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Abstract 

Background Radiotherapy can cause kidney injury in patients with cervical cancer. This study aims to investigate 
the possible molecular mechanisms by which CpG-ODNs (Cytosine phosphate guanine-oligodeoxynucleotides) regu-
late the PARP1 (poly (ADP-ribose) polymerase 1)/XRCC1 (X-ray repair cross-complementing 1) signaling axis and its 
impact on radiation kidney injury (RKI) in cervical cancer radiotherapy.

Methods The GSE90627 dataset related to cervical cancer RKI was obtained from the Gene Expression Omnibus 
(GEO) database. Bioinformatics databases and R software packages were used to analyze the target genes regulated 
by CpG-ODNs. A mouse model of RKI was established by subjecting C57BL/6JNifdc mice to X-ray irradiation. Serum 
blood urea nitrogen (BUN) and creatinine levels were measured using an automated biochemical analyzer. Renal tis-
sue morphology was observed through HE staining, while TUNEL staining was performed to detect apoptosis in renal 
tubular cells. ELISA was conducted to measure levels of oxidative stress-related factors in mouse serum and cell super-
natant. An in vitro cell model of RKI was established using X-ray irradiation on HK-2 cells for mechanism validation. 
RT-qPCR was performed to determine the relative expression of PARP1 mRNA. Cell proliferation activity was assessed 
using the CCK-8 assay, and Caspase 3 activity was measured in HK-2 cells. Immunofluorescence was used to deter-
mine γH2AX expression.

Results Bioinformatics analysis revealed that the downstream targets regulated by CpG-ODNs in cervical cancer 
RKI were primarily PARP1 and XRCC1. CpG-ODNs may alleviate RKI by inhibiting DNA damage and oxidative stress 
levels. This resulted in significantly decreased levels of BUN and creatinine in RKI mice, as well as reduced renal tubular 
and glomerular damage, lower apoptosis rate, decreased DNA damage index (8-OHdG), and increased levels of anti-
oxidant factors associated with oxidative stress (SOD, CAT, GSH, GPx). Among the CpG-ODNs, CpG-ODN2006 had 
a more pronounced effect. CpG-ODNs mediated the inhibition of PARP1, thereby suppressing DNA damage and oxi-
dative stress response in vitro in HK-2 cells. Additionally, PARP1 promoted the formation of the PARP1 and XRCC1 com-
plex by recruiting XRCC1, which in turn facilitated DNA damage and oxidative stress response in renal tubular cells. 
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Overexpression of either PARP1 or XRCC1 reversed the inhibitory effects of CpG-ODN2006 on DNA damage and oxi-
dative stress in the HK-2 cell model and RKI mouse model.

Conclusion CpG-ODNs may mitigate cervical cancer RKI by blocking the activation of the PARP1/XRCC1 signaling 
axis, inhibiting DNA damage and oxidative stress response in renal tubule epithelial cells.

Keywords Cervical cancer, Radiotherapy, Kidney injury, CpG-ODNs, PARP1, XRCC1, DNA damage, Oxidative stress

Background
Cervical cancer is a common gynecological cancer that 
contributes to cancer-related deaths throughout the 
world [1], and radiotherapy is a standard treatment strat-
egy for this malignancy [2]. However, radiation used 
in radiotherapy can induce kidney toxicity, resulting in 
double-stranded breaks (DSBs) in the DNA and death of 
renal endothelial, tubular as well as glomerular cells [3]. 
Radiation can induce DNA damage and cell apoptosis in 
the kidneys [4]. In addition, radiation results in oxidative 
stress and prolongation of cell injury [5]. In this context, 
it is of significance to further the understanding of mech-
anism regarding DNA damage and oxidative stress in 
radiation-induced kidney injury (RKI) in cervical cancer.

Cytosine–phosphate–guanine oligodeoxynucleotides 
(CpG-ODNs) are artificial unmethylated CpG motifs 
originally discovered in bacterial DNA [6]. As previ-
ously reported, CpG-ODN could confer ameliorating 
effect against radiation-induced lung injury in a mouse 
model [7]. CpG-ODN also upregulated G-CSF and IL-6 
to improve irradiation-induced injuries [8]. In addi-
tion, CpG-ODN prevented normal immune cells from 
gamma-irradiation-induced death [9]. It should be noted 
that the bioinformatics analysis conducted in the pre-
sent study predicted that CpG-ODNs might regulate 
the downstream targets poly ADP-ribose) polymerase 1 
(PARP1)/X-ray repair cross complementing 1 (XRCC1) 
in RKI in cervical cancer. PARP1 has been highlighted 
as an RNA-binding protein in multiple kidney diseases 
with tubular cell injury [10]. Suppression of PARP1 has 
been unfolded to exert protection against cisplatin-
induced kidney injury [11, 12]. As previously reported, 
the application of novel PARP inhibitors has the potential 
of rescuing normal cells from oxidative damage during 
radiotherapy-induced ischemia–reperfusion injury [13]. 
Knockout of XRCC1 had a defect in repair of hydrogen 
peroxide and camptothecin-induced DNA damage, but 
this could be rescued by further deletion of PARP1 [14]. 
PARP1 can participate in cellular responses to oxidative 
stress by forming PAR for response to DNA damage, and 
XRCC1 can be recruited to sites of DNA damage depend-
ent on PARP1 [15]. XRCC1 serving as a DNA-damage 
biomarker might participate in the regulation of cardio-
renal syndrome-induced kidney injury [16]. The expres-
sion of PARP1 was found to be elevated by radiation in a 

dose-dependent manner [17]. Taking the aforementioned 
reports into consideration, this study proposed a hypoth-
esis that CpG-ODNs might affect RKI in cervical cancer 
with the involvement of the regulation of the PARP1/
XRCC1 axis, in hope of finding a novel direction for pro-
tection against RKI in cervical cancer.

Materials and methods
Ethical approval
The study was conducted under the approval of the Ethics 
Committee of China Medical University (KT2023763), 
and all procedures in the animal experiment were con-
ducted in accordance with the Guide for the Care and 
Use of Laboratory Animals.

Synthesis and purification of CpG‑ODNs
Based on the available literature [7, 18], we used two 
types of CpG-ODNs for our study, CpG-ODN2216 and 
CpG-ODN2006 [19]. All CpG-ODNs were synthesized 
and purified by Sangon (Shanghai, China). CpG-ODNs 
were dissolved in DEPC water (1  mg/mL, Invitrogen, 
AM9906, Thermo Fisher Scientific, Rockford, IL) under 
sterile conditions, stored in a refrigerator at − 20 °C, and 
diluted with saline when used.

