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Background we demonstrated that disulfide-bond A oxidoreductase-like protein (DsbA-L) was involved in the pro-
gression of renal fibrosis. However, the precise function of DsbA-L in acute kidney injury (AKI), and the mecha-
nisms involved, have yet to be elucidated.

Methods We illustrate the DsbA-L interacted with VDAC1 by co-IP (co-immunoprecipitation) in vitro and vivo, and
found the interaction parts of them by mutation experiment. The above findings were verified by co-localization of
them. In addition, we constructed the two model of PT-DsbA-L and VDAC1 KO mice to verify the function of DsbA-
L and VDAC1 in models of VAN, CLP and I/R-induced AKI.

Findings The PT-DsbA-L-KO mice showed amelioration of I/R, VAN-, and CLP-induced AKI progression via the
downregulation of VDAC1. Finally, we confirmed these changes in signal molecules by examining in HK-2 cells and
kidney biopsies taken from patients with ischemic or acute interstitial nephritis (AIN)-induced AKI. Mechanistically,
DsbA-L interacted with amino acids 9�13 and 22�27 of VDAC1 in the mitochondria of BUMPT cells to induce renal
cell apoptosis and mitochondrial injury.

Interpretation This work suggested that DsbA-L, located in the proximal tubular cells, drives the progression of
AKI, by directly upregulating the levels of VDAC1.Running Title: The role of DsbA-L in AKI
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Research in context

Evidence before this study

Disulfide-bond A oxidoreductase-like protein (DsbA-L) was
firstly identified as a mitochondria protein in rat liver cells.13

Recent studies reported that DsbA-L protested against diet
or diabetic nephropathy (DN)-induced obesity, inflamma-
tion, insulin resistance, or kidney injury.14�18 Furthermore,
our recent study verified that DsbA-L mediated unilateral
ureteral obstruction (UUO)-induced renal fibrosis. However,
the role and mechanism of tubular DsbA-L in AKI is still
completely unknown.

Added value of this study

Our data show that DsbA-L interacted with VDAC1 to
induce mitochondrial damage to promote renal cell
apoptosis, and finally drive the progression of AKI. In
addition, DsbA-L interaction with VDAC1 could be con-
sidered as a potential therapeutic target to attenuate
the pathological mitochondrial effects caused by AKI.

Implications of all the available evidence

In the present study, we demonstrated that a proximal
tubule-specific DsbA-L knockout mouse (PT-DsbA-L-KO)
showed amelioration of I/R, CLP, and VAN-induced renal
function decline, renal cell apoptosis, and mitochondrial
damage. Mechanistically, DsbA-L interacted with amino
acids 9-13 and 22-27 of VDAC1. Furthermore, a proximal
tubule-specific VDAC1 knockout mouse (PT-VDAC1-KO)
showed attenuation of I/R, CLP, and VAN-induced renal
function decline, renal cell apoptosis, and mitochondrial
damage. In additional, the PT-DsbA-L-KO mice showed
amelioration o f I/R, VAN-, and CLP-induced AKI progres-
sion via the downregulation of VDAC.
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Introduction
Acute kidney injury (AKI), a devastating clinical compli-
cation with high rates of morbidity and mortality, affects
millions of patients across the entire world(1). AKI is
usually induced by sepsis, nephrotoxic agents, and
ischemia-reperfusion injury (IRI)(2). As yet, the molec-
ular mechanisms underlying AKI have yet to be fully
elucidated. Consequently, there are no effective treat-
ment strategies available for AKI.

Tubular cell injury has been recognized for decades
as an important driver of AKI.3 As research has pro-
gressed, an increasing number of researchers have iden-
tified that mitochondrial damage plays a key role in
tubular cell injury and that this initial damage is caused
by the accumulation of ROS, the production of cyto-
kines, and cellular death (including both necrosis and
apoptosis); collectively, these processes all contribute to
AKI.4�6 Although a growing body of research has
focused on the mechanisms underlying mitochondrial
damage in AKI,7�12 the precise mechanism responsible
for mitochondrial injury has yet to be identified.
Disulfide-bond A oxidoreductase-like protein (DsbA-
L) was firstly identified as a mitochondria protein in rat
liver cells.13 Previous studies have demonstrated that
DsbA-L prevented diet or diabetic nephropathy (DN)-
induced obesity, inflammation, insulin resistance, or
kidney injury.14�18 Interestingly, our recent study found
that DsbA-L mediated unilateral ureteral obstruction
(UUO)-induced renal fibrosis. However, the role and
mechanism of tubular DsbA-L in AKI is still completely
unknown.

In the present study, the proximal tubular deletion of
DsbA-L (PT-DsbA-L-KO) in a mouse model resulted in
the notable attenuation of I/R, along with vancomycin
(VAN)- and cecal ligation and puncture (CLP)-induced
AKI. Consistently, DsbA-L also mediated I/R, VAN-,
and LPS-induced apoptosis in mouse renal proximal
tubular epithelial (BUMPT) cells. Interestingly, we
found that DsbA-L interacted with the 9�13 and 22�27
regions of the voltage-dependent anion channel 1
(VDAC1), a key member of the VDAC family of
proteins19�21; these effects were observed in both in vivo
and in vitro mitochondrial samples and in human AKI
samples. Furthermore, we demonstrated that PT-
VDAC1-KO also ameliorated renal cell apoptosis in both
in vitro and in vivo models of AKI. Collectively, we dem-
onstrated that DsbA-L interacted with VDAC1 in mito-
chondrion-mediated tubular cell apoptosis and
therefore caused the progression of AKI.
Materials and methods

