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A B S T R A C T   

High fructose consumption is a significant risking factor for glomerular podocyte injury. However, the causes of 
high fructose-induced glomerular podocyte injury are still unclear. In this study, we reported a novel mechanism 
by which high fructose induced ferroptosis, a newly form of programmed cell death, in glomerular podocyte 
injury. We performed quantitative proteomic analysis in glomeruli of high fructose-fed rats to identify key 
regulating proteins involved in glomerular injury, and found that mitochondrial single-strand DNA-binding 
protein 1 (SSBP1) was markedly upregulated. Depletion of SSBP1 could alleviate high fructose-induced fer-
roptotic cell death in podocytes. Subsequently, we found that SSBP1 positively regulated a transcription factor 
p53 by interacting with DNA-dependent protein kinase (DNA-PK) and p53 to drive ferroptosis in high fructose- 
induced podocyte injury. Mechanically, SSBP1 activated DNA-PK to induce p53 phosphorylation at serine 15 
(S15) to promote the nuclear accumulation of p53, and thereby inhibited expression of ferroptosis regulator 
solute carrier family 7 member 11 (SLC7A11) in high fructose-exposed podocytes. Natural antioxidant pter-
ostilebene was showed to downregulate SSBP1 and then inhibit DNA-PK/p53 pathway in its alleviation of high 
fructose-induced glomerular podocyte ferroptosis and injury. This study identified SSBP1 as a novel intervention 
target against high fructose-induced podocyte ferroptosis and suggested that the suppression of SSBP1 by 
pterostilbene may be a potential therapy for the treatment of podocyte ferroptosis in glomerular injury.   

1. Introduction 

The glomerular filtration barrier function is highly dependent on 
specific cells known as podocytes [1]. Loss of podocytes leads to albu-
minuria in many common glomerular diseases such as glomerulone-
phritis [2]. High fructose induces glomeruli lesions with podocyte injury 
and albuminuria [3,4]. However, the causes of high fructose-induced 
glomerular podocyte injury are still unclear. 

Ferroptosis is a novel form of cell death driven by the iron-dependent 
peroxidation of lipids [5]. The morphological features of ferroptosis are 
obviously distinct from other types of programmed cell death. Mito-
chondrial membrane rupture is recognized as a typical characteristic of 
ferroptosis [6]. Solute carrier family 7 member 11 (SLC7A11) is active 
subunit of the cystine/glutamate antiporter system xc

− [7]. Its low 
expression is reported to induce a decrease in cystine uptake and 

eventually cause a depletion of the major antioxidant glutathione (GSH) 
[8]. GSH is utilized by glutathione peroxidase 4 (GPX4) to convert lipid 
hydroperoxides to non-toxic lipid alcohols, and therefore protect cells 
from ferroptosis [9]. p53, a key tumor suppressor gene, functions as a 
transcription factor [10], participating in cellular events such as 
apoptosis, DNA repair, cell cycle regulation and senescence [11]. Recent 
study shows that SLC7A11 is a target of p53-mediated transcriptional 
repression [12]. P533KR, an acetylation-defective mutant, retains the 
ability to inhibit SCL7A11 expression and thereby induce ferroptotic cell 
death, but fails to cause cell-cycle arrest, senescence and apoptosis in 
erastin-stimulated lung cancer cells and mouse embryonic fibroblasts 
[12]. Ferroptosis inhibitor ferrostatin-1 can downregulate p53 expres-
sion and reduce cell death in podocyte-specific MDM2-knockout mice 
[13]. 

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and 
Ku70/Ku80 constitute DNA-PK, which is a major apical kinase in the 
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repair of DNA double-strand break and gene stability [14]. In high-fat 
diet-fed mice with nonalcoholic fatty liver disease, DNA-PKcs is acti-
vated to phosphorylate p53 at S15 and cause mitochondrial morphology 
disruption and dysfunction [15]. We and others have shown previously 
that high fructose increases p53 expression to induce liver fibrosis of rats 
and Jurkat cell apoptosis [16,17]. Nevertheless, whether DNA-PK/p53 
pathway is involved in high fructose-induced podocyte ferroptosis in 
glomerular injury is poorly understood. 

To discover key molecules that may be associated with high fructose- 
induced podocyte ferroptosis in glomerular injury, we thoroughly 
investigated the glomerular proteome profile of high fructose-fed rats 
[18]. Using isobaric tags for relative and absolute quantification 
(iTRAQ)-labeling technology followed by mass spectrometry analysis, 
we identified single-strand DNA-binding protein 1 (SSBP1) as a signifi-
cantly upregulated protein. SSBP1 is required for stabilizing 
single-stranded DNA during mitochondrial DNA (mtDNA) replication 
[19]. mtDNA encodes the proteins related to the oxidative phosphory-
lation system, ribosomal RNAs and transfer RNAs. The reduction of 
mtDNA causes apoptosis or pyroptosis in angiotensin II-exposed bone 
marrow mescenchymal stem cells or hypoxia-stimulated car-
diomyocytes [20,21]. Moreover, SSBP1 mutation is observed in kidney 
insufficiency and chronic kidney disease in patients, with mtDNA 
deletion and subsequently mitochondrial dysfunction [22,23]. Recently, 
SSBP1 overexpression is reported to reduce cell viability in angiotensin 
II-induced fibroblasts [24]. However, the functional role of SSBP1 on 
DNA-PK/p53 pathway in high fructose-induced glomerular podocyte 
ferroptosis remains unclear. 

In this study, we demonstrated that SSBP1 is an accelerant of high 
fructose-induced ferroptosis in glomerular injury. Furthermore, we 
identified p53 as a novel SSBP1 effector, likely through enhancing p53 
phosphorylation by DNA-PK and its nuclear accumulation to repress 
SLC7A11 expression, subsequently drive podocyte ferroptosis. The 
accumulation of lipid reactive oxygen species (ROS) can induce cell 
ferroptosis [5]. Pterostilbene, a natural antioxidant, is reported to 
inhibit ROS-mediated mitochondrial apoptosis in hepatocellular carci-
noma [25]. Our previous study showed that pterostilbene attenuated 
high fructose-induced rat renal oxidative stress and fibrosis [26,27]. 
Interestingly, pterostilbene was found to downregulate SSBP1 and sup-
press DNA-PK/p53 pathway in the alleviation of high fructose-induced 
podocyte ferroptosis. Therefore, the suppression of SSBP1 may be a 
potential therapy for the treatment of podocyte ferroptosis in glomerular 
injury. 

