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Abstract

Background: Radiation-induced skin injury, which may progress to fibrosis, is a severe

side effect of radiotherapy in patientswith cancer. However, currently, there is a lack of

preventive or curative treatments for this injury. Meanwhile, the mechanisms under-

lying this injury remain poorly understood. Here, we elucidated whether autophagy

is essential for the development of radiation-induced skin injury and the potential

molecular pathways andmechanisms involved.

Methods and results:Weused themyofibroblast-specific Atg7 knockout (namely, con-

ditional Atg7 knockout) mice irradiated with a single electron beam irradiation dose

of 30 Gy. Vaseline-based 0.2% rapamycin ointment was topically applied once daily

from the day of irradiation for 30 days. On day 30 post irradiation, skin tissues were

harvested for further analysis. In vitro, human foreskin fibroblast cells were treated

with rapamycin (100 nM) for 24 h and pretreated with 3-MA (5 mM) for 12 h. Macro-

scopic skinmanifestations, histological changes, and fibrosismarkers at themRNAand

protein expression levels were measured. Post irradiation, the myofibroblast-specific

autophagy-deficient (Atg7Flox/Flox Cre+) mice had increased fibrosis marker (COL1A1,

CTGF, TGF-β1, and α-SMA) levels in the irradiated area and had more severe macro-

scopic skin manifestations than the control group (Atg7Flox/Flox Cre−) mice. Treatment

with an autophagy agonist rapamycin attenuated macroscopic skin injury scores and

skin fibrosis marker levels with decreased epidermal thickness and dermal collagen

deposition in Atg7Flox/Flox Cre+ mice compared with the vehicle control. Moreover, in

vitro experiment results were consistentwith the in vivo results. Togetherwith studies

at the molecular level, we found that these changes involved the Akt/mTOR pathway.

In addition, this phenomenon might also relate to Nrf2-autophagy signaling pathway

under oxidative stress conditions.

Conclusion: In conclusion, Atg7 and autophagy-related mechanisms confer radiopro-

tection, and reactivation of the autophagy process can be a novel therapeutic strategy

to reduce and prevent the occurrence of radiodermatitis, particularly skin fibrosis, in

patients with cancer.
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1 INTRODUCTION

Radiation therapy is normally used to treat several types of cancers.1

However, the major side effect of radiation therapy is cutaneous tis-

sue injury, also called radiodermatitis, which occurs in 95% of patients

with cancer receiving radiation therapy.2,3 In fact, after any form of

radiotherapy, the skin will be inevitably affected to varying degrees.

The early visible sign of cutaneous reaction is erythema, which occurs

in 90% of patients, and this type of symptom can evolve into desqua-

mation or even into ulcers at an advanced stage.4 Up to 25% of

patients develop severe skin reactions, leading to necrosis and scar-

ring.Unfortunately, patientswith these complications tend to interrupt

radiation treatment planning, which may increase the risk of can-

cer recurrence.5 In advanced stages, skin/muscle fibrosis caused by

radiation is one of the most significant late side effects of radiation

exposure, characterized by an abnormalwound healing response, lead-

ing to excessive deposition of extracellular matrix (ECM) at the site

of radiation injury.6,7 Furthermore, various studies have attempted to

determine effective interventions against skin injuries caused by radi-

ation exposure, such as washing, dermatitis agents (hyaluronic acid,

corticosteroid, sucralfate cream), antioxidant agents (vitamin C and

vitamin E), and wound dressing (hydrogel)8; however, the therapeutic

effects of conservative treatment are unsatisfactory. Therefore, fur-

ther investigation is required to determine the underlying mechanism

of radiation-induced skin injury to guide the development of novel

therapeutic strategies.

Macroautophagy (hereafter referred to as autophagy) is a well-

conserved cellular degradative pathway in cells, along with the

ubiquitin–proteasome system. In autophagy, intracellular components

are sequestered by autophagosomes and then fused with lysosomes

to degrade and recycle the sequestered substrates.9 Several lines of

evidence have suggested that autophagy may serve as a protective

mechanism against the progression of several human diseases, includ-

ing cancer, muscular disorders, and neurodegeneration.10 Studies have

also shown that autophagy regulates ultraviolet radiation-induced

inflammation and skin tumorigenesis.11 More recently, a study by

Qiang et al. demonstrated that keratinocyte autophagy deficiency

reduces stem cell self-renewal capability and regenerative potential,

eventually resulting in difficult-to-heal cutaneous wounds.12 In addi-

tion, as indicated in the study by Hao et al., autophagy activation

appears to be a cytoprotective process in response to UVB-induced

skin photodamage.13 It is well known that radiation-induced injury can

involve various tissues and organs. Given that our research group has a

long-standing commitment to the search for occurrence and preven-

tion of side effects related to radiotherapy, and some achievements

have beenmade in the relevant field,14–18 there is great interest in side

effects of radiotherapy. However, the association between autophagy

and radiation-induced skin injuryhasnot yetbeendetermined. It seems

to be a research direction worth further exploration.

Given that Atg7-deficient mice died within postnatal day 1,19 we

considered using the conditional Atg7 knockout model for the current

study. Myofibroblasts, as the major source of excessive ECM synthe-

sis under the pathophysiological conditions that characterize fibrosis,

are the critical effector cells in the pathological process of radiation

fibrosis.20,21 Therefore, we decided to conditionally knock out Atg7 in

myofibroblasts. In this way, the potential effect of autophagy on the

process of radiation fibrosis can be evaluated in amore convincingway.

Herein, todetermine the rolesof autophagy in radiation-induced injury,

Atg7 conditional knockout mice were generated using the Cre-LoxP

method.19 Using mice with a myofibroblast-specific Atg7 deletion, we

demonstrate an unexpected consequence of autophagy deficiency in

the progression of radiation-induced skin injury and fibrotic changes

through the Akt–mTOR pathway. In addition to classical autophagy

pathways, autophagy deficiency resulted in aberrant nuclear factor E2-

related factor 2 (Nrf2) pathway activation in response to oxidative

stress. Importantly, the induction of autophagy by rapamycin effec-

tively attenuates these symptoms. Our findings potentially provide

a mechanistic association among autophagy, radiation-induced skin

injury, and fibrotic changes following radiation therapy. These findings

suggest a potential therapeutic strategy to reduce and prevent the

occurrence of radiodermatitis, particularly skin fibrosis in patients.