Ethics statement
The study was approved by the Review Board of the Sec-
ond Xiangya Hospital, People’s Republic of China (NO.
2018065) and this study recruited 18 patients. All partic-
ipants prior to inclusion in the study were recruited
with written informed consent. All animal experiments
complied with the guiding principles approved by the
Animal Care Ethics Committee of Second Xiangya Hos-
pital, People’s Republic of Chinae (NO. 2020310).
Antibodies and reagents
Anti-COXIV (ab33985, RRID: AB_879754), VDAC1
(ab14734, RRID: AB_443084) and PGC-1a (ab191838,
RRID: AB_2721267) antibodies were obtained from
Abcam (Cambridge Science Park, Cambridge, UK).
Anti-Caspase3 (9662, RRID: AB_331439) and cleaved-
capase3 (9664, RRID: AB_2070042) antibodies were
purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-Bax (50599-2-Ig, RRID: AB_2061561) ,
Cyt-c (10993-1-AP, RRID:AB_2090467) , NRF1 (12482-
1-AP, RRID: AB_2282876), GAPDH (60004-1-Ig,
RRID: AB_2107436), and b-tubulin (10094-1-AP,
RRID: AB_2210695) antibodies were obtained from
Proteintech (Rosemont, IL, USA). The anti-DsbA-L
www.thelancet.com Vol 76 Month February, 2022
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antibody was provided by Dr. Feng Liu(14). All second-
ary antibodies (MitoTracker Green FM and MitoTracker
Red CMXRos) were obtained from Thermo Fisher Sci-
entific (Waltham, MA, USA). The calcium ionophore
was purchased from Sigma-Aldrich (Shanghai, China).
Antimycin A (>95% pure, ab141904) and a Mitochon-
dria/Cytosol Fractionation Kit (ab65320) were pur-
chased from Abcam (Cambridge Science Park,
Cambridge, UK). The target sequence for mouse DsbA-
L has been described previously.22
The creation of AKI models by ischemic reperfusion,
CLP, and VAN
C57BL/6J male mice (RRID: MGI:5657312) aged 8-10
weeks were purchased from Hunan SJA Laboratory Ani-
mal Co., Ltd. Mice exhibiting proximal tubule-specific
DsbA-L or VDAC1 deletion were produced by crossing
DsbA-L (flox/flox) mice (provided by Dr. Feng Liu) or
VDAC1 (flox/flox) mice (obtained from Shanghai model
organisms) with PEPCK-Cre mice (provided by Dr.
Volker Haase (University of Pennsylvania, Philadelphia,
PA) as described previously.22,23 Male mice (8-10 weeks
of age) were subjected to ischemia, CLP, and VAN neph-
rotoxic AKI, as described previously.23�27 For ischemic
AKI, the bilateral renal artery was continuously clipped
for 28 min followed by reperfusion for 24 h or 48 h.
The body temperature of the mice was maintained at
approximately 37°C. For CLP-induced AKI, the cecum
was tightly ligated at a position 1.5 cm from the tip. This
was followed by puncture for 18 h. For VAN injury,
mice were intraperitoneally injected with a single dose
of VAN at a dose of 600 mg/kg for 7 consecutive days,
as described previously.28,29 In additional, the C57BL/6
mice were injected with DsbA-L or VDAC1 plasmids, or
VDAC1 siRNA (at a dose of 15 mg/kg) via the tail vein
twice a week22; saline was used as a control injection.
For each study, we analyzed the samples together to
avoid bias, based on previous study and used the PASS
software to determine the sample size(n=6). We
excluded the sample that died or failed the model estab-
lishment before endpoint. The experimental mice were
grouped by random-numbers table. Investigators were
not blinded during carrying out the experiment, but
blinded during the allocation, sample collection, and
data analysis. All animal experiments complied with the
guiding principles approved by the Animal Care Ethics
Committee of Second Xiangya Hospital, People’s
Republic of China. Mice were housed in a 12-h light/
dark environment with free access to a standard rodent
diet and water.
Cell culture and an ischemia reperfusion model
BUMPT cells obtained from Dr. Wilfred Lieberthal
(Boston University School of Medicine) or HK-2 cells
obtained from Shanghai Zhongqiaoxinzhou Biotech
www.thelancet.com Vol 76 Month February, 2022
were cultured with DMEM (Gibco, 11965092) added
10% FBS (Gibco,10100147) and 1% Penicillin-Strepto-
mycin(Gibco, 15140163) at 37°C in 5% CO2. For the
ischemic cell model, BUMPTs cells were treated with
10mM antimycin A (an inhibitor of mitochondrial com-
plex III, Abcam, ab141904) and 1.5mM calcium iono-
phore (Sigma, A23187) in Hanks’ Balanced Salt
Solution (Hyclone, SH30030.02) for 2 h.30 We then
replaced HBSS with DMEM medium for 0, 2, 4 h for
the reperfusion stage. Cell apoptosis was detected by
morphology and immunoblotting for apoptotic indica-
tors, including cleaved-caspase3, Bax, and Cyt-c. Several
plasmids were created and transfected into cells by lipo-
fection: DsbA-L, HA-VDAC1-1-25, HA-VDAC1-26-366,
HA-VDAC1-full length, HA- VDAC1-D9-13,22-27, HA-
VDAC1-D39-45,55-57, and HA- VDAC1-D9-13,22-27
D39-45,55-57, and siRNA for DsbA-L and VDAC1. Six to
eight hours after transfection, the culture medium was
replaced with DMEM. The sequences of DsbA-L siRNA
and VDAC1 siRNA for mouse were 50- GCAUGGAG-
CAACCAGAGAUTT -30 and 50- CCAGAGCAACTTCG-
CAGTT -30, respectively; the sequences for the
scrambled NC siRNA were 50-UUCUCCGAACGUGU-
CACGUTT-30. The sequences of DsbA-L siRNA and
VDAC1 siRNA for human were 50- UCAUUUGCCAU-
GUAUAGUCCU-30 and 50-UAUUAAGCCAAAUC-
CAUAGCC -30, respectively; the sequences for the
scrambled NC siRNA were 50-AACCACUCAA-
CUUUUUCC CAA -30. The model of IR was then
induced when the cell density reached 90%.
Flow cytometry
The flow cytometry was operated according the instruc-
tion of the FITC Annexin V Apoptosis Detection Kit
(BD, 556547). BUMPT or HK-2 Cells with different
treatment were collected using trypsin without EDTA,
and washed three times with PBS followed by the FITC
for 15min and PI for 5min at room temperature, and
finally examined by the flow cytometry.
AKI patients and sample collection
The protocol was approved by the Review Board of the
Second Xiangya Hospital, People’s Republic of China.
This study recruited 18 patients, including 12 males and
6 females. The recruitment principle was based on kid-
ney biopsy. Patient information is supplemented in
Table 1. The kidney biopsy specimens were obtained
from patients living with minimal change diseases
(MCD) (n=6) and ischemic or acute interstitial nephritis
(AIN)-induced AKI (n=6). We declare that all study
complies with all relevant ethical regulations for
research with human participants and was carried out
in compliance with the Declaration of Helsinki princi-
ples, and that the study is compliant with the guidance
of the Ministry of Science and Technology for the
3



Characteristics MCD (n=6) IR (n=6) AIN (n=6)

Age(years)(mean)[SD] 52.51

(3.95)

50.32(3.58) 55.92(4.28)

Gender

male 5 3 4

female 1 3 2

BMI(mean)[SD] 22.01(0.92) 20.35(0.62) 23.15(0.57)

Diagnosis minimal change

diseases

Ischemia reperfusion acute inter-

stitial nephritis

Biopsy side

Left 2 5 3

Right 4 1 3

Blood urea nitrogen(mM) 5.28

(0.63) (mean)[SD]

13.56(0.42) 14.29(0.31)

Serum creatinine(uM) 72.71

(3.46) (mean)[SD]

192. 09(5.31) 183. 09 (4.09)

Table 1: The basic clinical information of MCD, IR and AIN
patients.
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Review and Approval of Human Genetic Resources.
Inclusion and exclusion criteria of MCD was described
as our previous study.23 For IR: Inclusion criteria:1

