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Inhibiting NLRP3 inflammasome attenuates apoptosis in contrast-induced acute 
kidney injury through the upregulation of HIF1A and BNIP3-mediated mitophagy
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Jianxiao Shen, Wenyan Zhou, Leyi Gu, Renhua Lu, and Zhaohui Ni
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ABSTRACT
The pathogenetic mechanism of contrast-induced acute kidney injury (CI-AKI), which is the third most 
common cause of hospital-acquired AKI, has not been elucidated. Previously, we demonstrated that 
renal injury and cell apoptosis were attenuated in nlrp3 knockout CI-AKI mice. Here, we investigated the 
mechanism underlying NLRP3 inhibition-mediated attenuation of apoptosis in CI-AKI. The RNA sequen-
cing analysis of renal cortex revealed that the nlrp3 or casp1 knockout CI-AKI mice exhibited upregulated 
cellular response to hypoxia, mitochondrial oxidation, and autophagy when compared with the wild- 
type (WT) CI-AKI mice, which indicated that NLRP3 inflammasome inhibition resulted in the upregulation 
of hypoxia signaling pathway and mitophagy. The nlrp3 or casp1 knockout CI-AKI mice and iohexol- 
treated HK-2 cells with MCC950 pretreatment exhibited upregulated levels of HIF1A, BECN1, BNIP3, and 
LC3B-II, as well as enhanced colocalization of LC3B with BNIP3 and mitochondria, and colocalization of 
mitochondria with lysosomes. Additionally, roxadustat, a HIF prolyl-hydroxylase inhibitor, protected the 
renal tubular epithelial cells against iohexol-induced injury through stabilization of HIF1A and activation 
of downstream BNIP3-mediated mitophagy in vivo and in vitro. Moreover, BNIP3 deficiency markedly 
decreased mitophagy, and also significantly exacerbated apoptosis and renal injury. This suggested the 
protective function of BNIP3-mediated mitophagy in CI-AKI. This study elucidated a novel mechanism in 
which NLRP3 inflammasome inhibition attenuated apoptosis and upregulated HIF1A and BNIP3- 
mediated mitophagy in CI-AKI. Additionally, this study demonstrated the potential applications of 
MCC950 and roxadustat in clinical CI-AKI treatment.

Abbreviations: BNIP3: BCL2/adenovirus E1B interacting protein 3; Ctrl: control; DAPI: 4′,6-diamidino- 
2-phenylindole dihydrochloride; EGLN2/PHD1: egl-9 family hypoxia-inducible factor 2; HIF1A: hypoxia 
inducible factor 1, alpha subunit; H-E: hematoxylin and eosin; IL18: interleukin 18; IL1B: interleukin 1 
beta; LAMP1: lysosomal-associated membrane protein 1; MAP1LC3B/LC3B: microtubule-associated pro-
tein 1 light chain 3 beta; mRNA: messenger RNA; NFKB/NF-κB: nuclear factor of kappa light polypeptide 
gene enhancer in B cells; NLRP3: NLR family, pyrin domain containing 3; NS: normal saline; PRKN/Parkin: 
parkin RBR E3 ubiquitin protein ligase; PINK1: PTEN induced putative kinase 1; RNA: ribonucleic acid; 
SEM: standard error of the mean; siRNA: small interfering RNA; TEM: transmission electron microscopy; 
TUBA/α-tubulin: tubulin, alpha; TUNEL: terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labeling; VDAC: voltage-dependent anion channel; WT: wild-type
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Introduction

The intravascular administration of contrast media can result 
in contrast-induced acute kidney injury (CI-AKI), which is 
reported to be the third most common cause of hospital- 
acquired acute kidney injury (AKI) [1]. Patients with diabetes 
mellitus or chronic kidney disease and aged individuals are 
susceptible to CI-AKI, which is associated with poor clinical 
outcomes [2]. Recent studies have demonstrated that routine 
antioxidant and alkaline therapies are not beneficial for patients 
with CI-AKI [3]. The pathogenetic mechanisms of CI-AKI 
have not been completely elucidated. Previous studies have 
reported that the etiological factors of CI-AKI involve the 
cytotoxic effect of iodinated contrast media-induced oxidative 

stress, endothelial damage, and vasoconstrictor secretion on the 
renal tubular epithelial cells [1]. Thus, elucidating the molecu-
lar mechanisms underlying CI-AKI will aid in the development 
of novel preventive and therapeutic strategies.

NLRP3 (NLR family, pyrin domain containing 3) inflam-
masome is reported to be activated in the AKI and chronic 
kidney disease (CKD) mouse models and human kidney dis-
eases [4–8]. Previously, we reported that NLRP3 inflamma-
some activation and the consequent secretion of IL1B 
(interleukin 1 beta) and IL18 exacerbate renal injury and 
apoptosis in the in vivo and in vitro CI-AKI models [9,10]. 
The inhibition of NLRP3 inflammasome alleviates kidney 
injury through the attenuation of inflammation, infection, 
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and vascular damage [11–13]. However, NLRP3 inflamma-
some is also reported to regulate mitochondrial homeostasis 
[14–16]. Yu et al. demonstrated that CASP1 (caspase 1), 
which is activated by NLRP3 inflammasome, downregulates 
mitophagy and exacerbates mitochondrial damage through 
the cleavage of PRKN (parkin RBR E3 ubiquitin protein 
ligase) [14]. In the lungs, NLRP3 deficiency promotes macro-
autophagy/autophagy, which aids in maintaining mitochon-
drial homeostasis [15]. Kim et al. reported that the function of 
inflammasome-independent NLRP3 involves inhibition of 
mitophagy and regulation of mitochondrial function in uni-
lateral ureter obstruction (UUO) [16]. The role of NLRP3 
inflammasome in regulating mitophagy in AKI is unknown.

Mitophagy, which contributes to the maintenance of 
mitochondrial homeostasis by degrading the damaged 
mitochondria, is involved in renal cell survival and kidney 
function stabilization [17]. The PRKN-dependent and 
PRKN-independent pathways mediate mitophagy [18]. 
Mitophagy is reported to protect against ischemia- 
reperfusion-induced [19] and cisplatin-induced AKI [20]. 
Previously, we demonstrated that mitophagy protects 
against CI-AKI [10] using the pink1 or prkn knockout 
mice. The PRKN-independent mitophagy pathway, which 
is mostly mediated by BNIP3 (BCL2/adenovirus E1B inter-
acting protein 3), is reported to protect the renal tubular 
epithelial cells against ischemia-reperfusion injury through 
mitochondrial quality control [21]. This study aimed to 
examine the role of NLRP3 inflammasome in regulating 
mitophagy by knocking out nlrp3 or casp1 in the CI-AKI 
mouse model. Additionally, the signaling pathway regulated 
by NLRP3 inflammasome in the CI-AKI mouse model was 
identified using RNA sequencing to examine the potential 
therapeutic targets for CI-AKI.