2 MATERIALS AND METHODS

2.1 Cell cultures and irradiation

Human foreskin fibroblast (HFF-1) cells (obtained at passage 4)

were purchased from Zhong Qiao Xin Zhou Biotechnology (Catalog

No. ZQ0450; https://www.zqxzbio.com/Index/p_more/pid/861.html;

Shanghai, China). Cells were maintained in DMEM supplemented with

10% fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin

at 37˚C in a humidified atmosphere with 5% CO2. Two days (48 h)

after siRNA transfection, cells were irradiated with a single dose of

8 Gy using a clinical linear accelerator (6Mv x-rays, Elekta Precise,

Stockholm, Sweden). Autophagy inhibitor 3-methyladenine (3-MA)

was purchased from MCE (HY-19312), pretreating HFF-1 cells with

5 mM for 12 h before irradiation. After irradiation, cells were treated

with rapamycin (MCE, AY-22989, 100 nM) for 24 h.

2.2 Generation of Atg7 conditional knockout
mice

The Atg7Flox/Flox mouse BRC No. RBRC02759,19,22 with a strain

name of B6; Cg-Atg7tm1Tchi, was purchased from the Model Animal

Research Center (Nanjing, China; stock number D000534). Pdgfrb-

Cre+ mice, named as Tg(Pdgfrb-cre)35Vli, were a generous gift fromDr.

https://www.zqxzbio.com/Index/p_more/pid/861.html
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Volkhard Lindner23 (Center for Molecular Medicine, Maine Medical

Center Research Institute, USA). Atg7Flox/Flox (Atg7F/F) mice, carry-

ing floxed alleles for the autophagy gene Atg7, were crossed with

Pdgfrb-Cre mice to obtain Atg7Flox/Flox Pdgfrb-Cre− (Control) and

Atg7Flox/Flox Pdgfrb-Cre+ (Atg7 conditional knockout) mice, result-

ing in myofibroblast-specific autophagy deficient. The genotypes of

these mice were determined by PCR analysis. Approximately 6–8-

week-old mice were used for the experiments. The animals were kept

under standard laboratory conditions, and the Tongji Hospital Insti-

tutional Review Board of Experimental Animals approved all of the

experimental protocols.

2.3 Genotyping

DNA extraction was performed according to the protocol of the One

Step Mouse Genotyping Kit (Vazyme Biotech, Nanjing, China) using

mouse tails. DNA extracts (2 μL) were added to a 20 μL PCR reaction

system containing 2× Taq Plus Master Mix, primers and nuclease-free

water (Vazyme Biotech, Nanjing, China). The PCR conditions were as

follows: initial denaturation at 95◦C for 3 min, then 30 cycles at 95◦C

for 15 s, 60◦C for 15 s, and 72◦C for 1min, with final extension at 72◦C

for 5min. DNAamplificationwas conducted in a S1000Thermal Cycler

(Bio-Rad, USA). Amplified fragments were separated on a 2% agarose

gel containing SuperRed/GelRed (Biosharp,Wuhan, China) under stan-

dard electrophoresis conditions and visualized under a UV light illu-

minator. Genotype was analyzed using primers and PCR conditions

described previously.19,22,24,25 The primers used in the PCR were as

follows: Flox forward primer: 5′-TGGCTGCTACTTCTGCAATGATGT-
3′, reverse primer: 5′-GAGGACAGAGACCATCAGCTCCAC-3′; ATG7
wild-type (WT) forward primer: 5′-ATTGTGGCTCCTGCCCCAGT-3′,
reverse primer: 5′-GAGGACAGAGACCATCAGCTCCAC-3′; Cre for-

ward primer: 5′-GCATTTCTGGGGATTGCTTA-3′, reverse primer: 5′-
CCCGGCAAAACAGGTAGTTA-3′.

2.4 Mouse model of radiation-induced skin injury

We conducted a 30-day study using 6–8-week-old male and female

Atg7Flox/Flox Pdgfrb-Cre− (Atg7F/F Cre−, as the control group) or

Atg7Flox/Flox Pdgfrb-Cre+ (Atg7F/F Cre+, as the experimental group)

mice (n ≥ 3 per group). Mice were shaved using an electric razor in the

dorsal areas, and anesthetized with 1.5% pentobarbitone (50 mg/kg,

i.p.). Anesthetized mice were placed prone with a 2 cm square lead

cut-out to direct the beam onto the mouse dorsal areas. Dermatitis

was induced in each group by exposing the animals’ dorsal areas to a

30 Gy dose electron beam. To increase the skin dose to a maximum,

1.0 cm-thick build-up material was placed on the dorsal areas of each

mouse. All of experimental groups received irradiation. The number

of animals per group selected for these experiments (n = 6) was

based upon the power calculation formula as previously reported by

Arifin and Zahiruddin.26 All of the animals used in the study were

housed in the Animal Center of Tongji Hospital, TongjiMedical College,

Huazhong University of Science and Technology (HUST, Wuhan,

China).

2.5 Topical medications

Bulk rapamycin powder purchased from MCE (Shanghai, China; AY-

22989) was mixed with vaseline to constitute the vaseline-based 0.2%

rapamycin ointment. The rapamycin ointment was then divided into

aliquots and stored at−80◦C until application.We selected rapamycin

ointment with 0.2% concentration in the present study as per the

previous study.27

2.6 Assessment for Masson’s trichrome staining
images

On day 30, mice were sacrificed by cervical dislocation, and the

dorsal skins were fixed in 4% paraformaldehyde and embedded in

paraffin. The tissue sections were stained with Masson’s trichrome

reagent to evaluate morphological changes, particularly including

collagen deposits and epidermal thickness. Images of the trichrome-

stained area were captured using CaseViewer software at 100× and

400× original magnification. Epidermal thickness was quantified in the

Masson-stained sections by using ImageJ. For each image, epidermal

thickness was determined by taking the average of 10 equally spaced

points along the length of the tissue in a blinded manner. To measure

the collagen density in the skin, the areas of the collagen fibers and

the entire section were measured by counting the pixels in the images.

Using ImageJ software, thresholdingwas used to select only blue pixels

(collagen) so that the region of interest (ROI) (the dermis) was selected

and only the area containing collagen was included in the analysis. The

collagen density was calculated as the number of pixels representing

collagen divided by the total number of pixels in the ROI.

2.7 Immunohistochemical examinations

Immunohistochemical stainingwas performed to assess the expression

of α-smooth muscle actin (α-SMA) and vimentin. In brief, the paraffin-

embedded dorsal skin sections were deparaffinized, rehydrated, and

subjected to antigen retrieval. Next, the samples were incubated for

30 min at room temperature in 5% bovine serum albumin, and then

incubated with a 1:200 dilution of monoclonal mouse anti-α-SMA

(BM0002; Boster, China) or a 1:1000 dilution of polyclonal rabbit

anti-vimentin (10366-1-AP; Proteintech, China) overnight at 4◦C. The

sections were then washed with Tris Buffered Saline with Tween-20

(TBST), incubated with HRP-conjugated goat anti-mouse (1:5000) for

60 min at room temperature, and with 3,3′-diaminobenzidine (DAB)

as a substrate. Then sections were washed with TBST three times for

5min each. Finally, the sectionswere counterstainedwith hematoxylin,

and mounted. Immune-positive cells were measured with the ImageJ

software.
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2.8 Immunofluorescence examinations

Paraffin-embedded skin sections were deparaffinized and then rehy-

drated through descending ethanol concentrations for 5 min each, and

rinsed in double-distilled water. The antigens were retrieved in citrate

buffer pH 6.0 in autoclave for 2 min and cooled to room temperature.