Biopsy for ischemia-reperfusion patients,2 Age less
than 75 years old; Exclusion criteria1: exclude patients
with tumors found in postoperative medical examina-
tions,2 exclude patients with a history of diabetes, gout,
hypertension, urinary tuberculosis or infection respec-
tively. For AIN: Inclusion criteria1: Clinically diagnosed
as acute interstitial nephritis2 Biopsy confirmed AIN
patients,3 Age less than 75 years old; Exclusion criteria1:
Exclude patients with abnormal blood creatinine before
admission,2 exclude patients with a history of diabetes,
gout, hypertension, urinary tuberculosis or infection.
These specimens were then used for staining of HE,
TUNEL, and immunohistochemistry as well as immu-
noprecipitation (IP) and immunoblotting.
Immunoprecipitation
The cytoplasm and mitochondria from BUMPT cells
and kidney tissue from mice and AKI patients were sep-
arated using the Mitochondria/Cytosol Fractionation
Kit (Abcam, ab65320); the kit was used in accordance
with the manufacturer’s instructions. The antibodies
(DsbA-L, VDAC1, HA or IgG) were bound onto the mag-
netic beads. Next, we added the mitochondria/cyto-
plasm lysate and incubated for three hours. Next, the
mixture was eluted and investigated for the expression
of associated markers by immunoblotting.
Relative quantitative PCR (qPCR)
RNA was extracted from BUMPT cells or kidney tissue
by the Trizol reagent (Invitrogen, Carlsbad, CA, USA).
RNA was then reverse-transcripted into first-strand
cDNA using the Prime Script RT Reagent kit and
gDNA Eraser (TaKaRa, RR037A), as previously
described.31�34 Next, we used the cDNA as a template
with TB green (TaKaRa, RR820A) and a Light cycler 96
(Roche) with the following primer pairs: DsbA-L: 5�-
AAATATGGGGCCTT TGGGCT-3� (forward) and 5�-
TAGCAACTCCAAGCGGTCA G-3� (reverse); and
GAPDH: 5�-GGTCTCCTCTGACTTCACA-3� (forward)
and 5�-GTGAGGGTC TCTCTCTTCCT-3�(reverse);PGC-
1a: 5‘-ATGTGTCGCCTTCTTGCTCTTCC-3 (forward)
and 5‘-CTCCCGCTTCTCGTGCTCTTTG-3(reverse);
NrF1:5’-TCTGCTGTGGCTGATGGAGA GG-3(forward)
and NrF1:5’-GATGCTTGCGTCGTCTGGATGG-3
(reverse);
BUN and creatinine detection
The detection of BUN and creatinine was performed
according to the protocol of BUN (Urea Nitrogen Con-
tent Assay Kit Beijing Boxbio Science & Technology Co,
Ltd.) and Creatinine Assay kit(Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China).
HE staining, TUNEL staining, immunochemistry,
immunofluorescence, and immunoblotting
Renal tissue was embedded in paraffin and then cut into
sections for various types of staining, as described
previously.26,35 Histology was assessed by hematoxylin
and eosin staining. The criteria used to score renal tubu-
lar injury were described previously.23 TUNEL staining
was used to evaluate apoptosis in the renal cells. The
proportion (%) of TUNEL-positive cells in 10-20 micro-
scopic fields per tissue section was used as a quantita-
tive indicator of apoptosis.26 For immunochemistry
staining, tissue sections were incubated overnight at 4°
C with specific primary antibody (DsbA-L 1:200 or
VDAC1 1:100). The following morning, the sections
were incubated with secondary antibody for 30min at
37°C and then reacted with DAB for 5-10 min. For
immunofluorescence staining, the sections were incu-
bated with specific primary antibody (DsbA-L 1:200,
VDAC1 1:100) overnight at 4°C followed by a secondary
fluorescent antibody for 1 h at 37°C in the dark. DAPI
was then added for 3-5 min and the sections observed by
fluorescent microscopy. Mitochondrial staining was per-
formed in accordance with a standard protocol. Protein
lysates from BUMPT cells or kidneys were harvested
and then centrifuged to collect the supernatant contain-
ing the proteins. The supernatant was subjected to SDS-
PAGE and then transferred to a PVDF membrane. The
membranes were then incubated with primary antibody
overnight at 4°C followed by a secondary antibody for
1 h at room temperature. The concentration of anti-
COXIV, VDAC1, PGC-1a, Bax, Cyt-c, NRF1, GAPDH,
and b-tubulin is 1:1000. The concentration of anti�Cas-
pase3 and cleaved-capase3 is 1:2000.
www.thelancet.com Vol 76 Month February, 2022
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Statistics
All data were presented as means § SD. Two-tailed Stu-
dent t-tests was used for two group comparisons. One-
way ANOVA followed by Tukey’s post hoc analysis was
used for multiple comparisons. The Kruskal�Walls test
was used the data with non-normal distribution. The
Graph Pad software 8.0 was used to analysis the data
and P<0.05 was considered statistically significant.
Role of funding source
The funders were not involved in study design, data collec-
tion, analysis, interpretation or writing of the manuscript.
Results

