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A B S T R A C T   

Peroxisomes are metabolically active organelles that are known for exerting oxidative metabolism, but the 
precise mechanism remains unclear in diabetic nephropathy (DN). Here, we used proteomics to uncover a 
correlation between the antioxidant protein disulfide-bond A oxidoreductase-like protein (DsbA-L) and peroxi-
somal function. In vivo, renal tubular injury, oxidative stress, and cell apoptosis in high-fat diet plus strepto-
zotocin (STZ)-induced diabetic mice were significantly increased, and these changes were accompanied by a 
"ghost" peroxisomal phenotype, which was further aggravated in DsbA-L-deficient diabetic mice. In vitro, the 
overexpression of DsbA-L in peroxisomes could improve peroxisomal phenotype and function, reduce oxidative 
stress and cell apoptosis induced by high glucose (HG, 30 mM) and palmitic acid (PA, 250 μM), but this effect 
was reversed by 3-Amino-1,2,4-triazole (3-AT, a catalase inhibitor). Mechanistically, DsbA-L regulated the ac-
tivity of catalase by binding to it, thereby reducing peroxisomal leakage and proteasomal degradation of 
peroxisomal matrix proteins induced by HG and PA. Additionally, the expression of DsbA-L in renal tubules of 
patients with DN significantly decreased and was positively correlated with peroxisomal function. Taken 
together, these results highlight an important role of DsbA-L in ameliorating tubular injury in DN by improving 
peroxisomal function.   

1. Introduction 

Diabetic nephropathy (DN) is a serious complication of diabetes 
mellitus and the main cause of end-stage renal disease [1]. In the past, 
research on DN mainly focused on the glomerulus, but in recent years, 
the role of tubular injury in DN has been increasingly appreciated [2–5]. 
Many studies have highlighted that the correlation between the pro-
gression of nephropathy and tubulointerstitial changes is stronger than 
that of glomerular changes [6,7]. The early changes of the proximal 
tubules (PTs) are the basis of oxidative stress, inflammation and tubu-
lointerstitial fibrosis, which in turn promote the progression of DN [5,8]. 
These observations suggest that the proximal renal tubules play a crucial 
role in the pathophysiology of DN. 

Peroxisomes, originally described in renal tubular cells by J. Rhodin, 
are small, single-membrane organelles [9]. These dynamic organelles 
perform essential functions in regulating numerous cellular processes, 
such as the synthesis of bile acids, the maintenance of cholesterol 

homeostasis and fatty acid β-oxidation [10]. Additionally, peroxisomes 
are also important organelles for redox reactions, contributing to both 
the generation and clearance of reactive oxygen species (ROS) [11]. Up 
to 20% of total oxygen consumption and 35% of total hydrogen peroxide 
(H2O2) generation may be attributed to peroxisomal respiration [12]. 
The high abundance of peroxisomes in the PTs strongly suggested an 
important role of peroxisomes in the kidney [13,14]. And proteomic 
results showed an extensive differential expression of peroxisomal pro-
teins in the injured kidney [15,16]. In addition, it is known that 
peroxisome deficiency or dysfunction would lead to increased intracel-
lular ROS, which contributes to oxidative stress-induced kidney injury 
[17,18]. However, limited studies have explored the contribution of 
peroxisomes in the development of DN oxidative damage, and the spe-
cific regulatory mechanism remains unclear. 

Disulfide-bond A oxidoreductase-like protein (DsbA-L), originally 
named glutathione S-transferase (GST)-k, is a 25 kDa protein predomi-
nantly expressed in the proximal tubule cells (PTCs) of kidneys and 
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localized mainly in the peroxisome and mitochondria [19,20]. DsbA-L 
exerts peroxidase activity and plays a crucial role in safeguarding cells 
against oxidative stress by facilitating the metabolism of exogenous 
substances, endogenous toxic metabolites, and free radicals [21]. Pre-
vious studies have shown that DsbA-L deficiency worsens oxidative 
stress and inflammation [22,23], while DsbA-L overexpression reduces 
ROS [24]. It is currently known that DsbA-L can protect PTCs by 
decreasing oxidative stress through improving mitochondrial function 
in DN [22], but the role of DsbA-L in peroxisome and the underlying 
mechanisms in DN remain to be elucidated. 

This study revealed that diabetic mice with PT-specific knockout of 
the DsbA-L exhibited exacerbated albuminuria and tubular oxidative 
damage, co-occurring with a substantial decline in both peroxisomal 
number and function. Furthermore, in vitro studies indicated that 
overexpression of DsbA-L in HK-2 cells intensified catalase (CAT) ac-
tivity through direct interaction with the protein, reduced the leakage of 
peroxisomal membrane, restored peroxisomal function, subsequently 
decreased the injury of tubular cells caused by high glucose (HG) and 
palmitic acid (PA). 

2. Materials and methods 

2.1. Antibodies and reagents 

Antibodies against the following proteins/enzymes were used: DsbA- 
L (ab92819, PA5-80676, 14535-1-AP), Peroxisomal membrane protein 
70 (PMP70, ab3421, SAB4200181), CAT (66765-1-Ig, 21260-1-AP, sc- 
271803), Peroxisomal acyl-coenzyme A oxidase 1 (ACOX1, 10957-1- 
AP), BAX (60267-I-Ig), BCL2 (26593-1-AP), Cleaved Caspase 3 
(9661S), Caspase 9 (66169-1-Ig), 4-Hydroxynonenal (4-HNE, 
mab3249), 8-hydroxydeoxyguanosine (8-OHdG, sc-393871). 3-Amino- 
1,2,4-triazole (3-AT) was obtained from Selleck Chemicals. PA and 
streptozotocin (STZ) were obtained from Sigma-Aldrich. The DsbA-L 
plasmid was obtained from Dr. Liu Feng at Central South University, 
Changsha, China. Lipofectamine 3000 was purchased from Invitrogen 
(Waltham, MA). The high-fat diet (containing 35 kcal% carbohydrates, 
45 kcal% fat, and 20 kcal% protein, D12451) was obtained from 
Research Diets, Inc (New Brunswick, NJ). 