Bioinformatics analysis
Relevant genes regulated by CpG-ODN (CpG-oligonu-
cleotide) were obtained from the Comparative Toxicog-
enomics Database (CTD) (http:// ctdba se. org) [20]. The 
cervical cancer-related microarray dataset GSE9750, 
comprising 33 tumor tissue samples and 24 normal cer-
vical epithelial tissue samples, was obtained from the 
Gene Expression Omnibus (GEO) database (https:// 
www. ncbi. nlm. nih. gov/ gds) [21]. Differential analysis 
was performed using the "Limma" package in R software 
(version: 4.0), with the criteria of |log2(FoldChange)|> 2 
and a significance level of P < 0.05 to select differentially 
expressed genes. The GeneCards database (https:// www. 
genec ards. org/) [22] was queried for the keyword "radia-
tion nephropathy" to obtain relevant genes. The intersec-
tion of the above obtained genes from the CTD database 
for "CpG-ODNs," the analysis results of the cervical 
cancer-related microarray GSE9750 from the GEO data-
base, and the relevant genes for "radiation nephropathy" 

http://ctdbase.org
https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
https://www.genecards.org/
https://www.genecards.org/
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obtained from the GeneCards database yielded the over-
lapping genes.

The protein–protein interaction network of the over-
lapping genes was obtained from the STRING database 
(https:// string- db. org) [23]. Protein interaction analysis 
was performed using the "count" package in R software, 
and the top 10 nodes in the protein–protein interaction 
network were ranked based on Degree values (the num-
ber of connections between a node and other nodes, 
reflecting its centrality). The overlapping genes were sub-
jected to Gene Ontology (GO) term analysis and KEGG 
enrichment analysis using the online analysis tool DAVID 
(http:// david. ncifc rf. gov) [24].

The expression of PARP1 and HMGB1 in the TCGA-
CESC (cervical cancer) dataset was analyzed using the 
Ualcan database (https:// ualcan. path. uab. edu/ analy sis. 
html) [25]. The TCGA-CESC dataset consisted of 305 
tumor tissue samples and 3 normal cervical epithelial tis-
sue samples.

293T cells and HK‑2 cells culture
HEK-293T cells were obtained from ATCC (CRL-3216, 
ATCC, USA). HK-2 cells, a human renal tubular epi-
thelial cell line, were purchased from iCell Bioscience 
(iCell-h096, Shanghai, China). The cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) 
(11965092, Gibco, USA) supplemented with 10% fetal 
bovine serum (FBS) (10099141, Gibco, USA), 100 U/mL 
penicillin, and 100  μg/mL streptomycin (B540732, San-
gon Biotech) at 37  °C in a humidified atmosphere with 
5%  CO2 [26, 27].

Lentiviral vector construction
The lentiviral vectors carrying overexpression vector 
pCDH-CMV-MCS-EF1α-copGFP (CD511B-1, Sys-
tem Biosciences, Mountain View, CA) and shRNA vec-
tor pGreenPuro-CMV-shRNA-Lentivector (SI505A-1, 
System Biosciences) were purchased. Lentivirus-based 
PARP1 and XRCC1 overexpression or shRNA vectors 
were constructed, and the shRNA sequences are shown 
in Additional file  3: Table  S1. Transfection of lentivi-
ral vectors into 293T cells using Opti-MEM medium 
(31985070, Gibco, USA) and Lipofectamine 3000 reagent 
(L3000015, Invitrogen, New York, California, USA). After 
20  h, the medium was replaced with 12  mL of medium 
supplemented with 5% fetal bovine serum (FBS). After 
48  h of transduction, the virus-containing supernatant 
was collected, filtered through a 0.45 μm cellulose acetate 
filter (HAWG04700, MF-Millipore, Billerica, MA), and 
stored in a refrigerator at − 80 °C.

To construct human renal tubular epithelial cell line 
HK-2 (iCell-h096, Sebacon (Shanghai) Biotechnology 
Co., Ltd.) with PARP1/XRCC1 overexpression or shRNA 

vector, HK-2 cells at a density of 40% were incubated with 
virus-containing mix (MOI [Multiplicity of Infection] of 
20) for 8 h. After 24 h, an additional 10 μg/mL puromy-
cin was added to screen HK-2 and the culture was main-
tained for 4  weeks to construct stable-transduced cell 
lines.

Construction of RKI mouse model
Eighty-eight 6–8  week old female C57BL/6JNifdc mice 
were purchased from Vitalriver; (Beijing, China). They 
were housed in single cages under constant temperature 
and humidity. After 1  week of acclimation, mice were 
used as control mice or subjected to modeling as RKI 
mice. RKI mice were irradiated with X-rays at a dose of 
14 Gy, with a dose rate of 2.35 cGy/min at the kidney site, 
5 days per week for 4 weeks (180 times of rotation dur-
ing each irradiation to optimize dose uniformity) [28, 29]. 
After 4  weeks, a fully automated biochemical analyzer 
(AU5800, Beckman Coulter Inc., Chaska, MN) was used 
to measure serum blood urea nitrogen (BUN) and cre-
atinine values. If the serum BUN and creatinine levels of 
the modeled mice were 2–3 times higher than those of 
the control mice, the modeling was considered success-
ful and mice with successful modeling were selected for 
subsequent experiments. Control mice were not treated 
with X-ray irradiation.

A total of 24 control mice were not treated with 
X-ray irradiation, or intraperitoneally injected with 
ODN2006 or ODN2216 (n = 8). Meanwhile, 56 
RKI model mice were not further treated, or intra-
peritoneally injected with ODN2006, ODN2216, 
saline + lentiviral vector carrying overexpression (oe)-
negative control (NC), ODN2006 + lentiviral vector 
carrying oe-NC, ODN2006 + lentiviral vector carrying 
oe-PARP1, or ODN2006 + lentiviral vector carrying oe-
XRCC1 (n = 8) (Additional file 3: Table S2).

At 1 week before X-ray irradiation, lentiviral injections 
(1 ×  106 TU/mouse) [30, 31] were performed by tail vein 
injection 1 h before CpG-ODNs injection, twice a week 
for 4  weeks. Mice were injected with 10  μg/mL CpG-
ODNs or saline via intraperitoneal injection 5 times per 
week and 4 times per week thereafter. X-ray irradiation 
was used, 5 times per week for 4 weeks.

Construction of an in vitro cell model of RKI
Human renal cortical proximal tubule epithelial cells 
HK-2 (iCell-h096, iCell Bioscience Inc., Shanghai, China) 
were cultured in HK-2 cell medium (iCell-h096-001b, 
iCell Bioscience Inc.).

HK-2 cells were grouped as follows:

1. Control cells (without any treatment), HK-2 
cells treated with radiation (given X-ray irradia-

https://string-db.org
http://david.ncifcrf.gov
https://ualcan.path.uab.edu/analysis.html
https://ualcan.path.uab.edu/analysis.html
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tion treatment), and HK-2 cells treated with radia-
tion + ODN2006 (given 5  μM ODN2006 treatment 
and X-ray irradiation treatment).