2. Methods and materials 

2.1. Reagents and antibodies 

Pterostilbene (≥99%), pioglitazone (≥99%), and hoechst were pur-
chased from Sigma-Aldrich (Saint Louis, USA). Urine protein test and 
creatinine assay kits were purchased from Jiancheng (Nanjing, China). 
Apoptosis detection, periodic acid-schiff staining, GSH and GSSG assay, 
mitochondrial membrane potential assay, and nuclear and cytoplasmic 
protein extraction kits were purchased from Beyotime (Shanghai, 
China). Fetal bovine serum (FBS) was purchased from Wisent (Saint 
Bruno, Canada). Penicillin/streptomycin and MitoTracker® Deep Red 
FM were purchased from Invitrogen (Carlsbad, USA). Recombinant 
interferon γ (IFN-γ) was purchased from R&D Systems (Minneapolis, 
USA). Propidium iodide was purchased from Fcmacs Biotechnology 
(Nanjing, China). Ferroptosis inhibitor ferrostatin-1 was purchased from 
Ark Pharm (Chicago, USA). Iron chelator deferoxamine was purchased 
from TargetMol (Shanghai, China). C11-BODIPY (581/591), TRIzol re-
agent, Lipofectamine 2000 regent, RPMI culture medium, classic mag-
netic IP/Co-IP kit, BCA protein assay kit, Alexa Fluor 555 goat anti- 
rabbit and Alexa Fluor 488 goat anti-mouse secondary antibody were 
purchased from Thermo Fisher Scientific (Waltham, USA). Malondial-
dehyde (MDA) assay kit was purchased from Solarbio (Beijing, China). 
HiScript® II Q RT SuperMix, ChamQ™ SYBR® qPCR Master Mix and 
cell/tissue DNA isolation kit were purchased from Vazyme (Nanjing, 
China). PCR primers, siRNA and respective negative control (NC) were 
synthesized from GenePharma (Shanghai, China). Plasmids and 
respective NC were synthesized from Abiocenter (Beijing, China). 
MitoSOX red mitochondrial superoxide indicator was purchased from 
Yeasen (Shanghai, China). DNA-PK kinase enzyme system and ADP-Glo 
kinase assay kits were purchased from Promega (Wisconsin, USA). DNA- 
PK inhibitor LTURM34 was purchased from Glpbio (Montclair, USA). 
Anti-synaptopodin (MAB4919) was purchased from Abnova Corporation 
(Taipei, Taiwan). Anti-IgG (ab172730), anti-SSBP1 (ab224053), anti-p53 
(ab1101), anti-p-p53(S15) (ab223868), anti-DNA-PKcs (ab44815), anti- 
p-DNA-PKcs(S2056) (ab124918) and anti-Lamin B1(ab16048) were 
purchased from Abcam (Cambridge, USA). Anti-p53 (60283-2-Ig), anti- 
GPX4 (66763-1-Ig), anti-SLC7A11 (26864-1-AP), anti-Myc Tag (16286- 
1-AP), anti-Flag Tag (80010-1-RR), anti-HA Tag (51064-2-AP), anti- 
GAPDH (10494-1-AP), HRP-conjugated anti-mouse (SA00001-1) and 
anti-rabbit secondary antibody (SA00001-2) were purchased from Pro-
teintech (Chicago, USA). Anti-SSBP1 (GTX55806) was purchased from 
GeneTex (San Antonio, USA). Enhanced chemiluminescence detection 
kit was purchased from Tanon (Shanghai, China). 

2.2. Animal model 

In this study, all animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Nanjing University. Five- 
week-old male Sprague-Dawley rats (180–220 g) were provided from 
the Beijing Weitong Lihua Laboratory Animal Technology Co., Ltd 
(Beijing, China). Rats were housed in the environment with relative 
humidity of 50 ± 5%, at the constant temperature (22 ± 2) ◦C with a 
normal 12-h light/dark cycle and had access to the food and water freely 
before experiment. Rats were assigned into control group with a stan-
dard water, and high fructose group fed with 10% fructose solution (W/ 
V) for 4, 8, 12 and 16 weeks, respectively. At indicated time intervals (4, 
8, 12 and 16 weeks), rats randomly selected from control group and high 
fructose group respectively, were used for subsequent experiments. For 
drug intervention, rats were assigned into control group with a standard 
water and high fructose group treated with 10% fructose solution (W/V) 
for 16 weeks. After 8-week fructose intake, high fructose group rats were 
randomized into 5 subgroups, receiving water (vehicle), 10, 20 and 40 
mg/kg pterostilbene, and 4 mg/kg pioglitazone via daily intragastric 
gavage (10 mL/kg) for the next 8 weeks. At 11th week, urine of rats was 
collected in metabolism cages, centrifuged at 3000×g for 10 min and 
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stored at -80 ◦C. After rats were anesthetized, rat kidney cortex tissues 
were cut into pieces for the following experiments and stored at -80 ◦C. 
Isolation of rat glomeruli was isolated by the graded sieving technique as 
we reported previously [18]. 

2.3. Cell culture and treatment 

Conditionally immortalized human podocytes were gifted from Dr. 
Zhi-Hong Liu (Research Institute of Nephrology, Nanjing General Hos-
pital of Nanjing Military Command, Nanjing, China). Human glomerular 
mesangial and endothelial cells were obtained from Cell Bank of Chinese 
Academy of Sciences (Shanghai, China). Human podocytes were 
cultured under permissive conditions (at 33 ◦C) in RPMI culture medium 
containing 10% FBS and 1% penicillin/streptomycin and 10 U/ml re-
combinant IFN-γ. Human podocytes were then differentiated at 37 ◦C in 
RPMI medium with 10% FBS and 1% penicillin/streptomycin for 7 days. 
Human glomerular mesangial and endothelial cells were cultured in 
DMEM medium with 10% FBS and 1% penicillin/streptomycin at 37 ◦C. 
After treated with fructose (5 mM) for 0, 24, 48, 72 or 96 h, cells were 
analyzed in various experiments as described below. For drug inter-
vention, cells were treated with or without fructose (5 mM), pter-
ostilbene (10 μM) or pioglitazone (10 μM) for 96 h, respectively. 

2.4. Cell death assay 

kidneys were fixed with 4% paraformaldehyde, embedded in 
paraffin and then cut at 4 μm thick for TUNEL staining. For the detection 
of TUNEL-positive cells, the in situ apoptosis detection kit was used ac-
cording to the manufacturer’s instructions. The glomeruli were stained 
with synaptopodin antibody and Alexa Fluor 488 goat anti-mouse sec-
ondary antibody (red). The nuclei were stained with hoechst (blue). The 
green fluorescence of dead cells in rat glomeruli was detected with 
confocal laser scanning microscope (LSM-880, Carl Zeiss, Oberkochen, 
Germany). 

The differentiated podocytes were collected, centrifuged at 500×g 
for 5 min and washed twice with PBS. The washed podocytes were 
suspended in PBS and stained with propidium iodide staining (20 μg/ 
mL) in the dark at 37 ◦C for 20 min. Podocytes were then washed with 
PBS and analyzed by cytometer analysis. Cell death was calculated the 
percentage of podocytes with propidium iodide fluorescence. 

