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A B S T R A C T   

Kidney fibrosis is associated with tubular injury, oxidative stress and activation of interstitial fibroblasts. 
However, whether these events are somehow connected is poorly understood. In this study, we show that 
glutathione peroxidase-3 (GPX3) depletion in renal tubular epithelium after kidney injury plays a central role in 
orchestrating an oxidatively stressed extracellular microenvironment, which drives interstitial fibroblast acti-
vation and proliferation. Through transcriptional profiling by RNA-sequencing, we found that the expression of 
GPX3 was down-regulated in various models of chronic kidney disease (CKD), which was correlated with in-
duction of nicotinamide adenine dinucleotide phosphate (NAPDH) oxidase-4 (NOX4). By using decellularized 
extracellular matrix (ECM) scaffold, we demonstrated that GPX3-depleted extracellular microenvironment 
spontaneously induced NOX4 expression and reactive oxygen species (ROS) production in renal fibroblasts and 
triggered their activation and proliferation. Activation of NOX4 by advanced oxidation protein products (AOPPs) 
mimicked the loss of GPX3, increased the production of ROS, stimulated fibroblast activation and proliferation, 
and activated protein kinase C-α (PKCα)/mitogen-activated protein kinase (MAPK)/signal transducer and acti-
vator of transcription 3 (STAT3) signaling. Silencing NOX4 or inhibition of MAPK with small molecule inhibitors 
hampered fibroblast activation and proliferation. In mouse model of CKD, knockdown of NOX4 repressed renal 
fibroblast activation and proliferation and alleviated kidney fibrosis. These results indicate that loss of GPX3 
orchestrates an oxidatively stressed extracellular microenvironment, which promotes fibroblast activation and 
proliferation through a cascade of signal transduction. Our studies underscore the crucial role of extracellular 
microenvironment in driving fibroblast activation and kidney fibrosis.   

1. Introduction 

Kidney fibrosis, characterized by excessive accumulation of extra-
cellular matrix (ECM), is the common outcome of a wide variety of 
chronic kidney disease (CKD) [1,2]. Studies show that fibrotic lesions 
are often unevenly distributed throughout renal parenchyma, suggest-
ing that local tissue environment plays a decisive role in the initiation 
and development of kidney fibrosis. We recently proposed the concept of 
the fibrogenic niche, which portrays the special tissue 

microenvironment that promotes fibroblast activation in organ fibrosis 
[3,4]. Although a series of cellular events may take place in the fibro-
genic niche [1,5,6], fibroblast activation is the principal one with 
particular importance, as it renders quiescent fibroblasts to proliferate, 
acquire a myofibroblast phenotype by expressing α-smooth muscle actin 
(α-SMA) and become the principal matrix-producing cells [7,8]. Kidney 
fibrosis is also associated with oxidative stress, a condition caused by an 
imbalance between the production of reactive oxygen species (ROS) and 
antioxidant defenses [9]. However, how oxidative stress is connected to 
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fibroblast activation in the fibrotic kidney remains incompletely 
understood. 

Oxidative stress results from an increased production of ROS and/or 
a decrease in the effectiveness of antioxidant defenses [10,11]. The best 
studied cellular antioxidants are the glutathione peroxidases (GPXs), a 
family of enzymes with peroxidase activity whose main biological role is 
to protect cells and tissues from oxidative damage [12,13]. There are 8 
isozymes in the GPX family, which are encoded by different genes and 
vary in cellular and subcellular locations and substrate specificity. 
Together, they catalyze the reduction of hydrogen peroxide or organic 
hydroperoxides using glutathione. Of these 8 GPXs, GPX3, also known as 
extracellular or plasma GPX, is quite unique in that it is secreted into 
extracellular fluid and plasma [14,15]. As a major ROS scavenger, GPX3 
plays an imperative role in safeguarding tissue extracellular environ-
ment from oxidative damage by eliminating ROS [16]. GPX3 in blood 
circulation is mainly originated from the proximal tubular epithelium of 
the kidney [17], and it is secreted to extracellular space and binds to the 
tubular basement membrane and other matrix proteins [18]. As such, 
GPX3 acts as an integral component of the extracellular microenviron-
ment in normal kidneys. It is conceivable to speculate that loss of GPX3 
may lead to excessive accumulation of ROS in the extracellular 
compartment, thereby affecting the surrounding cells and changing 
their phenotypes and trajectories. 