Results

NLRP3 or CASP1 deficiency alleviated iohexol-induced 
renal injury and apoptosis

Previously, we reported the procedure for the construction 
of CI-AKI mouse model. The mice were subjected to uni-
lateral nephrectomy, dehydration, furosemide treatment, 
and low-osmolar nonionic monomer iohexol (10 mL/kg 
bodyweight) through the tail vein to generate the CI-AKI 
model [9,10,22]. Iohexol upregulated the expression of 
NLRP3, CASP1 p20, and IL1B p17, which suggested that 
NLRP3 inflammasome was activated in the kidneys of CI- 
AKI mice (Figure 1A,B). The role of NLRP3 inflammasome 
in CI-AKI was examined using the nlrp3 knockout (nlrp3−/ 

−) and casp1 knockout (casp1−/−) mice (Figure 1C). The 
serum creatinine levels in the wild-type (WT) CI-AKI mice 
(134.2 ± 6.484 μmol/L) were higher than that in the nlrp3−/ 

− (39.2 ± 2.728 μmol/L) and casp1−/− CI-AKI mice 
(61.2 ± 4.630 μmol/L) (Figure 1D). Hematoxylin and 
eosin (H-E) staining revealed that the renal cortex of CI- 
AKI mice exhibited intraepithelial vacuolar degeneration 
and interstitial inflammation. The intraepithelial vacuolar 
degeneration, interstitial inflammation, and tubular injury 
score in the renal cortex of the nlrp3−/− or casp1−/− CI-AKI 

mice were lower than that in the renal cortex of the WT 
CI-AKI mice (Figure 1E,F). Next, apoptosis in the renal 
tissues of the WT, nlrp3−/−, and casp1−/− CI-AKI mice 
was examined. Immunoblotting analysis revealed that 
iohexol upregulated the expression of cleaved CASP3 (cas-
pase 3), a proapoptotic protein. Compared with those in 
the WT CI-AKI mice, the cleaved CASP3 levels were lower 
in the nlrp3−/− and casp1−/− CI-AKI mice (Figure 1G,H). 
Consistent with the results of immunoblotting analysis, the 
results of terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling (TUNEL) assay revealed that the 
number of apoptotic renal tubular epithelial cells in the 
nlrp3−/− or casp1−/− CI-AKI mice was lower than that in 
the WT CI-AKI mice (Figure 1I,J, and Fig. S1A). These 
findings suggested that NLRP3 inflammasome was activated 
in the CI-AKI mice and that the knockout of nlrp3 or casp1 
alleviated iohexol-induced renal injury and apoptosis.

nlrp3 and casp1 knockout affected mitochondria, 
autophagy, response to hypoxia, and reactive oxygen 
species (ROS) production.

The renal cortex of the WT, nlrp3−/−, and casp1−/− CI-AKI 
mice was subjected to RNA sequencing to identify the signal-
ing pathways regulating by NLRP3 inflammasome in CI-AKI 
(3 samples per experimental group). Principal component 
analysis (PCA) revealed distinct gene expression between 
nlrp3−/− and WT CI-AKI mice, and between casp1−/− and 
WT CI-AKI mice (Figure 2A). The Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis of differen-
tially expressed genes (DEGs) between the nlrp3−/− CI-AKI 
and WT CI-AKI mice revealed that the downregulated genes 
were significantly enriched in the pathways regulating TNF 
signaling, apoptosis, NFKB signaling, PI3K-AKT signaling, 
and cell cycle (Figure 2B). Additionally, the analysis of 
DEGs between the casp1−/− CI-AKI and WT CI-AKI mice 
revealed that the downregulated genes were significantly 
enriched in the pathways regulating PI3K-AKT signaling, 
NFKB signaling, and apoptosis (Figure 2C). The KEGG path-
way analysis indicated that the inhibition of NLRP3 inflam-
masome decreases inflammation and promotes autophagy. 
The Gene Ontology (GO) analysis of the cellular component 
(CC) ontology revealed that both NLRP3 and CASP1 regu-
lated the mitochondrial function in the CI-AKI mice (Figure 
2D,E). Additionally, the DEGs between the WT CI-AKI and 
nlrp3−/− CI-AKI mice were enriched in the biological process 
(BP) of oxidation-reduction, apoptosis, and cellular response 
to hypoxia and superoxide (Figure 2F), while those between 
the WT CI-AKI and casp1−/− CI-AKI mice were enriched in 
the BP of vacuole targeting of autophagy-related proteins, 
oxidation-reduction, cellular response to superoxide, and 
apoptosis (Figure 2G). The GO enrichment maps of DEGs 
between the nlrp3−/− or casp1−/− CI-AKI and WT CI-AKI 
mice indicated that NLRP3 inhibition mitigates apoptosis 
through the regulation of cellular response to hypoxia, mito-
chondrial oxidation, and autophagy (Figure 2H,I). Previous 
studies on the cellular response to hypoxia have revealed that 
hypoxia can regulate mitophagy and apoptosis [23,24]. Thus, 
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we examined the roles of HIF1A and its downstream effector 
(BNIP3) in mitophagy to evaluate the role of NLRP3 inflam-
masome in apoptosis.

Iohexol promoted mitophagy in the renal tubular 
epithelial cells through HIF1A and BNIP3

To verify the results of RNA sequencing, the role of HIF1A and 
BNIP3 in mitophagy was examined using the WT mice. 
Transmission electron microscopy (TEM) analysis revealed 
the formation of mitophagosomes in the renal tubular epithelial 
cells of the WT CI-AKI mice (Figure 3A). Immunofluorescence 
analysis revealed the enhanced colocalization of LC3B with 
BNIP3 and VDAC, as well as the enhanced colocalization of 
VDAC with LAMP1 in the renal tubules of the WT CI-AKI 

mice. The renal tubules exhibiting enhanced expression of 
BNIP3 were associated with an increased number of mitopha-
gosomes and mitolysosomes (Figure 3B–E, and Fig. S2A) [25]. 
The expression levels of HIF1A, BECN1, BNIP3, and LC3B-II 
were upregulated in the renal cortex of the WT CI-AKI mice 
(Figure 3F,G). This indicated that iohexol promoted mitophagy 
through the activation of HIF1A and BNIP3 in the renal 
tubular epithelial cells.

NLRP3 or CASP1 deficiency attenuated mitochondrial 
injury in the CI-AKI mice through HIF1A and 
BNIP3-mediated mitophagy

The effect of NLRP3 deficiency on the HIF1A and BNIP3- 
mediated mitophagy was examined. The expression levels of 