2.5. Histology 

kidneys were fixed with 4% paraformaldehyde, embedded in 
paraffin and then cut at 4 μm thick for periodic acid-schiff (PAS) stain-
ing. PAS staining was done using with periodic acid-schiff staining kit 
according to the manufacturer’s instructions. Mesangial expansion was 
scored based on percent of glomeruli with mesangial expansion (%), 
performed in a double-blinded manner [28]. 

2.6. Biochemical analysis 

As described previously [3], the level of urinary albumin was 
detected using urine protein test kit, and the level of urinary creatinine 
was detected using creatinine assay kit according to the manufacturer’s 
instructions, respectively. The level of urinary albumin was corrected 
according urinary creatinine value. 

The level GSH and GSSG was detected using GSH and GSSG assay kit 
according to the manufacturer’s instructions, respectively. Briefly, 
differentiated podocytes were collected, lysed and centrifuged at 
10,000×g for 10 min. Then, we firstly divided one sample into two equal 
aliquots, one for measuring total (GSH + GSSG) level and the other for 
measuring only GSSG level after removing GSH. Each aliquot was mixed 
with GSH assay buffer, 5,5′-dithio-bis 2-nitrobenzoic acid solution, GSH 
reductase and incubated at 25 ◦C for 5 min, followed by adding NADPH, 
respectively. The absorbance was measured at a wavelength of 410 nm 

on a microplate reader. Subsequently, the concentration of GSH was 
calculated as: GSH = total (GSH + GSSG) - GSSG. The GSH level was 
quantified relative to protein concentration. 

MDA level was detected using MDA assay kit according to the 
manufacturer’s instructions. The supernatant of podocyte lysates and 
the MDA detection agent were heated in water both at 100 ◦C for 15 min. 
Then, the mixture was centrifuged at 1000×g for 10 min. The absor-
bance was measured at a wavelength of 450, 532 and 600 nm on a 
microplate reader. The MDA level was calculated as: MDA = 5 × (12.9 
× (A532 - A600) - 2.58 × A450). The MDA level was quantified relative to 
protein concentration. 

Differentiated podocytes were collected and rinsed with PBS. Then, 
podocytes were incubated with C11-BODIPY staining (2.5 μM) solution 
in the dark at 37 ◦C for 30 min. Podocytes were rinsed with PBS and 
analyzed by Attune NxT flow cytometer analysis (Invitrogen). Lipid 
peroxidation was calculated as C11-BODIPY fluorescence intensity. 

2.7. Mitochondrial morphology and function 

Genomic DNA of rat glomeruli and differentiated podocytes were 
extracted by using cell/tissue DNA isolation kit, respectively. mtDNA 
copy number was measured using the quantitative real-time PCR. The 
primers used in this study were as follows: h-mtDNA F: CCCTAA-
CACCAGCCTAACCA; h-mtDNA R: AAAGTGCATACCGCCAAAAG; h-HBB 
F: CTATGGGACGCTTGATGT; h-HBB R: GCAATCATTCGTCTGTTT; r- 
mtDNA F: ACACCAAGGTTAATGTAGC; r-mtDNA R: TTGAATCCATC-
TAAGCATT; r-HBB F: CAGTACTTTAAGTTGGAAACG; r-HBB R: 
ATCAACATAATTGCAGAGC. mtDNA content was quantified relative to 
the nuclear HBB gene [29]. 

Transmission Electron Microscope was used to observe mitochon-
drial morphology of glomerular podocytes. Differentiated podocytes 
were stained by MitoTracker® Deep Red FM to detect the changes of 
mitochondrial morphology. Mitochondria were divided into three cat-
egories to quantify morphological changes as described in the report 
[30]. Healthy podocytes having long tubules mitochondria were 
assigned to category I. Podocytes containing large round dotted mito-
chondria distributed throughout the cytosol were defined as category II. 
Podocytes with totally fragmented mitochondria close to the nucleus 
represented category III. Images were acquired using confocal laser 
scanning microscope (LSM-880, Carl Zeiss, Oberkochen, Germany). 

Mitochondrial ROS (mtROS) was detected by MitoSOX red mito-
chondrial superoxide indicator according to the instructions of the 
manufacturer. Differentiated podocytes were collected, centrifuged at 
500×g for 5 min and washed twice with PBS. Next, podocytes were 
loaded with MitoSOX reagent (5 μmol/L) in the dark at 37 ◦C for 30 min. 
Podocytes were then washed gently three times with PBS and analyzed 
by cytometer analysis. mtROS level was calculated as MitoSOX fluo-
rescence intensity. 

Mitochondrial membrane potential (MMP) was measured by mito-
chondrial membrane potential assay kit according to the instructions of 
the manufacturer. Differentiated podocytes were collected, centrifuged 
at 500×g for 5 min and washed twice with PBS. Next, podocytes were 
incubated with JC-1 dye (10 μg/mL) in the dark at 37 ◦C for 20 min. 
Podocytes were then washed gently three times with PBS and analyzed 
by cytometer analysis with aggregates (indicative of normal membrane 
potential) and the monomers (indicative of loss of membrane potential). 
MMP was analyzed by the ratio of aggregates/monomers intensity. 

2.8. DNA-PK activity assay 

The activity of DNA-PK was determined using the DNA-PK kinase 
enzyme system and ADP-Glo kinase assay kit according to the manu-
facturer’s protocols. Briefly, differentiated podocyte lysates with the 
kinase reaction were incubated at room temperature for 60 min. The 
amount of ADP production was detected using ADP-Glo kinase assay, 
and the luminescence intensity was then measured using a microplate 
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luminometer. 

2.9. Liquid chromatography tandem mass spectrometry (LC-MS/MS) 

Glomerular proteins of high fructose-fed rats were extracted. The 
protein concentration was measured and further confirmed by Coo-
massie brilliant blue staining. After trypsin digestion, the peptides were 
labeled with iTRAQ Reagent 8-plex multiplex kit (SCIEX) for LC-MS/MS 
analysis and the data was deposited to the ProteomeXchange Con-
sortium (http://www.proteomexchange.org) with the dataset identifier 
PXD017849 as previously described [18]. 

The proteins were evaluated by SDS-PAGE and visualized by Coo-
massie brilliant blue staining. The gel bands of interest were cut and in- 
gel digested by adding trypsin at 37 ◦C overnight. The digested peptides 
were then extracted from gel pieces and subjected to liquid chroma-
tography tandem-mass spectrometry. LC-MS/MS was carried out by 
nanoflow liquid chromatography (Eksigent, CA) coupled on-line to a 
TripleTOF 5600+ mass spectrometer (SCIEX). 