How cells sense the oxidative stress in extracellular environment and 
then make an appropriate response is an intriguing question. As nico-
tinamide adenine dinucleotide phosphate (NAPDH) oxidase (NOX) is a 
family of the membrane-bound enzyme complex that faces the extra-
cellular space [19–21], we wondered whether NOX enzymes play a role 
in connecting oxidative stress in the extracellular environment to 
intracellular signaling and subsequent cellular actions. In line with this 
speculation, earlier studies have shown that NOX4 can act as an oxygen 
sensor and its activity can be regulated by extracellular oxygen levels to 
control intracellular ROS production [22]. Furthermore, the 
NOX-derived ROS is related to alterations in cell signaling [23]. How-
ever, exactly how NOX4-derived ROS signaling causes fibroblast acti-
vation and fibrotic lesions in the kidney deserves further investigation. 

In this study, we show that GPX3 was downregulated in the kidney in 
mouse models of CKD, which was associated with NOX4 induction. 
Using decellularized kidney tissue scaffolds (KTS), we demonstrate that 
GPX3-depleted ECM scaffold spontaneously promoted NOX4 expression 
and ROS production, and induced renal fibroblast proliferation. 
Furthermore, knockdown of NOX4 inhibited the proliferation and acti-
vation of fibroblasts both in vitro and in vivo. Our results suggest that 
oxidatively stressed extracellular microenvironment plays a vital role in 
driving fibroblast activation and kidney fibrosis. 

2. Materials and methods 

2.1. RNA-seq analysis 

Male BALB/c mice were divided to two groups: (i) sham group, (ii) 
unilateral ureteral obstruction (UUO) group. Mice were euthanized at 7 
days after UUO, and then the kidneys removed [24]. Total RNA of the 
kidneys was extracted with Trizol (Invitrogen) and qualified using 
Agilent 2100 bioanalyzer (Thermo Fisher Scientific). Aliquot of total 
RNA (200 ng) was used to construct the RNA sequencing (RNA-seq) li-
braries. RNA-seq was carried out on MGISEQ2000 platforms (BGI Ge-
nomics), and approximately 20 M clean reads were generated. Each 
RNA-seq read was mapped to the mouse genome using HISAT2 v2.0.5 
with default values for the parameters [25]. The mappable reads were 
assembled by cufflinks v2.2.1 with default parameters [26]. FPKM 
(fragments per kilobase per million mapped reads) values were called 
using Cufflinks. Differential gene expression was performed by using the 
cuffdiff. Adjusted P < 0.05 was considered as a significantly differential 
expression. 

2.2. Bioinformatics analyses 

The pathways of proteins were elucidated based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.ad. 
jp/kegg/) using the blast software against the database. Enrichment 
analyses were applied based on the Fisher’ exact test, considering the 
whole quantified proteins as background dataset. Benjamini-Hochberg 
correction for multiple testing was further applied to adjust derived p- 
values. Only functional categories and pathways with p-values under a 
threshold of 0.05 were considered as significant. Gene set enrichment 
analysis (GSEA) was performed by GSEApy software with default pa-
rameters against KEGG gene sets. 

The prediction of transcription factors binding sites of mouse NOX4 
gene was performed by using the JASPAR Predicted Transcription Fac-
tor Targets program (http://jaspar.genereg.net/). By analyzing mouse 
NOX4 gene in the dataset, we found that the signal transducer and 
activator of transcription 3 (STAT3) could bind to multiple sites in the 
promoter of mouse NOX4 gene. 

2.3. Animal models 

Male BALB/c mice were obtained from the Southern Medical Uni-
versity Animal Center (Guangzhou, China). Mice were subjected to UUO 
surgery and euthanized at 7 days after UUO, as previous reported [27]. 
In separate experiments, mice were subjected to unilateral ischemia/r-
eperfusion injury (UIRI) [24]. At day 10 after UIRI, the contralateral 
intact kidney was removed by nephrectomy. Mice were euthanized at 11 
days after UIRI. In addition, male CD1 mice were subjected to 5/6 ne-
phrectomy (5/6NX), as described previously [24]. Briefly, renal ablation 
of the left kidney was produced by amputation of both renal poles. One 
week later, the mice were subjected to a right nephrectomy via a dorsal 
lumbotomy incision. After 8 weeks, the mice were euthanized and kid-
ney tissues collected. All animal studies were approved by the Experi-
mental Animal Committee at the Nanfang Hospital, Southern Medical 
University. 

2.4. Preparation of HK-2-derived ECM scaffold 

Human kidney proximal tubular epithelial cell line (HK-2) was ob-
tained from the American Type Culture Collection (ATCC; Manassas, 
VA). HK-2 cells were transfected with control or GPX3-specific siRNA for 
24 h. The cells were then treated with EGTA [ethylene glycol-bis 
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid] (0.5 mM; pH 7.4) in 
calcium-free phosphate-buffered saline (PBS), followed by shaking for 2 
h at 4 ◦C. The treatment was repeated 3–4 times until all cells were lifted 
from their underlying matrix. The HK-2-derived extracellular matrix 
(ECM) scaffold was washed with PBS. Normal rat kidney interstitial 
fibroblast cells (NRK-49F; ATCC) were then seeded on the ECM scaffold 
and cultured for 24 h. Some ECM scaffold was collected for subsequent 
Western blot analysis. 