After threewasheswith TBS, sections thenwere incubatedwith block-

ing buffer (10%normal donkey serum) at room temperature for 20min.

Sections were incubated with LC3B (18725-1-AP, Proteintech), ATG7

(A0691, ABclonal), and PDGFRB (A2180, ABclonal) at 1:200 in 2%BSA

in PBST at 4◦Covernight, followed by Alexa Fluor secondary antibody-

conjugated fluorophores (Alexa Fluor594 donkey anti-rabbit, A21206,

Life Technologies) incubated at 37◦C for 30 min (protect from light).

Sections were mounted in Prolong Gold Antifade Reagent containing

DAPI (Roche 216276), and images were capturedwith CaseViewer.

2.9 Evaluation of radiation-induced skin injury

Radiation-induced skin reactions were assessed according to the

Radiation TherapyOncology Group (RTOG) criteria7 as follows:

1. Normal;

2. Erythema;

3. Dry desquamation;

4. Moist desquamation;

5. Ulceration, hemorrhage, and necrosis.

2.10 Real-time RT-PCR

Skin tissue of mice for RT-PCR analysis was collected in TRIzol (Takara,

Japan). The RNA concentration was measured by NanoDrop 2000

(ThermoFisher Scientific). cDNA synthesis was performed using a

S1000 Thermal Cycler (Bio-Rad, USA) following the manufacturer’s

instructions. qPCR was performed by a 7900HT Fast Real-Time PCR

System (ThermoFisher Scientific) with 2× SYBR Green qPCR Master

Mix (low ROX) kit (Bimake, China). The qPCR thermal cycling con-

ditions were as follows: initiation at 95◦C for 10 min for hot start,

followed by 40 cycles at 95◦C for 15 s and 60◦C for 1 min. All primers

for mouse (Atg7, Becn1, Map1lc3b, Col1a1, Ctgf, Tgfb1, Acta2, Nrf2,

Nqo1, Ho-1, and Actb) and human (ATG7, COL1A1, CTGF, TGFB1,

ACTA2,NRF2,NQO1,HO-1, andACTB)were synthesizedbyTSINGKE

(Beijing, China). All the primer sequences are listed in Table S1.

2.11 Western blot analysis

Total proteins frommice skin tissues were extracted using RIPA buffer

containing 1% PMSF. The total protein was determined by BCA pro-

tein assay kits (BOSTER, Wuhan, China) following the manufacturer’s

protocol. Afterward, the proteins were separated by electrophoresis

(concentration gel voltage 70 V, separation gel voltage 100 V, elec-

TABLE 1 List of the siRNA sequences.

Gene Sequences

si-ATG7-1 5′-GAACGAGTATCGGCTGGAT-3′

si-ATG7-2 5′-GATGTCGTCTTCCTATTGA-3′

si-ATG7-3 5′-ACTCGAGTCTTTCAAGACT-3′

si-NC 5′-TTCTCCGAACGTGTCACGTdTdT-3′

trophoresis time 120 min). Following electrophoresis, the separated

proteins were transferred onto a polyvinylidene fluoride (PVDF)mem-

brane by wet transfer method (at a current of 200 mA, transfer time

120 min, supplemented with 20% methanol). The membranes were

blocked by incubation with 5% non-fat skim milk in TBS-T buffer, fol-

lowedby incubationwith antibodyanti-COL1A1 (1:1000; 72026;CST),

anti-TGF-β (1:1000; 3709; CST), anti-CTGF (1:1000; 86641; CST),

anti-SQSTM1/p62 (1:1000; 23214; CST), anti-LC3B (1:1000; 3868;

CST), anti-mTOR (1:1000; 2983; CST), anti-P-mTOR (1:1000; 5536;

CST), anti-Akt (1:1000; 4691; CST), anti-P-Akt (Ser473) (1:1000; 4060;

CST), anti-α-SMA (1:1000; BM0002; Boster), anti-KEAP1 (1:500;

A1820; ABclonal), anti-NQO1 (1:1000; A19586; ABclonal), anti-NRF2

(1:1000; 12721; CST), anti-HO-1 (1:1000; 43966; CST), or anti-

GAPDH (1:5000, AC002, Abclonal) at 4◦C overnight. The membranes

were washed in TBST and incubated with a corresponding secondary

antibody (HRP-conjugated goat anti-rabbit IgG or goat anti-mouse

antibody, 1:10 000) for 1 h at room temperature. The proteins were

visualized with an enhanced chemiluminescence (ECL) kit (Thermo

Fisher Scientific) using the G:BOXChemi X system (Syngene).

2.12 Transfection of cells with ATG7 siRNA

Small interfering RNAs (siRNAs) targeting ATG7 were obtained from

RiboBio (stB0005319; Guangzhou, China). Transfection of siRNA

oligonucleotides was performed using Ribo FECT CP transfection kit

(RiboBio, Guangzhou, China) according to the manufacturer’s instruc-

tions. Non-targeted control siRNA (siNC)was used as negative control,

and siNC was also obtained from RiboBio (Guangzhou, China). After

transfection, the cells were incubated for 24–48 h and were used as

required. The sequences of siRNAs are listed in Table 1.

2.13 Lentiviral transduction for autophagy flux
analysis

Adenovirus expressing mCherry-GFP-LC3B fusion protein was pur-

chased from OBIO Technology Corp., Ltd (H6687, Shanghai, China)

and used to monitor autophagy status. Cells were seeded into six-

well plates and allowed to reach ∼50% confluence at the time of

Ad-mCherry-GFP-LC3B transfection. Lentivirus transfection was

performed according to the manufacturer’s instruction. Fluores-

cence images were captured using florescence inverted microscope

(DMI3000B, Leica, Germany). The mCherry-GFP-LC3B was present



CHEN ET AL. 5 of 17

in the cytoplasm, and the autophagic flux was measured by count-

ing the yellow (GFP+mCherry+) and red puncta (GFP−mCherry+),

which indicate the presence of autophagosomes and autolysosomes,

respectively.

2.14 Protein interaction network construction

The GeneMANIA (http://genemania.org/) and STRING (https://cn.

string-db.org/) databases were used to screen the proteins interacting

with Atg7.