2. HK-2 cells were treated with short hairpin RNA 
(sh)-NC (lentiviral vector carrying sh-NC), sh-
PARP1 (lentiviral vector carrying sh-PARP1-1 and 
sh-PARP1-2), ODN2006 + sh-PARP1 (transduced 
with lentiviral vector carrying sh-PARP1 and then 
treated with ODN2006), oe-NC + sh-NC (transduced 
with lentiviral vector carrying sh-NC and oe-NC), 
oe-NC + sh-XRCC1 (transduced with lentiviral vec-
tor carrying oe-NC and sh-XRCC1-1/sh-XRCC1-2), 
saline + oe-NC (transduced with lentiviral vec-
tor carrying oe-NC and then cultured with saline), 
ODN2006 + oe-NC (transduced with lentiviral vector 
carrying oe-NC and then treated with ODN2006), 
ODN2006 + oe-PARP1 (transduced with lentivi-
ral vector carrying oe-PARP1 and then treated with 
ODN2006), ODN2006 + oe-XRCC1 (transduced 
with lentiviral vector carrying oe-XRCC1 and then 
treated with ODN2006), followed by X-ray irradia-
tion treatment. Each mouse was intraperitoneally 
injected with 50 μg of CpG-ODNs or saline solution, 
five times per week, followed by every fourth ses-
sion. The mice were exposed to X-ray irradiation, five 
times per week, for a total of 4 weeks [7, 8].

RT‑qPCR
Total RNA was extracted from tissues and cells using 
TRIzol (15596026, Thermo Fisher Scientific), and a nan-
odrop 2000 micro-UV spectrophotometer (Thermo 
Fisher Scientific) was utilized to detect the concentra-
tion and purity of the extracted total RNA. The RNA 
was reversely transcribed into cDNA according to the 
instructions of PrimeScript RT reagent Kit (RR047A, 
Takara, Shiga, Japan). The synthesized cDNA was sub-
jected to RT-qPCR detection using Fast SYBR Green 
PCR Kit (Thermo Fisher Scientific), and three replicates 
were set up for each well. GAPDH was used as the inter-
nal reference. The  2−ΔΔCt method was utilized to analyze 
the relative mRNA expression. The primer sequences 
used for RT-qPCR in this study are shown in Additional 
file 3: Table S3 [32].

Co‑IP assay
To determine the interaction of XRCC1 and PARP1, we 
co-transfected HK-2 cells with vectors expressing Myc-
PARP1 and XRCC1-flag. For immunoprecipitation, we 
used the Universal Magnetic Co-IP kit (cat#54002, Active 
Motif, Carlsbad, CA) to extract proteins according to the 
manufacturer’s instructions. Briefly, for co-IP of Myc-
PARP1 and XRCC1-Flag proteins in cells with ectopic 

expression of Myc-PARP1 and XRCC1-Flag, we used 
anti-Myc (sc-40, Santa Cruz Biotechnology, Santa Cruz, 
CA) and anti-Flag (A2220, Sigma-Aldrich, St. Louis, MO) 
agarose beads to pull down Myc-PARP1 and XRCC-
Flag from cell lysates, respectively. Co-IP of endogenous 
PARP1 and XRCC1 was performed using anti-XRCC1 
(#sc-56254, 1:100, Santa Cruz Biotechnology) or anti-
PARP1 (ab227244, 1:100, Abcam, Cambridge, UK) anti-
bodies. Control mouse IgG (sc-2025, 1:100, Santa Cruz 
Biotechnology) was used as a NC. Next, 25 μL protein G 
magnetic beads were added and incubated at 4 °C for 1 h. 
The precipitate was collected by centrifugation at 1000 g. 
The samples were washed four times with Co-IP/wash 
buffer and eluted with reduced loading buffer (130  mM 
Tris pH 6.8, 4% SDS, 0.02% bromophenol blue, 20% glyc-
erol, and 100 mM DTT), followed by detection of inter-
action between XRCC1 and PARP1 using Western blot 
[33].

Western blot
RIPA lysate (P0013C, Beyotime, Shanghai, China) con-
taining PMSF was used to extract the total protein from 
the tissues, which was incubated on ice for 30  min and 
centrifuged at 4  °C for 10  min at 8000  g, followed by 
extraction of the supernatant. The total protein concen-
tration was measured by BCA kits (23227, Thermo Fisher 
Scientific). The protein was subjected to SDS-PAGE, and 
transferred to a PVDF membrane, followed by blockade 
with 5% skimmed milk powder at room temperature for 
1  h. Then, the PVDF membrane was incubated at 4  °C 
overnight with diluted primary antibodies against PARP1 
(1:1000, ab191217, Abcam. Cambridge, UK), XRCC1 
(1:1000, ab134056, Abcam) and GAPDH (ab181602, 
1:2500, Abcam) and with HRP-labeled secondary anti-
body goat anti-rabbit IgG H&L (HRP) (ab97051, 1:2000, 
Abcam) for 1 h.

The ECL fluorescence assay kit (abs920, Absin Biosci-
ence Inc.) was used for development. The protein bands 
were photographed using the Bio-Rad Image Analysis 
System (Bio-Rad Laboratories, Hercules, CA). Grayscale 
quantification was performed on each group of bands in 
the Western blot images using Image J analysis software 
(Version: V1.8.0), in which GAPDH was the internal ref-
erence protein [34].

Validation of intracellular colocalization of PARP1 
and XRCC1 proteins
HK-2 cells were divided into two groups: control group 
transfected with negative control shRNA, and another 
group interfered with endogenous PARP1 using shRNA 
vectors. The cells were placed on a 35  mm cell culture 
dish, PBS washed three times. They were then fixed with 
4% cold paraformaldehyde for 20  min, followed by PBS 
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washing three times. Permeabilization was performed 
using 0.2% Triton X-100 for 10  min, followed by PBS 
washing three times. Serum blocking was carried out for 
30 min, followed by PBS washing three times. Cells were 
incubated overnight at 4  °C in the primary antibodies 
PARP1 (1:500, ab191217, Abcam, Cambridge, UK) and 
XRCC1 (1:500, ab134056, Abcam, Cambridge, UK), fol-
lowed by PBS washing three times. The cells were then 
incubated with secondary antibodies Alexa Fluor 555 and 
Alexa Fluor 488 (Cell Signaling Technology, Beverly, MA, 
USA) for 2 h at room temperature (protected from light), 
or at 37 °C for 1.5 h, followed by PBS washing three times. 
Finally, DAPI was used to stain the nuclei, and fluores-
cence images were captured directly. PBS was washed 
off with distilled water, and the samples were mounted 
with glycerol and immediately imaged using an Olympus 
FLUOVIEW FV1000 confocal laser scanning microscope 
(Olympus Corporation, Tokyo, Japan) [35].