2.5. Preparation of kidney tissue scaffold 

Decellularized kidney tissue scaffold (KTS) was prepared according 
to an established protocol [4]. Briefly, kidneys were cut into 3-4 slices of 
same thickness along the sagittal plane. The kidney slices were then 
subjected to multiple steps of decellularization procedures as described 
[4]. 

2.6. AOPPs-BSA preparation 

The advanced oxidation protein products-bovine serum albumin 
(AOPPs-BSA) was prepared by incubation of BSA (Sigma-Aldrich, St. 
Louis, MO) with hypochlorous acid (Fluke, Buchs, Switzerland) in the 
absence of free amino acid/carbohydrates/lipids to exclude the forma-
tion of advanced glycation end products (AGEs)-like structures [28]. 
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Prepared samples were dialyzed against sterile PBS to remove free hy-
pochlorous acid (HOCL) and passed through a Detoxi-Gel column 
(Pierce, Rockford, IL) to remove contaminated endotoxin. The endo-
toxin levels in the preparations were found to be < 0.025 EU/ml by the 
Amebocyte Lysate Kit (Sigma Chemical). The components of AGEs, 
including N(6)-carboxylmethyllysine, pentosidine, pyridine, or glyoxal-, 
glycolaldehyde-, and glyceraldehyde-modified proteins were undetect-
able in the prepared samples as described previously [28]. 

2.7. Cell culture and treatment 

The NRK-49F cells were maintained in Dulbecco’s modified Eagle’s 
medium/F12 medium supplemented with 10% fetal bovine serum 
(FBS). NRK-49F cells were seeded on six-well culture plates with 
70~80% confluence in the complete medium containing 10% FBS for 
about 12 h, and then changed to serum-free medium after washing twice 
with PBS. Cells were then treated with AOPPs at different concentrations 
(0, 25, 50, and 100 μg/ml) in the serum-free medium for various periods 
of time (0, 12, 24, 48 h) or transfected with either control siRNA or 
NOX4-specific siRNA. In some experiments, cells were pretreated for 1 h 
with various chemical inhibitors at the specified concentrations and 
then treated with AOPPs (50 μg/ml). Furthermore, cells were also 
transfected with NOX4 overexpression plasmid (pCMV-NOX4), STAT3 
overexpression plasmid (pCMV-STAT3) or STAT3-siRNA for 24 h, 
respectively, followed by treating without or with AOPPs (50 μg/ml). 
Control cells were treated with an equal amount of vehicle. Cells were 
then collected and subjected to various analyses. In independent ex-
periments, HK-2 cells were transfected with control or NOX4 over-
expression plasmid (pCMV-NOX4) for 24 h. Moreover, HK-2 cells were 
transfected with NOX4-siRNA or GPX3-siRNA, followed by treating with 
AOPPs (50 μg/ml). 

2.8. Determination of ROS production 

Production of intracellular ROS was analyzed using flow cytometry. 
After incubation with AOPPs for various periods of time or transfected 
with either control siRNA or NOX4-specific siRNA, cells were incubated 
with dichloro-dihydro-fluorescein diacetate (DCFH-DA) (10 μM) for 30 
min. Cells were then washed, trypsinized, and resuspended in PBS. The 
mean fluorescence intensity at 488 nm was measured in the BD Flow 
Cytometry FACS Canto II equipment (BD Biosciences, Nova Jersey, 
EUA). In addition, total ROS including superoxide radical anion (O2•

− ), 
hydroxyl radical (•OH) and singlet oxygen (1O2) was also assayed by 
using an enzyme-linked immunosorbent assay (ELISA) Kit (Yuanju 
Biotechnology Center, Shanghai, China). Cell supernatants from 
different treatment groups were collected. The kidney tissues of each 
group were collected for homogenization, and the supernatant collected. 
The content of ROS in different groups was determined by using ROS 
ELISA kit according to the manufacturer’s instructions. In addition, to 
analytically assess the different types of ROS, dihydrorhodamine 123 
(DHR123), dihydroethidium (DHE) and singlet oxygen sensor green 
(SOSG) were utilized as fluorescent probes to measure the superoxide 
radical anion (O2•

− ), hydroxyl radical (•OH) and singlet oxygen (1O2), 
respectively. Following the manufacturer’s instructions, 5 μM fluores-
cent probes were added to the cell supernatant of each group, and the 
fluorescence intensity was measured using a fluorescence 
spectrophotometer. 