Figure 1. NLRP3 or CASP1 deficiency alleviated iohexol-induced renal injury and apoptosis. Unilateral nephrectomy, dehydration, furosemide (10 mL/kg, tail vein) 
were used to establish mice model. CI-AKI mice were established by iohexol (10 mL/kg bodyweight; injected through the tail vein, Model+Iohexol), and negative 
control group was injected with the same volume of normal saline (Model). (A and B) Immunoblotting analysis and quantification of NLRP3, CASP1 p20, IL1B p17. (C) 
Diagrammatic representation of Ctrl and CI-AKI in different groups of mice: WT(C57BL/6), nlrp3 and casp1 knockout. (D) The renal function was evaluated by serum 
creatinine. (E and F) Representative histology and pathological tubular injury score in the renal cortex by H-E staining. The tubular injury was indicated by arrows. 
Scale bar: 50 μm. (G and H) Immunoblotting analysis and quantification of cleaved CASP3. (I and J) Apoptosis was also evaluated by TUNEL staining and 
quantification of TUNEL-positive cells. Scale bar: 50 μm. Data were presented as mean ± SEM. n = 3–5. *p < 0.05, **p < 0.01, ***p < 0.001.
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HIF1A, BECN1, BNIP3, and LC3B-II in the renal cortex of 
the nlrp3−/− or casp1−/− CI-AKI mice were higher than that in 
the renal cortex of the WT CI-AKI mice (Figure 4A,B). 
Consistent with immunoblotting analysis, the results of 
immunofluorescence analysis revealed that the expression 
levels of BNIP3 and LC3B in the nlrp3−/− or casp1−/− CI- 
AKI mice were higher than those in the WT CI-AKI mice. 
Additionally, the nlrp3−/− and casp1−/− CI-AKI mice exhibited 
enhanced colocalization of LC3B with BNIP3 and VDAC, as 
well as enhanced colocalization of VDAC with LAMP1. This 
indicated that NLRP3 or CASP1 deficiency promoted the 
BNIP3-mediated formation of mitophagosomes and mitolyso-
somes (Figure 4C–F and Fig. S2B). The renal tubular epithe-
lial cells of the WT CI-AKI mice exhibited an increased 
number of mitophagosomes and enhanced mitochondrial 
damage (mitochondrial swelling and loss of mitochondrial 
cristae), compared to WT Ctrl mice. The mitophagosomes 
were increased and the pathological changes of mitochondria 
were alleviated in the nlrp3−/− and casp1−/− CI-AKI mice 
(Figure 4G). This indicated that inhibition of NLRP3 inflam-
masome upregulated HIF1A and BNIP3-mediated mitophagy, 
and alleviated mitochondrial damage in CI-AKI.

RNA sequencing data revealed that the expression of 
Egln2/Phd1 (egl-9 family hypoxia-inducible factor 2), 

a HIF1A prolyl-hydroxylase, was downregulated in the 
renal cortex of nlrp3−/− CI-AKI mice. The mRNA and 
protein levels of EGLN2 were examined using quantitative 
real-time polymerase chain reaction (qRT-PCR) and wes-
tern blot, respectively. The mRNA and protein levels of 
EGLN2 in the renal cortex of nlrp3−/− or casp1−/− CI-AKI 
mice were downregulated when compared with those in the 
renal cortex of WT CI-AKI mice (Fig. S3, and Figure 4H,I). 
These findings indicated that the inhibition of NLRP3 
inflammasome downregulated EGLN2 expression and upre-
gulated HIF1A expression.

MCC950 upregulated HIF1A and BNIP3-mediated 
mitophagy, and attenuated apoptosis in the HK-2 cells in 
response to iohexol treatment

Immunoblotting and immunofluorescence analyses revealed 
that iohexol upregulated the expression levels of BNIP3 and 
LC3B, and decreased the expression of VDAC in the HK-2 
cells (Fig. S4A and B). Additionally, the enhanced colocali-
zation of LC3B with BNIP3 and mitochondria, and that of 
mitochondria with the lysosomes in the iohexol-treated 
HK-2 cells indicated that iohexol promoted BNIP3- 
mediated mitophagy (Fig. S4C–F). Next, the role of 

Figure 2. Renal cortex RNA-sequencing analysis of the WT, nlrp3−/− and casp1−/- CI-AKI mice. (A) PCA of RNA-sequencing results comparing nlrp3−/− or casp1−/- CI-AKI 
mice with WT CI-AKI mice. (B and C) KEGG analysis in nlrp3−/− versus WT CI-AKI and casp1−/- versus WT CI-AKI groups. GO set enrichment analysis on CC (D and E) and 
BP (F and G) comparing nlrp3−/− or casp1−/- with WT CI-AKI mice. (H and I) GO enrichment map of genes with nlrp3−/− versus WT CI-AKI, casp1−/- CI-AKI versus WT CI- 
AKI. n = 3.
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NLRP3 inflammasome in HIF1A and BNIP3-mediated 
mitophagy was examined in vitro. The HK-2 cells were 
pretreated with MCC950 (10 μM), a selective NLRP3 
inflammasome inhibitor, for 4 h before iohexol treatment. 
Pretreatment with MCC950 mitigated the iohexol-induced 
decreased viability of the HK-2 cells (Figure 5A). The 
iohexol-treated HK-2 cells pretreated with MCC950 exhib-
ited upregulated expression levels of HIF1A, BECN1, 
BNIP3, and LC3B-II, and reduced expression level of 
VDAC (Figure 5B,C). Immunofluorescence analysis 
revealed that iohexol treatment increased the colocalization 
of LC3B with BNIP3 and mitochondria, and the colocaliza-
tion of mitochondria with lysosomes in the MCC950- 
pretreated HK-2 cells. This indicated that the inhibition of 
NLRP3 inflammasome enhanced BNIP3-mediated mito-
phagy (Figure 5D–G). Pretreatment with MCC950 miti-
gated the iohexol-induced upregulated levels of cleaved 
CASP3, an indicator of apoptosis, in the HK-2 cells 
(Figure 5H,I). Apoptosis was also examined using flow 
cytometry and TUNEL staining. The proportion of 
ANXA5/annexin V-positive and TUNEL-positive HK-2 
cells markedly decreased upon pretreatment with MCC950 
(Figure 5J, and Fig. S5A and B).

The findings of in vivo and in vitro experiments suggested 
that inhibiting NLRP3 inflammasome by knocking out nlrp3 
or casp1 gene, or by treatment with selective inhibitor pro-
tected the renal tubular epithelial cells against the effects of 
iohexol through the upregulation of HIF1A and BNIP3- 
mediated mitophagy and attenuation of apoptosis.

Roxadustat activated the HIF1A-BNIP3 signaling pathway 
and attenuated apoptosis in the CI-AKI mice

The functions of HIF1A and its downstream effectors in CI-AKI 
were examined by treating the CI-AKI mice with roxadustat, 
a HIF prolyl-hydroxylase inhibitor. Briefly, the mice were intra-
peritoneally injected with roxadustat (10 mg/kg bodyweight/ 
day) for 5 days before iohexol administration (Figure 6A). 
Treatment with roxadustat significantly decreased the serum 
creatinine levels in the CI-AKI mice (Figure 6B). The intrae-
pithelial vacuolar degeneration and interstitial inflammation in 
the roxadustat-treated CI-AKI mice were lower than that in the 
untreated CI-AKI mice (Figure 6C). The tubular injury scores 
concurred with the findings of H-E staining (Figure 6D). The 
expression levels of HIF1A, BECN1, BNIP3, and LC3B-II in the 
renal cortex of the roxadustat-treated CI-AKI mice were higher 
than that in the renal cortex of the untreated CI-AKI mice 

Figure 3. Iohexol promoted mitophagy in the renal tubular epithelial cells through HIF1A and BNIP3. (A) Representative TEM images of a mitophagosome (arrow) in 
renal tubular epithelial cells in CI-AKI. Scale bar: 500 nm. (B-E) The colocalization of BNIP3 and autophagic flux was showed by immunofluorescence and 
quantification of BNIP3 and LC3B (autophagy marker). Mitophagosomes and Mitolysosomes were evaluated by LC3B and VDAC (mitochondrial marker), VDAC 
and LAMP1 (lysosomal marker), respectively. Scale bar: 20 μm. (F and G) Immunoblotting analysis and quantification of HIF1A, BECN1, BNIP3, LC3B-II. Data were 
presented as mean ± SEM. n = 3–4. *p < 0.05, **p < 0.01, ***p < 0.001.
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(Figure 6E,F). Additionally, the increased colocalization of LC3B 
with BNIP3 and VDAC, and the increased colocalization of 
VDAC with LAMP1 indicated that BNIP3-mediated mitophagy 
in the renal tubules of the roxadustat-treated CI-AKI mice was 
higher than that in the renal tubules of the untreated CI-AKI 
mice (Figure 6G-J, and Fig. S2C). TEM revealed that roxadustat 
mitigated the CI-AKI-induced pathological changes in the mito-
chondria (loss of cristae and swelling) of the renal tubular 
epithelial cells (Figure 6K). Additionally, roxadustat decreased 
the levels of cleaved CASP3 and the proportion of TUNEL- 
positive cells in the renal tubules, which indicated that roxadu-
stat alleviated iohexol-induced apoptosis (Figure 6L–O, and Fig. 
S1B). These data suggested that roxadustat promoted BNIP3- 
mediated mitophagy and alleviated renal injury and apoptosis in 
CI-AKI.