Ischemic injury induced the expression of DsbA-L in
BUMPT cells and the kidneys of mice and patients
To investigate whether ischemic injury induced the
expression of DsbA-L, we depleted BUMPT cells of ATP
for 2 h, and then allowed them to recover for a total
period of 4 h. RT-qPCR and immunoblotting results
indicated that the expression of DsbA-L was induced at
I/R 2-0, reached a peak at I/R 2-2, and then gradually
reduced to levels seen at I/R 2-0 (Figure 1a, e and i).
Immunofluorescence staining of DsbA-L further con-
firmed these findings and indicated that DsbA-L is pre-
dominantly expressed in the cytoplasm of BUMPT cells
(Figure 1 m and n). We further detected the expression
of DsbA-L in C57BL/6 mice treated with ischemia
(28 min) and reperfusion injury (24 h and 48 h). RT-
qPCR and immunoblotting results indicated that the
expression of DsbA-L was induced in both the cortex
and outer medulla of the mice kidney after 24 h of
reperfusion and reached a peak 48 h after reperfusion
(Figure 1 b, c, f, g, j and k). These findings were further
confirmed by the immunohistochemical staining of DsbA-
L (Figure 1 o and p). Finally, we investigated whether the
expression levels of DsbA-L were induced in patients with
AKI caused by ischemia. These results indicated that the
levels of DsbA-L mRNA and protein were notably
increased in patients with AKI caused by ischemia when
compared to MCD patients (Figure 1. d, h and l). These
results were further validated by the immunofluorescence
staining of DsbA-L (Figure 1. q and r).
IR-induced renal injury, tubular cell apoptosis, and
mitochondrial damage was attenuated in PT-DsbA-L-
KO mice
The littermates of PT-DsbA-L-WT and PT-DsbA-L-KO
mice were treated with or without ischemia (28 min)
and reperfusion injury (24 h and 48 h). Following this
treatment, we acquired blood samples and samples of
kidney tissues for further examination. Functionally, I/
R-induced renal function deterioration was character-
ized by increasing levels of blood urea nitrogen (BUN)
www.thelancet.com Vol 76 Month February, 2022
and creatinine in the PT-DsbA-L-WT mice; this effect
was significantly attenuated in the PT-DsbA-L-KO mice
(Figure 2a and b). Histology and TUNEL analyses also
verified that I/R-induced notable tissue damage and
apoptosis in the PT-DsbA-L-WT mice, although this was
ameliorated in the PT-DsbA-L-KO mice (Figure 2c,d,f
and g). Interestingly, electron microscopy (EM) analyses
indicated that PT-DsbA-L-KOmice showed marked attenu-
ation of the I/R-induced mitochondrial damage (Figure 2 e
and h). Immunoblotting further verified that PT-DsbA-L-
KO mice also expressed lower levels of cleaved caspase-3,
lower accumulation rates of Bax in the mitochondria, and
reduced levels of cytochrome c (Cyt-c) release into the cyto-
sol (Figure 2 i�o). RT-qPCR analysis results demonstrated
that PT-DsbA-L-KO reversed the reduction of NRF1 and
PCG-1a caused by the I/R(Figure 2 p and q), which was
further confirmed by the immunoblotting analysis
(Figure 2 r�t). These data showed that DsbA-L played a
pivotal role in I/R-induced AKI.
DsbA-L mediated I/R induced apoptosis in BUMPT cells
To further investigate whether DsbA-L mediates apopto-
sis in BUMPT cells induced by I/R, we transfected
BUMPT cells with DsbA-L siRNA and then depleted
these cells from ATP for 2 h; the cells were then allowed
to recover for 2 h. FCM analyses found that DsbA-L
siRNA significantly attenuated I/R-induced apoptosis in
BUMPT cells (Figure 3a). Immunoblotting analyses fur-
ther confirmed that DsbA-L siRNA notably suppressed
the I/R-induced increase in cleaved caspase-3 expres-
sion, the increased accumulation of Bax in the mito-
chondria, and the increased release of Cyt-c into the
cytosol (Figure 3 b�h). RT-qPCR analysis results
showed that I/R-suppressed the expression of NRF1 and
PCG-1a, which was reversed by the DsbA-L siRNA
(Figure 3 i and j). The immunoblotting results were con-
sistent with the findings of RT-qPCR (Figure 3 k�m). In
contrast, the DsbA-L plasmid enhanced I/R-induced
apoptosis in BUMPT cells, increased the expression of
cleaved caspase-3, increased the accumulation of Bax,
and increased the release of Cyt-c into the cytosol
(Figure 3 o�u). RT-qPCR analysis results indicated that
I/R-suppressed the expression of NRF1 and PCG-1a,
which was enhanced by the DsbA-L plasmid (Figure 3 v
and w). The immunoblotting results further confirmed
the findings of RT-qPCR (Figure 3 x�z). These data fur-
ther confirmed that DsbA-L-mediated the process of
apoptosis as well as mitochondrial dysfunction during
ischemic injury.
DsbA-L interacted with VDAC1 in BUMPT cells that had
been subject to ATP depletion as well as in the kidneys
of mice and patients with AKI
Previous results suggested that voltage-dependent anion
channel-1 (VDAC1), an important protein of the outer
5



Figure 1. DsbA-L was induced by I/R in BUMPT cells and kidneys of mice and patients. I/R model in BUMPT cells was induced by
10 mM antimycin A and 1.5 mM calcium ionophore for 2 h and recover for 0, 2, and 4 h. I/R mice model was induced by bilateral renal
ischemia for 28 min and reperfusion for 24 and 48 h. Renal biopsy samples were collected from I/R-induced AKI patients and Mini-
mal Change Disease (MCD) patients. (a-d) RT-qPCR detection of DsbA-L expression in BUMPT cells, mice kidney cortical tissue and
out of medulla and kidney patients with or without I/R condition. (e�h) Immunoblot analysis of DsbA-L and b-tubulin in BUMPT cells
under I/R model in BUMPT cells, cortical tissue, out of medulla and kidney patients. (i�l) Densitometry analysis of DsbA-L and
b-tubulin protein expression. (m, o and q) Immunofluorescence and immunohistochemical staining of DsbA-L in BUMPT cells and
kidneys of mice and patients with or without I/R condition, respectively. (n, p, and r) Quantification analysis of DsbA-L staining. Orig-
inal magnification x 400. Scar Bar:10µM in m100µM in o and q. Each experiment (e�h, m, o, and q) was repeated 6 times indepen-
dently with similar results. Two-tailed Student t-tests was used for two group comparisons. (a�d,i�l, n, p and r). # p<0.05: versus
saline group, sham group, or MCD group.
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mitochondrial membrane, is involved in cell apoptosis36

Our recent study reported that DsbA-L is also expressed
in the mitochondria. Hence, we hypothesized that
DsbA-L interacted with VDAC1 to regulate the progres-
sion of AKI. Immunoprecipitation (IP) results demon-
strated that the anti-VDAC1 antibody pulled down both
www.thelancet.com Vol 76 Month February, 2022



