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A B S T R A C T   

In the present study, we hypothesized that hypoxia-inducible factor 1α (HIF-1α)-mediated mitophagy plays a 
protective role in ischemia/reperfusion (I/R)-induced acute kidney injury (AKI). Mitophagy was evaluated by 
measuring the changes of mitophagy flux, mitochondria DNA copy number, and the changes of mitophagy- 
related proteins including translocase of outer mitochondrial membrane 20 (TOMM20), cytochrome c oxidase 
IV (COX IV), microtubule-associated protein 1 light chain 3B (LC3B), and mitochondria adaptor nucleoporin p62 
in HK2 cells, a human tubular cell line. Results show that HIF-1α knockout significantly attenuated hypoxia/ 
reoxygenation (H/R)-induced mitophagy, aggravated H/R-induced apoptosis, and increased the production of 
reactive oxygen species (ROS). Similarly, H/R induced significantly increase in Bcl-2 19-kDa interacting protein 
3 (BNIP3), a downstream regulator of HIF-1α. Notably, BNIP3 overexpression reversed the inhibitory effect of 
HIF-1α knockout on H/R-induced mitophagy, and prevented the enhancing effect of HIF-1α knockout on H/R- 
induced apoptosis and ROS production. For in vivo study, we established HIF-1αflox/flox; cadherin-16-cre mice 
in which tubular HIF-1α was specifically knockout. It was found that tubular HIF-1α knockout significantly 
inhibited I/R-induced mitophagy, and aggravated I/R-induced tubular apoptosis and kidney damage. In contrast, 
adenovirus-mediated BNIP3 overexpression significantly reversed the decreased mitophagy, and prevented 
enhanced kidney damage in tubular HIF-1α knockout mice with I/R injury. In summary, our study demonstrated 
that HIF-1α-BNIP3-mediated mitophagy in tubular cells plays a protective role through inhibition of apoptosis 
and ROS production in acute kidney damage.   

1. Introduction 

Acute kidney injury (AKI) is a major kidney disease which is often 
caused by renal ischemia/reperfusion (I/R), nephrotoxins, and sepsis. In 
clinical practice, AKI remains a difficult problem for clinicians in diag
nosis and treatment in spite of the high attention to this common clinical 

disease, till now, the morbidity and mortality rates of AKI in intensive 
care unit patients could reach 50%–70% [1]. In molecular level, the 
commonest form of renal AKI is acute tubular necrosis, characterized by 
tubular epithelial cell death and dysfunction in one or several tubular 
segments [2,3]._ENREF_3. 

Ischemia/reperfusion injury (IRI) is caused by a sudden temporary 
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impairment of the blood flow to the particular organ [4,5]. Of note, IRI 
due to hypotension or sepsis is the most common cause of human AKI [4, 
5]. In particular, it has been demonstrated that an increase of 
hypoxia-inducible factor 1 (HIF-1) is a hallmark change in I/R [6]. HIF-1 
is a heterodimer composed of a constitutively expressed HIF-1β subunit 
and an O2-regulated HIF-1α subunit.4 Under normoxic conditions, 
HIF-1α is continuously produced and degraded proteasomally; whereas 
under hypoxic conditions, HIF-1α protein stabilizes and transactivates 
genes involved in adaptation to hypoxic conditions. It is generally 
believed that HIF-1α exerts a protective role in IRI at least partially 
through increased expression of HIF-1α-targeted genes involved in the 
shift of glucose metabolism to glycolysis [5,7], scavenging oxygen free 
radicals [7], and cell survive [8]. For example, It has been shown that 
miR-30c-5p stabilizes HIF-1α expression by targeting suppressor of 
cytokine signaling-3 (SOCS3), thereby protecting hypoxia/reoxygena
tion (H/R)-induced apoptosis and inducing cell proliferation [9–11]. 
_ENREF_19 _ENREF_8However, the mechanism underlying the protec
tive effect of HIF-1α in I/R-induced AKI remains largely unknown. 

The mitochondrial homeostasis is maintained by two interlinked 
processes, mitochondrial dynamics and mitophagy [12]. Mitochondria 
are highly dynamic organelles that undergo constant fission and fusion. 
The elimination of damaged mitochondria, named mitophagy, helps to 
maintain the adenosine triphosphate (ATP) production required by the 
cells [13]. There are accumulating data showing that Bcl-2 19-kDa 
interacting protein 3 (BNIP3), a mitochondrial protein, plays a critical 
role in mitophagy. For example, Chourasia et al., reported that loss of 
BNIP3 leads to mitophagy defects in mammary tumor cells [14], and 
that tumor suppressor p53 inhibits the transcription and expression of 
BNIP3, resulting in mitophagy stagnation [15]._ENREF_14 Furthermore, 
it was found that BNIP3-mediated mitophagy plays a protective role in 
IRI-induced AKI [23], and in the generation of natural killer cell memory 
[16]. 

Studies show that mitophagy plays a protective role in liver [17] and 
lung [18,19]. In the brain and heart, however, the role of mitophagy 
remains elusive, it can be protective or detrimental [20,21]. Recently, 
Liu et al., found that the loss of autophagy in proximal tubules worsens 
tubular injury and renal function, and causes the accumulation of 
damaged mitochondria in the autophagy-deficient kidneys subjected to 
IRI in AKI model [22]. However, the precise mechanism for the regu
lation of mitophagy and its potential role in the kidney, especially in 
renal tubular cells, remains largely unknown. _ENREF_5In the present 
study, we performed in vitro and in vivo study to investigate whether 
HIF-1α exerts a protective role by inducing BNIP3-mediated mitophagy 
in IRI-induced AKI. 

2. Materials and methods 

2.1. Cell culture and H/R model 

Human proximal tubular cells (HK2, CRL-2190), from American 
Type Culture Collection (ATCC, Manassas, VA, USA), were cultured in 
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/ 
F12, Gibco, Waltham, MA, USA) containing 10% fetal bovine serum 
(FBS, Gibco, Waltham, MA, USA) in the incubator with 5% CO2 at 37 ◦C. 
For the H/R model, cells were firstly cultured in serum-free medium for 
24h, and they were transferred into a humidified hypoxic incubator with 
1% O2

, 5% CO2 and 94% N2 for another 24h. After the hypoxia treat
ment, cells were transferred into a normoxic incubator (21% O2, 5% CO2 
and 74% N2) with fresh culture medium supplemented with 10% FBS, 
and cultured for 2, 6, 12, 24 or 72h as indicated. Cells cultured in culture 
medium with 10% FBS without H/R were used as no H/R cells. 