2.15 Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 software

(GraphPad Software Inc., San Diego, CA, USA). The bars in the results

indicate the mean values ± standard error of the mean (SEM). A

two-tailed, unpaired Student’s t-test was used to compare two groups

unless otherwise stated. Lesion severity was analyzed by the Mann–

Whitney U test. Results were considered significantly different when

p< 0.05.

3 RESULTS

3.1 Murine model of radiation dermatitis

Given that Atg7-deficient mice died within postnatal day 1,19 we

generated a myofibroblast-specific Atg7 knockout mouse by crossing

Atg7Flox/Flox mice with transgenic mice expressing Cre recombinase

under the control of the Pdgfrb promoter (Pdgfrb-Cre). In Pdgfrb-Cre

mice, Cre is known to be selectively expressed in myofibroblast in the

dermis,23 and this allowed us to achieve myofibroblast-directed Atg7

knockout (hereafter called Atg7Flox/Flox Pdgfrb-Cre) using theCre/loxP

system.

Several studies on radiation-induced skin injury in mice irradiated

the dorsal skin with x-rays28 or γ radiation.29 Given the depth of pen-

etration of γ rays, the injury in this model might not be limited to the

skin but also extends to deeper tissues and organs.We used amodel in

which the skin wasmore selectively exposed to radiation. The strength

of the electron beam is that it has a limited penetration depth and is

commonly used in human radiotherapy. There has also been some evi-

dence demonstrating that the electron beam can be used to construct

a radiation-induced skin injury model in mice.30 To this end, the dorsal

skin of mice was shaved, and the dorsal areas were exposed to an

electron beam from a linear accelerator (Elekta Synergy, Elekta, Stock-

holm, Sweden). To limit the field of exposure, except for the irradiation

field (dorsal skin, 2 × 2 cm), all parts of the body were protected by a

lead plate. To limit the depth of penetration, a 1.0-cm tissue equivalent

material was placed between the skin and radiation source (Figure 1A).

To explore the appropriate experimental conditions, the identified

wild-type (WT) mice (genotyping results of mice are shown in Figure

S1) were used in the pre-experiment with an electron beam at a sin-

gle dose of 15 and 30 Gy. Mice that received 15 Gy developed only

mild skin injury, whereas those exposed to 30 Gy showed a signifi-

cant macroscopic change. The mice irradiated with 30 Gy developed

obvious macroscopic skin damage 10–20 days after irradiation com-

pared to those exposed to 15 Gy (Figure 1B). Using the scoring system

as described in the Materials and Methods section, we determined

single-fraction doses of 30 Gy for subsequent experiments based on

these results (Figure 1C). Meanwhile, to enhance the credibility of

the myofibroblast-specific knockdown of Atg7, we performed double-

immunofluorescence staining experiments with anti-Atg7/Pdgfrb on

mouse skin tissues, which further confirmed the specificity of knock-

down. The results revealed that Atg7 was largely suppressed in the

conditional Atg7 knockout (Atg7F/F Cre+) mice compared with the

control group (Atg7F/F Cre−) mice (Figure 1D).

3.2 Myofibroblast-specific deletion of Atg7 in
mice increased the macroscopic severity of
radiation-induced skin injury

The dorsal skin of Atg7Flox/Flox Cre−and Atg7Flox/Flox Cre+ mice was

exposed to a single electron beam irradiation dose of 30 Gy, and

Figure 2A,B demonstrates the representative macroscopic images

of the dorsal skin of mice after irradiation on different days. We

found that Atg7Flox/Flox Cre+ mice began to develop abnormal clinical

signs of radiodermatitis at the same time as observed in Atg7Flox/Flox

Cre− mice, and the initial progression of the disease did not differ

between the two groups (Figure 2A,B, leftmost column). Approxi-

mately 20 days after irradiation, all Atg7Flox/Flox Cre+ mice developed

symptoms of dry and moist desquamation, and these skin lesions

further progressed into ulcers between days 20 and 30 (Figure 2B,

middle and rightmost columns). Instead, most Atg7Flox/Flox Cre− mice

presented a relatively mild degree of skin injury at days 20 and 30

time points after irradiation and did not progress to more severe

symptoms after day 20 (Figure 2A, middle and rightmost columns).

Based on the scoring system described in the Materials and Methods

section, we semi-quantitatively confirmed that Atg7Flox/Flox Cre−

mice had significantly less severe skin lesions than Atg7Flox/Flox Cre+

mice 30 days post irradiation (Figure 2C). Then the expression of

autophagy-related proteins p62/SQSTM1 (p62), LC3B, and Atg7 in

skin tissues was detected by Western blotting. p62, A substrate for

selective autophagy and degraded by autophagy, was found to be

significantly increased (Figure 2D); therefore, increased p62 levels

reflect impaired autophagy.31 In summary, these results suggest that

the development of radiation-induced skin injury is strongly related to

autophagy levels in skin tissues.

3.3 Myofibroblast-specific deletion of Atg7 in
mice results in more pronounced skin fibrotic
changes

At days 30 post irradiation, skin tissues were harvested for Mas-

son’s trichrome staining (Figure 3A). Subsequently, semi-quantification

http://genemania.org/
https://cn.string-db.org/
https://cn.string-db.org/
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F IGURE 1 Experimental design. (A) A single fraction of 15 Gy/30 Gywith 6-MeV electrons is delivered to the dorsal skin using a linear
accelerator. All parts of the body, except the irradiation field (back skin 2× 2 cm), are protected with a lead plate, and a 1.0-cm tissue equivalent
material is placed. (B) Representative photograph of the skin damage 20 days after radiation exposure. (C) RTOG score of radiation-induced
dermatitis in the dorsal skin of two different groups of mice (adapted from72); n= 4–5mice per group. (D) Immunofluorescence staining of Pdgfrb
and Atg7 in the control group (Atg7F/F Cre−) mice andmyofibroblast-specific conditional Atg7 knockout (Atg7F/F Cre+) mice. Scale bar: 50 μm.
Statistical significance was estimated using theMann–WhitneyU test; *p < 0.05, Z=−2.425.

was performed. We analyzed the epidermal thickness in Masson’s

trichrome staining images and observed an evident upward trend in

irradiated Atg7Flox/Flox Cre+ mice compared to irradiated Atg7Flox/Flox

Cre− mice (Figure 3B). We also observed significantly higher levels of

collagen deposition in irradiated Atg7Flox/Flox Cre+ mice than in irra-

diated Atg7Flox/Flox Cre− mice in Masson’s trichrome staining images

(Figure 3C). Immunohistochemical analysis showed that the percent-

age of α-SMA- and vimentin-positive areas in irradiated Atg7Flox/Flox

Cre+ mice was higher than that in irradiated Atg7Flox/Flox Cre− mice

group, indicatingmore severe fibrotic changes in the Atg7Flox/Flox Cre+

mice group than in the Atg7Flox/Flox Cre− mice group (Figure 3D,E). In

line with the histological results, the expression of several profibrotic

genes, including connective tissue growth factor (CTGF), transform-

ing growth factor β1 (TGF-β1), and α-SMA, were increased (Figure 3F).