2.2. Generation of PT-specific DsbA-L-knockout mice 

DsbA-Lflox/flox mice and PEPCK-Cre mice were generously provided 
by Professor Liu Feng and Dr Tang from the Second Xiangya Hospital of 
Central South University, respectively [25]. To obtain the PT-specific 
DsbA-L-knockout (DsbA-LptKO) mice and their littermate controls 
(DsbA-Lctrl), we crossed DsbA-Lflox/flox mice with PEPCK-Cre mice. These 
mice were genotyped by polymerase chain reaction (PCR) analysis of 
genomic DNA isolated from tail tissues using a Mouse Direct PCR kit 
(Bimake) as described previously [26]. The sequences of the primers 
used were as follows: DsbA-L forward primer (5′–3′), 
CTGGATGGCTTCTGTTAGAG; DsbA-L reverse primer (5′–3′), 
AAGACTGCCACTCTGCAATG; Cre forward primer (5′–3′), ACCTGAA-
GATGTTCGCGATTATCT; Cre reverse primer (5′–3′), 
ACCGTCAGTACGTGAGATATCTT. 

2.3. Mouse model 

Male mice aged 6 weeks were randomly assigned to 4 groups: DsbA- 
Lctrl group, DsbA-LptKO group, high-fat diet (HFD)/STZ induced DsbA- 
Lctrl group and HFD/STZ induced DsbA-LptKO group. The DsbA-Lctrl and 
DsbA-LptKO groups were administered a normal diet, whereas the other 
two groups were given a HFD for four weeks and then injected intra-
peritoneally with STZ (100 mg/kg; Sigma-Aldrich) to generate hyper-
glycemia, as described in a previous study [26]. Mice with random blood 
glucose levels greater than 12 mmol/l were selected for the study three 
days after the injection, and they were maintained on the HFD for 16 

weeks. The body weight and blood glucose were measured every two 
weeks. Urine was collected at 26 weeks of age and kidney tissues were 
collected for various experiments. The Medical Ethics Committee of 
Central South University approved all experiments (20220151). 

2.4. General information on patients with DN 

The clinical specimens used in this study were obtained from the 
Second Xiangya Hospital of Central South University. Patients diagnosed 
with DN via renal biopsy were included, and patients with glomerular 
minor lesion were selected as the control group. For these patients, 
routine clinical parameters, such as the estimated glomerular filtration 
rate (eGFR), as well as pathological data, including interstitial fibrosis 
and tubular atrophy (IFTA) were collected (Table S1). The protocol was 
approved by the Ethics Committee of The Second Xiangya Hospital, 
Central South University (XXF190105). All patients signed the informed 
consent in advance. 

2.5. Measurement of urine albumin and creatinine 

According to the kit’s instructions, urine albumin and urinary 
creatinine levels were determined using a Mouse MAU (Micro-
albuminuria) ELISA Kit (Sangon Biotech) and CicaLiquid-N CRE 
(KANTO CHEMICAL CO., INC.), respectively. 

2.6. Real-time qPCR 

Total RNA was extracted from renal cortex using the RNAiso Plus kit 
(TaKaRa), as previously described [27]. The extracted RNA was then 
converted to cDNA using the PrimeScript Reagent Kit (TaKaRa) and 
subsequently amplified using TB Green Premix Ex Taq II (TaKaRa) in the 
7300 Real-Time PCR System (Applied Biosystems). The sequences of the 
primers used were as follows: DsbA-L forward primer (5′–3′), 
CTGGATGGCTTCTGTTAGAG; DsbA-L reverse primer (5′–3′), 
AAGACTGCCACTCTGCAATG; β-actin forward primer (5′–3′), CAAG-
CAGGAGTACGATGAGTC, β-actin reverse primer (5′–3′), 
AACGCAGCTCAGTAACAGTC. 

2.7. Western blot 

Total protein from cells and tissues was extracted using phosphatase 
inhibitors, protease inhibitors and RIPA buffer (CWBIO). The BCA Pro-
tein Assay Kit (Thermo Fisher Scientific) was used to quantify the pro-
tein concentrations. The protein was then subjected to the sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and 
transferred to polyvinylidene fluoride membranes. After an overnight 
incubation with the primary antibody at 4 ◦C, the blotted membrane was 
then incubated with appropriate secondary antibodies (Abcam). An 
enhanced chemiluminescence kit (Thermo Fisher Scientific) was used to 
detect the membrane blots, and band intensities were quantified by 
ImageJ software. 

2.8. Proteomics analysis 

The total protein extracted from the renal cortex of DsbA-Lctrl and 
DsbA-LptKO mice was obtained following the manufacturer’s provided 
instructions. Subsequently, the protein samples were sent to Luming Bio 
(Shanghai, China) (https://www.lumingbio.com/) for proteomics 
analysis. 