2.9. Cell proliferation assay 

Cell mass was assessed by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 
diphenyl tetrazolium bromide] assay [24]. MTT was added at the final 
concentration of 0.5 mg/ml to individual cultures for 4 h before the end 
of the experiments. Tetrazolium was released by dimethyl sulfoxide, and 
the optical density was determined with an ELx800 Absorbance Reader 
(BioTek Instruments, Winooski, VT) at 570 nm. 

2.10. EdU incorporation assay 

EdU (5-ethynyl-2’-deoxyuridine) incorporation assay was performed 
according to an established protocol [29]. In short, cells were inoculated 
on the six-well plates and treated as needed, and then incubated with 
EdU (10 μM) for 1 day. At the end of incubation, cells were fixed, fol-
lowed by incubating with the EdU reaction mixture at room temperature 
for 30 min. Hoechst reaction solution was then added to each well. The 
staining samples were observed under the Eclipse E600 epifluorescence 
microscope equipped with a digital camera (Nikon, Tokyo, Japan). 

2.11. Knockdown of NOX4 in vivo 

Knockdown of NOX4 expression in vivo was performed using short 
hairpin RNA (shRNA)-mediated approach as reported [30]. The effi-
ciency of transgene transfection after hydrodynamics-based gene 
transfer was confirmed by injecting plasmid vector encoding HA-tagged 
Wnt1 fusion protein, as recently reported [31]. Mice were divided into 
four groups (n = 5 in each group): (i) sham mice injected with vehicle, 
(ii) UIRI mice injected with pcDNA3.1 plasmid, (iii) UIRI mice injected 
with AOPPs and control shRNA, and (iv) UIRI mice injected with AOPPs 
and NOX4-shRNA. Mice were euthanized at 11 days after UIRI, and 
serum and kidney tissues were analyzed. 

2.12. Isolation and culture of mouse primary renal fibroblasts 

Renal cortex was obtained from six control or UIRI kidneys, then 
minced after removal of kidney capsule. The cortex was digested in a 1 
mg/ml solution of collagenase type IV (Sigma Chemical Co., Poole, 
Dorset, UK). A small, sterile magnetic stirrer was added and placed on a 
stirring block in a water bath at 37 ◦C for 30 min [32]. The digest was 
passed through a 100-mm mesh, then a 70-mm mesh, to remove 
contaminating glomeruli and tubules, and then separated on a 50% 
Percoll density gradient (containing 0.84 g of mannitol and 100 ml of 1 
M HCl) in 30 ml by centrifugation at 30,000 g. The cell suspension was 
plated onto tissue culture dishes or flasks in Dulbecco’s modified Eagle’s 
medium (DMEM)/Ham’s F-12 Nutrient Mix (Gibco BRL, Life Technol-
ogies Ltd., Paisley, UK) with 10% fetal calf serum (FCS), 50 U/ml 
penicillin, 50 mg/ml streptomycin, allowed to grow to confluence [33]. 
The cells were characterized by immunofluorescence staining and 
stained positively for vimentin and negatively for E-cadherin. The pri-
mary fibroblasts were then collected and subjected to various treatments 
and analyses. 

2.13. Western blot analyses 

Protein expression was analyzed by Western blot analysis as 
described previously [24]. The antibodies used are listed in Supple-
mentary Table S1. 

2.14. Quantitative real-time RT-PCR 

Total RNA was isolated using the TRIzol RNA purification system 
(Thermo Fisher Scientific, Waltham, MA). The qRT-PCR was performed 
on an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, 
Foster City, CA) as described previously [24]. The mRNA levels of 
different genes were calculated after normalization with β-actin. The 
sequences of primer pairs are presented as Supplementary Table S2. 

2.15. Histology, immunohistochemical and immunofluorescence staining 

Paraffin-embedded mouse kidney sections were prepared by a 
routine procedure. The sections were stained with Masson’s trichrome 
staining (MTS) reagents. Immunohistochemical staining was performed 
as described previously [24]. Antibodies used are listed in Supplemen-
tary Table S1. 
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2.16. Statistical analysis 

All data examined were expressed as mean ± SEM. Statistical anal-
ysis of the data was carried out using IBM SPSS Statistics (SPSS Inc., 
Chicago, IL). Comparisons between groups were made by t-test or using 
one-way analysis of variance (ANOVA), followed by Fisher’s least sig-
nificant difference test or Dunnett T3 test. P < 0.05 was considered 
significant. 