Additionally, the expression of collagen type I alpha 1 chain (COL1A1)

tended to increase, but this was not statistically significant (Figure 3F).

Meanwhile, the Western blot results showed an obviously increased

expression of profibrotic protein, the trend of which was consistent

with the RT-qPCR results (Figure 3G). Meanwhile, the autophagy-

related indicators detected by immunofluorescence and qPCR anal-

yses indicated that the autophagy flux was indeed impaired in the

Atg7Flox/Flox Cre+ conditional knockoutmice group (Figure 3H,I). Taken

together, these data indicate that myofibroblast-specific deletion of

Atg7 inmice results in more severe fibrotic changes in the skin.

3.4 Topical rapamycin application ameliorates
macroscopic severity of radiation-induced skin injury
and reduces skin fibrotic changes

Wethenevaluated theefficacyof topical rapamycin application against

radiation-induced skin injury and fibrotic changes. Rapamycin, an
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F IGURE 2 Deletion of Atg7 is a key factor for the development of radiation-induced skin injury. (A and B) Representative photographs of the
dorsal skin of the two different groups (Atg7Flox/Flox Cre+ and Atg7Flox/Flox Cre−) at different time points after irradiation. (C) RTOG score of
radiation-induced dermatitis in the dorsal skin of two different groups of mice (adapted from72); n= 6mice per group. (D) Total skin lysates of two
different groups (Atg7Flox/Flox Cre+ and Atg7Flox/Flox Cre−) at 30 days post irradiation are subjected toWestern blotting analysis for p62, LC3B,
and Atg7. Statistical significance was estimated using theMann–WhitneyU test; **p < 0.01, Z=−2.844.

inhibitor of mTORC1, induces autophagy.32 Rapamycin has previ-

ously been demonstrated to be effective against fibrosis in a systemic

sclerosis (SSc) mice model33 and has also shown potential as an

antiangiogenic agent.34 Furthermore, rapamycin has been shown to

inhibit hematopoietic stem cell (HSC) proliferation and attenuates

hepatic fibrosis.35 Thus, we used rapamycin dissolved at 0.2% con-

centration in vaseline (the concentration was selected as previously

recommended27), and topically applied it once daily from the day of

irradiation for 30 days. Vaseline was applied topically in parallel with

the vehicle control. Representative macroscopic images of irradiated

skin from vehicle and rapamycin treatment groups on days 10, 20, and

30 post irradiation are shown in Figure 4A.Macroscopically, the topical

application of rapamycin remarkably ameliorated the skin lesions in a

time-dependentmanner, leading to a significant reduction in themicro-

scopic scoring of radiation-induced skin injury (Figure 4B). Masson’s

trichrome staining indicated that topical rapamycin administration sig-

nificantly reduced the epidermal thickness and collagen deposition on

day 30 compared to vehicle (Figure 4C,D). Additionally, immunohisto-

chemical staining for α-SMA showed that rapamycinmarkedly reduced

the α-SMA- and vimentin-positive areas (Figure 4E,F). These histolog-

ical results indicated a substantial inhibition of fibrotic changes upon

topical rapamycin treatment. Rapamycin administration also markedly

decreased the mRNA levels of COL1A1, CTGF, TGF-β1, and α-SMA

(Figure4G). The results ofWesternblotting corroborated theRT-qPCR

findings (Figure 4H), and all of the observed indicators were strong

profibrotic factors, as previously mentioned. Taken together, these

results show that rapamycin application significantly reduces skin dam-

age and fibrotic changes, indicating that autophagy plays a protective

role after radiation exposure.

3.5 Modulation of Akt–mTOR pathway following
topical rapamycin application

To elucidate the mechanism underlying the mitigating effects of

rapamycin on radiation dermatitis, we investigated the Akt–mTOR

pathway, a well-known signaling pathway related to a major regulator

and an upstream signaling pathway of autophagy.36 First, we examined

the autophagy activity among the three groups, all of which received

a single fraction of 30 Gy with 6-MeV electrons (Figure 5A). Quantita-

tive analysis of the immunofluorescence intensity of LC3B in the skin

tissue of the three groups revealed the weakest cytoplasmic staining
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F IGURE 3 Deletion of Atg7 is related to the histological, gene and protein expression level changes in the skin tissues after irradiation. (A)
Representative images ofMasson’s trichrome staining of Atg7Flox/Flox Cre+ and Atg7Flox/Flox Cre− mice skin tissue 30 days post irradiation, with
collagen fibers dyed blue. Magnification 100× and 400×, scale bar 200 and 50 μm, respectively. (B) Epidermal thickness (red stained in A). (C)
Collagen density (blue stained in A) was quantified using the ImageJ software. (D and E) Representative IHC sections of α-SMA and vimentin in the
Atg7Flox/Flox Cre+ and Atg7Flox/Flox Cre− mice skin tissue 30 days post irradiation. The bar graphs on the right show the results of quantitative
analyses. Magnification 100× and 400×, scale bar 200 and 50 μm, respectively. (F) Total skin lysates of two different groups (Atg7Flox/Flox Cre+ and
Atg7Flox/Flox Cre−) at 30 days post irradiation were subjected toWestern blot analysis for COL1A1, CTGF, TGF-β1, and α-SMA, and one
representative experiment from three independent experiments is shown. (G) qPCR analysis of COL1A1, CTGF, TGF-β1, and α-SMA inmouse skin.
(H) Immuno-fluorescent staining for LC3B of mice skin tissue at 30 days after irradiation. Magnification 400×; scale bar 50 μm. (I) qPCR analysis of
Atg7, Becn1, andMap1lc3b in themouse skin tissue. Data are presented asmeans± SEM; n= 6mice per group. *Student’s t-test p< 0.05,
**Student’s t-test p< 0.01, ***Student’s t-test p< 0.001. ns: non-significant, Student’s t-test.
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F IGURE 4 Efficacy of topical rapamycin application against radiation-induced skin injury and it reduces dermal fibrosis. (A) Representative
photographs of the dorsal skin of the two different groups treated with vehicle or rapamycin at different time points after irradiation. (B) RTOG
score of radiation-induced dermatitis in the dorsal skin of two different groups of mice. Statistical significance was estimated using the
Mann–WhitneyU test, * p < 0.05, Z=−2.447. (C) Representative images ofMasson’s trichrome-stained two different groups treated with vehicle
or rapamycin skin tissue at 30 days post irradiation, with collagen fibers dyed blue. Magnification 100× and 400×; scale bar: 200 and 50 μm,
respectively. (D) Epidermal thickness (red stained in C), and collagen density (blue stained in C) are quantified using the ImageJ software. (E and F)
Representative IHC sections of α-SMA and vimentin in the two different groups treated with vehicle or rapamycin skin tissue at 30 days post
irradiation. The bar graphs on the right show the results of quantitative analyses. Magnification 100× and 400×; scale bar: 200 and 50 μm,
respectively. (G) Total skin lysates of two different groups (treated with vehicle or rapamycin) at 30 days post irradiation are subjected toWestern
blot analysis for COL1A1, CTGF, TGF-β1, and α-SMA, and one representative experiment from three independent experiments is shown. (H)
Quantitative real-time PCR analysis of COL1A1, CTGF, TGF-β1, and α-SMA in themouse skin. Total RNAs are extracted from the skin of two
different groups treated with vehicle or rapamycin. Data are presented asmeans± SEM; n= 6mice per group. *Student’s t-test p < 0.05,
**Student’s t-test p < 0.01, ***Student’s t-test p< 0.001.
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F IGURE 5 Modulation of Akt–mTOR pathway following topical rapamycin application. (A) Immunofluorescence staining for LC3B in the skin
tissue of the three groups 30 days after irradiation. Magnification 400×; scale bar: 20 μm. (B)Western blot of p-AKT Ser473, AKT, p-mTOR, mTOR,
P62, and LC3B-II/LC3B-I in the skin tissue of the three groups at 30 days after irradiation. (C) qPCR analysis of Atg7, Becn1, andMap1lc3b in the
skin tissue of the three groups 30 days after irradiation. IR, irradiation. Data are presented asmeans± SEM. *Student’s t-test p< 0.05, **Student’s
t-test p< 0.01.