CCK‑8 assay
The CCK-8 kit (CA1210, Beijing Solarbio, Beijing, China) 
was used for cell viability assay. HK-2 cells at logarithmic 
growth stage were seeded in a 96-well plate with 1 ×  104 
cells per well and cultured for 24 h. After 48 h of trans-
fection, 10 μL of CCK-8 reagent was added at 0 h, 24 h, 
48 h and 72 h after transfection, followed by incubation 
at 37  °C for 3  h. The absorbance values of each well at 
450 nm were measured on a microplate reader [36].

Determining the optimal concentration of CpG‑ODNs
Once the RKI model mice were successfully constructed, 
40 mice were divided into 5 groups for intraperitoneal 
injection of CpG ODNs at different concentrations: 0, 
10, 20, 50, and 100 μg per mouse, with injections admin-
istered five times per week for a total of 4  weeks. After 
the injections, a fully automated biochemical analyzer 
(AU5800, Beckman Coulter, Beckman Coulter Trading 
(China) Co. Ltd.) was used to measure serum blood urea 
nitrogen (BUN) and serum creatinine levels.

For the in  vitro cellular model of radiation-induced 
kidney injury, HK-2 cells were irradiated with X-rays at 
a dose of 8 Gy for 6 h. After radiation, HK-2 cells were 
seeded at a density of 1 × 104 cells per well in a 96-well 
plate and treated with different concentrations of CpG-
ODN2006 (0, 1, 3, 5, 10, and 15  μM). Cell viability was 
then assessed using a CCK-8 assay kit (CA1210, Solai-
bao Technology, Beijing, China). At 0, 24, 48, and 72 h of 
incubation, 10  μL of CCK-8 reagent was added to each 
well, followed by incubation at 37 °C for 1 h. The absorb-
ance at a wavelength of 450 nm was measured using an 
enzyme-linked immunosorbent assay reader, and a cell 
growth curve was plotted. The absorbance values were 

directly proportional to the number of proliferating cells 
in the culture medium [37].

Immunofluorescence
HK-2 cells were exposed to 8  Gy of X-irradiation and 
recovered after 6 h. HK-2 cells were cultured on μ-slide 
VI access slides (Ibidi, Martinsried, German) and fixed 
with 4% paraformaldehyde at 4  °C for 30  min, followed 
by treatment with 0.2% TritonX-100 for 10  min. anti-
γH2AX (ab2893, 1:100, Abcam) was then diluted with 3% 
BSA and incubated. Cells were stained with Alexa Fluor 
488 goat anti-rabbit IgG (#4412S, 1:2000, Cell Signal-
ing Technology, Beverly, MA) for 1 h at 37  °C and then 
with 4′,6-diamidino-2-phenylindole (MBD0020, Sigma-
Aldrich). Finally, immunofluorescence images were 
obtained with a fluorescence microscope (ECLIPSE E800, 
Nikon, Tokyo, Japan), and five fields of view were ran-
domly acquired for each sample [36].

Caspase activity assay
Caspase activity was determined via enzymatic method 
using the fluorescent peptide substrate DEVD. Cells 
were extracted with 1% Triton X-100 and the lysate was 
added to an enzymatic reaction containing 50 mM DEVD 
(201608-14-2, Beijing Solarbio). The AFC reaction was 
performed for 60  min. The fluorescence at excitation 
wavelength of 360  nm/emission wavelength of 530  nm 
was monitored by a GENios plate reader. A standard 
curve was constructed with free AFC in each measure-
ment. Using the standard curve, the fluorescence read-
ings for each enzymatic reaction were converted into 
released AFC. Caspase activity was expressed as nmol of 
AFC released per mg of protein in the cell lysate [34].

Hematoxylin–eosin (HE) staining
Mouse kidney tissue sections were stained with HE stain-
ing kits (PT001, Shanghai Bogoo Biological Technology 
Co., Ltd., Shanghai, China). In brief, the sections were 
stained with hematoxylin for 10 min, differentiated with 
1% hydrochloric acid alcohol for 30 s, stained with eosin 
for 1 min, and dehydrated with gradient alcohol (concen-
trations of 70%, 80%, 90%, 95%, and 100%, respectively) 
for 1 min each. After being cleared with xylene, the sec-
tions were sealed with neutral gum, and the morpho-
logical changes were finally photographed and observed 
under a light microscope (BX50; Olympus Corp., Tokyo, 
Japan) [29].

TUNEL staining
TUNEL Apoptosis Detection Kit-DAB (abs50022, Absin 
Bioscience Inc., Shanghai, China) was used to detect 
apoptosis in kidney tissues. In short, kidney tissue sec-
tions were incubated in TdT/nucleotide complex for 1 h 
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at room temperature, and then the nuclei were labeled 
with horseradish peroxidase and diaminobenzidine. 
Counterstaining was then performed with hematoxylin. 
Apoptotic cells were observed under a light microscope 
and photographed. Five fields of view per section were 
randomly selected for cell counting to detect apoptosis. 
The apoptosis rate (%) was expressed as the percentage 
of TUNEL-positive cells, and the apoptosis rate = the 
number of apoptotic TUNEL-positive cells/total cell 
count × 100% [38].

Detection of oxidative stress levels
Malondialdehyde (MDA) test kits (ml092884, Shanghai 
Meilian Biotechnology Co., Ltd., Shanghai, China) were 
used to detect MDA levels in the mouse serum and HK-2 
cells via the TBA method. The levels of DNA damage 
index (8-OHdG) and each oxidative stress related factor 
in serum and cells were detected using mouse 8-OHdG 
(CSB-E10527m, Cusabio), human catalase (CAT) 
(JL14741, Shanghai Jianglai Biotechnology, Shanghai, 
China), mouse CAT (CSB-E14190m, Cusabio, Houston, 
TX), human superoxide dismutase (SOD) (CSB-E17064h, 
Cusabio), mouse SOD (JL12237, Shanghai Jianglai Bio-
technology), human glutathione (GSH) (ml063305, 
Shanghai Meilian Biotechnology Co., Ltd.), mouse GSH 
(ml063305, Shanghai Meilian Biotechnology Co., Ltd.), 
mouse GSH (ml063305, Shanghai Meilian Biotechnology 
Co., Ltd.), human glutathione peroxidase (GPx) (JL10355, 
Shanghai Jianglai Biotechnology), mouse GPx (JL49904, 
Shanghai Jianglai Biotechnology) kits [39, 40].

Statistical analysis
All data were processed using SPSS 24.0 statistical soft-
ware (IBM Corp. Armonk, NY). All data were subjected 
to normal distribution and homogeneous variance 
tests, and data conforming to normal distribution were 
expressed in the form of mean ± standard deviation. Inde-
pendent sample t-test was used for comparison between 
two groups, and data between multiple groups were 
compared by one-way ANOVA, followed by Tukey post 
hoc test. Absorbance values at multiple time points were 
compared using two-way ANOVA. P < 0.05 indicated sta-
tistically significant difference.