3. Results 

3.1. Loss of GPX3 is associated with upregulation of NOX4 in CKD 

To investigate the mechanism of kidney fibrosis, we sought to 
identify the differentially expressed genes in fibrotic kidneys by using an 
unbiased RNA-seq approach. As shown in Fig. 1A, transcriptomic anal-
ysis of gene expression profiles demonstrated that there were 2908 
mRNAs up-regulated in UUO kidney, whereas 1895 were down- 
regulated, when compared to sham controls. Kyoto Encyclopedia of 

Gene and Genomes (KEGG) enrichment analysis of the differentially 
expressed genes revealed that several signaling pathways were enriched, 
including mitogen-activated protein kinase (MAPK) signaling, oxidative 
phosphorylation, peroxisome, cytokine receptor interaction, ECM- 
receptor interaction and apoptosis (Fig. 1B). Furthermore, we per-
formed gene set enrichment analysis (GSEA) for the differentially 
expressed genes and found that hypoxia pathway was enriched in the 
UUO kidney (Fig. 1C). These results suggest that oxidative stress could 
play a role in kidney fibrogenesis. 

We found that the mRNA expression of several members of the GPX 
family of antioxidant enzymes were changed (Fig. 1D). Among GPX1-8, 
the mRNA levels of GPX7 and GPX8 were increased in UUO kidney, 
whereas GPX3 mRNA level was down-regulated, compared to sham 
group (Fig. 1D and E). As GPX3 is the only extracellular GPX and can be 
secreted into extracellular fluid and plasma [14], and its downregulation 
in UUO kidney was consistent and coherent in different animals (Fig. 1D 
and E), we decided to investigate its role in kidney fibrogenesis in great 
detail in the subsequent studies. 

We examined GPX3 expression in 3 well-characterized models of 

Fig. 1. Gene expression profiling by RNA sequencing identifies loss of GPX3 as a pathologic feature of chronic kidney disease (CKD). (A) The volcano diagram of 
RNA-seq data displays the differentially expressed genes of sham and UUO kidneys. The red dots represent the genes up-regulated in UUO group, while blue dots 
show genes down-regulated. The grey dots denote mRNAs with no change in abundance between the two groups. (B) KEGG enrichment analysis reveals that several 
signaling pathways as indicated were enriched. (C) GSEA enrichment analysis shows that hypoxia was enriched in UUO group. NES, normalized enrichment score; 
FDR, false discovery rate. (D) The heat map shows differential expression of GPX family (GPX1-GPX8) genes in sham and UUO kidneys. (E) RNA-seq analysis shows 
the expression level (FPKM) of GPX3 in normal and UUO kidneys. FPKM, fragments per kilobase per million mapped reads. (F, G) Western blot analyses show the 
levels of GPX3 and NOX4 in different groups as indicated. Representative Western blot (F) and quantitative data (G) are shown. (H, I) Western blot analyses show the 
levels of NOX4 in sham and UUO mice. Representative Western blot (H) and quantitative data (I) are shown. (J, K) Changes of NOX4 expression in the kidney after 
UIRI. Representative Western blot (J) and quantitative data (K) are shown. *P < 0.05, **P < 0.01 and ***P < 0.001 versus sham (n = 5). (L) Immunohistochemical 
staining shows renal expression and localization of GPX3 (upper panel) and NOX4 (lower panel) proteins in different groups as indicated. Arrows indicate positive 
staining in renal tubular epithelial cells, whereas arrowheads indicate positive staining in renal interstitium. Scale bar, 50 μm. 
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renal fibrosis induced by 5/6NX, UUO and UIRI. As shown in Fig. 1F and 
G, GPX3 protein was abundantly expressed in normal control kidney, 
whereas its expression was markedly downregulated in the fibrotic 
kidneys induced by 5/6NX. Intriguingly, loss of GPX3 was associated 
with the induction of NOX4, a member of the NOX family of complex 
enzymes that generate ROS, in the fibrotic kidneys (Fig. 1F and G). 