intensity of LC3B occurring in Atg7Flox/Flox Cre+ with vehicle group,

whereas the immunofluorescence intensity was higher in Atg7Flox/Flox

Cre+ with rapamycin compared to the vehicle group (Figure 5A).

These results clearly suggested a defect in autophagy after Atg7

conditional knockout, as well as a reactivation of autophagy after

rapamycin treatment. Western blot results also provided supporting

evidence for the autophagy status by showing the significant changes

in the expression of LC3B-II/GAPDH ratio and p62 after rapamycin

treatment (Figure 5B). Furthermore, treatment with topical rapamycin

significantly decreased the expressions of p-Akt Ser473 and p-mTOR
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in skin lysates extracted from the three groups (Figure 5B). The

autophagy-related indicators detected by qPCR analyses further con-

firmed that the autophagy flux impaired by Atg7 conditional knockout

was rescued by rapamycin (Figure 5C). Altogether, these results show

that rapamycin significantly induces autophagy via inactivation of

Akt–mTOR signaling pathway.

3.6 Induction of autophagy by rapamycin
alleviates fibrogenesis induced by radiation in vitro

To confirm the role of autophagy in vitro, we used ATG7-siRNA to

knockdown ATG7 expression in vitro. Human foreskin fibroblast (HFF-

1) cells were transfected with si-NC or three ATG7 siRNAs for 48 h

and then analyzed by qPCR and Western blotting to determine trans-

fection efficiency. Given that si-ATG7-1 had the highest knockdown

efficiency, itwas selected for further experiments (Figure 6A,B). To ver-

ify whether the autophagy effects in vitro were the same as those in

vivo after irradiation, we irradiated HFF-1 cells transfected with si-

NC or si-ATG7 for 48 h with a single dose of 8 Gy, and the rapamycin

groupwas treatedwith100nMrapamycin for24h.We foundanupreg-

ulation of the protein levels of fibrosis markers such as COL1A and

α-SMA in si-ATG7-transfected cells compared with cells transfected

with si-NC, whereas the rapamycin group exhibited marked decreases

in these indicators (Figure 6C). In particular, the alleviation of fibrosis

by rapamycin treatmentwas significantly bluntedwhen3-MA inhibited

autophagy (Figure 6C). Some fibrosis markers showed no statistical

significance for this trend and are not shown in the figure. We also

found that upregulation of the mRNA levels of fibrosis markers, such

as COL1A and α-SMA in si-ATG7-transfected cells comparedwith cells

transfected with si-NC and rapamycin attenuated the upregulation of

indicators of fibrosis (Figure 6D). Consistent with the Western blot-

ting results, autophagy blockage by 3-MA abolished the alleviation of

fibrosis caused by rapamycin treatment (Figure 6D). Altogether, these

results indicate that fibrogenesis in si-ATG7 HFF-1 cells after irradi-

ation is reversed by rapamycin, but inhibition of autophagy by 3-MA

abolishes this effect.

To further determine whether the Akt–mTOR pathway is involved,

we analyzed the key protein levels of this autophagy-related path-

way. Variation trends of p-Akt Ser473, p-mTOR, and other indicators

of autophagy agreed with the trends observed in the in vivo exper-

iments (Figure 6E). Furthermore, autophagy status was also defined

using immunofluorescencemicroscopy of HFF-1 cells transfectedwith

mCherry-GFP-LC3B tandem reporter adenovirus.37 Our immunofluo-

rescence results indicated that the HFF-1 cells with ATG7 knockdown

contained fewer red-only puncta and yellow puncta compared to the

si-NCgroup. In parallel, a significant elevationof both autophagosomes

(yellow puncta) and autolysosomes (red puncta) was observed follow-

ing rapamycin treatment. Additionally, in HFF-1 cells pretreated with

3-MA, we found that rapamycin was unable to induce adequate forma-

tion of yellowor redpuncta in the rapamycin-treated group, confirming

the inhibition of autophagy (Figure 6F).

3.7 Impaired autophagy is associated with
persistent activation of Nrf2

To further analyze the related molecules of the Atg7 protein, the

online GeneMANIA tool (http://www.genemania.org/) was used.38 Of

great interest, the results showed that Atg7 directly interacts with

Nrf2 (Nfe2l2) and Keap1 (Figure 7A). Meanwhile, interaction network

analysis basedonSTRING (https://cn.string-db.org/) further confirmed

the conclusions obtained by GeneMANIA (Figure 7B). Previous stud-

ies have suggested that defects in autophagy can cause sustained

activation of Nrf2 by activating the non-canonical p62–Keap1–Nrf2

pathway.39,40 The activation status of Nrf2-autophagy-related path-

waywas verified by qPCR of Nrf2 and its downstream gene expression

under both in vivo and in vitro conditions. As described in Figure 7C–F,

consistent with previous findings, qPCR analysis andWestern blotting

showed the aberrant upregulation of Nrf2 and its downstream gene

(Nqo1 andHo-1) in the impaired autophagy group, whereas rapamycin

significantly reversed this phenomenon. However, as expected, pre-

treatment with 3-MA abolished the effect of rapamycin on the Nrf2-

autophagy-related pathway. Collectively, these findings revealed that

reactivation of autophagy could downregulate the abnormal activa-

tion of the Nrf2-related pathway, indicating that persistent activation

of Nrf2 might contribute to radiation-induced fibrogenesis associated

with Atg7 deficiency.