Results
CpG‑ODNs attenuated RKI by inhibiting DNA damage 
and oxidative stress levels
First, we constructed an RKI mouse model through intra-
peritoneal injection of two CpG-ODNs solutions (CpG-
ODN2006 and CpG-ODN2216) (Fig.  1a). To determine 
the optimal concentration of CpG-ODNs, we adminis-
tered different concentrations of CpG-ODN2006 and 
CpG-ODN2216 to the RKI mice. The results showed 

that injecting 50  μg of either CpG-ODN2006 or CpG-
ODN2216 significantly alleviated RKI in the mice 
(Additional file 1: Fig. S1). Therefore, we selected a con-
centration of 50 μg per mouse for the subsequent mouse 
experiments. The results of the kidney function analysis 
(Fig.  1b) demonstrated that, compared to the Normal 
group, the RKI group of mice exhibited significantly ele-
vated levels of blood urea nitrogen (BUN) and creatinine. 
However, administration of the two CpG-ODNs treat-
ments led to a significant reduction in BUN and creati-
nine levels in the RKI group of mice, whereas there were 
no significant changes in BUN and creatinine levels in the 
Normal group of mice following CpG-ODNs treatment.

The HE staining results (Fig.  1c) revealed that radio-
therapy caused obvious kidney injury, mainly manifested 
by a large number of tubular epithelial cell necrosis, 
tubular dilatation, and glomerular hypertrophy; treat-
ment with CpG-ODNs in the RKI mice significantly 
reduced tubular and glomerular injury, while no signifi-
cant changes were observed in the kidney tissues of the 
control mice treated with CpG-ODNs. In addition, based 
on the TUNEL results (Fig.  1d), the apoptosis rate was 
significantly higher in the kidney tissues of the RKI mice 
compared with that in the control mice; treatment with 
CpG-ODNs significantly reduced the apoptosis rate in 
the kidney tissues of the RKI mice but had no significant 
change in that of the control mice.

We further examined the DNA damage index (8-OHdG) 
and oxidative stress levels in each group of mice. Our 
experimental results (Fig.  1e–g) revealed that compared 
with the control mice, the RKI mice showed a significant 
increase in 8-OHdG and a marked decrease in the produc-
tion of oxidative stress-related factors SOD, CAT, GSH, 
GPx and a significant increase in MDA levels in kidney 
tissues; after the RKI mice were treated with CpG-ODNs, 
8-OHdG was significantly diminished, accompanied by 
increases in SOD, CAT, GSH and GPx production and a 
notable decrease in MDA levels, while the control mice 
treated with CpG-ODNs showed no significant changes in 
the indexes.

The above results suggest that CpG-ODNs may attenu-
ate RKI by suppressing DNA damage and oxidative stress 
levels.

PARP1 might be a potential target for CpG‑ODNs in RKI 
in cervical cancer
In this study, we further explored the potential molecular 
mechanisms of CpG-ODNs for the treatment of RKI in 
cervical cancer. First, we searched the CTD database for 
199 genes related to "CpG-ODNs". Then, we obtained a 
total of 5335 DEGs in the cervical cancer-related micro-
array GSE9750 from the GEO database, and further 
obtained 2482 genes related to "radiation nephropathy" 
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using the GeneCards database. A total of 21 candidate 
genes were obtained by taking the intersection of the 
three databases (Fig. 2a).

The proteins encoded by the intersecting genes were 
further imported into the STRING database to obtain 
PPI relationships. The top 10 proteins were displayed 
according to Degree values, and the top three were 
CASP3, PARP1, and HMGB1 (Fig.  2b). In addition, we 
performed KEGG analysis of 21 candidate genes using 
the Sangerbox online tool and found that these 21 inter-
secting genes could be enriched in the entries such as 
Toll-like receptor signaling pathway, Base excision repair, 
etc. (Fig.  2c). It has been shown that ionizing radiation 
causes tissue damage by directly damaging DNA struc-
tures [29]. KEGG enrichment analysis showed that the 
genes on the Base excision repair entry were mainly 
XRCC1, PARP1, HMGB1, and POLD1, and intersection 
with the PPI results yielded intersection proteins PARP1 
and HMGB1 (Fig. 2d).

Further differential analysis of the PARP1 and HMGB1 
genes revealed that PARP1 showed high expression in 
both the cervical cancer chip GSE9750 and the TCGA-
CESC dataset, while HMGB1 only exhibited high expres-
sion in the cervical cancer chip GSE9750 (Fig.  2e, f ). 
Using the CTD database search, we found that CpG-
ODNs mainly inhibited the expression of PARP1 (Fig. 2g).

Therefore, we speculate that PARP1 may be a potential 
target for CpG-ODNs in the treatment of RKI in cervi-
cal cancer, and CpG-ODNs may alleviate RKI in cervical 
cancer by downregulating PARP1 expression.

CpG‑ODNs inhibited DNA damage and oxidative stress 
in HK‑2 cells through downregulation of PARP1 expression
In addition, to investigate whether CpG-ODNs attenu-
ate RKI in cervical cancer by regulating PARP1, we 
examined the expression of PARP1 in the kidney tis-
sues of RKI mice treated with two CpG-ODNs (CpG-
ODN2006 and CpG-ODN2216). Our experimental 

Fig. 1 Protective effects of CpG-ODNs on RKI in relation to DNA damage and oxidative stress levels. A CpG-ODNs related sequence information; 
B Levels of blood urea nitrogen (BUN) and creatinine in mouse serum detected by automated biochemical analyzer; C Histopathological changes 
in mouse kidney tissues observed by HE staining (scale bar = 25 µm); D Levels of cellular apoptosis in mouse kidney tissues detected by TUNEL 
staining (scale bar = 25 µm), with brownish-gray indicating apoptotic cells; E Levels of DNA damage index (8-OHdG) in mouse serum detected 
by ELISA; F Levels of oxidative stress-related indexes in mouse serum detected by ELISA; G Levels of malondialdehyde (MDA) in mouse serum 
detected. * indicates P < 0.05 compared to the Normal group, # indicates P < 0.05 compared to the RKI group; each group consisted of 8 mice
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results showed that PARP1 expression was significantly 
increased in the kidney tissues of the RKI mice com-
pared with that in the control mice. Moreover, PARP1 
expression was notably reduced in the RKI mice treated 
with CpG-ODNs, and CpG-ODN2006 with better 

treatment effect than CpG-ODN2216 was selected for 
the follow-up experiment (Fig. 3a).