Similarly, GPX3 was also reduced in the fibrotic kidneys induced by 
UUO and UIRI as previously reported [34], whereas NOX4 was markedly 
upregulated in the kidneys of both models (Fig. 1H–K). We further 
examined the expression and localization of GPX3 and NOX4 by 
immunohistochemical staining. As shown in Fig. 1L, GPX3 protein was 
predominantly localized in kidney tubular epithelium in control mice, 

Fig. 2. GPX3-deprived extracellular microenvironment induces NOX4 expression, cell proliferation and activation in renal interstitial fibroblast. (A) Diagram shows 
the experimental protocol by which NRK-49F cells were cultured on GPX3-depleted ECM scaffolds. HK-2 cells were transfected with either control siRNA or GPX3 
siRNA for 24 h to knockdown GPX3 expression and secretion. The ECM scaffold was then prepared after decellularization. NRK-49F cells were inoculated on ECM 
scaffold and cultured for 24 h. (B) Knockdown of GPX3 resulted in its depletion in the ECM scaffolds. Western blot analyses show GPX3 protein levels in the ECM 
scaffolds prepared from HK2 cells after different treatments as indicated. (C) GPX3-depleted ECM scaffold induces ROS production. ROS levels in the supernatant of 
the NRK-49F cells cultured in different ECM scaffolds were measured by specific ELISA. Quantitative data are shown. (D) GPX3-depleted ECM scaffold induces NOX4 
mRNA expression in NRK-49F cells. The qRT-PCR analyses show mRNA levels of NOX4 in different groups as indicated. (E, F) GPX3-depleted ECM scaffold induces 
NOX4 expression, fibroblast proliferation and activation. Western blots analyses show the expression of NOX4, PCNA, Cyclin D1, FN, α-SMA and phosphorylated p38 
(p-p38) in different groups as indicated. Representative Western blot (E) and quantitative data (F) are shown. *P < 0.05 versus controls (n = 3). (G) Diagram shows 
the experimental protocol by which NRK-49F cells were cultured on GPX3-rich or -depleted KTS. The KTS was prepared from sham and UUO kidneys in mice injected 
with empty vector (pcDNA3) or Flag-tagged GPX3 expression vector (pFlag-GPX3). NRK-49F cells were inoculated on different KTS for 24 h. (H) Overexpression of 
GPX3 in vivo restored its presence and abundance in the KTS. Western blot analyses show GPX3 protein levels in the KTS prepared from different groups as indicated. 
(I, J) GPX3-depleted KTS induces NOX4 expression, fibroblast proliferation and activation. Western blots analyses show the expression of NOX4, PCNA, Cyclin D1, c- 
Fos, FN and α-SMA in different groups as indicated. Representative Western blot (I) and quantitative data (J) are shown. *P < 0.05 versus controls, †P < 0.05 versus 
UUO + pcDNA3 (n = 3). (K) GPX3-depleted KTS induces NOX4 mRNA expression. qRT-PCR analyses show mRNA levels of NOX4 in different groups as indicated. *P 
< 0.05 versus controls, †P < 0.05 versus UUO + pcDNA3 (n = 3). 
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while NOX4 protein was localized in both tubular epithelium and 
interstitial cells of diseased kidneys. These results indicate that loss of 
GPX3 is a common feature of CKD, which is closely associated with 
NOX4 induction. 

3.2. GPX3-depleted microenvironment triggers NOX4 expression and 
fibroblast activation 

Because GPX3 is the only member of the GPX family enzymes 
localizing in the extracellular compartment, we sought to delineate how 
extracellular GPX3 affects cell behaviors. To address this issue, we 
investigated the effect of GPX3-rich or GPX3-poor ECM scaffolds on 
renal fibroblasts. As GPX3 is mainly produced by tubular epithelial cells, 
we prepared GPX3-depleted ECM scaffolds from human kidney proximal 
tubular cells (HK-2) by transfecting GPX3-specific small interfering RNA 
(siRNA), followed by decellularization as previously reported [4]. 
Fig. 2A shows the experimental protocol. The depletion of GPX3 in the 
HK-2-derived ECM scaffolds was confirmed by Western blot analysis 
(Fig. 2B). When normal rat kidney interstitial fibroblast (NRK-49F) cells 
were inoculated on the GPX3-depleted ECM scaffold, ROS level in the 
supernatant was elevated (Fig. 2C). NOX4 mRNA and protein was 
markedly induced (Fig. 2D–F). Interestingly, GPX3-depleted ECM scaf-
fold promoted the expression of proliferating cell nuclear antigen 
(PCNA), cyclin D1, fibronectin (FN), α-smooth muscle actin (α-SMA) and 
phosphorylated p38 mitogen-activated protein kinase (p-p38) in 
NRK-49F cells (Fig. 2E and F). These results indicate GPX3-depleted 
microenvironment can lead to ROS accumulation and NOX4 upregula-
tion and spontaneously induce fibroblast proliferation and activation. 