2.2. Transfection of HIF-1α siRNA and BNIP3-overexpressing plasmid 

The HIF-1α siRNA duplex was designed to target nucleotides 
1521–1541 of the HIF-1α mRNA sequence (NM001530), which 

Fig. 1. H/R induced mitophagy in HK2 cells. A, A timeline scheme showing 
the procedures of H/R. After HK2 cells were cultured in serum-free culture 
medium for 24h, they were cultured in hypoxic (24h) followed by culture in 
reoxygenation condition for the time indicated. Cells cultured in culture me
dium with 10% FBS without H/R were used as control. Representative Western 
blot images (B) and summarized data (C, D, E, F, G, H) showing the changes of 
protein level of HIF-1α, BNIP3, autophagy-related protein LC3B and mitophagy- 
related proteins including COX IV, TOMM20, and p62 in HK2 cells with hyp
oxia (24h)/reoxygenation (0.5, 1.5, 3, 6, 12, 24, 48h). n = 9. *P < 0.05, ***P <
0.001 vs control for HIF-1α, BNIP3, LC3B-II, COX IV, TOMM20, and p62 
respectively. 
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comprised of sense 5′-CUGAUGACCAGCAACUUGAdTdT-3′ and anti
sense 5′-UCAAGUUGCUGGUCAUCAGdTdT-3’. The BNIP3 siRNA duplex 
was from Santa Cruz Biotechnology (NM_004052, Dallas, TX, USA). The 
inverted HIF-1α control duplex comprised of sense 5′-AGUU
CAACGACCAGUAGUCdTdT-3′ and antisense 5′-GACUACUGGUCGUU
GAdTdT-3’. BNIP3-overexpression plasmid was purchased from LncBio 
(Shanghai, China). Briefly, human BNIP3 cDNA was cloned from 
NM_004052, the resultant fragments were inserted into pCDH-CMV- 
MCS-Flag-EF1α-Puro lentivector between NheI and EcoRI sites. The 
construction details of BNIP3-overexpression plasmid were shown in 
part one of supplementary Materials and Methods. 

After HK2 cells were transfected with HIF-1α siRNA or scramble RNA 
under normoxia for 12h, they were transfected into HK2 cells by using 
Lipofectamine 3000 reagents (Thermo Fisher, Waltham, MA, USA). In 
particular, some cells were transfected with red fluorescence protein- 
microtubule-associated protein 1 light chain 3B (RFP-LC3B) plasmid 
(p36236, Thermo Fisher, Waltham, MA, USA) for autophagy, treated 
with MitoTracker Green (a specific mitochondria marker, 50 nM, 15min, 
37 ◦C; C1048, Beyotime, Shanghai, China), and then treated with 
Hoechst 33342 (a fluorescent dye to stain nuclei in live or fixed cells, 1 
μg/mL, 5min, 37 ◦C, Sigma-Aldrich, St. Louis, MO, USA). Some cells 
were transfected with BNIP3-overexpression plasmid or vector under 
normoxia for 12h before the staining with MitoTracker Green and 
Hoechst. The cells were observed with confocal microscopy (LSCM, 
LSM800, ZEISS, Oberkochen, Germany), and the formation of mito
phagosomes was evaluated by counting the amounts of cells with co- 
localized RFP-LC3B and MitoTracker Green per 0.25 mm [24]. 

2.3. Quantitative PCR 

Total RNA from the cells was extracted by using Trizol reagent 
(Invitrogen, Waltham, MA, USA) according to the manufacture manual. 
Complementary DNA (cDNA) was synthesized by using oligo (dT) 
primer and PrimeScript™ RT Reagent Kit (Takara, Shiga, Japan). 
Quantitative PCR (qPCR) was performed to amplify the cDNA using the 
SYBR Premix Ex Tag Kit (Takara, Shiga, Japan) and an ABI 7500 
Sequencing Detection System (Applied Biosystems, Foster City, CA, 
USA). The gene primers were as follows: BNIP3 (access No. 
NM_004052.3), forward 5′-TTGGATGCACAACATGAATCAGG-3′, 
reverse 5′-TCTTCTGACTGAGAGCTATGGTC-3’; β-actin (access No. 
NM_001101.4), forward 5′-CATGTACGTTGCTATCCAGGC-3′, reverse 
5′-CTCCTTAATGTCACGCACGAT-3’. The relative gene expressions were 
calculated in accordance with the ΔΔCt method. Relative mRNA levels 
were expressed by the values of 2− ΔΔCt as described previously [25]. 

2.4. Western blot 

The protein of HK2 cells and renal cortex tissues were prepared 
following a routine procedure in the lab [26]. After the protein samples 
were fractionated by sodium dodecyl sulfate-polyacrylamide gel elec
trophoresis (SDS-PAGE), and moved to a polyvinylidene difluoride 
membrane (Millipore, Billerica, MA, USA), they were blocked with 5% 
skim milk for 60min and then incubated with primary antibodies 
overnight at 4 ◦C. The primary antibodies used were at dilutions of 
1:1000 for HIF-1α (A11945, Abclonal, Wuhan, China), 1:1000 for LC3B 
(L7543, Sigma-Aldrich, St. Louis, MO, USA), 1:500 for COX IV (A10098, 
Abclonal, Wuhan, China), 1:1000 for translocase of outer mitochondrial 

Fig. 2. HIF-1α knockout reduced H/R- 
induced mitophagy in HK2 cells. Representa
tive Western blot images (A) and summarized 
data (B, C, D, E) showing the changes of LC3B-II, 
COX IV, TOMM20, and p62 in H/R-treated cells 
with or without HIF-1α siRNA. F, Summarized 
data showing the changes of mtDNA copy num
berin H/R-treated cells with or without HIF-1α 
siRNA. n = 9. **P < 0.01, ***P < 0.001 vs 
scramble group without H/R; #P < 0.05, ###P <
0.001 vs scramble group with H/R.   

Z.-J. Fu et al.                                                                                                                                                                                                                                    



Redox Biology 36 (2020) 101671

4

membrane 20 (TOMM20) (11802-1-AP, Proteintech, Chicago, IL, USA), 
1:500 for p62 (A7758, Abclonal, Wuhan, China), 1:1000 for BNIP3 
(ab38621, Abcam, Cambridge, FL, USA), 1:1000 for cleaved caspase 3 
(CC3) (9664, Cell Signaling Test, Danvers, MA, USA), and 1:3000 for 
β-actin (A5316, Sigma-Aldrich, St. Louis, MO, USA). After incubation 
with horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Cell Signaling Technology, Danvers, MA, USA), the membranes were 
developed by using an enhanced chemiluminescence detection system. 
β-actin was set as internal control with anti-β-actin antibody (Sig
ma-Aldrich, St. Louis, MO, USA). The expression of the proteins was 
quantified according to the gray value by using Image-J software 
(Version 1.51). 