Figure 2. Attenuation of IR-induced renal injury, tubular cell apoptosis, and mitochondrion damage, and the expression of Bax, Cyt-
c, and cleaved caspase3 in PT-DsbA-L-KO mice. The bilateral renal arteries of PT-DsbA-L-KO and PT-DsbA-L-WT littermate mice were
clamped for 28min and then released for 48 h to establish an IR model. (a) BUN (b) Serum creatinine (c) Hematoxylin and eosin stain-
ing. (d) Representative sections of TUNEL-positive cells. (e) Electron microscope detection of mitochondrion morphology. (f) Tubular
damage score. (g) The number of TUNEL-positive cells. (h) Mitochondria injury score. (i) The immunoblot analysis of the expression
of cleaved caspase3 and DsbA-L, and the expression of BAX and Cyt-c in mitochondrial and cytosolic fractions. b-tubulin and GAPDH
was used as whole lysate or cytosolic loading control, respectively. COX IV was used as mitochondria loading control. (j�o) Analysis
of the gray scale image between them. (p and q) RT-qPCR detection of the expression of NRF1 and PCG-1a. (r) The immunoblot anal-
ysis of the expression of NRF1 and PCG-1a. (s and t) Analysis of the gray scale image between them. Original magnification x 400 or
x6000. Scar Bar:100µM in c&d 20µM in e. Each experiment(c�e, i and r) was repeated 6 times independently with similar results.
One-way ANOVA was used for the Multiple group comparisons. (a, b,f�h, j�o, p�q & s�t). # p<0.05: versus saline group, sham
group, or MCD group. # P<0.05 versus sham group. * P<0.05 versus PT-DsbA-L-WT with IR group.
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Figure 3. DsbA-L-mediated the IR-induced expression of
cleaved caspase3, BAX, and Cyt-c in BUMPT cells. The plas-
mid and siRNA of DsbA-L were transfected into BUMPT cells
and then exposed to ATP depletion for 2 h and recovery for
2 h. (a&n) Flow cytometry analysis of BUMPT cells apoptosis.
(b&o) The immunoblots analysis the expression of cleaved cas-
pase3 and DsbA-L, and the expression of BAX and Cyt-c in mito-
chondrial and cytosolic fractions. b-tubulin and GAPDH was
used as whole lysate or cytosolic loading control, respectively.
COX IV was used as mitochondria loading control. (c�h and
q�u) Analysis of the gray scale image between them. (i,j and v,
w) RT-qPCR detection the expression of NRF1 and PCG-1a. (k
and x) The immunoblot analysis of the expression of NRF1 and
PCG-1a. (l, m and y,z) Analysis of the gray scale image between
them. Each experiment(a, b, k, n, o and x) was repeated 6 times
independently with similar results. One-way ANOVA was used
for the Multiple group comparisons. (c�j,c�m, p�w & y, z). #
p<0.05: versus saline group, sham group, or MCD group. #
P<0.05 versus scramble with saline group. * P<0.05 versus
scramble with IR group.
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VDAC1 and DsbA-L proteins, while anti-DsbA-L precipi-
tated both DsbA-L and VDAC1 in whole lysates of con-
trol and I/R groups of BUMPT cells, and mice kidneys
and patients kidneys (Figure 4a). Furthermore, the
mitochondrial lysates of BUMPT cells, and mice kid-
neys and patients kidneys were also used for the co-IP
of DsbA-L and VDAC1; findings were consistent with
those for the whole lysate (Figure 4b). The structure of
DsbA-L contains a nucleotide binding domain/ATPase
domain (amino acids 1-51), amino-terminal domain
(NTD), a helical region for dimerization (amino acids
56-178), and a carboxyl-terminal domain (CTD; amino
acids 185-216) (Figure 4c). Based on the structure of
VDAC1, software prediction indicated that the N-termi-
nal domain (amino acids 1 to 25) of VDAC1 may interact
with DsbA-L (Figure 4d). To clarify which domains of
VDAC1are able to interact with DsbA-L, we constructed
three plasmids for HA-VDAC1 featuring amino acids 1-
75, amino acids 76-1098, and the full gene (Fig 4e). The
anti-HA antibody precipitated DsbA-L in groups featur-
ing VDAC1 with amino acids 1-75 and the full gene, but
not with VDAC1 and the plasmid featuring amino acids
76-1098. This indicated that DsbA-L interacted with the
region of VDAC1 that features amino acids 1-75
(Figure 4f). To further investigate which specific regions
of VDAC1 interacted with DsbA-L, we transfected
BUMPT cells with the HA-Tag of VDAC1 plasmids with
D9-13, 22-27, D39-45, 55-57, D9-13, 22-27, 39-45, 55-57.
IP results demonstrated that the anti-HA antibody only
precipitated DsbA-L with the D39-45 and 55-57 plas-
mids, and not the D9-13 and 22-27 plasmids (see
Figure 4g). This further demonstrated that DsbA-L
interacted with amino acids 9-13 and 22-27 of VDAC1.
Figure 4g features a model showing how DsbA-L inter-
acts with amino acids 9-13 and 22-27 of VDAC1
(Figure 4g). Collectively, these data indicate that DsbA-L
interacts with amino acids 9-13 and 22-27 of VDAC1.
Co-localization of DsbA-L or VDAC1 in the
mitochondria, and the co-localization of DsbA-L and
VDAC1 in (i) BUMPT cells depleted of ATP and (ii) the
kidneys of mice and patients
To confirm our IP results, we carried out a co-localiza-
tion assay. Immunofluorescence confocal microscopy
demonstrated that DsbA-L or VDAC1 localized to the
mitochondria of BUMPT cells and the kidneys of both
sham mice and MCD patients and that this effect was
further enhanced in BUMPT cells that had been
depleted of ATP, and in the kidneys of mice and
patients with AKI (Figure 5 a,b,d,e,g and h). Interest-
ingly, immunofluorescence confocal microscopy veri-
fied that the co-localization signal of DsbA-L and
VDAC1 in BUMPT cells, and the kidneys of sham mice
and MCD patients, was relatively weak. However, the
co-localization signal was markedly increased in
BUMPT cells that had been depleted of ATP, and in the
www.thelancet.com Vol 76 Month February, 2022



Figure 4. Interaction between DsbA-L and VDAC1 in BUMPT cells with or without ATP depletion and the kidneys of renal I/R mice
and patients. (a&b n=3 per group) The whole or mitochondrial lysate was extracted for reciprocal coimmunoprecipitation of DsbA-L
and VDAC1 in BUMPT cells treated with ATP depletion and recovery and the kidneys of I/R-induced AKI mice and patients. (c n=3
per group) The functional domains and structure of DsbA-L. (d n=3 per group) The predication model of DsbA-L and VDAC1 interac-
tion. (e�g n=3 per group) Anti-HA immunoprecipitates were analyzed for HA, and then detected for DsbA-L using immunoblotting.
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Figure 5. Colocalization of DsbA-L and VDAC1 in the mitochondria of BUMPT cells and kidneys of AKI mice and patients. (a,
d&g n=4 per group) Localization of DsbA-L in the mitochondria in BUMPT cells with or without ATP depletion and recovery, the kid-
neys of mice model in the sham and I/R groups as well as MCD and I/R patients. (b, e&h n=4 per group) Localization of VDAC1 in
the mitochondria in BUMPT cells with or without ATP depletion and recovery, the kidneys of mice model in the sham and I/R groups
as well as MCD and I/R. (c, f&i n=4 per group) The co-localization of DsbA-L and VDAC1 in the mitochondria in BUMPT cells with or
without ATP depletion and recovery, the kidneys of mice model in the sham and I/R groups as well as MCD and I/R patients.
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kidneys of mice and patients with AKI (Figure 5 c,f
and i). Collectively, these data provide further evidence
to support the interaction of DsbA-L and VDAC1 in the
mitochondria.
VDAC1-mediated BUMPT cells apoptosis caused by
ischemia-reperfusion
Next, we attempted to determine whether VDAC1 was
involved in the process of I/R-induced apoptosis in
BUMPT cells. Immunoblotting results indicated that
VDAC1 expression was induced at I/R 2-0, and reached
a peak at I/R 2-2, before then gradually reducing to the
levels seen at I/R 2-0 (Figure 6 a and b). FCM analysis
showed that I/R induced apoptosis in BUMPT cells;
this effect was attenuated by the application of VDAC1
siRNA (Figure 6c). Immunoblotting results further veri-
fied that VDAC1 siRNA markedly ameliorated the I/R-
induced increase in cleaved caspase-3 expression, the
increased accumulation of Bax in the mitochondria, and
the increased release of Cyt-c into the cytosol
(Figure 6d�k). By contrast, the above changes were
enhanced by the overexpression of VDAC1 plasmid
(Figure 6 l�s). Together, this data demonstrated that
VDAC1-mediated I/R-induced apoptosis in BUMPT
cells.
The generation of PT-VDAC1-KO mice
To investigate the role of VDAC1 in AKI, we established
a mouse model featuring the knockout of VDAC1 in the
proximal tubules of the kidneys. Figure 7a shows the
breeding protocol used to generate PT-VDAC1-KO. RT-
PCR was used to genotype the PT- VDAC1-KO mice;
this was done by amplifying a 416-bp DNA fragment
floxed allele and a 370-bp DNA fragment of the Cre
gene (Figure 7, b; lanes 4 and 6). The wild-type mice
(PT-VDAC1-WT) lacked the Cre gene (Figure 7, b, lanes
2 and 3). Immunoblot analysis indicated that expression
levels of VDAC1 in the kidney cortices of the PT-
VDAC1-KO mice were lower than those in the PT-
VDAC1-WT mice following ischemic or sham treatment
(Figure 7 c and d). This was further verified by the
immunohistochemical staining of VDAC1 (Figure 7e).
These data verified that we had successfully established
a PT- VDAC1-KO mouse model.
I/R-induced renal injury, tubular cell apoptosis, and
mitochondrial damage, were ameliorated in PT-
VDAC1-KO mice
Littermates of the PT-VDAC1-WT and PT- VDAC1-KO
mice were treated with ischemia (28 min) followed by
reperfusion injury (48 h). We then acquired blood sam-
ples and kidney tissues for further examination. We
found that PT-VDAC1-KO notably suppressed the I/R-
induced elevation in the levels of BUN and creatinine
(Figure 8 a and b). Secondly, histological and TUNEL
analyses further demonstrated that PT-VDAC1-KO
markedly attenuated the I/R-induced tissue damage
and renal cell apoptosis (Figure 8 c, d, f and g). Thirdly,
EM analyses found that PT-VDAC1-KO significantly
attenuated I/R-induced mitochondrial damage (Figure 8
e and h). Finally, immunoblotting confirmed that the
www.thelancet.com Vol 76 Month February, 2022