2.9. Morphological analysis of the kidney 

Fixed mouse kidney tissue using 4% paraformaldehyde was 
embedded in paraffin. Staining of the four-μm-thick paraffin sections 
with hematoxylin-eosin (HE), periodic acid Schiff (PAS) and Masson 
followed previously described methods [28]. The severity of 
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tubulointerstitial injury was evaluated based on IFTA and interstitial 
inflammation. IFTA together as a percentage of the total involved area of 
interstitium and tubules: 0 = no IFTA, 1 = less than 25% IFTA, 2 = at 
least 25% but less than 50%, and 3 = at least 50% IFTA. Regarding 
interstitial inflammation, 0 = no interstitial infiltrates, 1 = infiltration 
limited to atrophic tubules, and 2 = inflammatory infiltrates in areas 
other than around atrophic tubules. Renal tubulointerstitial injury was 
observed under light microscope and 10 random visual fields were 
selected for scoring [29]. 

2.10. Immunohistochemistry (IHC) 

The four-μm thick paraffin sections were dewaxed, hydrated, and 
antigen retrieved. Sections were then blocked with 5% bovine serum 
albumin (BSA), followed by overnight incubation of primary antibody at 
4 ◦C. After washing, the sections were incubated with secondary anti-
bodies, reacted with diaminobenzidine (Servicebio) and stained with 
hematoxylin to visualize the nuclei. Sections were observed by a light 
microscope. Proteins were quantified using Image-Pro plus 6.0. 

2.11. Immunofluorescence (IF) 

The paraffin sections were dewaxed, hydrated and antigen retrieved, 
then permeabilized and blocked with 5% BSA. Sections were incubated 
with primary antibody overnight at 4 ◦C. After PBS washing, the sections 
were exposed to Alexa Fluor-488 or Alexa Fluor-594-labeled secondary 
antibody (Abcam). Nuclei were stained with 4’,6-diamidino-2-phenyl-
indole (DAPI) (SouthernBiotech). 

2.12. CAT and superoxide dismutase activity 

Following the manufacturer’s instructions, the superoxide dismutase 
(SOD) and CAT activity was measured using commercially available kits 
from Jiancheng Biotechnology. 

2.13. Cell culture and treatments 

The HK-2 cell line was obtained from ATCC and cultured. Trans-
fection of cells with pcDNA3.1-DsbA-L plasmid was performed with a 
Lipofectamine 3000 reagent (Invitrogen) following the manufacturer’s 
protocol. In this study, HK-2 cells were treated with different concen-
trations of D-glucose (5 mM or 30 mM) and PA (250 μM) as previously 
described [26]. And 3-AT (10 mM, Selleck Chemicals) were used to 
suppress CAT. MG132 (10 μM, Sigma-Aldrich) were used as a protea-
some inhibitor. 

2.14. HyPer-PTS1 biosensor and DsbA-L-PTS1 

To monitor the H2O2 levels produced locally in peroxisomes, we 
employed a peroxisome-targeted and genetically encoded fluorescence 
probe, HyPer-PTS1 [30]. Subsequently, we established a line of HK-2 
cells expressing the HyPer-PTS1 biosensor. Similarly, we added the SKL 
sequence after the DsbA-L sequence to targe DsbA-L into the 
peroxisome. 

2.15. Determination of ROS in peroxisome 

HK-2 cells stably transfected with HyPer-PTS1 were dispensed onto 
the black 96-well glass-bottom plates (Corning, 3603). To assay H2O2 
production, fluorescence was immediately measured in each well using 
SpectraMax Multifunctional enzyme label with excitation at 420 nm and 
500 nm; emission at 516 nm. 

2.16. Cell immunofluorescence 

After various treatments, the cells were fixed, permeabilized, and 

blocked. Next, the cells were incubated with primary antibodies over-
night at 4 ◦C. After washing, the cells were incubated with AlexaFluor- 
conjugated secondary antibodies and stained with DAPI. Cells were 
visualized by an LSM 780 META laser scanning microscopy (Zeiss, 
Thornwood, NY). Colocalization analyses were performed using Image- 
Fiji. 

2.17. Immunoprecipitation 

The cells were lysed with immunoprecipitation lysis buffer (87787, 
Thermo Fisher Scientific) containing protease/phosphatase inhibitors 
and then incubated overnight at 4 ◦C with anti-DsbA-L, CAT and IgG 
(B900610, B900620, Proteintech). The precipitated materials were used 
for western blot analysis with a secondary antibody that does not 
interfere with denatured IgG (ab131366, Abcam). 

2.18. Proteinase K protection assay 

According to the experimental method of Mu et al. [31], the post 
nuclear supernatants were divided into three groups: Triton X-100 
(GC204003, Servicebio), Proteinase K (G1237, Servicebio) and combi-
nation of Proteinase K with Triton X-100. The reaction was stopped after 
30 min by adding PMSF, and the samples were further treated for 
Western blot assay. 

2.19. Measurement of oxidative stress 

Dihydroethidium (DHE) (Invitrogen) and dichloro-dihydro- 
fluorescein diacetate (DCFH-DA) were used to evaluate intracellular 
ROS in renal tissues and HK-2 cells, respectively. 

2.20. Statistical analysis 

All data were analyzed using GraphPad Prism9.0 software. The 
values were presented as means ± SEMs and analyzed by Student’s t-test 
or one-way analysis of variance (ANOVA). Pearson’s correlation analysis 
was performed to examine the correlations between two numerical 
variables. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Proximal tubular cell-specific DsbA-L gene deficiency markedly 
exacerbated renal injury in diabetic mice 

To gain insight into the role of DsbA-L in DN, we generated mice with 
a targeted deletion of the DsbA-L gene in PT. Specifically, we crossed 
DsbA-L exon 1,2,3-floxed mice (DsbA-Lflox/flox) with PEPCK-Cre mice to 
obtain the DsbA-LptKO strain (Fig. 1A). 