2.5. mtDNA copy number 

Total DNA was extracted from cell samples. To quantify mitochondria 
DNA (mtDNA) copy number, real-time PCR was performed using an ABI 
7500 Sequencing Detection System (Applied Biosystems, Foster City, CA, 
USA) as described previously [27]. The mtDNA primers were: forward 

5′-CGAAAGGACAAGAGAAATAAGG-3′, reverse 5′-CTGTAAAGTTT
TAAGTTTTATGCG-3’. β-glubin was used as genomic DNA control, and 
the primers were: forward 5′-CAACTTCATCCACGTTCACC-3′, reverse 
5′-GAAGAGCCAAGGACAGGTAC-3’. 

2.6. Mitophagy flux 

Mitophagy flux was evaluated as described previously [28]. Briefly, 
cells were stained with MitoTracker Green FM (500 nM, C1048, Beyo
time, Shanghai, China), and analyzed by using CytoFlex platform 
(Beckman Co., Ltd, South Kraemer Boulevard Brea, CA, USA). Mitoph
agy flux was defined as the ratio of MitoTracker Green FM fluorescence 
in the presence of mitophagy and lysosomal inhibitor (bafilomycin A1, 
Baf, 10 nM, Sigma-Aldrich, St. Louis, MO, USA) to that in the absence of 
inhibitor, normalized to the corresponding value in control cells. 

2.7. TUNEL assay 

For apoptosis detection, cell sections and paraffin-embedded renal 

Fig. 3. BNIP3 overexpression reversed the 
decreased H/R-induced mitophagy. Represen
tative Western blot images (A) and summarized 
data (B) showing the inhibitory effect of HIF-1α 
siRNA on H/R-induced BNIP3 expression. C, 
Representative Western blot images (C) and 
summarized data (D, E, F, G) showing that BNIP3 
overexpression reversed the changes of LC3B, 
COX IV, TOMM20 and p62 in H/R-treated cells. 
H, Summarized data showing that BNIP3 over
expression reversed the changes of mtDNA copy 
number in H/R-treated cells. n = 9. **P < 0.01, 
***P < 0.001 vs scram group without H/R; ###P 
< 0.001 vs scramble group with H/R in A&B. 
**P < 0.01 vs vector group without H/R; #P <
0.05, ##P < 0.01, ###P < 0.001 vs vector group 
with H/R in C&E.   
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Fig. 4. HIF-1α-BNIP3 signaling pathway 
contributes to mitophagosome formation 
in renal tubular cells in confocal assay. 
Representative immunofluorescence images 
(A) and summarized data (C) showing the 
inhibitory effect of HIF-1α siRNA on H/R- 
induced mitophagosome formation as indi
cated by the colocalization of LC3B with 
Mitotracker-Green. Representative immuno
fluorescence images (B) and summarized 
data (D) showing that BNIP3 overexpression 
reversed the inhibitory effect HIF-1α siRNA 
on H/R-induced mitophagosome formation 
as indicated by the colocalization of LC3B 
with Mitotracker-Green. Bar = 10 μm n = 9. 
*P < 0.05, **P < 0.01 vs scramble group 
without H/R; #P < 0.05, ###P < 0.001 vs 
scramble group with H/R. **P < 0.01, ***P 
< 0.001 vs scram group without H/R; ###P 
< 0.001 vs scramble group with H/R. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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sections were stained by using a TdT-mediated dUTP Nick-End Labeling 
(TUNEL) kit (Roche, Basel, Switzerland), and counterstained with 4′,6- 
diamidino-2-phenylindole (DAPI) for the nuclei. Cells were fixed in 4% 
paraformaldehyde (10min) and 0.1% Triton X-100 (15 min, X10010, 
Abcone, Shanghai, China) before staining. The apoptotic cells were 
determined and quantified by counting the positive cells in 3 fields with 
at least 300 cells per field in each group. For the tissue sections, the 
quantification was performed according to the number of TUNEL- 
positive cell per mm2 in 5 random selected fields. 

2.8. Determination of reactive oxygen species 

The ROS in HK2 cells was measured using dichloro-dihydro- 
fluorescein diacetate (DCFH-DA) according to the manufacture in
struction [29]. Briefly, cells incubated with 10 μM DCFH-DA (S0033, 
Beyotime, Shanghai, China) for 10 min, then the cells were stained with 
Hoechst (1X, 5min, 37 ◦C) for nucleus. Then images were obtained by 

using a laser scanning confocal microscopy (LSCM, LSM800, ZEISS, 
Oberkochen, Germany). And the relative intensity of fluorescence 
expression was analyzed by using the Image J software (Version 1.51). 

2.9. Animal model 

All animal experiments were approved by the Ethics Committee for 
Animal Care and Use of Ruijin Hospital. Male C57BL/6 mice (10 weeks, 
20–25g) were purchased from SLAC Laboratory Animal Corporation 
(Shanghai, China). Renal tubular specific HIF-1α knockout mice were 
generated by crossing HIF-1α-floxed mice (B6.129-HIF-1αtm3Rsjo, The 
Jackson Laboratory, Bar Harbor, ME, USA) with cadherin-16-cre mice. 
Cadherin 16 is expressed exclusively in the basolateral membrane of 
tubular epithelial cells in the kidney [30]. HIF-1αflox+/+: 
cadherin16-cre+ mice were used as HIF-1α− /-, and HIF-1αflox+/-: 
cadherin16-cre mice born in the same litter were used as HIF-1α+/+. The 
genotyping method and representative results were included as s part 
two of supplementary Materials and Methods. 

Bilateral ischemia-reperfusion injury was induced in mice under 
inhalation anesthesia as we described previously [26]. Briefly, the 
bilateral renal pedicles of mice were exposed and clamped for 30min to 
induce ischemia. Then the clamps were released, and the animals were 
sacrificed 2, 6, 12, 24 or 72h later as indicated. Mice without renal 
pedicle clamping were used as no I/R mice. 