Figure 6. IR-induced expression of cleaved caspase3, BAX, and Cyt-c in BUMPT cells was mediated by VDAC1. The siRNA or
plasmid of VDAC1 was transfected into BUMPT cells and then exposed to ATP depletion for 2 h and recovery for 2 h. (a) Immunoblot
analysis of VDAC1 and b-tubulin in BUMPT cells. (b) Analysis of the grayscale image between them (c) Flow cytometry analysis of
BUMPT cells apoptosis. (d) The immunoblots analysis the expression of cleaved caspase3, VDAC1, and DsbA-L, and the expression
of BAX and Cyt-c in mitochondrial and cytosolic fractions. b-tubulin and GAPDH was used as whole lysate or cytosolic loading con-
trol, respectively. COX IV was used as mitochondria loading control. (e-k) Analysis of the gray scale image between them. (i) Flow
cytometry analysis of BUMPT cells apoptosis. (m) The immunoblots analysis the expression of cleaved caspase3, VDAC1, and DsbA-
L, and the expression of BAX and Cyt-c in mitochondrial and cytosolic fractions. b-tubulin and GAPDH was used as whole lysate or
cytosolic loading control, respectively. COX IV was used as mitochondria loading control. (n-s) Analysis of the gray scale image
between them. Each experiment(a,c,d,l & m) was repeated 6 times independently with similar results. Two-tailed Student t-tests was
used for two group comparisons. (b), One-way ANOVA was used for the Multiple group comparisons. (e�k and n�s). # p<0.05: ver-
sus saline group, sham group, or MCD group.# P<0.05 versus scramble with saline group. * P<0.05 versus scramble with IR group.
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Figure 7. Creation and characteristic of the PT-VDAC1-KO mouse model. (a, b) The breeding protocol for the generation of PT-
VDAC1-KO mice and the PCR detection of genotype of wild-type and floxed alleles of VDAC1 and PEPCK-Cre allele. (c) The immuno-
blot analysis of VDAC1 and b-tubulin using kidney cortical tissues of PT-VDAC1-KO and PT-VDAC1-WT littermate mice following IR
injury. (d) Analysis of the grayscale image between them. (e) Immunohistochemical staining of VDAC1 in the kidney cortical tissues
of wild-type and VDAC1 mice following IR injury. Original magnification x 400. Scar Bar:100µM. Each experiment(c & e) was repeated
6 times independently with similar results. One-way ANOVA was used for the Multiple group comparisons (d). # p<0.05: versus
saline group, sham group, or MCD group. # P<0.05 versus sham group. * P<0.05 versus PT-VDAC1-WT with IR group.
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PT-VDAC1-KO mice showed reduced levels of cleaved
caspase-3, a lower accumulation of Bax in the mitochon-
dria, and lower rates of Cyt-c release into the cytosol
(Figure 8 i�o). These data indicated that VDAC1 also
mediated the I/R-induced AKI.
The overexpression of DsbA-L aggravated I/R-induced
kidney damage was attenuated in PT-VDAC1-KO mice
Next, we investigated whether VDAC1 mediated the role
of DsbA-L during ischemic injury. One week before the
mouse model of IR was established, we injected the tail
vein of each mouse with the DsbA-L plasmid (the injec-
tion was carried out twice during this week). The overex-
pression of DsbA-L aggravated the IR-induced elevation
in BUN and creatinine expression, renal damage, and
renal apoptosis; these effects were attenuated in the PT-
VDAC1-KO mice (Figure 9 a�d, e and f). Immunoblot
results further indicated that the overexpression of
DsbA-L enhanced the IR-induced increase in cleaved
caspase-3, the accumulation of Bax in the mitochondria,
and the release of Cyt-c into the cytosol; these effects
were reduced in the PT-VDAC1-KO mice (Figure 9 g
and h�l). Collectively, these results further demon-
strated that VDAC1 mediated the effect of DsbA-L dur-
ing ischemic injury.
The attenuation of I/R-induced renal damage in PT-
DsbA-L-KO mice was reduced by the overexpression of
VDAC1
To further confirm if DsbA-L-mediated tubular damage
was dependent on VDAC1, the littermate mice of PT-
DsbA-L -WT and PT- DsbA-L -KO mice were first
exposed to I/R treatment, and then injected via the tail
vein with the VDAC1 overexpression plasmid. The I/R-
induced increase in BUN and creatinine levels was ame-
liorated in the PT- DsbA-L -KO mice; however, this
effect was prevented by the overexpression of VDAC1
(Figure 10 a and b). HE and TUNEL staining showed
www.thelancet.com Vol 76 Month February, 2022