The mice with the DsbA-Lflox/flox; PEPCK-Cre genotype were referred 
to as DsbA-LptKO, while their littermates without Cre amplification were 
used as controls, denoted as DsbA-LCtrl (Fig. 1B). The deletion of the 
DsbA-L gene was also confirmed by qPCR and western blot analysis of 
PTC isolated from the kidney (Fig. 1C and D). DN was then induced in 
both DsbA-LCtrl mice and DsbA-LptKO mice by administration of a HFD 
and STZ. Both groups displayed hyperglycemia after STZ treatment, and 
no significant differences in body weight and blood glucose were found 
(Fig. 1E and F). However, HFD/STZ-induced DsbA-LptKO mice showed 
further increased urine albumin creatine ratio (UACR) compared to 
HFD/STZ-induced DsbA-LCtrl mice (Fig. 1G). In addition, HE, PAS and 
Masson staining of diabetic mice kidneys revealed dilated cortical 
proximal tubules with loss of brush borders, as well as tubular basement 
membrane thickening and interstitial fibrosis, compared to the DsbA- 
LCtrl group. These lesions were further aggravated in diabetic DsbA-LptKO 

group (Fig. 1H and I), indicating that DsbA-L plays a crucial role in 
regulating tubular injury in DN. 
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3.2. The deficiency of DsbA-L resulted in peroxisomal dysfunction in the 
tubular cells of diabetic mice 

To investigate how DsbA-L affects the kidney, we extracted the renal 

cortex of DsbA-LCtrl and DsbA-LptKO mice for proteomic analysis. The 
analysis revealed 464 differentially expressed proteins between the two 
groups (Fig. 2A). Furthermore, the enrichment analysis of cellular 
components indicated the enrichment of DsbA-L in peroxisomes 

Fig. 1. PT-specific DsbA-L gene deficiency markedly exacerbated renal injury in diabetic mice. (A) Schematic of DsbA-L conditional knockout strategy. (B) 
PCR with genomic DNA from tail tissues as templates for verification the floxed mouse using primer pairs. (C) A representative western blot of DsbA-L expression in 
isolated PTCs from DsbA-LCtrl and DsbA-LptKO mice. (D) Real-time PCR analysis of DsbA-L in kidney cortices of mice (n=4). (E) Body weight, (F) blood glucose levels 
and (G) UACR of different groups of mice (n=4). (H) Morphological examinations of renal pathology by HE, PAS, Masson staining. Scale bars:20 μm. (I) Quanti-
fication of tubular interstitial damage score of the kidneys in each group (n=4). Data are presented as means±SEMs. *P < 0.05vs DsbA-Lctrl group; **P < 0.05vs HFD/ 
STZ-DsbA-Lctrl group; ns, not significant. PTCs, proximal tubular cells; PCR, polymerase chain reaction; UACR; urine albumin creatine ratio. 
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(Fig. 2B), while Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analysis demonstrated its significant role in peroxisome 
biology (Fig. 2C). 

To examine the impact of DsbA-L on peroxisomal function in the 
kidney, proteins associated with peroxisome in kidney were analyzed 
using immunofluorescence double staining in puncta co-stained with 
both PMP70 and CAT, which are identified as mature and functional 
peroxisomes [32]. Peroxisomal function disruption often presents a 
“ghost” peroxisomal phenotype where cells display defective CAT 
import but have peroxisomal bodies positive for PMP70 [33]. We 
detected such a peroxisomal phenotype in PTC. As shown in Fig. 2D and 
E, the co-staining with PMP70 and CAT demonstrated the 
HFD/STZ-induced DsbA-LCtrl mice had fewer peroxisomes and an 
increased "ghost" peroxisomal phenotype, while these indicators were 
further altered in the HFD/STZ-induced DsbA-LptKO mice. Furthermore, 
the western blot analysis of kidney cortex showed a significant decrease 
in CAT, PMP70, and ACOX1 expression in HFD/STZ-induced DsbA-LCtrl 

mice, which became more pronounced in HFD/STZ-induced DsbA-LptKO 

mice (Fig. 2F and G). Taken together, these data suggest that DsbA-L 
might be a key player in peroxisomal metabolism in PTC. 

3.3. DsbA-L gene ablation in PTCs resulted in increased ROS production 
and cell apoptosis in diabetic mice 

Peroxisomes are considered the primary site of oxidative reactions, 
and the accumulated dysfunctional peroxisomes is known to be signifi-
cant sources of ROS and pro-apoptotic factors [17,34]. We detected the 
presence of ROS within kidney tissues through DHE staining, where we 
observed an overproduction of ROS in the tubules of HFD/STZ-induced 
DsbA-LCtrl mice, and the HFD/STZ-induced DsbA-LptKO mice showed 
significantly stronger signals (Fig. 3A and B). 4-HNE and 8-OHdG, 
markers of oxidative damage and lipid peroxidation, also accumulated 
to high levels in the kidney of the HFD/STZ-induced mice (Fig. 3A, C, 
3D). And the activity level of vital antioxidants, CAT and SOD, were 
remarkably lower in the HFD/STZ-induced DsbA-LptKO mice (Fig. 3E and 
F). To observe changes in apoptosis, we detected alterations in some 
apoptotic factors and anti-apoptotic factors. Compared with DsbA-LCtrl 

mice, we measured up-regulated levels of Cleaved Caspase-3, Caspase-9, 
and BAX and down-regulated levels of BCL2 in the STZ/HFD-induced 
DsbA-LCtrl mice, all of which were further changed in 
STZ/HFD-induced DsbA-LptKO mice (Fig. 3G–K). Together, these obser-
vations indicate that DsbA-L deficiency leads to oxidative stress and cell 
death. 