The renal cortex of the roxadustat-treated CI-AKI mice 
was subjected to RNA sequencing. As shown in Figure 6P, 

2071 genes overlapped between the nlrp3−/− CI-AKI and 
roxadustat CI-AKI mice, while 1185 genes overlapped 
between the casp1−/− CI-AKI and roxadustat CI-AKI mice 
(Figure 6P). In total, 1104 genes overlapped among the 
nlrp3−/−, casp1−/−, and roxadustat CI-AKI groups. This 
suggested that the effects of roxadustat might be similar 
to those of nlrp3 or casp1 knockout in CI-AKI.

Roxadustat protected the HK-2 cells against 
iohexol-induced apoptosis in vitro through the 
upregulation of mitophagy

The HK-2 cells were pretreated with roxadustat (10 μM) for 4 h 
before treatment with iohexol. The results of CCK-8 (cell count-
ing kit-8) assay revealed that roxadustat mitigated the iohexol- 
induced decreased viability in the HK-2 cells (Figure 7A). 
Immunoblotting analysis revealed that pretreatment with 

Figure 4. NLRP3 or CASP1 deficiency attenuated mitochondrial injury in the CI-AKI mice through HIF1A and BNIP3-mediated mitophagy. (A and B) Immunoblotting 
analysis and quantification of HIF1A, BECN1, BNIP3, LC3B-II. (C-F) Representative images and quantification of immunofluorescence double-labeling of LC3B and 
BNIP3, LC3B and VDAC, VDAC and LAMP1. Scale bar: 20 μm. (G) Representative TEM images of mitochondrial morphology in renal tubular epithelial cells of Ctrl and 
CI-AKI groups of WT, nlrp3−/−, casp1−/- mice. Mitophagosomes were indicated by arrows. Scale bar: 500 nm. (H and I) Immunoblotting analysis and quantification of 
EGLN2. Data were presented as mean ± SEM. n = 3–4. *p < 0.05, **p < 0.01, ***p < 0.001.
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roxadustat upregulated the expression of HIF1A, BECN1, BNIP3 
and LC3B-II, and decreased the expression of VDAC in the 
iohexol-treated HK-2 cells (Figure 7B,C). Additionally, the colo-
calization of LC3B with BNIP3 and mitochondria, as well as the 
colocalization of mitochondria with the lysosomes, in the 
iohexol-treated HK-2 cells pretreated with roxadustat were 
higher than that in the iohexol-treated HK-2 cells. This indicated 
that roxadustat promoted BNIP3-mediated mitophagy in the 
HK-2 cells (Figure 7D–G). Apoptosis in the HK-2 cells was 
examined using immunoblotting (cleaved CASP3), flow cytome-
try, and TUNEL staining. Pretreatment with roxadustat miti-
gated the iohexol-induced enhanced levels of cleaved CASP3 and 
decreased number of ANXA5/annexin V-positive and TUNEL- 
positive cells (Figure 7H–J, and Fig. S5C and D).

The role of HIF1A and BNIP3-medated mitophagy in 
apoptosis attenuation was examined by pretreating the HK- 

2 cells with 3-MA (inhibitor of autophagy) and roxadustat 
before iohexol treatment. Immunoblotting analysis of 
cleaved CASP3 revealed that pretreatment with roxadustat 
mitigated iohexol-induced apoptosis in the HK-2 cells. 
However, pretreatment with 3-MA inhibited the roxadu-
stat-mediated attenuation of apoptosis (Figure 7H,I).

These findings indicated that roxadustat attenuated 
iohexol-induced renal injury and apoptosis through the acti-
vation of HIF1A and BNIP3-mediated mitophagy.

BNIP3 deficiency exacerbated mitochondrial damage and 
apoptosis in the CI-AKI mice

The regulation of BNIP3-mediated mitophagy in CI-AKI 
was examined using the bnip3 knockout (bnip3−/−) CI-AKI 
mouse model. The bnip3−/− mice (n = 10) were administered 

Figure 5. MCC950 upregulated HIF1A and BNIP3-mediated mitophagy, and attenuated apoptosis in the HK-2 cells in response to iohexol treatment. HK-2 cells were 
incubated in DMEM/F-12 media with iohexol (20 mg I/mL) for 72 h. MCC950 (10 μM) pretreated cells 4 h before iohexol treatment. (A) Cell viability of iohexol-treated 
HK-2 cells with MCC950 was evaluated by CCK-8. (B and C) Immunoblotting analysis and quantification of HIF1A, BECN1, BNIP3, LC3B-II, VDAC. (D-F) Representative 
images and quantification immunofluorescence double-labeling LC3B and BNIP3, LC3B and MitoTracker, MitoTracker and LysoTracker in MCC950-pretreated HK-2 
cells. Scale bar: 20 μm. (G and H) Immunoblotting analysis and quantification of cleaved CASP3. (I) Representative images of cell apoptosis by flow cytometry. Data 
were presented as mean ± SEM. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.

AUTOPHAGY 2981



with iohexol at a dose of 10 mL/kg bodyweight. However, all 
bnip3−/− mice died due to the complications from CI-AKI 
(Figure 8A). Hence, the WT and bnip3−/− mice were admi-
nistered with iohexol at a dose of 5 mL/kg bodyweight to 
generate the CI-AKI model (Figure 8B). The serum creati-
nine levels in the WT and bnip3−/− CI-AKI mice were 
87.8 ± 3.693 and 156.0 ± 8.556 μmol/L, respectively (Figure 
8C). H-E staining revealed that more than 75% of the tubular 
cells exhibited intraepithelial vacuolar degeneration and that 
the tubular injury score was approximately 3.7 in the bnip3−/ 

− CI-AKI mice (Figure 8D,E). Immunohistochemical stain-
ing revealed that iohexol upregulated the expression of 
BNIP3 in the renal tubules of the WT mice (Figure 8F,G). 
Immunoblotting and immunofluorescence analyses revealed 
that the expression of LC3B-II was downregulated in the 

bnip3−/− CI-AKI mice (Figure 8H–J). The decreased coloca-
lization of VDAC with LC3B and LAMP1 indicated that the 
number of mitophagosomes and mitolysosomes in the renal 
tubules of bnip3−/− CI-AKI mice was markedly lower than 
that in the renal tubules of WT CI-AKI mice (Figure 8J–L, 
and Fig. S2D). The analysis of mitochondrial DNA (mtDNA) 
to nuclear DNA (nDNA) ratio revealed that the number of 
mitochondria in the bnip3−/− CI-AKI mice was higher than 
that in the WT CI-AKI mice (Fig. S6). Mitochondrial swel-
ling in the renal tubular epithelial cells of the bnip3−/− CI- 
AKI mice was more severe than that in the renal tubular 
epithelial cells of the WT CI-AKI mice. Additionally, the 
injured mitochondria were abnormally accumulated in the 
renal tubular epithelial cells of the bnip3−/− CI-AKI mice 
(Figure 8M). The cleaved CASP3 levels were markedly upre-
gulated in the renal cortex of the bnip3−/− CI-AKI mice 
(Figure 8N,O). The number of TUNEL-positive cells in the 