2.10. Western blot analysis 

Nuclear and cytoplamic protein extracts from rat glomeruli or 
differentiated podocytes using nuclear and cytoplasmic protein extrac-
tion kit according to the manufacturer’s instructions. Total proteins of 
rat glomeruli or differentiated podocytes were extracted in RIPA lysis 
buffer with PSMF (0.1 mM) and then centrifuged at 10,000×g for 10 
min. The protein concentration was determined by BCA protein assay kit 
according to the manufacturer’s instructions. 

Western blot analysis was performed essentially as described previ-
ously [3]. An equal amount of protein (20 μg) was electrophoresed in 
8–12.5% SDS-PAGE and then transferred to the PVDF membrane. The 
membranes were blocked with 5% milk for 2 h and incubated with 
primary antibodies overnight at room temperature. Antibodies specific 
for anti-GPX4, anti-SLC7A11, anti-SSBP1, anti-p53, anti-p-p53(S15), 
anti-DNA-PKcs anti-p-DNA-PKcs(S2056), anti-Myc Tag, anti-Flag Tag, 
anti-HA Tag, anti-Lamin B1 and anti-GAPDH. After washing, the mem-
branes were incubated with HRP-conjugated anti-mouse and anti-rabbit 
secondary antibody for 1 h. The blots were visualized via enhanced 
chemiluminescence dectection kit and quantified via densitometry using 
ImageJ (version 1.42q, National Institutes of Health). 

2.11. Quantitative real-time PCR 

Total RNA was isolated from the rat glomeruli and differentiated 
podocytes with TRIzol. First-strand cDNA was synthesized using 
HiScript® II Q RT SuperMix. qRT-PCR was performed with ChamQ™ 
SYBR® qPCR Master Mix in a CFX Connect Real-Time PCR Detection 
System (Bio-Rad). The primers used in this study were as follows: h- 
SSBP1 F: AAAAGACAACATGGCACAGA; h-SSBP1 R: TCCAAA-
TAAATTCGAGACCC; h-p53 F: GCGTGTTTGTGCCTGTCCTG; h-p53 R: 
GTGCTCGCTTAGTGCTCCCT; h-β-actin F: CATGTACGTTGCTATC-
CAGGC; h-β-actin R: CTCCTTAATGTCACGCACGAT; r-SSBP1 F: 
GCCAGCAGTTTGGTTCTT; r-SSBP1 R: TTTCCCTCCACCTGTCTC; r-p53 
F: GCGTTGCTCTGATGGTGA; r-p53 R: CAGCGTGATGATGGTAAGGA; r- 
β-actin F: GAGAGGGAAATCGTGCGT; r-β-actin R: GGAGGAA-
GAGGATGCGG. The mRNAs were normalized to β-actin. 

2.12. siRNA and plasmid transfection 

SSBP1 siRNA F: GGCAUAUCAAUAUGUGAAATT; SSBP1 siRNA R: 
UUUCACAUAUUGAUAUGCCTT; DNA-PKcs siRNA F: UUGACAUA-
CUCCUCCUGCGTT; DNA-PKcs siRNA R: CUUUAUGGUGGCCAUG-
GAGTT; NC F: UUCUCCGAACGUGUCACGUTT; NC R: 
ACGUGACACGUUCGGAGAATT. The cDNA for the following full-length 
proteins with an epitope tag at the C-terminal were commercially syn-
thesized: Flag-tagged full-length SSBP1, Myc-tagged full length p53 

(Myc-Wt p53) and HA-tagged full-length DNA-PKcs. These genes were 
cloned into the pcDNA3.1 vector. Myc-tagged mutant p53 (Myc-Mut 
p53) was obtained by mutating Ser to Ala at amino acid 15 of p53. For 
SSBP1 plasmid, full length SSBP1 was subcloned into pcDNA3.1 vector. 
NC of plasmid was pcDNA3.1 vector. Lipofectamine 2000 was used for 
siRNA or plasmid transfection according to the manufacturer’s 
protocols. 

2.13. Co-immunoprecipitation (Co-IP) 

Co-IP assay was carried out using classic magnetic IP/Co-IP kit ac-
cording to the instructions of the manufacturer. Podocyte lysates in IP 
lysis buffer were incubated with Co-IP antibody against SSBP1 or HA 
Tag rotationally at 4 ◦C overnight. IgG was as control. The immune 
complex solution was incubated with protein A/G magnetic beads with 
shaking for 1 h at room temperature and then washed with elution 
buffer to remove unbound immune complex. The binding proteins were 
dissociated from the beads with low-pH buffer for LC-MS/MS or Western 
blot analysis. 

2.14. Immunofluorescence assay 

Differentiated podocytes were fixed with 4% paraformaldehyde and 
blocked with 10% FBS and 0.2% Triton X-100. Cells were stained with 
the primary SSBP1 or p53 antibody overnight at room temperature, then 
with Alexa Fluor 555 goat anti-rabbit or Alexa Fluor 488 goat anti-mouse 
secondary antibody for 1 h, and with hoechst for 10 min. Immunoflu-
orescence images were captured by a confocal microscope. 

2.15. Statistical analysis 

Data were presented as mean ± SEM from at least 3 repeated ex-
periments (n = 3) unless otherwise described. Statistical significance (P 
values) was calculated by two-tailed unpaired Student t-test, or One- 
Way ANOVA with Dunnett’s post hoc test using Graphpad Prism 8. 
Difference was considered significant at P < 0.05. 

3. Results 

3.1. High fructose induces podocyte ferroptosis in glomerular injury 

As reported by us and others previously, high fructose induces 
glomerular injury with proteinuria and mesangial expansion [3,31–33]. 
Here, we established a rat model fed with high fructose for 4, 8, 12 and 
16 weeks, and also observed that high fructose increased the ratio of 
urinary albumin to creatinine in rats at 12th and 16th week (Supple-
mental Fig. 1A). PAS staining of kidney cortex sections revealed an 
increased mesangial expansion in high fructose-dieted rats at 12th and 
16th week (Supplemental Fig. 1B-C). These data further demonstrated 
that high fructose induced progressive glomerular injury. 