To further confirm the effect of GPX3-depleted extracellular micro-
environment on fibroblast activation, we carried out ex vivo studies 
using decellularized KTS, which were prepared from the control and 
UUO kidneys of mice injected with empty vector (pcDNA3) or Flag- 
tagged GPX3 expression vector (pFlag-GPX3) (Fig. 2G). We then inoc-
ulated NRK-49F cells onto these 3 different kinds of KTS (Fig. 2G). 
Western blotting confirmed the loss of GPX3 protein in the KTS prepared 
from UUO kidney, compared with the controls. However, it was largely 
restored in the KTS prepared from UUO mice injected with pFlag-GPX3 
(Fig. 2H). As shown in Fig. 2I and J, when NRK-49F cells were cultivated 
in the GPX3-depleted KTS from UUO mice, NOX4, PCNA, cyclin D1, c- 
Fos, FN and α-SMA were dramatically induced. However, restoration of 
GPX-3 in UUO-KTS after injection of pFlag-GPX3 abolished these in-
ductions (Fig. 2I and J). Similar results were obtained when NOX4 
mRNA was assessed by qRT-PCR (Fig. 2K). Taken together, these results 
suggest that loss of GPX3 in extracellular microenvironment triggers 
NOX4 mRNA and protein expression, oxidative stress and fibroblasts 
proliferation and activation. 

3.3. Induction of NOX4 by AOPPs promotes ROS production and 
fibroblast proliferation 

To elucidate the mechanism by which NOX4 upregulation due to the 
loss of GPX3 in the extracellular microenvironment leads to fibroblast 
activation, we imitated the condition by incubating the cells with 
AOPPs, a marker and trigger of oxidative stress [35]. To this end, we first 
incubated NRK-49F cells with AOPPs at different doses for varying pe-
riods of time. As shown in Fig. 3A–D, Western blotting showed that 
AOPPs upregulated NOX4 expression in a dose- and time-dependent 
manner. Consistently, qRT-PCR analysis also revealed that AOPPs 
induced the mRNA expression of various NOX subunits, such as NOX1, 
NOX2, NOX4 and dual oxidase 1 (DUOX1), but not DUOX2, in NRK-49F 
cells (Figs. S1A–E). Among them, NOX4 expression was most highly 
upregulated (Fig. S1C). 

As NOX enzymes are one of the major sources of cellular ROS, we 
then assessed ROS production in the setting of NOX4 induction by 
AOPPs in NRK-49F cells, which mimicked the loss of GPX3. As shown in 
Fig. 3E–G, flow cytometry analysis and ROS ELISA showed that AOPPs 

induced ROS production in renal fibroblasts in a time-dependent 
manner. We further analytically measured the different types of ROS 
using specific fluorescent probes. As shown in Figs. S2A–C, superoxide 
radical anion (O2•

− ), hydroxyl radical (•OH) and singlet oxygen (1O2) 
were all increased after AOPPs treatment. As shown in Fig. 3H and I, 
AOPPs induced EdU incorporation in NRK-49F cells, indicating its 
ability to promote DNA synthesis and cell proliferation. Similar results 
were obtained by using a quantitative colorimetric MTT assay, as AOPPs 
increased the number of NRK-49F cells in a dose- and time-dependent 
manner (Fig. 3J and Fig. S2D). Moreover, AOPPs increased the expres-
sion of PCNA and cyclin D1 in NRK-49F cells (Fig. 3K–O). Furthermore, 
AOPPs also increased the expression of FN and α-SMA in NRK-49F cells 
in a dose- and time-dependent manner (Fig. 3P–U), indicating that 
AOPPs can promote renal fibroblast transformation into myofibroblasts. 
Taken together, these results suggest that activation of NOX4 by AOPPs 
mimics the loss of GPX3 and promotes renal fibroblast proliferation and 
activation, which leads to excessive ECM accumulation and deposition. 

3.4. Upregulation of NOX4 by AOPPs amplifies its action through PKCα/ 
MAPK/STAT3 signaling 

To better model the response of renal fibroblasts to NOX4 induction 
by AOPPs, we used primary fibroblasts isolated from mouse kidney, as 
depicted in Fig. 4A. These cells were positive for vimentin but negative 
for E-cadherin by immunofluorescence staining (Fig. 4B). Treatment of 
mouse primary fibroblasts with AOPPs dramatically induced the 
expression of NOX4, PCNA, cyclin D1, FN and α-SMA (Fig. 4C and D). 
These data provide strong evidence that NOX4 induction by AOPPs 
promotes renal fibroblasts to transform into matrix-producing 
myofibroblasts. 

We further investigated the mechanism of AOPPs promoting oxida-
tive stress and activation of fibroblasts. As shown in Fig. 4E and Fig. S3A, 
AOPPs induced a rapid phosphorylation and activation of protein kinase 
C-α (PKCα), a unique member of the serine- and threonine-specific 
protein kinase family, which peaked at 15 min and then returned to 
the baseline at 60 min. We also found that AOPPs induced the phos-
phorylation of p38 MAPK and extracellular signal-regulated kinase-1/2 
(ERK1/2) in fibroblasts (Fig. 4E and Figs. S3B–C). Collectively, these 
results suggest that AOPPs activates the PKCα/MAPK signal cascade in 
renal fibroblasts. 