Figure 6. Roxadustat activated HIF1A-BNIP3 signaling pathway and attenuated apoptosis in the CI-AKI mice. (A) Diagrammatic representation of roxadustat to Ctrl 
and CI-AKI mice. Briefly, the mice were intraperitoneally injected with roxadustat (10 mg/kg bodyweight/day) for 5 days. (B-D) The role of roxadustat on Ctrl and CI- 
AKI mice was evaluated by serum creatinine, H-E staining and tubular injury score. The tubular injury was indicated by arrows. Scale bar: 50 μm. (E and F) 
Immunoblotting analysis and quantification of HIF1A, BECN1, BNIP3, LC3B-II. (G-J) Representative images and quantification of immunofluorescence double-labeling 
LC3B and BNIP3, LC3B and VDAC, VDAC and LAMP1. Scale bar: 20 μm. (K) Representative TEM images of mitochondrial morphology in renal tubular epithelial cells. 
Scale bar: 500 nm. (L-O) Apoptosis was evaluated by immunoblotting analysis of cleaved CASP3 and TUNEL staining. Scale bar: 50 μm. (P) DEGs in renal cortex of 
nlrp3−/−, casp1−/- CI-AKI and roxadustat-treated CI-AKI in a Venn diagram. The number of overlapping genes was shown in the overlapping regions. n = 3–5. Data 
were presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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renal cortex of the bnip3−/− CI-AKI mice was higher than 
that in the renal cortex of the WT CI-AKI mice (Figure 8P, 
Q, and Fig. S1C). Immunoblotting analysis also revealed that 
the expression levels of NLRP3 inflammasome were not 
significantly different between the WT CI-AKI and bnip3−/ 

− CI-AKI mice (Fig. S7). These data suggested that BNIP3- 
mediated mitophagy protects against iohexol-induced renal 
injury and that the deficiency of BNIP3 exacerbated iohexol- 
induced renal injury and apoptosis in vivo.

Silencing BNIP3 downregulated mitophagy in the HK-2 
cells and exacerbated apoptosis

The HK-2 cells were transfected with si-BNIP3 (50 nm) for 
8 h before exposure to iohexol. The results of CCK-8 assay 

demonstrated that transfection with si-BINP3 impaired the 
viability of iohexol-treated HK-2 cells (Figure 9A). 
Immunoblotting analysis revealed that iohexol upregulated 
the expression of LC3B-II and downregulated the expression 
of VDAC, which was inhibited in the si-BNIP3-transfected 
HK-2 cells (Figure 9B,C). Confocal microscopy analysis 
demonstrated that iohexol activated mitophagy, which was 
measured based on the colocalization of LC3B with mito-
chondria, in the HK-2 cells. However, BNIP3 knockdown 
decreased the number of LC3B puncta and the colocalization 
of LC3B with mitochondria, which indicated that BNIP3 
promoted mitophagy in response to iohexol (Figure 9D,E). 
The number of mitolysosomes, which were identified based 
on the colocalization of mitochondria and lysosomes, 
decreased in the iohexol-treated BNIP3 knockdown HK-2 
cells (Fig. 9F and G). Next, the role of BNIP3-mediated 
mitophagy in apoptosis was examined using 

Figure 7. Roxadustat protected the HK-2 cells against iohexol-induced apoptosis in vitro through the upregulation of mitophagy. Roxadustat (10 μM) pretreated cells 
4 h before iohexol treatment. (A) Cell viability of iohexol-treated HK-2 cells with roxadustat was evaluated by CCK-8. (B and C) Immunoblotting analysis and 
quantification of HIF1A, BECN1, BNIP3, LC3B-II, VDAC. (D-G) Representative images and quantification of immunofluorescence double-labeling LC3B and BNIP3, LC3B 
and MitoTracker, MitoTracker and LysoTracker. Scale bar: 20 μm. (G and H) 3-MA (5 mM) with roxadustat pretreated HK-2 cells 4 h before iohexol treatment. 
Immunoblotting analysis of LC3B-II, VDAC and cleaved CASP3. (I) Representative images of cell apoptosis by flow cytometry. Data were presented as mean ± SEM. 
n = 3. *p < 0.05, **p < 0.01, ***p < 0.001.
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immunoblotting (cleaved CASP3), flow cytometry, and 
TUNEL staining. The cleaved CASP3 levels were signifi-
cantly upregulated in iohexol-treated BNIP3 knockdown 
HK-2 cells (Figure 9H,I). The iohexol-treated BNIP3 knock-
down HK-2 cells exhibited an enhanced number of ANXA5/ 
annexin V-positive and TUNEL-positive cells (Figure 9J, and 
Fig. S5E and F).

These findings indicated that iohexol activated BNIP3- 
mediated mitophagy in vivo and in vitro, which protected 
the renal tubular epithelial cells against iohexol-induced 
renal injury.

Discussion

In this study, the effect of NLRP3 inhibition on iohexol- 
induced renal injury and apoptosis was examined using the 
nlrp3−/− and casp1−/− CI-AKI mice. According to the results 
of RNA sequencing, we demonstrated that HIF1A and 

BNIP3-mediated mitophagy upregulated in the nlrp3−/− and 
casp1−/− CI-AKI mice and iohexol-treated HK-2 cells with 
MCC950 pretreatment, a selective NLRP3 inhibitor. 
Additionally, the mouse and cell models were treated with 
roxadustat to examine the protective effects of HIF1A on CI- 
AKI. Mitophagy was inhibited in the bnip3−/− mice, which 
exhibited increased mortality, renal injury, and apoptosis. 
These findings indicated a novel correlation between NLRP3 
inflammasome, HIF1A and BNIP3-mediated mitophagy, and 
apoptosis. Additionally, the findings of this study indicated 
that MCC950 and roxadustat were potential therapeutic 
agents for CI-AKI in humans (Figure 10).