3.4. The overexpression of DsbA-L in HK-2 cells prevented peroxisomal 
dysfunction induced by HG and PA through enhancing CAT activity by 
interacting with CAT directly 

We conducted a series of in vitro experiments to investigate whether 
the overexpression of DsbA-L could rescue HG and PA-induced effects in 
HK-2 cells and explore its potential mechanisms. Firstly, we checked the 
expression and subcellular localization of DsbA-L in tubular cells. 
Amounts of DsbA-L proteins were co-localized with PMP70 in HK-2 
cells, indicating that some of the DsbA-L proteins localize in the 
peroxisome (Fig. 4A). Secondly, based on the analysis of the website 

database, DsbA-L appeared to interact with multiple molecules. Among 
them, CAT is located in the peroxisome and is closely related to the 
oxidative reaction (Fig. 4B). Next, we explored whether DsbA-L im-
proves peroxisome abundance and function via CAT. The results showed 
that mature and functional peroxisomes and the expression of ACOX1, 
PMP70, and CAT decreased in the HG and PA environment but were 
partially restored by overexpression of DsbA-L, and the effect was 
abolished by the treatment of 3-AT, a CAT inhibitor (Fig. 4C–F). CAT, a 
peroxisomal matrix protein, was also observed to leak into the cyto-
plasm under HG and PA conditions, and the overexpression of DsbA-L 
partially improved the leakage of CAT into the cytoplasm (Fig. 4C). 
These findings suggest that DsbA-L may regulate peroxisomal function 
through CAT. 

Furthermore, it has previously been reported that DsbA-L may 
interact with CAT [35]. To verify the interaction between DsbA-L and 
CAT, we performed immunoprecipitation with HK-2 cells (Fig. 4G). The 
interaction between DsbA-L and CAT was further validated through 
immunofluorescence, and the results showed that overexpression of 
DsbA-L increased binding under HG and PA-induced conditions 
(Fig. 4H). Next, by analyzing the protein sequence of the two molecules 
and using GRAMM for prediction, we discovered that DsbA-L binds to 
the active site of CAT [36] (Fig. 4I, Fig. S1). And we also found that 
DsbA-L could regulate CAT activity under the condition of HG and PA 
(Fig. 4J). Taken together, these results suggest that DsbA-L may regulate 
the activity of CAT by interacting with it, thereby improving the abun-
dance and function of the peroxisome. 

3.5. Overexpression of DsbA-L alleviated leakage of peroxisome 
membrane, proteasomal degradation of peroxisomal matrix proteins, 
peroxisomal H2O2 and apoptosis in HK-2 cells induced by HG and PA 

Our results demonstrated that peroxisomal matrix proteins could be 
released into the cytoplasm under HG and PA conditions. And peroxi-
somal ROS generation promotes peroxisomal leakage and proteasomal 
degradation of peroxisomal matrix proteins [31]. Therefore, we hy-
pothesized that the elevated peroxisomal ROS generation under HG and 
PA conditions may cause leaky peroxisome, which subsequently results 
in the leakage of matrix contents followed by proteasomal degradation. 
To verify HG and PA in the proteasomal degradation of peroxisomal 
matrix proteins, HK-2 cells were treated with a proteasome inhibitor, 
MG132, along with HG and PA. As shown in Fig. 5A, the addition of 
MG132 has been shown to inhibit HG and PA mediated degradation of 
peroxisome matrix proteins, including CAT and ACOX1. To confirm the 
degradation of peroxisome matrix proteins in the cytosol, Proteinase K 
protection assay was carried out. In Fig. 5B, PMP70 was degraded by 
proteinase K without Triton X-100, while peroxisomal matrix proteins, 
including CAT and ACOX1, were only degraded by a combination of 
proteinase K and Triton X-100 in control cells. These findings suggest 
that in control cells, the degradation of matrix proteins by proteinase K 
requires the matrix protein to leak into the cytoplasm via pores induced 
by Triton X-100 on the peroxisomal membrane. ACOX1 and CAT were 
degraded by protease K under the intervention of HG and PA, indicating 
that the peroxisomal membrane has leaked. And these effects were 
partially restored by overexpression of DsbA-L(Fig. 5B). 