Next, we observed cell death in high fructose-stimulated rat 
glomeruli and cultured podocytes (Fig. 1A-B). Ferroptosis inhibitor 
ferrostatin-1 and iron chelator deferoxamine could attenuate high 
fructose-induced cell death in cultured podocytes (Fig. 1C). The fluo-
rescence intensity of C11-BODIPY for the determination of lipid perox-
idation was increased in high fructose-cultured podocytes (Fig. 1D). 
Similarly, MDA, the end product of lipid peroxidation, was increased in 
high fructose-stimulated rat glomeruli and cultured podocytes (Fig. 1E- 
F), with GSH reduction (Supplemental Fig. 1D-E). Meanwhile, SLC7A11 
and GPX4, protein markers of ferroptosis, were downregulated in in vivo 
and in vitro models (Fig. 1G-H and Supplemental Fig. 1F-G). These data 
indicated that ferroptosis was activated in high fructose-induced 
glomerular podocyte injury. 
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3.2. SSBP1 triggers podocyte ferroptosis in high fructose-induced 
glomerular injury 

As we reported previously [18], to identify key proteins involved in 
high fructose-induced glomerular injury, we analyzed glomeruli from 

the rat model using an iTRAQ-based quantitative proteomic approach. 
Since significant changes of high fructose-induced glomerular injury and 
podocyte ferroptosis appeared at 12th and 16th week, we mainly 
investigated these two time-points of animal model. Among hundreds of 
dysregulated proteins in high fructose-dieted group compared with 

Fig. 1. High fructose induces podocyte ferroptosis in glomerular injury. (A) Rats were fed with water (control group) or 10% fructose solution (W/V) (high fructose 
group) for 4, 8, 12 and 16 weeks, respectively. Cell death in rat glomeruli was analyzed by TUNEL staining. Green fluorescence in pictures represented positive 
signals (cell death) (scale bars: 20 μm) (n = 3 per group). (B) Podocytes were cultured with fructose (5 mM) for 0, 24, 48, 72 or 96 h. Podocyte death was analyzed by 
propidium iodide staining and measured by flow cytometer (n = 6 per group). (C) Podocytes were cultured with or without fructose (5 mM) and in the presence or 
absence of ferroptosis inhibitors ferrostatin-1 or deferoxamine. Podocyte death was analyzed by propidium iodide staining and measured by flow cytometer (n = 6 
per group). (D) Lipid peroxidation in high fructose-cultured podocytes was analyzed by C11-BODIPY (581/591) staining and measured by flow cytometer (n = 6 per 
group). (E–F) The MDA level was measured by assay kit in high fructose-exposed rat glomeruli and podocytes (n = 6 per group). (G–H) Western blot analysis of the 
protein level of SLC7A11 in rat glomeruli and podocytes (n = 6 per group). Data are plotted as mean ± SEM. P-values were acquired by one-way ANOVA, *P < 0.05, 
**P < 0.01, ***P < 0.001. 

Fig. 2. SSBP1 triggers podocyte ferroptosis in high fructose-induced glomerular injury. (A) Dysregulated proteins in high fructose-stimulated rat glomeruli at 16th 
week were identified by iTRAQ-based quantitative proteomic analysis. Differences were considered statistically significant when fold change >2 (red) or < 0.5 
(green) and P < 0.05. (B–C) Western blot analysis of the protein level of SSBP1 in high fructose-stimulated rat glomeruli and podocytes (n = 6 per group). (D–E) The 
mRNA level of SSBP1 was measured by qPCR in high fructose-exposed rat glomeruli and podocytes (n = 6 per group). (F–I) Podocytes were transfected with SSBP1 
siRNA as well as negative control and then cultured with vehicle or fructose (5 mM). Western blot analysis of the protein level of SLC7A11 in podocytes (n = 6 per 
group). Lipid peroxidation in podocytes was analyzed by C11-BODIPY (581/591) staining and measured by flow cytometer (n = 6 per group). The MDA level was 
measured by assay kit in podocytes (n = 6 per group). Podocyte death was analyzed by propidium iodide staining and measured by flow cytometer (n = 6 per group). 
Data are plotted as mean ± SEM. P-values were acquired by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001. 

W.-Y. Wu et al.                                                                                                                                                                                                                                 



Redox Biology 52 (2022) 102303

7

control group, we focused on one interesting candidate protein, SSBP1, 
which was remarkably upregulated in glomeruli of fructose-dieted rat at 
16th week (Fig. 2A and Supplemental Table 1). Western blot analysis 
further confirmed the upregulation of SSBP1 in glomeruli of rat model at 
12th and 16th week (Fig. 2B). Of note, although its protein expression 
was generally observed in the three major cell types of glomeruli 
including podocytes, mesangial and endothelial cells, SSBP1 was spe-
cifically upregulated only in high fructose-cultured podocytes (Fig. 2C 
and Supplemental Fig. 2A-B). In accordance with iTRAQ and Western 
blot results, significant upregulation of SSBP1 mRNA level was also 
observed in high fructose-stimulated rat glomeruli and cultured podo-
cytes (Fig. 2D-E). However, there was no obvious changes of SSBP1 
mRNA level in high fructose-induced mesangial and endothelial cells 
(Supplemental Fig. 2C-D). 

As SSBP1 is essential for mtDNA replication [34], we assessed the 
mtDNA content by specific primers. We found that the mtDNA copy 
number in high fructose-exposed rat glomeruli and cultured podocytes 
was significantly decreased, compared with control group (Supple-
mental Fig. 2E-F). It is reported that SSBP1 mutation causes mitochon-
drial morphology disruption and dysfunction in retinas and primary 
fibroblasts of patients with optic atrophy, which are characteristics of 
ferroptosis [22,35]. Therefore, we observed whether mitochondrial 
morphology and function were affected in this study. In line with our 
previous study [18], ultrastructure of mitochondria revealed mito-
chondrial membrane rupture and disappearance of cristae in high 
fructose-dieted rat glomerular podocytes at 16th week (Supplemental 
Fig. 2G). Furthermore, we observed changes of mitochondrial 
morphology from long tubules to fragmentation in high 
fructose-cultured podocytes (Supplemental Fig. 2H). According to clas-
sification system of mitochondrial morphology from other study [30], 
the quantification of mitochondrial shape showed a significant increase 
in cultured podocytes of category III after 48 h fructose exposure 
(Supplemental Fig. 2I). For mitochondrial function, we examined the 
level of mtROS and MMP, and observed remarkable increase of mtROS 
and loss of MMP in high fructose-cultured podocytes (Supplemental 
Fig. 2J-K). 

To further investigate the role of SSBP1 in high fructose-induced 
glomerular podocyte ferroptosis, cultured podocytes were transfected 
with SSBP1 siRNA and then incubated with high fructose. We found that 
SSBP1 knockdown in high fructose-cultured podocytes significantly 
increased protein expression of SLC7A11 and GPX4 (Fig. 2F and Sup-
plemental Fig. 2L-N). Depletion of SSBP1 increased GSH, and decreased 
lipid peroxidation and MDA in high fructose-cultured podocytes 
(Fig. 2G-H and Supplemental Fig. 2O). SSBP1 knockdown also decreased 
ferroptotic cell death in this cell model (Fig. 2I). Therefore, SSBP1 may 
trigger podocyte ferroptosis in high fructose-caused glomerular injury. 