4 DISCUSSION

In the present study, we characterized the pathological and morpho-

logical changes occurring in the skin of Atg7 mice with myofibroblast-

specific deletion after irradiation. Our results showed that impaired

autophagy due to Atg7 deletion increased the severity of skin dam-

age associated with radiation exposure, especially the severity of skin

fibrotic changes. More importantly, we demonstrated that the activa-

tion of the Akt–mTORpathway contributed to the pathogenesis of this

process. We also found that rapamycin alleviated radiation-induced

injury by reactivating autophagy. Our findings provide compelling evi-

dence that deletion of myofibroblast autophagy gene Atg7 leads to

more severe radiation-induced cutaneous injury and further fibrosis

in response to electron beam radiation. Altogether, these data suggest

that the autophagy gene Atg7 is a protective factor against radiation-

induced skin injury in both in vivo murine genetic models and in vitro

cellular studies.

Radiation-induced skin damage is an inevitable complication of

radiation therapy. Nevertheless, no standard criteria currently exist

for the treatment of radiation-induced skin injuries.41 An essential

aspect of our study was to determine whether autophagy induction

can be used as a therapeutic intervention for radiation-induced skin

injury. Autophagy is a conserved catabolic process that removes dam-

aged organelles or proteins via the lysosomal degradation pathway.9

Autophagy dysfunction has been shown to be associated with sev-

eral pathologies and diseases, including cancer, neurodegenerative

http://www.genemania.org/
https://cn.string-db.org/
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F IGURE 6 Induction of autophagy by rapamycin alleviates fibrogenesis induced by radiation in vitro. (A) qPCR analysis of the knockdown
efficiency of ATG7 after 48 h siRNA transfection. (B)Western blot analysis of the knockdown efficiency of ATG7 after 48 h siRNA transfection. (C)
Western blot of COL1A1 and α-SMA of si-NC, si-ATG7, si-ATG7+Rapa, and si-ATG7+ Rapa+ 3-MA groups of HFF-1 cells. (D) Quantitative
real-time PCR analysis of COL1A1 and α-SMA of si-NC, si-ATG7, si-ATG7+ Rapa, and si-ATG7+ Rapa+ 3-MA groups of HFF-1 cells. (E)Western
blot of p-AKT Ser473, AKT, p-mTOR, mTOR, P62, and LC3B-II/LC3B-I in si-NC, si-ATG7, si-ATG7+ Rapa, and si-ATG7+Rapa+ 3-MA groups of
HFF-1 cells. (F) Autophagy status is evaluated bymCherry-GFP-LC3B puncta formation in si-NC, si-ATG7, si-ATG7+Rapa, and si-ATG7+Rapa+
3-MA groups of HFF-1 cells transfected with Ad-mCherry-GFP-LC3B, and images are captured using a fluorescent microscope. All HFF-1 cells
received a single dose of 8 Gy irradiation. RepresentativeWestern blot images out of three independent experiments are shown. Rapa, rapamycin;
3-MA, 3-methyladenine; IR, irradiation. Data are presented asmeans± SEM. *Student’s t-test p< 0.05, **Student’s t-test p< 0.01. ns:
non-significant, Student’s t-test.

diseases, infectious diseases, and autoimmune disorders.10,42 Yi et al.

demonstrated podocyte-specific Atg7 conditional knockout results in a

more serious adriamycin-induced nephropathy.43 Lee et al. confirmed

that autophagy deficiency in myeloid-derived cell enhances suscepti-

bility to experimental colitis and obesity-induced diabetes.44 A recent

study reported that keratinocyte autophagy deficiency inhibits cuta-

neous wound healing.12 Autophagy activation has also been shown

to protect keratinocyte against inflammatory responses and UVB-

induced skin photodamage.45,46 HMGB1/RAGE promotes autophagy,

thereby protecting keratinocytes from UV radiation-induced cell

death, according toMou et al.47 Inhibition of mTOR leads to increased

cytoprotective autophagy, which may contribute to the reduction in
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F IGURE 7 The impaired autophagy is associated with persistent activation of Nrf2 in vitro. (A and B) GeneMANIA (A) and STRING (B)
protein–protein association networks of Atg7 gene. (C) Quantitative real-time PCR analysis of Nrf2, Nqo1, and Ho-1 in themouse skin among the
three groups. (D) Quantitative real-time PCR analysis of NRF2, NQO1, andHO-1 in si-NC, si-ATG7, si-ATG7+ Rapa, and si-ATG7+Rapa+ 3-MA
groups of HFF-1 cells after a single dose of 8 Gy irradiation. (E)Western blot of Keap1, Nrf2, Ho-1, and Nqo1 inmouse skin among the three
groups. (F)Western blot of KEAP1, NRF2, HO-1, and NQO1 in si-NC, si-si-ATG7, si-ATG7+Rapa, and si-ATG7+Rapa+ 3-MA groups of HFF-1
cells after a single dose of 8 Gy irradiation. Data are presented asmeans± SEM. *Student’s t-test p< 0.05, **Student’s t-test p< 0.01, ***Student’s
t-test p< 0.001.

the UVB-induced abnormal proliferation of keratinocytes and have

important implications for skin cancer prevention.47 Hao et al. demon-

strated that Sanshool protects human dermal fibroblasts against

UVB-induced damage by activating autophagy.13 Therefore, we were

interested to know whether autophagy-related mechanisms were

involved in radiation-induced skin damage.