Furthermore, intracellular ROS level was measured using DCFH-DA, 

Fig. 2. PTCs-specific-DsbA-L deficiency accelerated disruption of peroxisomal abundance and function in tubular cells of diabetic mice. (A) Clusters of 
differentially expressed proteins in the kidney tissues of DsbA-Lctrl and DsbA-LptKO mice. Each row represents a protein, and each column represents a mouse sample. 
Blue color indicates downregulation, and red shows upregulation. n = 3 mice per group. (B) Gene ontology (GO) analysis of differentially expressed proteins in the 
kidney of DsbA-LptKO with DsbA-LCtrl; the analysis was performed according to the cellular components. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
analysis of differentially expressed proteins in the kidney of DsbA-LptKO with DsbA-LCtrl. (D) Representative immunofluorescence images of CAT (green) and PMP70 
(red) in kidney tissues from each group. The nuclei were counterstained by DAPI (blue). Overlap analyzed by the colocalization highlighter plugin (ImageJ) are 
shown in yellow. Scale bar: 20 μm. (E) Colocalization of CAT and PMP70 determined from the images represented in (D) using Pearson’s correlation coefficient 
(n=4). (F) Western blot analysis of ACOX1, PMP70, CAT and DsbA-L expression in kidney cortices (n=4). (G) Relative band intensity of ACOX1, PMP70, CAT and 
DsbA-L. Data are presented as means±SEMs. *P < 0.05vs DsbA-Lctrl group; **P < 0.05vs HFD/STZ-DsbA-Lctrl group; ns, not significant. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. PTCs-specific-DsbA-L deficiency resulted in increased ROS production and cell apoptosis in diabetic mice. (A) The upper layer is DHE staining (Scale 
bar: 50 μm), and the middle and lower layer represents the immunohistochemical results of 4-HNE and 8-OHdG (Scale bar: 20 μm), respectively. (B) Relative mean 
fluorescence intensity of DHE (n=4). (C) Relative immunostaining density/area of 4-HNE (n=4). (D) Relative immunostaining density/area of 8-OHdG (n=4). (E) 
CAT activity was detected (n=4). mgprot, milligram protein. (F) Total SOD activity was detected (n=4). (G–K) Representative western blot bands (G) and relative 
band intensity (H–K) of Caspase-9, BCL2, BAX and Cleaved Caspase-3 protein in the kidney cortices (n=4). Data are presented as means±SEMs. *P < 0.05vs DsbA-Lctrl 

group; **P < 0.05vs HFD/STZ-DsbA-Lctrl group; ns, not significant. 
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and we found that overexpression of DsbA-L in HK-2 cells could reduce 
HG and PA-induced ROS, but this alleviating effect could be inhibited by 
3-AT (Fig. 5C). Similar results were also observed with H2O2 in perox-
isomes (Fig. 5D). Consistent with the improvement of peroxisomal ROS, 
apoptosis in HK-2 cells exposed to HG and PA as revealed was also 
inhibited with overexpression of DsbA-L (Fig. 5E and F). 

3.6. Peroxisomal localization of DsbA-L improved peroxisomal function 
and cell injury by CAT 

The protein DsbA-L is located in both mitochondria and peroxisomes. 
We were interested in whether peroxisomal or mitochondrial DsbA-L is 
responsible for the CAT function. To investigate this, we generated 

(caption on next page) 
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organelle-specific targeting of DsbA-L by genetically fusing it with SKL, 
which was named DsbA-L-PTS1 (Fig. 6A). Immunofluorescence was 
used to confirm the specific localization of DsbA-L-PTS1 within the 
peroxisomes (Fig. 6B). DsbA-L-PTS1 blocked the reduction of 

peroxisomal abundance and dysfunction, prevented peroxisomal H2O2 
and cell apoptosis in HK-2 cells induced by HG and PA (Fig. 6C–E). 
Therefore, based on these results, it seems that peroxisomal DsbA-L is 
responsible for peroxisomal function as well as kidney injury. 

Fig. 4. DsbA-L enhanced CAT activity by directly interacting with CAT, and then alleviated HG and PA-induced peroxisomal dysfunction in HK-2 cells. (A) 
Confocal images of endogenous DsbA-L (green) and peroxisomal marker PMP70 (red) in HK-2 cells. Nuclei were counterstained with DAPI (blue). Overlap analyzed 
by the colocalization highlighter plugin (ImageJ) are shown in yellow. Scale bar: 10 μm. (B) Protein interaction made using Cytoscape (data source STRING). (C) HK- 
2 cells were treated with DsbA-L overexpression plasmid, normal glucose (NG, 5 mM), high glucose (HG, 30 mM) and palmitic acid (PA, 250 μM) or 3-AT and 
immunostained for CAT (green) and PMP70 (red). Nuclei were counterstained with DAPI (blue). Overlaps analyzed by the colocalization highlighter plugin (ImageJ) 
are shown in yellow. Scale bar: 10 μm. (D) Colocalization of CAT and PMP70 determined from the images represented in (C) using Pearson’s correlation coefficient 
(n=3). (E) Representative western blot images of ACOX1, PMP70, CAT and DsbA-L expression in HK-2 cells under various treatment conditions. (F) Relative band 
intensity of ACOX1, PMP70 and CAT in HK-2 cells (n=3). (G) Cell lysates were subjected to immunoprecipitation (IP) with control IgG and anti-DsbA-L antibody 
(upper panel) or control IgG and anti-CAT antibody (lower panel). The immune-precipitates and whole-cell lysates (input) were analyzed by Western blotting with 
the indicated antibodies. IB, immunoblotting. (H) Representative images showing colocalization of CAT (red) and DsbA-L (green) in HK-2 cells. Nuclei were 
counterstained with DAPI (blue). Overlaps analyzed by the colocalization highlighter plugin (ImageJ) are shown in yellow. Scale bar: 20 μm. (I) The predicted 
interaction mode between DsbA-L (green) and CAT (blue). CAT active site signature (FDRERIPERVVHAKGAGA) was yellow. (J) CAT activity was detected in HK-2 
cells (n=3). mgprot, milligram protein. Data are presented as means±SEMs. *P < 0.05vs NG; **P < 0.05vs HG and PA; ns, not significant; ACOT2, Acyl-coenzyme A 
thioesterase 2; AGXT, Alanine–glyoxylate aminotransferase; DECR2, Peroxisomal 2,4-dienoyl-CoA reductase; EPHX2, Bifunctional epoxide hydrolase 2. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Overexpression of DsbA-L alleviated leakage of peroxisomal membrane, proteasomal degradation of peroxisomal matrix proteins, peroxisomal 
H2O2 and apoptosis in HK-2 cells induced by HG and PA. (A) Cells were treated with NG, HG and PA, or MG132 (10 μM) for 24 h and followed by immuno-
blotting. (B) HK-2 Cells were treated with NG, HG and PA, or DsbA-L plasmid, followed by Proteinase K protection assay, and immunoblotting for PMP70, CAT and 
ACOX1. (C) HK-2 cells were treated with DCFH-DA to determine the ROS and examined under fluorescence microscope. (D) Peroxisomal H2O2 production was 
measured by HyPer-PTS1(n=3). (E) Representative western blot bands of Caspase-9, BCL2, BAX and Cleaved Caspase-3 protein in HK-2 cells. (F) Relative band 
intensity of Caspase-9, BCL2, BAX and Cleaved Caspase-3 protein in HK-2 cells (n=3). Data are presented as means±SEMs. *P < 0.05vs NG; **P < 0.05vs HG and PA; 
ns, not significant. 
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3.7. Decreased DsbA-L expression and altered peroxisomal function are 
associated with kidney injury in DN patients 