NLRP3 inflammasome, an innate immune signaling recep-
tor, mediates the pathogenesis of common noninfectious dis-
eases through the activation of potent inflammatory cytokines 
[26]. Recent studies have suggested that the inhibition of 
mitophagy results in NLRP3 inflammasome activation and 
IL1B secretion [10,27–29]. There are limited studies on the 

Figure 8. BNIP3 deficiency exacerbated mitochondrial damage and apoptosis in the CI-AKI mice. (A) Survival of WT CI-AKI and bnip3−/− CI-AKI mice with iohexol 
treatment (10 mL/kg bodyweight) after 24 h (n = 10). (B) Diagrammatic representation of modified WT and bnip3−/− CI-AKI models. Briefly, the dose of iohexol 
reduced to 5 mL/kg bodyweight. (C) The renal function was evaluated by serum creatinine. (D and E) Representative histology and pathological tubular injury score 
in the renal cortex by H-E staining. The tubular injury was indicated by arrows. Scale bar: 50 μm. (F and G) Representative IHC images and quantification of BNIP3 in 
kidney cortex. Scale bar: 50 μm. (H and I) Immunoblotting analysis and quantification of BNIP3 and LC3B-II. (J-L) Representative images and quantification of 
immunofluorescence double-labeling LC3B and VDAC, VDAC and LAMP1. Scale bar: 20 μm. (M) Representative TEM images of mitochondrial morphology in renal 
tubular epithelial cells of WT and bnip3−/− mice. Scale bar: 500 nm. (N-Q) Apoptosis was measured by immunoblotting analysis of cleaved CASP3 and TUNEL staining 
of renal tubular epithelial cells of WT and bnip3−/− CI-AKI mice. Scale bar: 50 μm. n = 3–5. Data were presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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downstream effectors of NLRP3 inflammasome and inflam-
matory cytokines in AKI. In the lipopolysaccharide (LPS)- 
primed bone marrow-derived macrophages, NLRP3 promotes 
mitochondrial damage by mediating the CASP1-dependent 
cleavage of PRKN, which results in the downregulation of 
mitophagy [14]. The inhibition of NLRP3 inflammasome 
through knocking out nlrp3 and casp1 or treatment with 
MCC950 enhances autophagy and mitophagy in the lethal 
oxidant injury [15], aged [30], and UUO mouse models 
[16]. RNA sequencing of the renal tissues of WT, nlrp3−/− 

and casp1−/− mice suggested the effect of NLRP3 inflamma-
some inhibition on the hypoxia pathway. The expression 
levels of HIF1A, BECN1, BNIP3, and LC3B-II were upregu-
lated in the renal cortex of the nlrp3−/− and casp1−/− mice, as 
well as the MCC950-pretreated HK-2 cells (Figure 4A, and 
Figure 5B). Additionally, the inhibition of NLRP3 inflamma-
some increased the colocalization of LC3B with BNIP3 and 

mitochondria, and the colocalization of mitochondria with 
lysosomes in vivo and in vitro, which indicated that mito-
phagy was mediated by BNIP3 (Figure 4C, and Figure 5D). 
These data suggested that inhibiting NLRP3 inflammasome 
upregulated BNIP3-mediated mitophagy.

Hypoxia inducible factor 1 (HIF1), a transcriptional com-
plex, regulates cellular and systemic homeostatic responses to 
oxygen availability. HIF1 comprises the following two subu-
nits: HIF1A, an oxygen-sensitive subunit; HIF1B, 
a constitutively expressed subunit. Under normoxic condi-
tions, HIF1A rapidly undergo ubiquitin-mediated degrada-
tion. In contrast, HIF1A is stable under hypoxic conditions 
[31]. Previous studies evaluating the correlation between 
hypoxia and inflammation have suggested that hypoxia 
induces inflammation. However, inflamed lesions can also 
lead to the formation of severe hypoxic microenvironment 
[32]. In inflammatory bowel disease, the surgically excised 

Figure 9. Silencing BNIP3 downregulated mitophagy in the HK-2 cells and exacerbated apoptosis. (A) Cell viability was evaluated by CCK-8. (B and C) Immunoblotting 
analysis and quantification of BNIP3, LC3B-II, VDAC. (D and E) Representative images and quantification of immunofluorescence double-labeling LC3B and 
MitoTracker. Scale bar: 20 μm. (F and G) Representative images and quantification of MitoTracker and LysoTracker. Scale bar: 20 μm. (H and I) Immunoblotting 
analysis and quantification of cleaved CASP3. (J) Representative images of cell apoptosis by flow cytometry. Data were presented as mean ± SEM. n = 3. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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mucosa and inflamed intestine exhibit upregulated levels of 
HIF1A and hypoxia [33,34]. At low doses, IL1B upregulates 
hypoxia and HIF1A level in the human fibroblast-like syno-
viocytes and human breast cancer cell line, which indicates 
that inflammation promotes hypoxia in the cells. 
Interestingly, the expression of HIF1A decreases with the 
increase in IL1B concentration [35,36]. This study demon-
strated that iohexol promoted hypoxia and activated NLRP3 
inflammasome and that the inhibition of NLRP3 inflamma-
some resulted in further enhanced expression of HIF1A 
(Figure 4A and Figure 5B). To examine the effect of NLRP3 
inflammasome on HIF1A in CI-AKI, the expression levels of 
EGLN2, a HIF1A prolyl-hydroxylase, was examined according 
to RNA sequencing result. EGLN2 initiates HIF1A ubiquityla-
tion and degradation through the hydroxylation of two con-
served proline residues on HIF1A [37,38]. In the CI-AKI 
mice, the mRNA and protein levels of EGLN2 were down-
regulated, which were further downregulated in the nlrp3−/− 

and casp1−/− CI-AKI mice (Figure 4H,I, and Fig S3). Hence, 
we hypothesized that the inhibition of NLRP3 inflammasome 
and inflammatory cytokines downregulated the expression of 
EGLN2 and promoted the protective function of HIF1A in 
CI-AKI.

Some studies have examined the effect of roxadustat, a HIF 
prolyl-hydroxylase inhibitor that stabilizes HIF1A, on the 
kidneys with a focus on hypoxia and HIF1A. In animal 
models of ischemia-reperfusion injury, hif1a knockout down-
regulates the levels of miR-688, which regulates the mitochon-
drial function and consequently enhances the renal tubular 
epithelial cell survival through the repression of MTP18 [39]. 

Intraperitoneal administration of roxadustat is reported to 
alleviate cisplatin-induced renal injury and apoptosis through 
the upregulation of HIF1A [40]. To the best of our knowledge, 
there are no studies that have evaluated the effect of roxadu-
stat on HIF1A in CI-AKI models. In this study, we demon-
strated that the administration of iohexol increased the 
expression of HIF1A, which was further increased upon treat-
ment with roxadustat in vivo and in vitro (Figure 3E, Figure 
6E, and Figure 7B). Consistent with the results of previous 
studies, roxadustat alleviated the enhanced serum creatinine 
level, pathology injury, mitochondrial dysfunction, and apop-
tosis in the CI-AKI mice in this study (Figure 6B–D, Figure 
6L–O, Figure 7A, and 7H–J). The findings of this study 
indicated that roxadustat is a potential therapeutic agent for 
CI-AKI. Meanwhile, roxadustat preserves renal function and 
fibrosis in the adenine-induced chronic tubulointerstitial 
inflammation model [41]. Additionally, roxadustat signifi-
cantly alleviates renal anemia in CKD and dialysis patients 
in China, which is confirmed in phase III clinical trials 
[42,43]. Future studies should focus on the role of HIF1A in 
CKD. The effects of HIF1A on the progression of kidney 
disease must be further examined using an AKI-to-CKD 
model.