2.10. Adenovirus-mediated BNIP3 expression in mice 

Mouse BNIP3-overexpression adenovirus was from Vector Biolabs 
(Malvern, PA, USA). Transfection of adenovirus into rat kidneys was 
performed as we described previously [25]. In brief, mice were anes
thetized with 2% isoflurane, and 10 μg of plasmids mixed with 2 μL of in 
vivo jetPEI (Polyplus Transfection, New York, NY) in 10% glucose (600 
μL) were injected into the kidneys via the left renal artery when the renal 
artery and vein were temporarily blocked (<5 min). After injection, an 
ultrasound transducer (Sonitron 2000, Rich-Mar) was applied directly 
onto the kidney with an output of 1 MHz at 10% power for a total of 60 s 
with 30-s intervals, and then the renal artery and vein were unblocked to 
recover renal blood flow. This technique has been shown to effectively 
deliver DNA into the renal cells without toxicity to the kidney [31]. 

2.11. Immunohistochemistry and immunofluorescence 

For tissue immunohistochemistry, hematoxylin-eosin (H&E) staining 
was performed and the kidney damage was evaluated using the criterion 
as reported previously [32]. Tissue damage was examined in a blinded 
manner and scored by the percentage of damaged tubules: 0, no damage; 
1, <25%; 2, 25–50%; 3, 50–75%; 4, >75%. 

For cell and tissue immunofluorescence, paraffin-embedded kidney 
sections were deparaffinized in dimethylbenzene, dehydrated using 
graded ethanol, and incubated with proteinase K (P78893, Abcone, 
Shanghai, China) for antigen retrieval. The incubation condition was as 
follows: anti-LC3B antibody, anti-TOMM20 antibody, or anti–HIF–1α 
antibody overnight at 4 ◦C, Alexa Fluor555-or Alexa Fluor488-coupled 
secondary antibodies at room temperature for 1h. To specifically stain 
tubules, some slides were stained with lotus tetragonolobus lectin (LTL, 
1:200 dilution; Vector Laboratories Inc, Burlingame, CA, USA) for 20 
min at room temperature. 4, 6-Diamidino-2-phenyindole dilactate 
(DAPI, Life Technologies, Rockville, MD, USA) was used to counterstain 
cellular nuclei. Images were obtained by using a laser scanning confocal 
microscopy (LSCM, LSM800, ZEISS, Oberkochen, Germany). Mitophagy 
was evaluated by measuring the relative fluorescence intensity of yellow 
dots (LC3B and TOMM20 overlay) per field with the Image J software 
(Version 1.51). 

Fig. 5. HIF-1α-BNIP3 signaling pathway mediated H/R-induced mitoph
agy flux in HK2 cells. A, Representative immunofluorescence images showing 
the inhibitory effect of HIF-1α siRNA on H/R-induced mitophagy flux in HK2 
cells. Cells were stained with mito-Tracker Green, and mitophagy flux was 
defined as the inhibitory portion of Baf. B, Summarized data showing the 
inhibitory effect of HIF-1α siRNA on H/R-induced mitophagy flux in HK2 cells. 
C, Summarized data showing the effect of HIF-1α siRNA on mitochondria mass 
as indicated by the changes of.mito-Tracker Green fluorescence. n = 5–6. ***P 
< 0.001 vs control without H/R group; ###P < 0.001 vs siHIF-1α+BNIP3 
overexpression with H/R group. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. HIF-1α-BNIP3 signaling pathway attenuated H/R-induced apoptosis and ROS production in HK2 cells. A, Representative immunofluorescence images 
(upper panel) and summarized data (lower panel) showing the effect of HIF-1α siRNA on H/R-induced tubular apoptosis in TUNEL assay. B, Representative Western 
blot images (upper panel) and summarized data (lower panel) showing the effect of HIF-1α siRNA on H/R-induced CC3 increase. C, Representative immunofluo
rescence images (upper panel) and summarized data (lower panel) showing the effect of HIF-1α siRNA on H/R-induced ROS production. D, Representative 
immunofluorescence images (upper panel) and summarized data (lower panel) showing the effect of BNIP3 overexpression on H/R-induced tubular apoptosis in 
TUNEL assay. E, Representative Western blot images (upper panel) and summarized data (lower panel) showing the effect of BNIP3 overexpression on H/R-induced 
CC3 increase. F, Representative immunofluorescence images (upper panel) and summarized data (lower panel) showing the effect of BNIP3 overexpression on H/R- 
induced ROS production. Bar = 50 μm in A&D, Bar = 100 μm in C&F. n = 9–10. **P < 0.01vs scramble group without H/R; ##P < 0.01, ###P < 0.001 vs scramble 
group with H/R in A-C. ***P < 0.001 vs vector group without H/R; ###P < 0.001 vs vector group with H/R in D-F. 
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2.12. Transmission electron microscopy 

For transmission electron microscopy (TEM) analysis, the renal tis
sues (1 mm3) were quickly fixed in 2.5% glutaraldehyde. Then they were 
post fixed in 1% osmium tetroxide, dehydrated using graded ethanol, 
and embedded in hard resin. Next, they were cut into ultra-thin slices 
(80 nm) by using the ultra-microtome instrument (Leica, Germany). 
Then the slices were stained with uranyl acetate and lead citrate before 
the TEM observation, and the mitophagosome or autophagosome was 

determined as previously reported [33]. Autophagosomes are defined as 
early autophagic compartments containing morphologically intact 
cytosol or organelles, and autolysosomes are defined as degradative 
autophagic structures containing partially degraded cytoplasmic as well 
as organelle material. In particular, mitophagosomes are defined as 
autophagosomes containing mitochondria and no more than a small 
amount of other cytoplasmic components, as observed during selective 
macromitophagy. Apoptotic bodies are a number of membrane-bound 
domains characterized of pyknotic, shrunken nucleus and the very 

Fig. 7. Specific tubular HIF-1α knockout aggravated I/R-induced kidney damage. A, A timeline scheme showing the procedures of I/R. Mice were subjected to 
30 min of renal ischemia (clapping bilateral renal pedicles) followed by reperfusion for different periods (2, 6, 12, 24 or 72h). Mice received the same treatment 
without renal pedicle clamping were used as control. Representative renal H&E staining images (B) (upper panel, 10x, lower panel 40x) and summarized tubular 
damage score (C) in HIF-1α+/+ and HIF-1α− /- mice with or without ischemia (30min)/reperfusion (2, 6, 12, 24 or 72h). D, Summarized data showing the effect of 
tubular HIF-1α knockout on the changes of SCr in mice with ischemia (30min)/reperfusion (2, 6, 12, 24 or 72h). Bar = 100 μm n = 6. **P < 0.01, ***P < 0.001 vs 
HIF-1α+/+ group without I/R; #P < 0.05, ##P < 0.01vs HIF-1α− /- group with the same reperfusion duration in C. *P < 0.05, **P < 0.01, ***P < 0.001 vs other groups 
with the same reperfusion duration in D. 
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condensed cytoplasm. For quantification of abnormal mitochondria that 
were swollen with severely disrupted cristae, at least 300 individual 
mitochondria from three different kidneys per group were counted. The 
percentage of abnormal mitochondrial over all mitochondria was 
analyzed to indicate the degree of mitochondrial damage [34]. 