Obviously decreased expression of DsbA-L was observed in the renal 
tubular cells of patients with DN compared with those of controls as 
confirmed by immunofluorescence, and this finding was consistent with 
the pathological grade (Fig. 7A). Moreover, the expression of DsbA-L in 
the tubules of diabetic kidney was positively correlated with eGFR 
(Fig. 7B), and negatively correlated with degrees of IFTA(Fig. 7C). 
Similar result was obtained for CAT and peroxisomal function 
(Fig. 7D–H). In addition, we also found that the expression of DsbA-L 
had a positive correlation with peroxisomal function (Fig. 7I). 

4. Discussion 

In this study, we found that knockout of DsbA-L gene in PTC further 
worsened peroxisomal function and tubular oxidative damage in the 
kidney of DN mice. DsbA-L is localized in peroxisomes, and upregulation 
of DsbA-L expression in the peroxisomes helps to regulate the activity of 
CAT by binding to it, alleviate leakage of peroxisomal membranes, 
improve peroxisome function, and thereby improving tubular cell 
damage inducted by HG and PA (Fig. 8). These results suggest that DsbA- 
L plays a key role in the regulation of peroxisomal function and ame-
liorates tubular cell damage in DN. 

DsbA-L is a vital antioxidant protein mainly located in the peroxi-
some and mitochondria [20,26]. Previous studies have shown that 
DsbA-L mediates renal tubular oxidative damage in DN [22], but the 
precise mechanisms remain unclear. In this study, we also found that 
specific knockout of DsbA-L gene in PTC could lead to diabetic kidney 

damage induced by HFD and STZ (Fig. 1). To further identify the rele-
vant mechanisms, proteomic was carried out and indicated that DsbA-L 
was closely associated with peroxisomal function, and DsbA-L deletion 
in diabetic mice further worsened peroxisomal function and aggravated 
oxidative damage compared with diabetic DsbA-Lctrl mice (Figs. 2 and 
3). Moreover, overexpression of DsbA-L partially reversed peroxisomal 
function and oxidative damage in HG and PA-induced HK-2 cells 
(Fig. 4), which is consistent with the restoration of peroxisomal function 
being able to protect the kidney from STZ-induced renal oxidative 
damage in diabetic mice [18]. These results suggest that DsbA-L 
depletion under diabetic conditions leads to renal oxidative damage, 
partly due to impaired peroxisomal function. Additionally, the changes 
of oxidative stress, apoptosis, and peroxisomal function were not 
obvious in DsbA-LptKO mice. Similar observations were previously noted 
in DsbA-L full knockout and liver gene-specific knockout mice [22,25]. 
Based on these observations, we hypothesized that DsbA-L is a 
stress-responsive protein. DsbA-L deficient mice display no anomalies 
under basal conditions, but the deficiency of DsbA-L would disturb the 
redox homeostasis during stress condition such as diabetes. ACOX1 is 
the first and rate-limiting enzyme in peroxisomal β-oxidation of 
very-long-chain fatty acids (VLCFAs), and ACOX1 activity leads to H2O2 
production, which is then transformed into water and oxygen by CAT 
[37]. Our study revealed a decrease in ACOX1 expression but an in-
crease in ROS under HG and PA, which was consistent with the findings 
of You et al. [37,38]. This finding may be attributed to the decrease in 
ACOX1, which results in the accumulation of VLCFAs. The decrease in 
CAT and the accumulation of VLCFAs induce ROS production [37–39]. 

The next question is how DsbA-L affects the morphology and func-
tion of peroxisome in DN. First of all, our data further confirmed that 