3.3. SSBP1 interacts with p53 and facilitates p53 S15 phosphorylation to 
increase accumulation of nuclear p53 in high fructose-stimulated 
glomerular podocyte ferroptosis 

To explore the possible molecular mechanism by which SSBP1 
induced ferroptosis, we investigated SSBP1 associating proteins in high 
fructose-cultured podocytes using Co-IP coupled with mass spectrom-
etry analysis. Notably, we identified p53 and DNA-PKcs in the SSBP1 
protein complex Co-IP from high fructose-cultured podocytes (Supple-
mental Table 2 and Supplemental Fig. 3A). As an upstream transcription 
factor regulating SLC7A11 [11], p53 interaction with SSBP1 was further 
confirmed in high fructose-cultured podocytes using the antibody spe-
cifically against p53 after Co-IP (Fig. 3A). 

Next, we investigated whether SSBP1 modulated p53 expression in 
podocytes. Overexpression or knockdown of SSBP1 showed no signifi-
cant effect on p53 mRNA level in cultured podocytes (Fig. 3B-C and 
Supplemental Fig. 3B-C). SSBP1 overexpression remarkably enhanced 
total p53 protein expression, while inverse effects were observed in 
SSBP1-depleted podocytes (Fig. 3D-E). We also observed upregulation of 

total p53 in high fructose-exposed rat glomeruli and cultured podocytes 
(Fig. 3F-G). However, p53 mRNA had no obvious change in in vivo and in 
vitro models (Supplemental Fig. 3D-E). p53 is reported to occupy the 
promoter region of the SLC7A11 gene to mediate transcriptional 
repression [12]. Thus, we evaluated whether p53 was accumulated in 
cell nucleus. Western blot analysis showed relatively high levels of nu-
clear p53 in high fructose-stimulated rat glomeruli and cultured podo-
cytes (Fig. 3H-I). The immunofluorescence staining showed nuclear 
accumulation of p53 stimulated by high fructose and also revealed the 
co-localization of SSBP1 and p53 proteins in high fructose-exposed 
podocytes (Fig. 3J). Since post-translational modification of p53 can 
regulate its nuclear import/export [36], we then examined the p53 
phosphorylation. We observed that p53 S15 phosphorylation was 
notably increased in high fructose-exposed rat glomeruli and cultured 
podocytes (Fig. 3K-L). Nuclear/cytoplasmic separation assay of cultured 
podocytes transfected with Myc-Wt p53 or Myc-Mut p53 indicated that 
p53 S15 phosphorylation was crucial for its nuclear translocation with 
or without high fructose stimulation (Fig. 3M). Thus, we determined 
whether SSBP1 facilitated p53 phosphorylation and nuclear accumula-
tion after high fructose exposure. We found that knockdown of SSBP1 
decreased p53 S15 phosphorylation level and inhibited p53 nuclear 
accumulation in high fructose-cultured podocytes (Fig. 3N-P). These 
data indicated that SSBP1 may promote p53 translocation into the nuclei 
by facilitating p53 S15 phosphorylation in high fructose-stimulated 
glomerular podocyte ferroptosis. 

3.4. SSBP1 activates DNA-PK to phosphorylate p53 in high fructose- 
induced glomerular podocytes ferroptosis 

p53 can be phosphorylated by different cellular kinases [37,38], so 
we wondered which kinase phosphorylated p53 at S15 in high 
fructose-exposed glomerular podocytes. Mass spectrometry analysis of 
proteins Co-IP with SSBP1 revealed an interaction between SSBP1 and 
DNA-PKcs (Supplemental Table 2 and Supplemental Fig. 3A). It is re-
ported that DNA-PKcs, the catalytic subunit of DNA-PK, mediates 
S15-phosphorylation of p53 [39]. In this study, DNA-PKcs interaction 
with SSBP1 was further confirmed in high fructose-cultured podocytes 
using the antibody specifically against DNA-PKcs after Co-IP (Fig. 4A). 
The overexpression of SSBP1 in cultured podocytes obviously increased 
DNA-PK activity and DNA-PKcs phosphorylation (Fig. 4B-C). SSBP1 
knockdown could decrease DNA-PK activity and DNA-PKcs phosphor-
ylation in cultured podocytes (Fig. 4D-E). Subsequently, we observed 
that DNA-PK activity and DNA-PKcs phosphorylation were upregulated 
simultaneously in high fructose-exposed rat glomeruli and cultured 
podocytes (Fig. 4F-H), which were reversed by inhibition of SSBP1 with 
siRNA (Fig. 4I-J). Of note, we transiently expressed Flag-SSBP1, 
Myc-p53 and HA-DNA-PKcs alone or in combination in cultured podo-
cytes and performed Co-IP assay, and found that DNA-PKcs robustly 
co-eluted with SSBP1 and p53 (Fig. 4K). Furthermore, we investigated 
the interaction of SSBP1 and p53 in high fructose-cultured podocytes in 
the absence of DNA-PKcs, and found that DNA-PKcs knockdown reduced 
SSBP1 and p53 interaction in high fructose-cultured podocytes (Sup-
plemental Fig. 4A-C). 

Thus, we focused on the role of DNA-PK in p53-regulated ferroptosis 
in high fructose-induced podocyte injury. Upregulation of fructose- 
induced p53 phosphorylation and nuclear p53 protein level were 
attenuated by DNA-PK inhibitor LTURM34 (Fig. 4L-M). Consistently, 
inhibition of DNA-PK by LTURM34 upregulated SLC7A11 and GPX4 
protein levels (Fig. 4N and Supplemental Fig. 4D), as well as increased 
GSH, and decreased lipid peroxidation and MDA (Fig. 4O-P and Sup-
plemental Fig. 4E) in high fructose-cultured podocytes. Subsequently, 
DNA-PK inhibition decreased ferroptotic cell death in high fructose- 
exposed podocytes (Fig. 4Q). Thus, DNA-PK may participate in SSBP1- 
drived ferroptosis through phosphorylating p53 in high fructose- 
induced glomerular podocyte injury. 
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3.5. SSBP1 is inhibited by pterostilbene to suppress DNA-PK/p53 
pathway in the alleviation of high fructose-induced glomerular podocyte 
ferroptosis 