Recent studies have suggested that HIF1A promotes mito-
phagy during hypoxia. In the nonalcoholic steatohepatitis 
mouse model and human macrophages, the upregulated 
HIF1A level is associated with a concomitant increase in the 
levels of BECN1, BNIP3, and LC3-II [44]. Under hypoxic 
conditions, HIF1A and BNIP3-mediated mitophagy delays 
tumor growth and progression in breast cancer by inhibiting 

Figure 10. Schematic representation of NLRP3 inflammasome, HIF1A and BNIP3 mediated mitophagy, and apoptosis in CI-AKI. Contrast media (iohexol) activated 
NLRP3 inflammasome and increased HIF1A expression. HIF1A and BNIP3-mediated mitophagy further were upregulated by inhibiting NLRP3 inflammasome in vivo 
and in vitro. Additionally, roxadustat, a HIF prolyl-hydroxylase inhibitor, enhanced HIF1A-BNIP3-mediated mitophagy to alleviate iohexol-induced apoptosis. Both 
inhibition of NLRP3 inflammasome and stabilization of HIF1A, protected the renal tubular epithelial cells against apoptosis through BNIP3-mediated mitophagy in CI- 
AKI.
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the accumulation of dysfunctional mitochondria and mito-
chondrial ROS production [45]. Hypoxia-induced ROS pro-
duction activates HIF1A and BNIP3-induced mitophagy, 
which promotes epidermal keratinocyte migration during 
wound healing [46]. Consistent with this finding, this study 
demonstrated that HIF1A and BNIP3-mediated mitophagy is 
activated in response to iohexol in the mice and HK-2 cells 
(Figure 3F, Figure 6E, and Figure 7B). Treatment with rox-
adustat upregulated HIF1A-BNIP3-mediated mitophagy, 
which protected the renal tubular epithelial cells against 
iohexol-induced renal injury (Figure 6G and Figure 7D). 
Meanwhile, 3-MA inhibited the roxadustat-mediated attenua-
tion of apoptosis (Figure 7H). Thus, we suggest that roxadu-
stat protects against CI-AKI through the activation of HIF1A 
and BNIP3-mediated mitophagy, which alleviated apoptosis 
and renal injury.

BNIP3 is a cell death factor that belongs to the BCL2 
proapoptotic family. Previous studies have demonstrated 
that BNIP3 promotes cell death in tumor and cardiac disease 
through the induction of apoptosis, which aggravates the 
progression of tumor and cardiac ischemia-reperfusion injury 
[47–49]. Recently, BNIP3 is reported to regulate mitophagy. 
Under hypoxic conditions, BNIP3 promotes mitochondrial 
depolarization and directly activates mitophagy by delivering 
the mitochondria to autophagosomes [50,51]. Dong et al. 
reported that BNIP3 deficiency suppresses mitophagy and 
that BNIP3-mediated mitophagy is involved in maintaining 
mitochondrial quality control and tubular cell survival during 
ischemia-reperfusion-induced injury [21]. These findings 
were consistent with those of this study. Iohexol promoted 
BNIP3-mediated mitophagy in vitro and in vivo (Figure 3B, 
and Fig. S4C). Additionally, iohexol-treated bnip3−/− mice and 
si-BNIP3-treated HK-2 cells exhibited a decreased number of 
mitophagosomes and mitolysosomes (Figure 8H–L, and 
Figure 9B–G), which indicated the important role of BNIP3- 
mediated mitophagy in CI-AKI. BNIP3 is reported to pro-
mote both apoptosis and mitophagy. This study demonstrated 
that BNIP3 promoted mitophagy. The knockout of bnip3 
enhanced the serum creatinine level, tubular injury score 
and cell viability, which suggested the protective function of 
BNIP3 (Figure 8C–E, and Figure 9A). Apoptosis was evalu-
ated using immunoblotting analysis (cleaved CASP3), TUNEL 
staining, and flow cytometry. The number of apoptotic cells in 
the renal cortex of bnip3−/− CI-AKI mice and iohexol-treated 
BNIP3 knockdown HK-2 cells was significantly higher than 
that in the WT groups (Figure 8N–Q, and Figure 9H–J). 
Treatment with MCC950 or roxadustat mitigated iohexol- 
induced apoptosis and renal injury through the activation of 
BNIP3-mediated mitophagy. This indicated the potential clin-
ical applications of NLRP3 inflammasome inhibitor or HIF 
prolyl-hydroxylase inhibitor.

Mitophagy is commonly activated through the PRKN- 
dependent and PRKN-independent pathways. BNIP3 is an 
important regulator of the PRKN-independent mitophagy 
pathway [52]. There are no studies that have examined the 
PINK1-PRKN-mediated and BNIP3-mediated mitophagy 
pathways using the same disease model. The CI-AKI mice 
were generated using iohexol (10 mL/kg bodyweight), follow-
ing the protocols described in a previous study [10] in WT, 

pink1−/−, and prkn−/− mice (Figure 1C). However, treatment 
with iohexol at a dose of 10 mL/kg bodyweight for 24 h was 
lethal to the bnip3−/− mice (Figure 8A). This indicated that 
deficiency of BNIP3 is more lethal than that of PINK1 or 
PRKN in CI-AKI. The studies on the correlation between 
PINK1-PRKN-mediated and BNIP3-mediated mitophagy 
pathways in CI-AKI are currently ongoing.

In summary, this study has demonstrated that NLRP3 
inflammasome inhibition protects against CI-AKI through 
the upregulation of HIF1A and BNIP3-mediated mitophagy. 
The inhibition of NLRP3 inflammasome enhanced the pro-
tective effects of HIF1A and BNIP3-mediated mitophagy, 
which alleviated the iohexol-induced apoptosis and renal 
injury. MCC950 and roxadustat enhanced BNIP3-mediated 
mitophagy and inhibited renal tubular epithelial cell apopto-
sis. The findings of this study indicated that NLRP3 inflam-
masome inhibitor and HIF prolyl-hydroxylase inhibitor are 
potential therapeutic targets for the clinical prevention and 
treatment of CI-AKI.

Materials and methods

Cells, small interfering RNA, antibodies, and reagents

Human renal proximal tubular cell line (HK-2 cell) was 
gained from American Type Culture Collection (ATCC®, 
CRL-2190). We obtained iohexol from GE Healthcare 
(Omnipaque 350), mannitol (M9546) from SigmaAldrich, 
MCC950 (HY-12815), roxadustat (HY-13426) and 3-MA 
(HY-19312) from MedChemExpress. We obtained antibodies 
targeting NLRP3 (15101), GAPDH (5174), and cleaved 
CASP3 (9664) from Cell Signal Technology; CASP1 (sc- 
56036), BECN1 (sc-48341), and BNIP3 (sc-56167) from 
Santa Cruz Biotechnology; IL1B (AF-401-NA) from R&D 
Systems; LC3B (L7543) from Sigma-Aldrich; HIF1A 
(NB100-105) from Novas Biologicals; VDAC/voltage- 
dependent anion channel (ab14734), LAMP1/lysosomal- 
associated membrane protein 1 (ab25630), EGLN2/PHD1/ 
egl-9 family hypoxia-inducible factor 2 (ab108980) from 
Abcam; TUBA from (AF0001) from Beyotime. We obtained 
fluorescence secondary antibodies from Abcam: Donkey anti- 
rabbit IgG (Alexa Fluor® 555, ab150074; Alexa Fluor® 488, 
ab150073), donkey anti-mouse IgG (Alexa Fluor® 488, 
ab150105; Alexa Fluor® 555, ab150110). We obtained 
MitoTracker Red (M7512), and MitoTracker Green (M7514) 
from ThermoFisher Scientific, and LysoTracker Red (C1046) 
from Beyotime. The sequences of small interfering RNA 
(siRNA) were as follows: BNIP3 siRNA 5′- 
CGUUCCAGCCUCGGUUUCUAUUUAU-3′.

