in ratsRadiat Res.(2010) 173:545-56.
doi: 10.1667/RR1753.1

. Rube CE, Rodemann HP, Rube C. [The relevance of cytokines in the
radiation-induced lung reaction. Experimental basis and clinsggti cance].
Strahlenther Onko({2004) 180:541-9. doi: 10.1007/s00066-004-1279-1

. Liu GD, Xia L, Zhu JW, Ou S, Li MX, He Y, et al. Genistein alleviates

10.

11.

12.

13.

Numazawa S, Yoshida T. Nrf2-dependent gene expressions: autaolec
toxicological aspecd. Toxicol Sc{2004) 29:81-9. doi: 10.2131/jts.29.81
Traver G, Mont S, Gius D, Lawson WE, Ding GX, Sekhar KR, ebabk bf
Nrf2 promotes alveolar type 2 cell loss in irradiated, brotic lufgee Radiat
Biol Med.(2017) 112:578-86. doi: 10.1016/j.freeradbiomed.201Z28.0
Travis EL, Rachakonda G, Zhou X, Korhonen K, Sekhar KR, aBisw
S, et al. NRF2 deciency reduces life span of mice administered
thoracic irradiation. Free Radiat Biol Med. (2011) 51:1175-83.
doi: 10.1016/j.freeradbiomed.2011.05.038

Yu J, Zhu X, Qi X, Che J, Cao B. Paeoni orin protects human EA®y92
endothelial cells against gamma-radiation induced oxidativeirynjby
activating the NF-E2-related factor 2/heme oxygenase-1 patfiveaicol Lett.
(2013) 218:224-34. doi: 10.1016/j.toxlet.2013.01.028

Cao K, Lei X, Liu H, Zhao H, Guo J, Chen Y, et al. Polydatin alleViate
radiation-induced lung injury through activation of Sirt3 and hifition

radiation-induced pneumonitis by depressing Apel/Ref-1 expressmo
down-regulate in ammatory cytokine€ell Biochem Biophy@014) 69:725—
33. doi: 10.1007/s12013-014-9859-x

6. Terasaki Y, Ohsawa I, Terasaki M, Takahashi M, Kunugi S, ip#o et al.
Hydrogen therapy attenuates irradiation-induced lung damage by aiedu
oxidative stressAm J Physiol Lung Cell Mol Physi011) 301:L415-26.
doi: 10.1152/ajplung.00008.2011

7. Lee JC, Krochak R, Blouin A, Kanterakis S, Chatterjee S, rArgui
et al. Dietary axseed prevents radiation-induced oxidative lu@mage,
in ammation and brosis in @ mouse model of thoracic radiation injury
Cancer Biol The(2009) 8:47-53. doi: 10.4161/cbt.8.1.7092

of epithelial-mesenchymal transitiod. Cell Mol Med (2017) 21:3264-76.
doi: 10.1111/jcmm.13230

Sun GY, Yang HH, Guan XX, Zhong WJ, Liu YP, Du MY,
et al. Vasoactive intestinal peptide overexpression mediated by
lentivirus  attenuates lipopolysaccharide-induced acute lung rynju
in mice by inhibiting in ammation. Mol Immunol. (2018) 97:8-15.
doi: 10.1016/j.molimm.2018.03.002

Malaviya R, Gow AJ, Francis M, Abramova EV, Laskin JD, Laskin D
Radiation-induced lung injury and in ammation in mice: role of indible
nitric oxide synthase and surfactant protein Toxicol Sci(2015) 144:27-38.
doi: 10.1093/toxsci/kfu255

14.

15.

Frontiers in Oncology | www.frontiersin.org 10 November 2018 | Volume 8 | Article 542



Tian et al.

Nrf2 Protects Against RILI

16. Wang YY, Zhang CY, Ma YQ, He ZX, Zhe H, Zhou SF. Therapeuti?3. Jang SS, Kim HG, Han JM, Lee JS, Choi MK, Huh GJ,

17.

18.

19.

20.

21.

22.

eects of C-28 methyl ester of 2-cyano-3,12-dioxooleandigh-28-
oic acid (CDDO-Me; bardoxolone methyl) on radiation-induced lung
in ammation and brosis in mice.Drug Design Dev Thef2015) 9:3163-78.
doi: 10.2147/DDDT.S80958

Cho YJ, Yi CO, Jeon BT, Jeong YY, Kang GM, Lee JE, et al.n@orcu
attenuates radiation-induced in ammation and brosis in rat lusg<orean

J Physiol Pharmac@R013) 17:267—74. doi: 10.4196/kjpp.2013.17.4.267
Johnston CJ, Williams JP, Elder A, Hernady E, Finkelstein JMmimatory
cell recruitment following thoracic irradiatiorExp Lung Re2004) 30:369—
82. doi: 10.1080/01902140490438915

et al. Modulation of radiation-induced alterations in oxidative
stress and cytokine expression in lung tissue by Panax
ginseng extract. Phytother Res. (2015) 29:201-9. doi: 10.1002/
ptr.5223

24. Duru N, Gernapudi R, Zhang Y, Yao Y, Lo PK, Wolfson B, et al.
NRF2/miR-140 signaling confers radioprotection to human lung
broblasts. Cancer Lett (2015) 369:184-91. doi: 10.1016/j.canlet.2015.
08.011

25. Duru N, Zhang Y, Gernapudi R, Wolfson B, Lo PK, Yao Y, et al. Léss o
miR-140 is a key risk factor for radiation-induced lung brosisrdugh

Vergara JA, Raymond U, Thet LA. Changes in lung morphology and reprogramming broblasts and macrophageSci Rep (2016) 6:39572.

cell number in radiation pneumonitis and brosis: a quantitative
ultrastructural study.Int J Radiat Oncol Biol Phyg1987) 13:723-32.
doi: 10.1016/0360-3016(87)90291-4

Pietrofesa R, Turowski J, Tyagi S, Dukes F, Arguiri E, Bud¢heT al.
Radiation mitigating properties of the lignan component in axse8dC
Cancer(2013) 13:179. doi: 10.1186/1471-2407-13-179

Chen H, Ye H, Meng DQ, Cai PC, Chen F, Zhu LP, et al. Reactivgeaxy
species and x-ray disrupted spontaneous [C&Z]I(oscillation in alveolar
macrophagesRadiat Reg(2013) 179:485-92. doi: 10.1667/RR3006.1

doi: 10.1038/srep39572

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relativps that could
be construed as a potential con ict of interest.

Copyright © 2018 Tian, Wang, Luo, Ma, Zhang, Sun, You, Tang, hg &ad Xie.
This is an open-access article distributed under the tdrine Greative Commons
Attribution License (CC BY). The use, distribution or rdpation in other forums

Jang SS, Kim HG, Lee JS, Han JM, Park HJ, Huh GJ, et al. Melaton#permitted, provided the original author(s) and the cgpyiowner(s) are credited

reduces X-ray radiation-induced lung injury in mice by modulating
oxidative stress and cytokine expressibn.J Radiat Biol(2013) 89:97-105.
doi: 10.3109/09553002.2013.734943

and that the original publication in this journal is cited gccordance with accepted
academic practice. No use, distribution or reproductipensitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org 11

November 2018 | Volume 8 | Article 542