We established an in vitro model of kidney injury cells 
by subjecting the human renal tubular epithelial cell line 
HK-2 to X-ray irradiation. To determine the optimal 

Fig. 2 Bioinformatics analysis to screen potential targets of CpG-ODNs for treating RKI in cervical cancer. A Venn plot showing the intersection 
of genes related to "CpG-ODNs" obtained through the CTD database, DEGs in the cervical cancer-related microarray GSE9750 from the GEO 
database, and genes related to "radiation nephropathy" obtained from the GeneCards database. B STRING database analysis of 21 candidate 
intersection genes encoding the top 10 proteins with PPI Degree values. C Bubble plot of KEGG enrichment analysis of 21 candidate intersection 
genes. D Circle plot of KEGG enrichment analysis of 21 candidate intersection genes. E Differential expression data of PARP1 and HMGB1 
in microarray GSE9750. Normal = 24, Tumor = 33. F Expression of PARP1 and HMGB1 in TCGA analyzed by Ualcan database. Normal = 3, Tumor = 305. 
G Regulation of PARP1 by CpG-ODNs in CTD database
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concentration of CpG-ODN2006, we treated the irradi-
ated cells with a gradient of CpG-ODN2006 concentra-
tions. The results indicated that 5uM CpG-ODN2006 
significantly increased the activity of HK-2 cells after 
radiation exposure (Additional file  2: Fig. S2). Thus, we 
selected 5uM CpG-ODN2006 for further experiments.

The RT-qPCR results demonstrated a significant 
increase in PARP1 mRNA expression in HK-2 cells of the 
Radiation group compared to the Control group (Fig. 3b). 
After silencing PARP1 in HK-2 cells of the Radiation 
group, the RT-qPCR results showed a significant decrease 

in PARP1 expression (Fig. 3b). Among the PARP1 silenc-
ers, sh-PARP1-1 exhibited the most effective silencing, 
thus it was selected for subsequent experiments (sh-
PARP1). Furthermore, the addition of CpG-ODN2006 to 
HK-2 cells of the Radiation group significantly reduced 
PARP1 expression, and silencing PARP1 enhanced the 
inhibitory effect of CpG-ODN2006 on PARP1 expression.

We assessed the cell viability of HK-2 cells under dif-
ferent conditions using the CCK-8 assay. The results 
demonstrated a significant decrease in HK-2 cell viability 
in the Radiation group compared to the Control group 

Fig. 3 Effect of CpG-ODNs regulating PARP1 expression on in vitro RKI cell model. A RT-qPCR to detect the relative expression of PARP1 
mRNA in the kidney tissue of RKI mice treated with CpG-ODN2006 or CpG-ODN2216. B RT-qPCR to detect the relative expression of PARP1 
mRNA in radiation-treated HK-2 cells after CpG-ODN or sh-PARP1 treatment alone or in combination. C CCK-8 assay to detect the viability 
of radiation-treated HK-2 cells after CpG-ODN or sh-PARP1 treatment alone or in combination. D The Caspase activity in radiation-treated HK-2 
cells after CpG-ODN or sh-PARP1 treatment alone or in combination as determined with enzymatic method. E Immunofluorescence assay 
to detect the γH2AX-positive cell ratio of radiation-treated HK-2 cells after CpG-ODN or sh-PARP1 treatment alone or in combination. Blue 
indicated DAPI fluorescence labeled nucleus, and green indicated labeled γH2AX. F Levels of oxidative stress-related factors (SOD, CAT, GSH, 
and GPx) in radiation-treated HK-2 cells after CpG-ODN or sh-PARP1 treatment alone or in combination. G MDA levels in radiation-treated 
HK-2 cells after CpG-ODN or sh-PARP1 treatment alone or in combination. * P < 0.05 versus control mice or control cell. # P < 0.05 versus RKI 
mice, radiation-treated HK-2 cells or radiation-treated HK-2 cells treated with sh-NC. & P < 0.05 versus radiation-treated HK-2 cells treated 
with CpG-ODN2006. All cell experiments were repeated 3 times. n = 8 mice for each treatment
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(Fig.  3c). However, the addition of CpG-ODN2006 or 
silencing PARP1 in the Radiation group resulted in a sig-
nificant increase in HK-2 cell viability. The results from 
the Caspase activity assay revealed a significant increase 
in Caspase activity in HK-2 cells of the Radiation group 
compared to the Control group (Fig.  3d). However, the 
addition of CpG-ODN2006 or silencing PARP1 in the 
Radiation group led to a significant decrease in Caspase 
activity in HK-2 cells. Silencing PARP1 further enhanced 
the inhibitory effect of CpG-ODN2006 on Caspase activ-
ity in the Radiation group.

As shown by Fluorescence imaging and quantitative 
assay results of γH2AX (Fig. 3e), compared with that in 
the control cells, the ratio of γH2AX-positive cells was 
significantly higher in HK-2 cells treated with radiation. 
The ratio of γH2AX-positive cells in HK-2 cells treated 
with radiation was significantly lower after silencing of 
PARP1 or addition with CpG-ODN2006. The inhibi-
tory effect on ratio of γH2AX positive cells in HK-2 cells 
treated with radiation was more pronounced upon com-
bination of PARP1 silencing and CpG-ODN2006.

The results of the oxidative stress level assay in the 
in  vitro RKI cell model (Fig.  3f, g) showed significantly 
decreased SOD, CAT, GSH, and GPx levels and increased 
MDA levels in the radiation-treated HK-2 cells. In addi-
tion, the addition of CpG-ODNs or silencing of PARP1 
resulted in marked increases in the SOD, CAT, GSH, 
GPx levels and a decline in the MDA levels in the radi-
ation-treated HK-2 cells, while these effects were more 
obvious upon combination of PARP1 silencing and 
CpG-ODN2006.

The above results suggest that CpG-ODNs can inhibit 
DNA damage and oxidative stress in HK-2 cells by down-
regulating PARP1 expression.

PARP1 promoted DNA damage and oxidative stress in HK‑2 
cells by recruiting XRCC1 to form a complex
Furthermore, we predicted the interaction between 
PARP1 and XRCC1 using the String database (Fig.  4a). 
Subsequently, we used immunofluorescence techniques 
to validate the intracellular localization of XRCC1 and 
PARP proteins in HK-2 cells. Confocal microscopy 
showed that XRCC1 co-localized with PARP1 protein 

(Fig.  4b). Additionally, KEGG enrichment analysis con-
firmed the participation of both PARP1 and XRCC1 in 
DNA base repair (Fig. 2e). It has been shown in the lit-
erature that PARP1 and XRCC1 can form a complex and 
XRCC1 appears to be involved in PARP1-mediated apop-
tosis [41–43].

To further explore whether PARP1 and XRCC1 have 
an interaction relationship in renal tubular cells, we first 
verified it using Co-IP assay, and the results showed that 
there was an interaction between exogenous XRCC1-
Flag and Myc-PARP1 (Fig.  4c). We used shRNA vec-
tor to interfere with endogenous PARP1. In HK-2 cells 
overexpressing PARP1, PARP1 was able to interact with 
XRCC1, and after interfering with PARP1, their interac-
tion was attenuated (Fig. 4d).