Figure 8. Attenuation of IR-induced renal injury, tubular cell apoptosis, and mitochondrion damage, and the expression of Bax, Cyt-c,
and cleaved caspase3 in PT-VDAC1-KO mice. The bilateral renal arteries of PT-VDAC1-KO and PT-VDAC1-WT littermate mice were
clamped for 28 min and then released for 48h to establish an IR model. (a) BUN. (b) Serum creatinine. (c) Hematoxylin and eosin staining.
(d) Representative sections of TUNEL-positive cells. (e) Electron microscope detection of mitochondrion morphology. (f) Tubular damage
score. (g) The number of TUNEL-positive cells. (h) Mitochondria injury score. (i) The immunoblots analysis the expression of cleaved cas-
pase3, VDAC1, and DsbA-L as well as the expression of BAX and Cyt-c in mitochondrial and cytosolic fractions. b-tubulin and GAPDH
was used as whole lysate or cytosolic loading control, respectively. COX IV was used as mitochondria loading control. (j�p) Analysis of
the grays cale image between them. Original magnification x 400. Scar Bar: 100µM in c & d 20µM in e. Each experiment(c�e&i) was
repeated 6 times independently with similar results. One-way ANOVA was used for the Multiple group comparisons (a, b, f�h & j�p). #
p<0.05: versus saline group, sham group, or MCD group. # P<0.05 versus sham group. * P<0.05 versus PT-VDAC1 WT with IR group.
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Figure 9. The overexpression of DsbA-L aggravated I/R-induced kidney damage was attenuated in PT-VDAC1-KO mice.The
PT-VDAC1-KO and PT-DsbA-L-WT mice were treated with or without DsbA-L plasmid and then established an IR model. (a)BUN. (b)
Serum creatinine. (c) Hematoxylin and eosin staining. (d) Representative sections of TUNEL-positive cells. (e) Tubular damage score.
(f) The number of TUNEL-positive cells. (g) The immunoblots analysis the expression of cleaved caspase3, VDAC1, and DsbA-L as
well as the expression of BAX and Cyt-c in mitochondrial and cytosolic fractions. b-tubulin and GAPDH was used as whole lysate or
cytosolic loading control, respectively. COX IV was used as mitochondria loading control. (h�n) Analysis of the gray scale image
between them. Original magnification x 400. Scar Bar:100mM. Each experiment(c�e) was repeated 6 times independently with simi-
lar results. One-way ANOVA was used for the Multiple group comparisons (a, b and f�n). # p<0.05: versus saline group, sham group,
or MCD group. # P<0.05 versus sham group. ^ P<0.05 versus IR group.* P<0.05 versus IR group.
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Figure 10. PT-DsbA-L-KO ameliorated IR-induced mice renal
injury was diminished by the overexpression of VDAC1. The
PT-DsbA-L-KO and PT- DsbA-L-WT mice were treated with or
without VDAC1 plasmid and then established an IR model. (a)
BUN. (b) Serum creatinine. (c) Hematoxylin and eosin staining.
(d) Representative sections of TUNEL-positive cells. (e) Tubular
damage score. (f) The number of TUNEL-positive cells. (g) The
immunoblots analysis the expression of cleaved caspase3,
VDAC1, and DsbA-L as well as the expression of BAX and Cyt-c
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that the relative extents of IR-induced renal tissue dam-
age and renal cell apoptosis were reduced in PT- DsbA-
L -KO mice and that these effects were blocked by the
overexpression of VDAC1 (Figure 10 c�f). Immunoblot-
ting showed that the PT- DsbA-L -KO mice had lower
levels of cleaved caspase-3, lower levels of Bax accumula-
tion in the mitochondria, and lower rates of Cyt-c
release into the cytosol; however, these effects were
eliminated by the overexpression of VDAC1 (Figure 10
g�m). These data supported the fact that DsbA-L pro-
moted ischemic injury in manner that was dependent
on VDAC1.
CLP-induced renal injury was attenuated in PT-DsbA-L-
KO or PT-VDAC1-KO mice
Sepsis-induced AKI is another common cause of AKI in
clinical practice. Littermates of the PT- DsbA-L or
VDAC-WT and PT-DsbA-L or VDAC1-KO were sub-
jected to the CLP model and then euthanized 18 h post-
surgery. Results indicated that PT-DsbA-L or VDAC1-
KO mice markedly reduced the CLP-induced elevations
in BUN and creatinine levels, and the increased levels
of renal tissue damage and renal cell apoptosis (Figures
S1 and S2 a�f). Immunoblotting confirmed that PT-
DsbA-L or VDAC1-KO mice also showed reduced levels
of cleaved caspase-3, lower levels of Bax accumulation in
the mitochondria, and lower rates of Cyt-c release into
the cytosol (Figures S1 and S2 g�n). Collectively, these
data demonstrated that both DsbA-L and VDAC1 medi-
ated the progression of septic AKI.
VAN-induced renal injury was attenuated in PT-DsbA-
L-KO or PT-VDAC1-KO mice
Vancomycin (VAN)-induced AKI is also an important
model for AKI. The littermates of PT- DsbA-L or
VDAC1-WT and PT-DsbA-L or VDAC1-KO were intra-
peritoneally injected with VAN (600mg/kg) for 7 conse-
cutive days. The results indicated that PT-DsbA-L or
VDAC1-KO mice markedly reduced the VAN-induced
elevation of BUN and creatinine levels, renal tissue
damage, and renal cell apoptosis (Figures S3 and S4
a�f). Immunoblot analyses further confirmed that PT-
DsbA-L or VDAC1-KO mice also showed reduced levels
of cleaved caspase-3, a lower extent of Bax accumulation
in the mitochondria, and lower rates of Cyt-c release
into the cytosol (Figures S3 and S4 g�m). In summary,
in mitochondrial and cytosolic fractions. b-tubulin and GAPDH
was used as whole lysate or cytosolic loading control, respec-
tively. COX IV was used as mitochondria loading control. (h�m)
Analysis of the gray scale image between them. Original magni-
fication x 400. Scar Bar:100mM. Each experiment(c, d and g) was
repeated 6 times independently with similar results. One-way
ANOVA was used for the Multiple group comparisons (a, b, e, f
and h�m). # p<0.05: versus saline group, sham group, or MCD
group. # P<0.05 versus sham group. * P<0.05 versus IR group.
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these data demonstrated that both DsbA-L and VDAC1
mediated VAN-induced AKI.
DsbA-L mediated I/R induced HK-2 cells apoptosis was
associated with VDAC1
The above result found that DsbA-L was involeved in the
BUMPT cells apoptosis, however, the function of DsbA
in human renal tubular cells remains unclear. DsbA-L
siRNA was transfected into HK2 cells, and then exposed
ATP depletion for 2 h and recovery for 2 h. The immu-
noblot results demonstrated that DsbA-L siRNA notably
ameliorated I/R-induced increase in cleaved caspase-3
and VDAC1 expression, the increased accumulation of
Bax in the mitochondria, and the increased production
of Cyt-c into the cytosol (Figure S5 a�h). The data also
suggested that the role of DsbA-L in HK2 cells apoptosis
was related to the VDAC1 during I/R treatment.
DsbA-L mediated I/R induced HK-2 cells apoptosis is
dependent on the VDAC1
To furhter verify whether the role of DsbA-L in HK2
cells apoptosis is depedent on VDAC1. Firsty, HK2 cells
were co-transfected with DsbA-L siRNA plus with or
without VDAC1 plasmid and then exposed ATP deple-
tion for 2 h and recovery for 2 h. The immunoblot
results indicated that DsbA-L siRNA markedly attenu-
ated I/R-induced increase in cleaved caspase-3 and
VDAC1 expression, the increased accumulation of Bax
in the mitochondria, and the increased production of
Cyt-c into the cytosol, this effect was reversed by the
overexpression of VDAC1 plasmid (Figure S6a�h). Sea-
condly, HK2 cells were co-transfected with the VDAC1
siRNA plus with or without DsbA-L plasmid, and then
exposed I(2 h)/R(2 h). The immunoblot results showed
that VDAC1 siRNA notably ameliorated I/R-induced
increase in cleaved caspase-3 and VDAC1 expression,
the increased accumulation of Bax in the mitochondria,
and the increased production of Cyt-c into the cytosol,
this effect was not enhanced by the overexpression of
DsbA-L plasmid (Figure S7a�h). The data clearly veri-
fied that VDAC1 mediated the pro apoptosis role of
DsbA-L in HK-2 cells during I/R treatment.
Discussion
Recent studies found that DsbA-L suppressed the high
levels of glucose (HG) induced by renal tubular cell apo-
ptosis and mitochondrial damage in diabetic nephropa-
thy (DN)(18, 37). In the current study, we demonstrated
that DsbA-L expression was induced following I/R treat-
ment in BUMPT cells, and the kidneys of both mice
and patients (Figure 1). These results confirmed the
results of a previous article that reported DsbA-L expres-
sion in mitochondria within renal cells (Figure 5).22