We next examined if anti-oxidative agent pterstilbene could alleviate 
podocyte ferroptosis. Pterstilbene obviously decreased protein levels of 
SSBP1, p-DNA-PKcs(S2056), p-p53(S15) and nucleus p53, as well as 
upregulated SLC7A11 and GPX4 protein levels in high fructose- 
stimulated rat glomeruli and cultured podocytes (Fig. 5A-B and Sup-
plemental Fig. 5A-B). Pterstilbene also decreased SSBP1 mRNA levels in 
in vivo and in vitro models (Supplemental Fig. 5C-D). It downregulated 
DNA-PK activity in high fructose-exposed podocytes (Supplemental 
Fig. 5E). Consistently, pterstilbene increased GSH, and decreased lipid 
peroxidation and MDA in in vivo and in vitro models (Fig. 5C-E and 
Supplemental Fig. 5F-G). Subsequently, high fructose-induced cell death 
in rat glomeruli and cultured podocytes was alleviated by pterstilbene 
(Fig. 5F-G). As expected [40,41], glomerular injury including upregu-
lation of the ratio of urinary albumin to creatinine and glomerular 
mesangial expansion was alleviated by pterostilbene (Supplemental 
Fig. 5H-J). We also found that pterostilbene improved high 
fructose-induced mitochondrial morphology disruption and dysfunction 
in podocytes (Supplemental Fig. 5K-N). Pioglitazone, a peroxisome 
proliferator-activated receptor gamma agonist, which is known to 
inhibit mitochondrial iron uptake, lipid peroxidation and subsequent 
ferroptosis in hepatocellular carcinoma cells [42], and prevent podocyte 
injury [43], was used as positive control in this study. Pioglitazone 
exerted the similar effects in in vitro and in vivo models (Fig. 5A-G and 
Supplemental Fig. 5A-N). These data indicated that pterstilbene may 
reduce SSBP1 and suppress DNA-PK/p53 pathway to alleviate high 
fructose-induced glomerular podocyte ferroptosis. 

4. Discussion 

Ferroptosis is distinct from other programmed cell death with its 
unique morphological and bioenergetics features [44]. High fructose 
increases hepatic glutathione disulfide and MDA levels with ferroptosis 
in mouse model of non-alcoholic fatty liver disease [45]. Here, our study 
revealed that high dietary fructose consumption induced glomerular 
podocyte ferroptosis (main features of low-expression of ferroptosis 
protein markers SLC7A11 and GPX4, lipid peroxidation accumulation 
and cell death), which could be reversed by ferroptosis inhibitors. 

SSBP1 is essential for mtDNA replication, and its dysfunction may 
affect mtDNA content, resulting in mitochondrial morphological and 
functional changes [46]. A recent report describes that p.G40V mutation 
of SSBP1 shows significant upregulation of SSBP1 expression, thereby 
decreases mtDNA content and mitochondrial energetic function in fi-
broblasts [22]. SSBP1 expression is increased with partial loss of mtDNA 
and ultimately triggers stress response and mitophagy in 
LONP1-depleted fibroblasts [47]. Here, we demonstrated that SSBP1 
expression was dominantly increased in high fructose-stimulated rat 
glomeruli and cultured podocytes, and further depleted content of 
mtDNA. Consistently, we found high fructose induced mitochondrial 

morphology disruption and dysfunction in glomerular podocyte injury. 
Recently, deletion of SSBP1 in fibroblasts is reported to reduce p53 

expression at protein level rather than at mRNA level. In contrast, SSBP1 
overexpression reinforces p53 protein level and then reduces cell 
viability [24]. Our results provided a previously unrevealed molecular 
mechanism by which high fructose induced podocyte ferroptosis by the 
SSBP1-p53 interaction. As mentioned above, p53 positively regulates 
ferroptosis by binding to the promoter region of SLC7A11 in nutlin 
3-stimulated osteosarcoma cells [12]. Thus, the promotion of p53 nu-
clear retention leads to cell-cycle arrest, apoptosis and ferroptosis in 
lung cancer cells [48]. Here, we found that nuclear import of p53 was 
increased in high fructose-treated rat glomeruli and cultured podocytes. 
Several studies show that enhanced nuclear translocation of p53 can be 
regulated by its phosphorylation at serine 392, 249 and 20 sites in lung 
or liver cancer cells, and porcine epidemic diarrhea virus-infected Vero 
cells [36,49,50]. In this study, we observed the increase of p53 S15 
phosphorylation in high fructose-exposed rat glomeruli and cultured 
podocytes. We also found that p53 with S15 mutation was inhibited to 
translocate into the nuclei in podocytes transfected with Myc-Wt p53 or 
Myc-Mut p53, respectively, and incubated with high fructose. Moreover, 
depletion of SSBP1 in high fructose-cultured podocytes decreased p53 
S15 phosphorylation and its further nuclear accumulation. These results 
demonstrated that SSBP1 specifically induced p53 phosphorylation at 
S15 to enhance p53 nuclear localization in high fructose-exposed 
glomerular podocyte ferroptosis. 

Of note, DNA-PK phosphorylates p53 at S15 and enhances p53 
transcriptional activity in genotoxic stress-activated retina cells [51]. 
Activation of the programmed cell death through DNA-PK is proposed 
because DNA-PK is recruited to the p21 promoter and forms a protein 
complex with p53 in doxorubicin and chromium-stimulated colon car-
cinoma cells [52]. However, the role of DNA-PK in high 
fructose-induced ferroptosis has not been fully investigated. In this 
study, we found that SSBP1 promoted DNA-PK activation by directly 
interacting with DNA-PKcs in cultured podocytes after high fructose 
stimulation. Furthermore, SSBP1 and DNA-PKcs formed a protein 
complex with p53 to increase its phosphorylation. Our results indicated 
that SSBP1 enhanced DNA-PK activity to induce p53 phosphorylation 
and thus accelerate podocyte ferroptosis in high fructose-stimulated 
glomerular injury. 

Antioxidants, such as trolox, butylated hydroxyltoluence, Tiron and 
TEMPO, are reported to reduce erastin-induced ferroptosis in fibrosar-
coma cells [53]. Pterostilbene is a natural dimethylated resveratrol 
analog found primarily in blueberries and Pterocarpus marsupium 
heartwood [26,40]. Pterostilbene is known for its anti-oxidation activity 
among several pharmacological properties [54]. It inhibits 
ROS-mediated mitochondrial apoptosis in hepatocellular carcinoma 
[25], and suppresses apoptosis in arsenic-induced human keratinocytes 
and streptozotocin-induced diabetic rats [55,56]. Our previous study 
showed that pterostilbene attenuated high fructose-induced kidney 
oxidative stress and fibrosis in rats [26,27]. Here, we found the inhibi-
tory effect of anti-oxidant pterostilbene on high fructose-induced 
glomerular podocyte ferroptosis. Pterostilbene eliminated 