Radiation-induced fibrosis is known to occur in various tissues and

organs.7 Several studies have also indicated an association between

autophagy and fibrosis. Moreover, chronic liver injury and liver fibro-

sis are associated with impaired autophagy,48–50 and that triggering

autophagy diminishes the expression of COL1A1 in HSCs.51 A recent

study published by Seo et al. in the last few months has further con-

firmed that the autophagy defect caused by the lack of Atg7 in the

liver leads to the occurrence of liver fibrosis.52 Researchers have

also emphasized the protective role of autophagy during fibrosis of

various tissues, such as the kidney53 and heart.54 More importantly,

autophagy is essential for wound healing,22 and autophagy deficiency

can lead to abnormal wound repair with excessive ECMdeposition. For

instance, collagen deposition has been shown to significantly increase

when autophagy is impaired during tendon injury repair.32 Autophagy

is also closely related to the homeostasis of tissue architecture and

function.55 Shi et al. demonstrated that IL10 could inhibit autophagy

through signaling via both the IL10/IL10R-STAT3 and IL10/Akt–mTOR

pathways, which have potential therapeutic benefits in the preven-

tion and reduction of a severe skin fibrotic disease called hypertrophic

scar (HS).56 Another study conducted by Shi et al., which attempted
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to probe into the underlying mechanisms of autophagy in HS forma-

tion, indicated that autophagy protein LC3 regulates the fibrosis of

HS by controlling Bcl-xL in dermal fibroblasts.57 Furthermore, Pang

et al. demonstrated that resveratrol inhibits HS viability by activating

autophagy via the miR-4654/Rheb axis.58 Based on the above stud-

ies, whether autophagy activity has an effect on radiation-induced skin

damage by infecting fibrotic changes warrants our further investiga-

tion.

We applied myofibroblast-specific conditional Atg7 knockout mice

in our study. As we know, Atg7 is a core autophagic-machinery com-

ponent due to its role in ubiquitin-like reactions.59 Meanwhile, it has

been widely acknowledged that myofibroblasts play essential roles in

the fibrogenesis process and cause ECM protein accumulation, specif-

ically after tissues injury.7,60 Thus, this animal model can confirm

whether the abnormal skin fibrogenesis process upon Atg7 deletion is

autophagy dependent. With the impaired autophagy caused by Atg7

deletion, it is possible that some newly synthesized proteins during

skin wound healing post irradiation are not cleared efficiently, and that

accumulation of these proteins may cause proteotoxicity, resulting in

myofibroblast malfunction and a more severe phenotype in irradiated

skin.

To further clarify thepossible role of autophagy in radiation-induced

skin injury and fibrotic changes, Atg7Flox/Flox Pdgfrb-Cre+ mice were

treated with rapamycin to rescue autophagy. As principal methods

for assessment of autophagy activity, the content of LC3-II protein,

which is converted from LC3-I, is widely used as a standard indicator to

monitor the number of autophagosomes.61 In addition to LC3-II, p62

can also be used as an indicator of autophagy activity, and p62 accu-

mulates when autophagy is deficient but decreases when autophagy

is activated.31,62 However, in addition to the canonical autophagic

pathway, there is evidence suggesting the presence of several non-

canonical autophagy pathways, which is Atg7-independent alternative

autophagy and is regulated by Ulk1 and beclin 1.63 Although the con-

version from LC3-I to LC3-II is generally considered a good indicator of

autophagy, it does not occur during the Atg7-independent alternative

process of autophagy.64 Therefore, the detection for this indicator

provides evidence supporting the occurrence of Atg7-dependent

autophagy. As previously stated, our results confirmed that rapamycin

successfully reactivated autophagy based on the increased expression

of LC3-II and decreased expression of p62 (Figure 5). TGF-β1 is one of

the most essential profibrotic factors, which strongly enhances fibrob-

last proliferation and stimulates ECM synthesis. CTGF binds directly

to TGF-β1 to exert a synergistic effect on fibrogenesis and regulate

TGF-β1 expression in a positive feedback loop manner.65 As expected,

our results demonstrated that rapamycin significantly decreased the

generation of TGF-β1 and CTGF after irradiation, thereby decreas-

ing the synthesis of COL1A1 and fibronectin. These changes were

under the premise that rapamycin successfully reactivates autophagy.

Additionally, we found that rapamycin induced protective autophagy

by inhibiting the Akt–mTOR signaling pathway (Figure 5B), which

suppresses autophagy when it is activated in mammalian cells and

promotes autophagy when it is inactivated.66 However, pretreatment

with 3-MA, which blocks autophagosome formation by inhibiting class

III PI3K,67 abolishes all the effects caused by autophagy reactivation.

In addition, Nrf2 is known as a dominant regulator of cellular redox

homeostasis.68 The role of Nrf2 in radiation (ionizing, ultraviolet)-

induced carcinogenesis has also been clearly established, with decades

of studies on chemoprevention and cellular defense using Nrf2−/−

mice.69,70 In contrast, the association between Nrf2 signaling and

autophagy appeared to be strong. Autophagic degradation of Keap1

through its interaction with p62, which competes with Nrf2 to bind

to Keap1, contributes to maintaining redox homeostasis.71 As already

concluded by Ni et al., Nrf2 contributes to the development of fibrosis

in mice with defective hepatic autophagy.49 Thus, we measured

the expression of Nrf2 and Nrf2-downstream antioxidant genes

Nqo1 and HO-1. The results demonstrated that the Nrf2-related

pathway was activated in the groups with impaired autophagy.

These striking differences provided some insights and speculations

regarding the relationships between persistent activation of Nrf2

and radiation-induced fibrogenesis associated with Atg7 deficiency.

In summary, our findings indicate that rapamycin may serve as an

efficient therapeutic strategy to prevent skin damage, particularly

fibrosis after irradiation, and that the molecular mechanism might

be closely related to the Akt–mTOR and Nrf2-autophagy-related

pathways.

However, this study has several limitations that need to be

addressed. First, fractionated radiotherapy is more common clinically

than single high-dose radiotherapy. Moreover, fractionated radiother-

apy commonly causesmore severe radiation-induced skin damage than

a single high-dose radiotherapy, because the continuous impact of irra-

diation disturbs skin self-renewal. However, owing to the limitations

of the experimental conditions, the present models did not adequately

simulate clinical situations. Also due to the limitation of experimental

conditions, while it may be tempting for us to perform transmission

electron microscopy (TEM), which is considered the gold standard to

assess autophagy, we were not able to conduct these experiments. In

addition, themechanisms underlying the effects of rapamycinwere not

sufficiently explored. Hence, the exact molecular mechanism and reg-

ulation of the impact of rapamycin on the Akt–mTOR pathway and its

downstream targets warrant further elaborate investigation.We hope

that these limitations will be refined in future studies.

5 CONCLUSIONS

Our data show that topical rapamycin-treated mice are protected

against radiation-induced cutaneous injury and further fibrosis in

myofibroblast-specific deletion of Atg7, with decreased epidermal

thickness and dermal collagen deposition, as well as improved wound

healing in irradiated skin compared with the vehicle group mice.

Therefore, targeting the autophagy-related pathwaymay be useful for

preventing or ameliorating radiation changes in the skin, which can be

a novel therapeutic strategy in clinical practice.
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