2.13. Serum creatinine measurement 

The level of serum creatinine (SCr) was measured by using a com
mercial kit (700460, Cayman Chemical, Ann Arbor, MI, USA) according 
to manufacture instruction. 

2.14. Statistics 

All data were expressed as mean ± SD, and all assays were performed 
at least in triplicate and experiments were repeated three times to verify 
the results for cell study. The statistics was carried out by using the 
GraphPad Prism software (Version 5.0, USA). Comparison between 
groups was made using one-way analysis of variance followed by Turkey 

post-test. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Effect of H/R on HIF-1α and mitophagy-related proteins 

Firstly, we evaluated the effect of H/R on HIF-1α and mitophagy 
using the protocol described in Fig. 1A. As shown in Fig. 1B&C, HIF-1α 
level was significantly increased and peaked at 24h after reoxygenation 
in HK2 cells. Meanwhile, the protein level of BNIP3, a downstream 
regulator of HIF-1α, was also significantly increased in response to H/R 
(Fig. 1B&D). Fig. 1B&E shows that H/R induced significant increase in 
LC3B-II, an autophagosome marker, whereas COX IV and TOMM20, two 
mitochondria proteins, were significantly decreased at 24h after reox
ygenation (Fig. 1B&F-G). During mitophagy, p62, a mitophagy adaptor, 
would translocate to damaged mitochdondria and is digested. Therefore 
the decrease of p62 indicates mitophagy. Then we evaluated the changes 
of p62. As expected, H/R induced significant decrease of p62 protein 
(Fig. 1B&H). Accordingly, mtDNA copy number, a mitochondria 

Fig. 8. Specific tubular HIF-1α knockout decreased mitophagosome formation in TEM. A, Representative TEM images of kidney tissues in mice with or without 
ischemia (30min)/reperfusion (2, 6, 12, 24 or 72h). Summarized data showing the effect of tubular HIF-1α knockout on mitophagosome formation (B) and the 
content of damaged mitochondria (C) in kidney tissue in mice with ischemia (30min)/reperfusion (2, 6, 12, 24 or 72h). Black arrows, normal mitochondria; green 
arrows, damaged mitochondria; red arrows, cup-like bilayer inclusion body; white arrows, autophagosome; yellow arrows, mitophagosome; purple arrows, apoptotic 
bodies; blue arrows, remaining vacuoles after digestion by autophagosome. Bar = 1 μm n = 6. ***P < 0.001 vs HIF-1α+/+ group without I/R; ##P < 0.01, ###P <
0.001vs HIF-1α− /- group with the same reperfusion duration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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function indicator, was also significantly decreased (sFig. 1). These re
sults suggest that H/R elicits HIF-1α increase, autophagy, mitophagy, 
and mitochondrial dysfunction in renal tubular cells. 

3.2. HIF-1α-BNIP3 signaling pathway mediates H/R-induced mitophagy 

We then evaluated whether the increased HIF-1α was involved in H/ 
R-induced mitophagy. 24h reoxygenation was chosen in the following 
experiments due to the decreased mitophagy-related proteins at this 
time point (Fig. 1B&E-H). As shown in supplementary sFig. 2, HIF-1α 
siRNA effectively inhibited H/R-induced HIF-1α expression. It was 

found that HIF-1α knockdown significantly prevented H/R-induced in
crease in autophagy marker LC3B-II (Fig. 2A&B). Importantly, HIF-1α 
knockdown significantly prevented H/R-induced decrease in 
mitophagy-related proteins including COX IV, p62 and TOMM20 
(Fig. 2A&C&D&E). In contrast, H/R significantly decreased mtDNA 
copy number, and this decrease was further enhanced by HIF-1α 
knockdown (Fig. 2F). These results suggest that H/R induced mitophagy 
and mitochondrial dysfunction in renal tubular cells. 

Next, we evaluated whether BNIP3 is a downstream regulator in HIF- 
1α-mediated mitophagy. As shown in Fig. 3A&B, BNIP3 protein level 
was significantly increased in H/R-treated cells, and this increase was 

Fig. 9. I/R induced significant autophagy and 
mitophagy in mice in Western blot assay. 
Representative Western blot images (A) and 
summarized data (B, C, D, E, F, G) showing the 
time-dependent effect of reperfusion on the 
expression of HIF-1α, BNIP3, LC3B-II, COX IV 
and TOMM20, and p62 in the kidney. I, Sum
marized data showing the time-dependent effect 
of reperfusion on mtDNA copy number in the 
kidney. n = 6. *P < 0.05, **P < 0.01, ***P <
0.001 vs control for HIF-1α, BNIP3, LC3B-II, COX 
IV, TOMM20, and p62.   

Z.-J. Fu et al.                                                                                                                                                                                                                                    



Redox Biology 36 (2020) 101671

11

significantly inhibited by HIF-1α siRNA. We then investigated whether 
BNIP3 is a downstream regulator in HIF-1α-mediated mitophagy. As 
shown in Fig. 3C, BNIP3 overexpression significantly reversed the 
inhibitory effect of HIF-1α knockdown on the changes of LC3B-II and 
mitophagy-related proteins including COX IV, TOMM20 and p62 
(Fig. 3A&E-G). In contrast, BNIP3 overexpression significantly reversed 
the inhibitory effect of HIF-1α knockdown on mtDNA copy number 
(Fig. 3H). 