Animals and CI-AKI model

nlrp3−/− and casp1−/− mice with a C56BL/6 genetic back-
ground were purchased from Jackson Laboratory (021302, 
016621). bnip3−/− mice were constructed at Shanghai Model 
Organisms Center, Inc. as described previously [49]. The mice 
were housed in pathogen-free conditions. All animal experi-
ments were performed according to the Animal Protocol 
Committee of Shanghai Jiao Tong University and were 
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approved by the Animal Care Committee of Renji Hospital, 
School of Medicine, Shanghai Jiao Tong University.

The CI-AKI mice were constructed as described in pre-
vious studies [9,10,22]. Briefly, the model was established by 
subjecting the mice to unilateral nephrectomy, dehydration, 
and furosemide (Sigma-Aldrich, F4381; diluted to 10 mg/ 
mL) treatment (10 mL/kg bodyweight, injected through the 
tail vein). To establish the CI-AKI mouse model, the model 
mice were injected with iohexol (GE Healthcare, 
Omnipaque 350; 10 mL/kg bodyweight; injected through 
the tail vein) (Figure 1C). The negative control group was 
established by injecting the model mice with saline (10 mL/ 
kg bodyweight; injected through the tail vein). The WT and 
CI-AKI mice were intraperitoneally injected with roxadustat 
(MedChemExpress, HY-13426; 10 mg/kg bodyweight/day) 
for 5 days (Figure 6A). All mice were sacrificed at 24 h post- 
iohexol/saline administration. The serum and kidney were 
harvested for further analysis.

RNA extraction, library construction, and Illumina 
sequencing

Total RNA was extracted from the renal cortex of WT, nlrp3 
−/− and casp1−/− CI-AKI mice, and roxadustat-treated CI-AKI 
mice using the mRNA Isolation kit (ThermoFisher Scientific, 
AM1561). RNA integrity was examined using 2100 
Bioanalyzer (Agilent Technologies). The libraries were con-
structed using the TruSeq Stranded mRNA LT Sample Prep 
Kit (Illumina, RS-122-2101), following the manufacturer’s 
instructions. RNA sequencing was performed on the 
Illumina platform (HiSeqTM 2500, Illumina, Shanghai OE 
Biotech. Co., Ltd.). The DEGs were identified based on the 
following criteria: P < 0.05 and fold changes <0.5 or >2.

In vitro iohexol treatment

The HK-2 cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/F-12 (ThermoFisher Scientific, 11330057) 
supplemented with 10% fetal bovine serum (ThermoFisher 
Scientific, 10099158). The HK-2 cells were transfected with 
siRNA (50 nM) for 8 h using Lipofectamine™ 3000 
Transfection Reagent (ThermoFisher Scientific, L3000150). 
At 4 h before-iohexol treatment, the cells were treated with 
MCC950 (10 μM), roxadustat (10 μM), or 3-MA (5 mM). 
Next, the HK-2 cells were treated with 20 mg I/mL iohexol for 
72 h as previously described [9]. Experiments were performed 
in triplicates.

Renal function, histopathology, immunofluorescence, 
and immunohistochemical staining

The serum creatinine levels were analyzed using the standard 
spectrophotometric assay (Roche Diagnostic GmbH, 
cobasC501). H-E staining of kidneys was performed as 
described previously [10]. The tubular injury was scored 
based on the percentage of damaged tubules (grade 0, no 
damage; grade 1, <25%; grade 2, 25–49%; grade 3, 50–75%; 
grade 4, >75%).

For immunofluorescence and immunohistochemical ana-
lyses, the paraffin-embedded kidney sections (4 μm) were 
deparaffinized using dimethylbenzene. The antigen in the 
renal sections was retrieved using ethylenediaminetetraacetic 
acid. The renal sections were incubated with the anti-BNIP3, 
anti-LC3B, anti-VDAC, and anti-LAMP1 antibodies (all 
1:100) at 4°C overnight. The images were captured using 
a fluorescence microscope (ZEISS, Axio Vert A1) and ana-
lyzed using digital image analyzer (Ocular 2.0).

To label the mitochondria or lysosome, the HK-2 cells 
were cultured on cell slides in a 24-well plate. The HK-2 
cells were treated with MitoTracker Red (500 nM), 
MitoTracker Green (50 nM), or LysoTracker Red (50 nM) 
and Hoechst (5 μg/mL), following the manufacturer’s instruc-
tions. The cells were fixed and immunostained with the anti-
body. The images were captured using a confocal microscope 
(ZEISS 710). The staining intensity was quantified in 10 ran-
dom fields of each section. Two pathologists who were 
blinded to the samples independently quantified the staining 
intensity of each section.

Transmission electron microscopy

The freshly harvested renal cortex (1 mm3) was processed as 
described previously [10] by the Public Technology Platform 
of Basic Medicine, Shanghai Jiao Tong University School of 
Medicine. The sections with a thickness of 70 nm were 
observed under an H-7650 transmission electron microscope 
(Hitachi, H-7650).

Cell viability analysis

The viability of HK-2 cells was analyzed using the CCK-8 kit 
(Dojindo, CK04), following the manufacturer’s instruction. 
Briefly, the HK-2 cells cultured in a 96-well plate were treated 
with siRNA, drugs, or iohexol. Next, the cells were incubated 
with 10 μL of CCK-8 solution at 37°C for 2 h. The absorbance 
of the mixture was measured at 450 nm using BioTak 
CytationTM3.

Immunoblot analysis

The proteins were subjected to sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis using 8%-12% gels. The 
resolved proteins were transferred to a polyvinylidene difluor-
ide membrane (0.45 μm) and blocked by 5% skimmed milk. 
The membrane was then incubated with the primary antibo-
dies at 4°C overnight and secondary antibodies at room tem-
perature for 1 h. Densitometry analysis was performed using 
the Image J software. The density of the target proteins was 
normalized to that of TUBA/α-tubulin.

Apoptosis analysis

Apoptosis was analyzed using immunoblotting (quantification 
of cleaved CASP3), TUNEL assay, and flow cytometry. 
TUNEL staining (Beyotime, C1088) and flow cytometry (BD 
Biosciences, 556,547) were performed following the manufac-
turer’s instructions. The TUNEL-positive cells were quantified 
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in an area of 0.25 mm2. The ANXA5/annexin V-positive cells 
were considered as apoptotic cells.

qRT-PCR analysis

The mRNA level of Egln2 was assessed using qRT-PCR. The 
primers for amplifying mouse Egln2 were purchased from 
Sangon Biotech: forward, 5′- TTACCTGCCCTGCCCTCTGC 
-3′; reverse, 5′- CACCATCCTGCCCACCAAAGC-3.

Quantification of mitochondrial DNA

The mtDNA and nDNA were quantified based on the levels of 
mt-Nd1 (mitochondrially encoded NADH dehydrogenase 1) 
and B2m (beta-2 microglobulin) genes, respectively. The pri-
mers and amplification have been described elsewhere [10].

Statistical analysis

All statistical analyses were performed using Prism 8 
(GraphPad). Qualitative data were expressed as mean ± stan-
dard error of the mean (SEM). The differences between two 
groups were analyzed using Student’s t-test, while those 
between multiple groups were analyzed using one-way analy-
sis of variance, followed by Tukey’s post-hoc test. The differ-
ences were considered significant at P < 0.05.
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