Fig. 3. SSBP1 interacts with p53 and facilitates p53 S15 phosphorylation to increase accumulation of nuclear p53 in high fructose-stimulated glomerular podocyte 
ferroptosis. (A) Lysates from high fructose-cultured podocytes were incubated with anti-SSBP1, and the co-eluted proteins were examined using p53 antibody (n = 3 
per group). (B–E) Podocytes were transfected with SSBP1 plasmid or siRNA and the respective negative control. The mRNA level of p53 was measured by qPCR (n = 6 
per group). Western blot analysis of the protein level of total p53 protein in podocytes (n = 6 per group). (F–I) Western blot analysis of the protein level of total and 
nucleus p53 in high fructose-stimulated rat glomeruli and podocytes (n = 6 per group). (J) Immunofluorescence staining of SSBP1 and p53 in high fructose-cultured 
podocytes (scale bras: 20 μm) (n = 3 per group). (K–L) Western blot analysis of the protein level of p53 S15 phosphorylation in high fructose-exposed rat glomeruli 
and podocytes (n = 6 per group). (M) Podocytes were transfected with Myc-Wt p53 or Myc-Mut p53 and cultured with or without 5 mM fructose for 96 h. Podocytes 
were then used to isolate whole cell lysates (WCL), cytoplasmic (Cyto) and nuclear (Nucl) fractions, respectively. Aliquots relative to same cell number per 
component were immunoblotted using anti-Myc antibody (n = 3 per group). Lamin B1 and GAPDH were used as the control of nuclear and cytoplasmic fraction, 
respectively. (N–P) Podocytes were transfected with SSBP1 siRNA as well as negative control and then cultured with or without fructose (5 mM). Western blot 
analysis of the protein level of p53 S15 phosphorylation and nucleus p53 in podocytes (n = 6 per group). Immunofluorescence staining of p53 in podocytes. (scale 
bras: 20 μm) (n = 3 per group). Data are plotted as mean ± SEM. P-values were acquired by one-way ANOVA, n.s., no significance, *P < 0.05, **P < 0.01, ***P 
< 0.001. 
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Fig. 4. SSBP1 activates DNA-PK to phosphorylate p53 in high fructose-induced glomerular podocytes ferroptosis. (A) Lysates from high fructose-cultured podocytes 
were incubated with anti-SSBP1, and the co-eluted proteins were examined using DNA-PKcs antibody (n = 3 per group). (B–C) Podocytes were transfected with 
SSBP1 plasmid and negative control. DNA-PK activity in podocytes was measured by assay kit (n = 6 per group). Western blot analysis of the protein level of DNA- 
PKcs S2056 phosphorylation in podocytes (n = 6 per group). (D–E) Podocytes were transfected with SSBP1 siRNA and negative control. DNA-PK activity in podocytes 
was measured by assay kit (n = 6 per group). Western blot analysis of the protein level of DNA-PKcs S2056 phosphorylation in podocytes (n = 6 per group). (F) 
Western blot analysis of the protein level of DNA-PKcs S2056 phosphorylation in high fructose-stimulated rat glomeruli (n = 6 per group). (G) DNA-PK activity in 
high fructose-cultured podocytes was measured by assay kit (n = 6 per group). (H) Western blot analysis of the protein level of DNA-PKcs S2056 phosphorylation in 
high fructose-cultured podocytes (n = 6 per group). (I–J) Podocytes transfected with SSBP1 siRNA or negative control and then cultured with or without fructose (5 
mM). DNA-PK activity was measured by assay kit in podocytes (n = 6 per group). Western blot analysis of the protein level of DNA-PKcs S2056 phosphorylation in 
podocytes (n = 6 per group). (K) Flag-SSBP1, Myc-p53 and HA-DNA-PKcs were expressed alone or in combination in podocytes and Co-IP assays were performed 
using anti-HA antibody (n = 3 per group). (L–Q) Podocytes were cultured with or without fructose (5 mM) in the presence or absence of vehicle or DNA-PK inhibitor 
LTURM34. Western blot analysis of the protein levels of p53 S15 phosphorylation, nucleus p53 and SLC7A11 in podocytes (n = 6 per group). Lipid peroxidation in 
podocytes was analyzed by C11-BODIPY (581/591) staining and measured by flow cytometer (n = 6 per group). The MDA level was measured by assay kit in 
podocytes (n = 6 per group). Podocyte death was analyzed by propidium iodide staining and measured by flow cytometer (n = 6 per group). Data are plotted as mean 
± SEM. P-values were acquired by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001. 
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mitochondrial ROS and improved mitochondrial morphology disruption 
in high fructose-exposed glomerular podocytes. More importantly, 
pterostilbene decreased SSBP1 expression, inhibited DNA-PK/p53 
pathway, upregulated SLC7A11 and GXP4 expression, subsequently 
alleviated lipid peroxidation accumulation and podocyte ferroptosis in 
high fructose-induced glomerular injury. These results further demon-
strated that SSBP1 downregulation may suppress DNA-PK/p53 pathway 
to attenuate high fructose-caused glomerular podocyte ferroptosis. 

Collectively, this study demonstrated that high fructose triggered 

podocyte ferroptosis in glomerular injury. Moreover, the enhanced 
SSBP1 induced podocyte ferroptosis via activating DNA-PK/p53 
pathway in high fructose-induced glomerular injury. Hence, our study 
provides a novel targeting strategy for high fructose-induced ferroptotic 
cell death and suggests that inhibition of SSBP1 by pterostilbene may be 
a potential therapeutic approach in high fructose-induced podocyte 
ferroptosis. 

Fig. 5. SSBP1 is inhibited by pterostilbene to suppress DNA-PK/p53 pathway in the alleviation of high fructose-induced glomerular podocyte ferroptosis. (A) Rats 
were assigned into control group with a standard water and high fructose group fed with 10% fructose solution(W/V) for 16 weeks. After 8-week fructose intake, high 
fructose-fed rats were randomized into 5 subgroups, receiving water (vehicle), 10, 20 and 40 mg/kg pterostilbene, and 4 mg/kg pioglitazone for the next 8 weeks. 
Western blot analysis of the protein levels of SSBP1, p-DNA-PKcs(S2056), p-p53(S15), nucleus p53 and SLC7A11 in rat glomeruli (n = 6 per group). (B) Podocytes 
were cultured with or without fructose (5 mM), pterostilbene (10 μM) and pioglitazone (10 μM). Western blot analysis of the protein levels of SSBP1, p-DNA-PKcs 
(S2056), p-p53(S15), nucleus p53 and SLC7A11 in podocytes (n = 6 per group). (C) Lipid peroxidation in podocytes was analyzed by C11-BODIPY (581/591) staining 
and measured by flow cytometer (n = 6 per group). (D–E) The MDA level was measured by assay kit in rat glomeruli and podocytes (n = 6 per group). (F) Cell death 
was analyzed by TUNEL staining in rat glomeruli. Green fluorescence in pictures represented positive signals (cell death) (scale bras: 20 μm) (n = 3 per group). (G) 
Podocyte death was analyzed by propidium iodide staining and measured by flow cytometer (n = 6 per group). Data are plotted as mean ± SEM. P-values were 
acquired by one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001 vs control vehicle group, +P < 0.05, ++P < 0.01, +++P < 0.001 vs fructose vehicle group. 
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