3.3. HIF-1α-BNIP3 signaling pathway mediates H/R-induced 
mitophagosome formation 

The involvement of HIF-1α was further evaluated by evaluating 
mitophagosome formation by the co-localization of autophagy marker 
LC3B and mitochondria marker Mito-Tracker Green. As shown in 
Fig. 4A&C, mitophagy was significantly increased in H/R-treated cells, 
as indicated by increased colocalization of RFP-LC3B and MitoTracker, 
and this increase was significantly decreased in H/R-treated cells with 
HIF-1α siRNA pretreatment (Fig. 4A&C). As expected, Fig. 4B&D shows 

Fig. 10. Specific renal tubular HIF-1α 
knockout decreased mitophagy and aggra
vated I/R-induced apoptosis. Representative 
Western blot images (A) and summarized data 
(B, C, D, E) showing the inhibitory effect of 
tubular HIF-1α knockout on I/R-induced changes 
in LC3B, TOMM20 and BNIP3 in the kidney. F, 
Summarized data showing the inhibitory effect of 
tubular HIF-1α knockout on I/R-induced changes 
in mtDNA copy number in the kidney. G, 
Representative fluorescence images (upper 
panel) and summarized data (lower panel) 
showing the inhibitory effect of tubular HIF-1α 
knockout on I/R-induced mitophagosome for
mation. H, Representative fluorescence images 
(upper panel) and summarized data (lower 
panel) showing the inhibitory effect of tubular 
HIF-1α knockout on I/R-induced TUNEL in kid
ney. Bar = 50 μm in G, bar = 100 μm in H. n = 6. 
**P < 0.01, ***P < 0.001 vs HIF-1α+/+ group 
without I/R; #P < 0.05, ##P < 0.01vs HIF-1α+/+

group with I/R.   
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that BNIP3 overexpression significantly reversed the inhibitory effect of 
HIF-1α siRNA on H/R-induced increase in mitophagy formation as 
indicated by the increased co-localization of LC3B and MitoTracker 
Green. These results suggest that HIF-1α-BNIP3 mediates H/R-induced 
mitophagosome formation in HK2 cells. 

3.4. HIF-1α mediates to H/R-induced mitophagy flux 

We evaluated whether HIF-1α signaling pathway contributes to H/R- 
induced mitophagy flux in tubular cells. Mitophagy flux was evaluated 
by measuring the changes of mitochondria that is inhibited by lysosome 
function inhibitor Baf. As shown in Fig. 5A&B, H/R significantly 
increased mitophagy flux, which was significantly inhibited by HIF-1α 

Fig. 11. BNIP3 overexpression improved 
renal function and increased mitophagy 
in tubular HIF-1α knockout mice with I/ 
R. A, Summarized data showing the effect of 
BNIP3 overexpression on the changes of SCr 
in tubular HIF-1α knockout mice with I/R. B, 
Representative H&E images (upper panel) 
and summarized tubular damage score 
(lower panel) showing that BNIP3 over
expression reversed the aggravated tubular 
damage in tubular HIF-1α knockout mice 
with I/R. C, Representative TEM images 
(upper panel) and summarized data (middle 
and lower panels) showing that BNIP3 
overexpression increased the mitophago
some formation and decreased the accumu
lation of damaged mitochondria in kidney 
from tubular HIF-1α knockout mice with I/ 
R. Representative Western blot images (D) 
and summarized data (E) showing that 
BNIP3 overexpression reversed the effect of 
tubular HIF-1α knockout on the expression 
of LC3B, COX IV, TOMM20, p62 and CC3 in 
the kidney from tubular HIF-1α knockout 
mice with I/R. F, Summarized data showing 
that BNIP3 overexpression inhibited the 
enhancing effect of tubular HIF-1α knockout 
on I/R-induced mtDNA accumulation in the 
kidney. Representative fluorescence images 
(G) and summarized data (H) showing that 
BNIP3 overexpression reversed the 
enhancing effect of tubular HIF-1α knockout 
on I/R-induced tubular apoptosis in TUNEL 
assay. Bar = 100 μm in B, bar = 1 μm in C, 
bar = 100 μm in J. n = 6. *P < 0.05, **P <
0.01 vs HIF-1α+/+ group without I/R; #P <
0.05 vs HIF-1α+/+ group with I/R.   
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siRNA. In addition, the mitochondria mass was also evaluated by 
MitoTracker Green fluorescence. As shown in Fig. 5C, H/R significantly 
decreased mitochondria mass, which was significantly inhibited by HIF- 
1α siRNA. These results suggest that HIF-1α was involved in H/R- 
induced mitophagy flux. 

3.5. HIF-1α-BNIP3-mediated mitophagy prevented H/R-induced 
apoptosis and ROS production 

Next, we evaluated whether HIF-1α-BNIP3-mediated mitophagy 
protects cells from H/R-induced apoptosis and ROS production. As 
shown in Fig. 6A, H/R significantly increased apoptosis in HK2 cells, 
which was further enhanced by HIF-1α siRNA. Consistently, in Fig. 6B, 
the protein level of CC3, a cell apoptosis marker, was significantly 
increased in H/R-treated cells, which was enhanced by HIF-1α siRNA. 
Similarly, H/R significantly increased ROS production, and the increase 
was exacerbated by HIF-1α siRNA (Fig. 6C). Notably, the stimulatory 
effect of HIF-1α siRNA on apoptosis, CC3 expression, and ROS produc
tion was significantly reversed by BNIP3 overexpression (Fig. 6D–F). 
These results suggest that HIF-1α-BNIP3-mediated mitophagy may exert 
its protective effect by decreasing H/R-induced apoptosis and ROS 
production. 

3.6. Tubular HIF-1α knockout aggravated I/R-induced kidney damage 
and decreased kidney function 

Next, we evaluated whether specific tubular HIF-1α knockdown 
would aggravate kidney damage in mice. Fig. 7A shows the protocol for 
establishment of I/R mice. As shown in supplementary sFigure 3A&C, 
there was high HIF-1α expression in tubule in I/R mice, as stained with 
LTL, a specific tubule marker. In tubular HIF-1α knockout mice, how
ever, I/R-induced HIF-1α expression was significantly inhibited 
(sFigure 3A&C). In contrast, there was also obvious HIF-1α expression in 
outer medullary collecting duct (OMCD) in I/R mice, but this HIF-1α was 
not decreased in tubular HIF-1α knockout mice (sFigure 3A&C). Simi
larly, immunohistochemistry staining in sFigure 3B shows that I/R 
significantly increased HIF-1α in tubule, which was significantly 
inhibited in tubular HIF-1α knockout mice. Furthermore, Western blot in 

sFigure 3D shows that I/R increased HIF-1α protein level in isolated 
tubules, which was significantly inhibited in tubular HIF-1α knockout 
mice. As expected, I/R induced significantly increase of BNIP3 in renal 
tissue, which was significantly inhibited in tubular HIF-1α knockout 
mice (sFig. 4). Based on these findings, tubular HIF-1α was specifically 
knocked out in HIF-1α+/+; cadherin16-cre mice, and that this knockout 
also significantly attenuated I/R-induced BNIP3 expression. 