To further investigate the role of XRCC1 in RKI, we 
interfered XRCC1 in radiation-treated HK-2 cells. West-
ern blot assay results (Fig. 4e) showed that XRCC1 pro-
tein expression was significantly reduced in HK-2 cells 
after treatment with sh-XRCC1, and sh-XRCC1-1 with 
optimal interference effect was selected for subsequent 
experiments.

We further explored the effect of XRCC1 on the RKI 
cell model. The results (Fig. 4f–j) showed that silencing of 
XRCC1 resulted in a significant increase in cell viability, 
a marked decrease in Caspase activity, a decrease in the 
proportion of γH2AX-positive cells, a significant increase 
in the production of oxidative stress-related factors SOD, 
CAT, GSH, and GPx, and a decrease in MDA levels in 
radiation-treated HK-2 cells.

The above results suggest that PARP1 may recruit 
XRCC1 to form a complex, thereby promoting DNA 
damage and oxidative stress response in renal tubular 
cells.

CpG‑ODNs inhibited DNA damage and oxidative stress 
in HK‑2 cells by blocking PARP1/XRCC1 axis activation
Next, we further explored the effects of CpG-ODNs 
regulating PARP1/XRCC1 axis on DNA damage 
and oxidative stress in HK-2 cells. Our experimen-
tal results demonstrated that overexpression of either 
PARP1 or XRCC1 reversed the inhibitory effect of 
CpG-ODN2006 on PARP1 or XRCC1 in HK-2 cells 

(See figure on next page.)
Fig. 4 Effects of Interaction between PARP1 and XRCC1 on DNA Damage and Oxidative Stress Response in HK-2 Cells. A Interaction network 
of candidate target gene proteins obtained from the String database; B Immunofluorescence co-localization of PARP1 (green), XRCC1 (red), 
and DAPI (blue); C, D Co-IP validation of the interaction between PARP1 and XRCC1; E Western blot analysis of XRCC1 expression levels in different 
groups of HK-2 cells; F CCK-8 assay to measure cellular activity in different groups of HK-2 cells; G Enzymatic method to measure Caspase activity 
in different groups of HK-2 cells; H Immunofluorescence assay to assess the percentage of positive γH2AX cells, with blue DAPI fluorescence 
marking the cell nucleus and green marking γH2AX (scale bar = 50 µm); I Measurement of oxidative stress-related factors’ anti-peroxidation 
levels in different groups of HK-2 cells; J Measurement of MDA levels in different groups of HK-2 cells. * denotes significant difference compared 
to the sh-NC group (P < 0.05). All cell experiments were repeated 3 times
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Fig. 4 (See legend on previous page.)
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after radiation. In addition, we also found that overex-
pression of PARP1 or XRCC1 reversed the inhibitory 
effects of CpG-ODN2006 on DNA damage and oxida-
tive stress in HK-2 cells after radiation (Fig. 5a–e).

The aforementioned results suggest that CpG-ODNs 
can inhibit DNA damage and oxidative stress response 
in HK-2 cells via inactivation of PARP1/XRCC1 axis.

CpG‑ODNs attenuated RKI by inhibiting DNA damage 
and oxidative stress
We further explored the effect of CpG-ODNs regulat-
ing PARP1/XRCC1 axis on RKI through in  vivo ani-
mal experiments. Our experimental results (Fig. 6a–f ) 
showed that overexpression of either PARP1 or XRCC1 
reversed the protective effects of CpG-ODN2006 on 
RKI mice, increased the effects of serum BUN and cre-
atinine levels, and aggravated tubular and glomerular 
injury and cell apoptosis.

Taken together, CpG-ODNs can inactivate PARP1/
XRCC1 axis, inhibiting DNA damage and oxidative 
stress response, which attenuates RKI.

Discussion
RKI occurs during radiotherapy, with elusive patho-
physiology [44]. Herein, we set out to investigate the role 
of CpG-ODNs in RKI in cervical cancer and our results 
found that CpG-ODNs could inactivate the PARP1/
XRCC1 axis to prevent RKI in cervical cancer.

Results of the study revealed that CpG-ODNs attenu-
ated RKI by inhibiting DNA damage and oxidative stress 
levels. CpG-ODN played an alleviatory role in radiation-
induced lung injury in a mouse model [7]. Several stud-
ies have suggested CpG-ODNs as an important inhibitor 
for radiation-induced pulmonary fibrosis [45, 46] and 
bone marrow hemopoiesis injury [47]. CpG-ODNs can 
provide protection against irradiation possibly through 
DNA damage repair and apoptosis inhibition [48]. CpG-
ODNs can regulate oxidative stress in cancer patients 
[49]. CpG ODNs yielded preventive effects on acute 
radiation-induced lung injury partially by inhibiting the 
injury of reactive oxygen species and oxidative stress [50]. 
Nevertheless, the function of CpG-ODNs in RKI through 
regulation of DNA damage and oxidative stress has been 
rarely reported.

Fig. 5 Effect of CpG-ODNs on DNA damage and oxidative stress in HK-2 cells by regulating PARP1/XRCC1 axis. A CCK-8 assay for detection 
of viability of radiation-treated HK-2 cells in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1. B Caspase activity 
in radiation-treated HK-2 cells in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1 as determined with enzymatic 
method. C Immunofluorescence assay to detect the γH2AX-positive cell ratio of radiation-treated HK-2 cells in response to CpG-ODN2006 alone 
or combined with oe-PARP1 or oe-XRCC1. Blue indicated DAPI fluorescence labeled nucleus, and green indicated labeled γH2AX. D ELISA detection 
of levels of oxidative stress-related factors (SOD, CAT, GSH, GPx) in radiation-treated HK-2 cells in response to CpG-ODN2006 alone or combined 
with oe-PARP1 or oe-XRCC1. E ELISA detection of MDA levels in radiation-treated HK-2 cells in response to CpG-ODN2006 alone or combined 
with oe-PARP1 or oe-XRCC1. * P < 0.05 versus HK-2 cells treated with saline + oe-NC. # P < 0.05 versus HK-2 cells treated with CpG-ODN2006 + oe-NC. 
All cell experiments were repeated three times
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Subsequently, we found that CpG-ODNs inhibited DNA 
damage and oxidative stress in HK-2 cells through down-
regulation of PARP1 expression. Downregulated PARP1 
was revealed to protect against irradiation-induced organ 
injury such as brain injury [51] and premature ovarian fail-
ure [52]. Moreover, inhibition of PARP1 degradation due 

to insulin-like growth factor binding protein 7 could pro-
mote the development of acute kidney injury [53]. In our 
study, we unfolded that silencing of PARP1 further aug-
mented the inhibitory effect of CpG-ODN2006 on the cas-
pase activity, ratio of γH2AX positive cells in HK-2 cells in 
response to radiation, while resulting in marked increases 