Fig. 6. Peroxisomal localization of DsbA-L 
improved peroxisomal function and apoptosis. 
(A) Construction of DsbA-L plasmid directed to 
peroxisome. (B) The DsbA-L knockout stable trans-
fection strain (DsbA-L-KO) was constructed, and 
DsbA-L-PTS1 was transfected in the DsbA-L-KO stable 
transfection strain. Panel shows the DsbA-L as red 
fluorescence, the peroxisomes showed as PMP-70 
positive green staining, and the co-localization of 
DsbA-L with PMP-70 is shown as yellow fluorescence 
puncta. Nuclear DNA is stained with DAPI and shown 
in blue. Scale bar: 20 μm. (C) Peroxisomal H2O2 
production was measured by HyPer-PTS1 (n=3). (D) 
Representative western blot bands of PMP70, CAT, 
DsbA-L, BCL2, BAX and Cleaved Caspase-3 protein in 
HK-2 cells. (E) Relative band intensity of PMP70, 
CAT, BCL2, BAX and Cleaved Caspase-3 protein in 
HK-2 cells (n=3). Data are presented as means ±
SEMs. *P < 0.05vs NG; **P < 0.05vs HG and PA; ns, 
not significant. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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Fig. 7. Decreased DsbA-L expression and altered peroxisomal function are associated with kidney injury in DN patients. (A) IF staining showed the 
expression of DsbA-L in renal biopsy specimens of patients with diabetic nephropathy (DN) and control. Scale bar: 20 μm. (B, C) Correlation between DsbA-L 
expression and eGFR (n=13) (B) and IFTA (n=13) (C) in patients with DN. (D) Representative immunofluorescence images of CAT (green) and PMP70 (red) in 
kidney tissues. The nuclei were counterstained by DAPI (blue). Overlap analyzed by the colocalization highlighter plugin (ImageJ) are shown in yellow. Scale bar: 20 
μm. (E, F) Correlation between CAT expression and eGFR (n=13) (E) and IFTA (n=13) (F) in patients with DN. (G, H) Colocalization of CAT and PMP70 determined 
from the images (D) represented in using Pearson’s correlation coefficient. Correlation between Pearson’s correlation coefficient and eGFR (n=13) (G) and IFTA 
(n=13) (H) in patients with DN. (I) Correlation between DsbA-L expression and Pearson’s correlation coefficient (n=8). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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DsbA-L is predominantly located in the peroxisomes of tubular epithelial 
cells. The database revealed that CAT may be involved in the down-
stream effector mechanisms of DsbA-L (Fig. 4). It has been known that 
CAT is predominantly located in the peroxisomes, where it accounts for 
10%–25% of peroxisomal protein [40]. Additionally, humans with 
inherited CAT deficiency (for acatalasemia, hypocatalasemia) are at 
greater risk of developing age-related disorders such as diabetes, 
atherosclerosis, and cancer [41]. A previous study indicated that CAT 
deficiency leads to ineffective ROS clearance [32]. And CAT could 
protect the kidney from oxidative stress damage in STZ-induced diabetic 
mice by maintaining peroxisomal function [18]. Moreover, Liu et al. 
reported a potential interaction between DsbA-L and CAT through af-
finity purification mass spectrometry and complementary proximity 
labeling [35]. It is suggested that DsbA-L may protect DN tubular cells 
from oxidative damage attributed to the effects of CAT on peroxisomal 
morphology and function. Here we discovered co-localization and 
interaction between DsbA-L and CAT. And under the condition of HG 
and PA, the expression of CAT and the function of peroxisome 
decreased. Overexpression of DsbA-L in vitro restored CAT expression, 
alleviated peroxisomal ROS production and cell apoptosis in HG and PA 
treated HK-2 cells, which could be reversed by CAT inhibitor 3-AT 
(Figs. 4 and 5). In addition, in order to rule out that DsbA-L is the 
mitochondrial pathway to improve the oxidative damage of HK-2 cells 
induced by HG and PA, we constructed the DsbA-L-PTS1 plasmid that 
was localized in peroxisome, and found that overexpressed DsbA-L-PTS1 
improved the function of peroxisome through CAT (Fig. 6). These data 
strongly support that DsbA-L can mediate direct interactions with CAT, 
thus enhancing peroxisomal function to ameliorate the damage of DN 
tubular cells. 

Furthermore, it is unclear how the reduction of CAT activity in DN 
results in decrease of peroxisomal matrix proteins and impaired perox-
isomal function. Some studies have shown that inhibition of CAT ac-
tivity will trigger a decrease in autophagy and peroxisomal density [42, 
43]. Deficiency or inactivation of CAT can result in the inhibition of 
peroxisomal biosynthesis [44,45]. Studies have also shown that the in-
hibition of CAT activity will lead to accumulation of peroxisomal ROS 
and the leakage of proteins in the peroxisome to the cytoplasm, which in 
turn causes the selective degradation of peroxisomal matrix proteins, 
thereby damaging the function of the peroxisome [31]. But it has also 
been shown that peroxisomes can selectively inhibit the import of CAT 
under conditions of oxidative stress, leading to elevated levels of CAT in 

the cytoplasm [46], which significantly protects the cytoplasm from 
H2O2-induced damage [47]. The difference mentioned above could 
relate to cell type and intervention duration. Our study indicates that 
CAT is mislocated to the cytoplasm in HG and PA-induced HK-2 cells in 
addition to the decrease in its activity, and DsbA-L overexpression can 
reverse this phenomenon (Fig. 4). So, we speculate that DsbA-L may 
regulate CAT activity, improve peroxisome membrane leakage and 
degradation of peroxisomal matrix proteins to maintain peroxisome 
function and improve oxidative damage in renal tubular cells. The re-
sults in Fig. 5 also confirmed our hypothesis. An interesting question 
remains to be elucidated in this study is that how DsbA-L regulates CAT 
activity. Studies have shown that when mammalian cells are exposed to 
external H2O2 or other ROS stimulus, CAT can be phosphorylated [48, 
49], succinylated [50,51], monomethylated [52],or ubiquitinated [53, 
54], thereby altering CAT activity. Further experiments are required to 
explore whether the regulation of CAT activity by DsbA-L in DN is 
associated with these post-translational modifications. 

Collectively, our study reveals the importance of DsbA-L in main-
taining peroxisomal function in DN. We also demonstrated that DsbA-L 
improves peroxisome abundance and function by regulating CAT ac-
tivity, which provides new insights into renal tubular damage in DN and 
provides a new potential target for the treatment of DN. 
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