H&E staining in Fig. 7B shows that cell swelling was observed after 
2h reperfusion and exfoliated cells were observed after 24h reperfusion 
in HIF-1α+/+ mice. There were more swollen cells in HIF-1α − /− mice 
compared with HIF-1α+/+ mice with I/R (Fig. 7B). Notably, the brush 
edge of the lumen is detached, the nucleus is dissolved and the cells are 
detached from the lumen after 24h reperfusion in HIF-1α− /- mice, but 
not in HIF-1α+/+ mice (Fig. 7B). In contrast, the regenerated cells, 
characterized by two nuclei vertically arranged on cell wall below the 
exfoliated cells, appeared after 72h reperfusion in HIF-1α+/+ mice, but 
not in HIF-1α− /- mice (Fig. 7B). Fig. 7C shows that tubular damage score, 
as calculated from H&E staining, was significantly increased in I/R- 
treated mice, and the increase was further aggravated in tubular HIF- 
1α knockout mice. The kidney function was evaluated by measuring SCr. 
As shown in Fig. 7D, SCr was significantly increased after I/R operation, 
and this increase was further aggravated in tubular HIF-1α knockout 
mice. These results suggest that tubular HIF-1α knockout aggravated I/ 
R-induced tubular apoptosis and kidney damage. 

3.7. Tubular HIF-1α knockout inhibited mitophagy, and aggravated renal 
tubular apoptosis 

We then evaluated the effect of tubular HIF-1α knockout on 
mitophagy by TEM. As shown in Fig. 8A, double membrane was wrap
ped around the cell after 2h reperfusion, and autophagosomes/mito
phagosomes were observed after 6–24h reperfusion in HIF-1α+/+ mice. 
Summarized data in Fig. 8B shows that mitophagosome was signifi
cantly increased in kidney in response to I/R, which was significantly 
inhibited in kidney from HIF-1α− /- mice. Accordingly, the number of 
damaged mitochondria was significantly increased in kidney from HIF- 
1α+/+ mice, which was further increased in HIF-1α− /- mice (Fig. 8C). 
These results suggest that HIF-1α-mediated mitophagy was involved in 

Fig. 12. Scheme showing that HIF-1α-BNIP3-mediated mitophagy in tubular cells protects I/R-induced AKD by inhibiting cell apoptosis and ROS production.  
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the clearance of damaged mitochondria in IRI. 
We further evaluated whether I/R induces the changes of HIF-1α- 

BNIP3 signaling pathway and mitophagy by Western blot assay. 
Fig. 9A–C shows that protein level HIF-1α and BNIP3 was significantly 
increased in renal cortex post I/R operation. Accordingly, LC3B-II was 
also significantly increased (Fig. 9A&D). In contrast, mitophagy-related 
proteins including COX IV, TOMM20 and p62 were significantly 
decreased in renal cortex in I/R mice (Fig. 9A&E-G). Similarly, mtDNA 
copy number was also significantly decreased in renal cortex in I/R mice 
(Fig. 9H). These results suggest that I/R stimulated HIF-1α-BNIP3 
signaling pathway and induced mitophagy in vivo. 

Then the involvement of HIF-1α-BNIP3 signaling pathway in 
mitophagy and apoptosis was further investigated. Fig. 10A–F shows 
that I/R-induced mitophagy was significantly inhibited in kidney from 
tubular HIF-1α knockout mice compared with control mice, as indicated 
by the decrease of LC3B-II, and the increase of mitophagy-related pro
teins including COX IV, TOMM20, p62, and mtDNA copy number. 
Fig. 10G shows that mitophagosome formation, as indicated by the 
yellow fluorescence of LC3B-II and TOMM20 overlay, was significantly 
increased in kidney from I/R mice, and this increase was significantly 
inhibited in kidney from tubular HIF-1α knockout mice. In addition, 
TUNEL assay shows that I/R-induced cell apoptosis was further aggra
vated in HIF-1α− /- mice (Fig. 10H). These results suggest that HIF-1α 
knockout inhibited I/R-induced mitophagy, and aggravated I/R-induced 
tubular apoptosis. 

3.8. BNIP3 overexpression improved kidney damage and increased 
mitophagy in tubular HIF-1α knockout mice with I/R 

Finally, we evaluated whether BNIP3 overexpression could reverse 
the inhibitory effect of tubular HIF-1α on mitophagy and improve kid
ney function. Supplementary sFigure 5A&B shows that adenovirus- 
mediated transfection of BNIP3 worked efficiently in the kidney as 
indicated by the increased green fluorescence in the kidney from 
adenovirus-treated mice. As shown in Fig. 11A&B, BNIP3 over
expression significantly alleviated acute kidney damage and improved 
kidney function in tubular HIF-1α knockout mice with I/R. Fig. 11C 
shows that BNIP3 overexpression significantly increased mitophago
some formation, and decreased the accumulation of damaged mito
chondria in kidney from tubular HIF-1α knockout mice with I/R. The 
potential effect of BNIP3 overexpression on mitophagy was also evalu
ated by Western blot. As shown in Fig. 11D&E, BNIP3 overexpression 
significantly increased mitophagy as indicated by the increase of LC3B, 
and decrease of mitophagy-related proteins including COX IV, 
TOMM20, and p62 in kidney from tubular HIF-1α knockout mice with I/ 
R. Furthermore, BNIP3 overexpression significantly decreased the 
accumulation of mtDNA in tubular HIF-1α knockout mice with I/R 
(Fig. 11F). Finally, BNIP3 overexpression significantly attenuated I/R- 
induced apoptosis in tubular HIF-1α knockout mice with I/R 
(Fig. 11G&H). These results suggest that BNIP3 works as a downstream 
regulator in HIF-1α-mediated mitophagy in vivo. 

4. Discussion 

In the present study, we evaluated whether tubular HIF-1α-BNIP3 
signaling pathway is involved in I/R-induced mitophagy and plays a 
protective role in acute kidney damage. Our results shows that HIF-1α 
knockout significantly attenuated H/R-induced mitophagy, aggravated 
H/R-induced apoptosis, and increased the production of ROS in tubular 
cells. Notably, overexpression of BNIP3, a downstream regulator of HIF- 
1α, reversed the inhibitory effect of HIF-1α knockout on H/R-induced 
mitophagy, and prevented the enhancing effect of HIF-1α knockout on 
H/R-induced apoptosis and ROS production. Further in vivo study show 
that specific tubular HIF-1α knockout decreased mitophagy and aggra
vated I/R-induced apoptosis. In contrast, BNIP3 overexpression signifi
cantly reversed the inhibitory effect of tubular HIF-1α knockout on I/R- 

induced mitophagy, and improved I/R-induced AKD in tubular HIF-1α 
knockout mice. 