Functionally, we found that DsbA-L-mediated renal cell
apoptosis and mitochondrial damage to drive the pro-
gression of AKI when induced by ischemia, VAN, and
CLP (Figures 2, S1 and S3). However, this action was
the opposite of DsbA-L in HG-induced renal cell apopto-
sis. This difference may be related to the factors sustain-
ing damage and disease type. Mechanistically, we found
that DsbA-L interacted with VDAC1 in the mitochondria
of renal cells and then induced apoptosis. These find-
ings were further confirmed by ischemia or acute inter-
stitial nephritis (AIN)-induced AKI patients (Figure S8).
Collectively, this data demonstrated that DsbA-L could
be considered as a new interventional target for AKI.

Previous work reported that DsbA-L played a key pro-
tective effect for the kidneys in DN.37 In contrast, our
present study demonstrated that DsbA-L mediated the
progression of renal fibrosis in UUO.22 However, the
role of DsbA-L AKI remains largely unknown. In the
current study, we found that DsbA-L mediated the pro-
gression of AKI. Several lines of evidence supported
these findings. First, PT-DsbA-L-KO notably attenuated
ischemic AKI (Figure 2). Secondly, the knock down of
DsbA-L reduced the I/R-induced apoptosis in BUMPT
cells; in contrast, this effect was enhanced by the overex-
pression of DsbA-L (Figure 3). Thirdly, PT-DsbA-L-KO
ameliorated both VAN- and CLP-induced-AKI (Figures
S1 and S3). Collectively, this data provided strong evi-
dence to verify that the expression of DsbA-L in the
proximal renal tubules plays a pivotal role in AKI.

VDAC1, a multi-functional protein, plays a key role
in Ca2+ homeostasis, oxidative stress, and mitochon-
drial-mediated apoptosis.19,38�40 A growing body of
research has reported that VDAC1 mediates the progres-
sion of cancer, neurodegeneration, and myocardial I/R
injury.41�43 However, very little is known about the role
of VDAC1 in kidney disease. A recent paper demon-
strated that the global deletion of VDAC1 blocked mor-
phological recovery in the proximal tubules, the
improvement of kidney function, and enhanced renal
fibrosis after ischemic injury.44 However, the role of
VDAC1 in the renal tubules during ischemic injury
remains unclear. In the present study, we demonstrated
that ischemic injury induced the expression of VDAC1
in vitro and enhanced the progression of AKI. Several
lines of evidence support the role of VDAC1 in AKI:1

PT-VDAC1-KO mice showed notable attenuation of I/R-
induced AKI (Figure 9)2; the inhibition of VDAC1 sup-
pressed I/R-induced apoptosis in BUMPT cells
(Figure 6)3; CLP and VAN-induced AKI was attenuated
by PT- VDAC1-KO (Figures S2 and S3). In addition,
global knock out of VDAC1 prevented the repair of mito-
chondrial damage caused by I/R.44 Our study demon-
strated that the inhibition of VDAC1 markedly
attenuated apoptosis in renal cells and the mitochon-
drial damage induced by ischemic injury, and by CLP-
and VAN-injury models, as demonstrated by the lower
apoptosis rate, reduced levels of mitochondrial injury,
the reduced levels of cleaved caspase-3, the lower extent
www.thelancet.com Vol 76 Month February, 2022
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of Bax accumulation in the mitochondria, and the lower
levels of Cyt-c release into cytosol (Figure S1, S2 and
S4). However, the regulation mechanism of VDAC1 for
renal cell apoptosis caused by I/R remains unclear in
current study, which promoted us to further explore it
in future study. Collectively, these data support the fact
that the expression of VDAC1 in the renal proximal
tubules is involved in the progression of AKI.

The role of DsbA-L in AKI depends predominantly
on VDAC1. First, PT-DsbA-L KO mice exhibited marked
attenuation of VDAC1 expression in VAN- and CLP-
induced AKI (Figures S1 and S3). In contrast, VDAC1
siRNA or PT-VDAC1-KO did not affect the expression of
VDAC1 (Figures 6, S2 and S4). Secondly, the overex-
pression of DsbA-L enhanced the I/R-induced progres-
sion of AKI accompanied by an increased level of renal
cell apoptosis; this effect was notably reduced in the PT-
DsbA-L KO mice (Figure S2). Thirdly, PT-DsbA-L KO
attenuated ischemic injury; this was reversed by the
overexpression of VDAC1 (Figure 10). Fourthly, DsbA-L
siRNA markedly attenuated I/R-induced HK-2 cellls
apoptosis, this effect was reversed by the overexpression
of VDAC1 plasmid (Figure S6a�h). Fifthly, VDAC1
siRNA notably ameliorated HK-2 cells apoptosis, this
was not reinforced by the overexpression of DsbA-L
plasmid (Figure S7a�h). These data strongly supported
the fact that DsbA-L mediates the progression of AKI by
upregulating VDAC1. Whether DsbA-L directly regu-
lates the expression of VDAC1 needs to be investigated
further. In the present study, our co-IP results demon-
strate that DsbA-L interacted with VDAC1 in the mito-
chondria of both control and I/R groups from BUMPT
cells and the kidneys of mice and patients (Figure 1 a
and b). The co-localization of DsbA-L and VDAC1 fur-
ther confirmed the results arising from co-IP (Figure 5).
These experiments could not fully verify a direct interac-
tion between DsbA-L and VDAC1. Bioinformatics pre-
diction, combined with our IP experiments, indicated
that DsbA-L interacted with amino acids 9-13 and 22-27
of the VDAC1 protein (Figure 5 c�g). Thus, our data
show that DsbA-L interacted directly with VDAC1 to
induce renal cell apoptosis and then drive the pro-
gression of AKI. In addition, previous study reported
that mitochondrial played pivotal role in pathogene-
sis and recvery during AKI.45�48 Hence, the data
also suggested that DsbA-L interaction with VDAC1
could be considered as a potential therapeutic target
to attenuate the pathological mitochondrial effects
caused by AKI.

In summary, we demonstrated that proximal tubule-
specific DsbA-L KO mice exhibited attenuation of I/R,
CLP-, and VAN-induced AKI. Interestingly, we also
found that VDAC1 exerts a similar function as DsbA-L.
Mechanistically, DsbA-L interacted with VDAC1 and
then induced apoptosis in renal cells. Data obtained
from both ischemic and AIN tissues demonstrated that
the DsbA-L/VDAC1 axis might be involved in human
www.thelancet.com Vol 76 Month February, 2022
AKI. Our present study demonstrates that this signal
pathway may represent a therapeutic target for AKI.
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