Fig. 6 Effect of CpG-ODNs regulating PARP1/XRCC1 signaling axis on RKI mice. A Serum BUN and creatinine levels in RKI mice in response 
to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1 detected by an automatic biochemical analyzer. B HE staining to observe 
the pathological changes in the kidney tissue in RKI mice in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1. C TUNEL 
to detect the level of apoptosis in the kidney tissue in RKI mice in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1. 
Brown-grey color represents apoptotic cells. D ELISA detection of DNA damage index (8-OHdG) in serum of RKI mice in response to CpG-ODN2006 
alone or combined with oe-PARP1 or oe-XRCC1. E ELISA detection of levels of oxidative stress-related factors (SOD, CAT, GSH, and GPx) in serum 
of RKI mice in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1. F ELISA detection of MDA levels in serum of RKI mice 
in response to CpG-ODN2006 alone or combined with oe-PARP1 or oe-XRCC1. * P < 0.05 versus RKI mice treated with saline + oe-NC. # P < 0.05 
versus RKI mice treated with ODN2006 + oe-NC. n = 8 mice for each treatment
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in the SOD, CAT, GSH, GPx levels and a decline in the 
MDA levels. Of note, an increasing number of studies have 
reported the participation of PARP1 in the process of kid-
ney injury through underlying regulation on DNA damage 
and oxidative stress. Doxorubicin induced DNA damage 
and oxidative stress in HK-2 cells via a PARP1-dependent 
way [54]. The decline in PARP1 expression by nicotina-
mide could suppress cisplatin-induced apoptosis in renal 
proximal tubular cells as well as acute kidney injury in 
mice, which might involve the diminished induction of 
γ-H2AX, a reflection of DNA damage response [11]. DNA 
damage resulted in PARP1 activation, and PARP1 inhibitor 
protected against cisplatin-induced nephrotoxicity [55]. 
Besides, it was unveiled that deficiency in PARP1 con-
tributed to suppressed dysfunction of cisplatin-induced 
kidney dysfunction together with diminished oxidative 
stress and tubular necrosis, indicating the responsibil-
ity of PARP1 activation for cisplatin nephrotoxicity [56]. 
Another study showed that suppression of PARP1, a gene 
overactivated by oxidative DNA damage in multiple path-
ological conditions, brought about amelioration of the 
cisplatin-induced renal function impairment, as evidenced 
by alterations in serum BUN and creatinine levels and oxi-
dative stress levels [12]. However, these previous studies, 
in the exploration of the role of PARP1, do not put focus 
on the kidney injury caused by radiotherapy. In our study, 
it is concluded that the function of CpG-ODNs in RKI is 
achieved through regulation of PARP1-induced DNA 
damage and oxidative stress.

Mechanistically, we further demonstrated PARP1 pro-
moted DNA damage and oxidative stress in HK-2 cells 
by recruiting XRCC1 to form a complex. XRCC1 recruit-
ment is promoted by PARP1, an enzyme that is activated 
following DNA damage, and even low levels of PARP1-
synthesized ADP-ribosylation are sufficient for XRCC1 
recruitment after oxidative stress [57]. XRCC1 can be 
recruited to DNA damage by interacting with its cen-
tral BRCT domain with PAR chains produced by PARP1 
[58]. Intriguingly, XRCC1, as an indicator of DNA dam-
age, was highly expressed in chronic kidney disease 
[59]. Cellular expression of XRCC1 might be involved 
in the development of cardiorenal syndrome-induced 
kidney injury [16]. Elevated expression of PARP1 was 
observed in response to radiation in a dose-dependent 
manner [17]. DNA damage in advanced cortical cata-
racts remained at 72 h post-irradiation due to the pres-
ence of 8-OHG and a DNA repair protein, XRCC1 [60]. 
In our study, it is demonstrated that the PARP1/XRCC1 
axis could regulate DNA damage and oxidative stress 
response in RKI.

This study provides new theoretical basis and molecu-
lar targets for the diagnosis and treatment of RKI. Due to 
the absence of unified and accurate medication guidelines 

for cervical cancer radiotherapy-induced kidney injury, a 
positive control group could not be established, resulting 
in insufficient evidence. Furthermore, limitations arise 
from financial and experimental constraints, leading to 
the use of only one HK2 cell line to establish the kidney 
injury model, as well as the unavailability of samples 
from RKI patients with cervical cancer or other cancers 
for analysis, thus limiting the generalizability of our find-
ings. Additionally, the differential gene analysis data in 
this study were sourced from public databases, suggest-
ing that subsequent studies incorporating transcriptome 
sequencing may yield more representative results. We 
acknowledge these shortcomings and plan to conduct 
further research in the subsequent stages to provide solu-
tions for the treatment of cervical cancer radiotherapy-
induced kidney injury.

Previous studies have reported that KSK CpG-ODN 
(K-CpG) effectively protects mice from radiation-induced 
lung injury by modulating innate immune responses [7]. 
Furthermore, research has indicated that all three types 
of ODNs can protect mice from radiation-induced dam-
age, with B-grade ODNs demonstrating the most effec-
tive characteristics in radioprotection, possibly achieved 
through upregulating the expression of G-CSF and IL-6 
[8]. In comparison to these studies, our findings sug-
gest that CpG-ODNs may alleviate renal injury caused 
by cervical cancer radiotherapy (RKI) by inhibiting the 
activation of the PARP1/XRCC1 signaling axis, thus sup-
pressing DNA damage and oxidative stress responses in 
renal tubular epithelial cells. Collectively, these studies 
highlight the significant role of CpG-ODNs in combat-
ing radiation injury. In our subsequent research, we will 
focus on elucidating the mechanisms of action of CpG-
ODNs in more complex models of radiation damage 
and exploring more effective utilization of CpG-ODNs 
in treating radiation-induced bodily harm. Additionally, 
future investigations could translate the findings of this 
study into clinical practice by conducting clinical trials 
to verify the effectiveness and safety of CpG-ODNs or 
other PARP1/XRCC1 signaling axis inhibitors in treat-
ing RKI. Furthermore, personalized therapeutic strate-
gies can be explored to optimize RKI treatment based on 
patients’ genetic backgrounds and disease characteristics. 
The achievements of this series of studies are expected to 
make significant contributions to advancements in the 
field of radiation injury, offering new hope in improving 
patients’ quality of life and enhancing the effectiveness of 
radiation therapy.

Conclusions
To conclude, the present study provide evidence indi-
cating that CpG-ODNs may attenuate RKI in cervical 
cancer by blocking PARP1/XRCC1 axis activation and 
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inhibiting DNA damage and oxidative stress in renal 
tubular epithelial cells (Fig.  7). This finding provides 
a new mechanistic insight on RKI in cervical can-
cer. However, this study is only performed in cell and 
mouse models, with a lack of research on cervical can-
cer and other cancer related RKI patient samples. In 
addition, the differential analysis data in this study are 
sourced from public databases which requires further 
transcriptome sequencing analysis.
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