Firstly, we performed in vivo and in vitro study demonstrating that 
HIF-1α in renal tubular cells plays a protective role in acute kidney 
damage. Indeed, there are accumulating data showing that HIF-1α 
protects renal I/R-induced injury [6,9]. For example, preconditional 
activation of HIF-1α with specific prolyl-hydroxylase inhibitors FG-4487 
and FG-4497 attenuated I/R-induced AKI [11,35]._ENREF_26 Further 
study suggests that HIF-1α-induced downstream genes have a protective 
effect on ischemia reperfusion renal injury, these genes include vascular 
endothelial growth factor (VEGF), erythropoietin, heme oxygenase 1 
(HO1), and glucose transporter type 1 (Glut1) [36]. Subsequent studies 
confirmed that HIF-1α is associated with the protection of kidney injury 
after ischemia reperfusion [35,37,38]. In consistent these findings, the 
present study demonstrated that renal tubular cell plays a protective role 
in AKD, since tubular HIF-1α knockout significantly aggravated IRI. 

There are accumulating data showing that mitophagy plays an 
important role in eliminating damaged or dysfunctional mitochondria 
and maintaining mitochondria homeostasis [39]. Mitochondria contain 
less cytochrome c and more pro-apoptotic protein Bax expression; it 
tends to swell, break, and have a lower membrane potential [40]. These 
changes may result in the failure of renal tubular epithelial cells to 
maintain their functional and structural integrity [41,42]. In consistent 
with these findings, the present study shows that mitochondria swollen 
and mitochondria damage occurs in renal tubular epithelial cells in AKI. 
Furthermore, our study demonstrated that HIF-1α-BNIP3-mediated 
mitophagy protects against AKI by reducing apoptosis of renal tubular 
cells. The present finding that HIF-1α directly increased the transcrip
tion and expression of BNIP3 is consistent with previous studies 
demonstrating that HIF-1α plays a critical role in hypoxia-induced 
mitophagy [43], and that BNIP3 acts as a direct downstream regulator 
of HIF-1α in hypoxia [44]. 

Mitochondrial autophagy is generally regarded as an adaptive 
metabolic response which is necessary to prevent increased levels of 
ROS and cell death [45]. In dysfunctional mitochondria, the formation 
of superoxide anion free radicals and ROS production are increased due 
to the disrupted electron transport along the respiratory chain and 
decreased oxygen formation [14,46]. Indeed, it has been demonstrated 
that BNIP3-dependent mitophagy reduces mitochondrial mass and 
promotes the integrity of the mitochondrial pool thereby limiting gen
eration of ROS in tumor cells [47,48]. In particular, Tang et al., reported 
that BNIP3 was increased in tubules in IRI, and that inhibition of BNIP3 
with specific short hairpin RNAs reduced mitophagy and worsen IR 
injury [23]. In consistent with these studies, _ENREF_40_ENREF_14the 
present study demonstrated that HIF-1α-BNIP3-mediated mitophagy 
plays a role in reducing the increased apoptosis and increased ROS 
production. However, the relationship between mitophagy and ROS 
may be complex since a previous study demonstrating that excessive 
ROS accumulation induces redox stress and hence up-regulated the 
expression of HIF-1α and its target genes [14,48]. 

In consistent with the protective role of mitophagy in the kidney in 
the present study, it has been documented that mitophagy plays a pro
tective role in I/R-related damage in liver and lung. For example, it has 
been shown that pharmacological inhibition of autophagy by 3-methyl
adenine or chloroquine exacerbated acetaminophen-induced hepato
toxicity [49]. Mannam et al. demonstrated that mitogen-activated 
protein kinase (MAPK) kinase 3 (MKK3) deficiency simultaneously in
crease mitochondrial biogenesis and mitophagy, which led to a more 
robust mitochondrial network and provides protection against sepsis 
[50]. In addition, it has been shown that propofol (2,6-diisopropylphe
nol) exerts protective effects partly through attenuating 
hypoxia-induced apoptosis in alveolar epithelial type II [51]. In partic
ular, studies suggest that HIF-1α-BNIP3-mediated autophagy/mitoph
agy plays a protective role in experimental retinal detachment [52], and 
in mouse granulosa cells in response to follicle-stimulating hormone 
stimulation [53]. 
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In cerebral and cardiac ischemia injury, however, autophagy can be 
protective or destructive [20,21]._ENREF_17 For example, it has been 
reported that hydrogen, heat shock protein B8 (HSPB8) exert neuro
protective effects by protecting mitochondrial function via enhanced 
mitophagy in oxygen-glucose deprivation/reoxygenation-induced 
neuron damage in rat hippocampal [39,54]._ENREF_37 In contrast, it 
has been reported that knockout of programmed cell death 5 (PCD5) has 
a protective role in middle cerebral artery occlusion model by promoting 
apoptosis and autophagy through the activation of HIF-1α-BNIP3 
signaling pathway [55]. This inconsistency is similar with car
diomyocyte. For example, it has been reported that hypoxia trigger 
mitochondria-dependent cardiomyocyte apoptosis through HIF-1α-B
NIP3-dependent signaling pathway [56], and that 17β-estradiol, ellagic 
acid, and dual-specificity protein phosphatase1 prevents cardiomyocyte 
hypertrophy, autophagy and apoptosis by inhibiting HIF-1α-BNIP3 
signaling pathway [57,58]_ENREF_43 [59]. In contrast, it has been re
ported that loss of peroxisome proliferator-activated receptor γ (PPARγ) 
results in FUN14 domain containing 1-dependent mitophagy during 
I/R-induced cardiac injury, the increased mitophagy then enhanced 
mitochondrial electron transport chain complex activity, mitochondrial 
respiratory function, and elevated ATP production, which eventually 
results in myocardial dysfunction [60]. In addition, another study 
demonstrated that activation of G protein-coupled estrogen receptor 1 
(GPER1) at the onset of reperfusion protects the myocardium against 
I/R-induced injury by reducing mitochondrial dysfunction and 
mitophagy [61]. These studies suggest that mitophagy may have various 
roles in different tissues. 

In summary, the present study demonstrates that HIF-1α protects AKI 
through BNIP3-mediated mitophagy in ischemia-reperfusion injury 
(Fig. 12). This finding may provide pharmacological target for the pre
vention and treatment of acute kidney damage. 
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