Given the fact that NOX4 upregulation by AOPPs occurred at the 
mRNA level (Fig. S1C), we further explored the molecular detail by 
which oxidative stress triggers NOX4 expression. As shown in Fig. 4F, 
bioinformatics analysis revealed that there were 6 putative STAT3 
binding sites in the promoter region of mouse NOX4 gene, suggesting the 
potential role of STAT3 in mediating NOX4 gene expression. We found 
that AOPPs could induce STAT3 phosphorylation and activation in NRK- 
49F cells, which was mediated by p38 MAPK, as SB203580 blocked p38 
MAPK and STAT3 activation (Fig. 4G, and Figs. S3D–E). Furthermore, 
overexpression of STAT3 in NRK-49F cells induced NOX4 expression 
(Fig. 4H, and Figs. S3F–H). Conversely, knockdown of STAT3 via siRNA 
approach abolished AOPPs-triggered STAT3 activation and NOX4 in-
duction (Fig. 4I, and Figs. S3I–J). Moreover, inhibition of STAT3 by 
Niclosamide, a small molecule STAT3 inhibitor, also abolished STAT3 
activation and NOX4 upregulation induced by AOPPs (Fig. 4J, and 
Fig. S3K-L). Similar results were obtained when NOX4 mRNA was 
assessed by qRT-PCR (Fig. 4K–M). These results suggest that oxidative 
stress induces NOX4 expression through ROS/PKCα/p38 MAPK/STAT3 
signal cascade. 

3.5. Knockdown of NOX4 inhibits fibroblast activation via repressing 
PKCα/MAPK signaling 

To confirm the role of NOX4 in mediating AOPPs-triggered fibroblast 
activation, we knocked down its expression by using siRNA-mediated 
inhibition. As shown in Fig. 5A–D, knockdown of NOX4 abolished 

L. Li et al.                                                                                                                                                                                                                                        



Redox Biology 67 (2023) 102868

7

(caption on next page) 

L. Li et al.                                                                                                                                                                                                                                        



Redox Biology 67 (2023) 102868

8

AOPPs-induced PCNA, cyclinD1, FN and α-SMA expression in NRK-49F 
cells. Similarly, silencing NOX4 also blocked total ROS production 
(Fig. 5E–G), as well as superoxide radical anion (O2•− ), hydroxyl radical 
(•OH) and singlet oxygen (1O2) (Figs. S4A–C), induced by AOPPs. 
Furthermore, knockdown of NOX4 also suppressed AOPPs-induced 
PKCα, p38 and ERK1/2 phosphorylation in NRK-49F cells (Fig. 5H–K). 
Consistently, overexpression of NOX4 by transfection of NRK-9F cells 
with expression vector (pCMV-NOX4) induced PCNA, cyclin D1, FN and 
α-SMA expression (Fig. 5L–O), whereas blocking p38 and ERK1/2 acti-
vation by SB203580 and U0126, respectively, inhibited NOX4-induced 
fibroblasts proliferation and activation (Fig. 5L–O). Taken together, 
these results illustrate a pivotal role for NOX4/PKCα/MAPK signaling in 
mediating fibroblasts proliferation and activation. 

3.6. Knockdown of NOX4 ameliorates kidney injury and fibrosis and 
restores GPX3 in vivo 

To validate the role of NOX4 in kidney injury and fibrosis in vivo, we 
carried out animal studies by knocking down NOX4 using short hairpin 
RNA (shRNA)-mediated inhibition [24]. As shown in Fig. 6A, mice un-
derwent UIRI, followed by intravenously injecting with control-shRNA 
(Ctrl-shR) or NOX4-specific shRNA (NOX4-shR) vectors at 4 days after 
surgery. At the same time, mice were daily injected with either AOPPs or 
vehicle for one week. One day prior to termination of experiment, 
contralateral intact kidney was removed by unilateral nephrectomy 
(UNx) (Fig. 6A). We found that knockdown of NOX4 reduced ROS 
accumulation in the kidneys (Fig. 6B), mitigated kidney dysfunction in 
AOPPs-treated UIRI mice, as serum creatinine (Scr) and blood urea ni-
trogen (BUN) levels were reduced after knockdown of NOX4 (Fig. 6C 
and D). Western blot analysis of whole kidney lysates confirmed the 
efficient downregulation of NOX4 in the kidneys after injection of 
NOX4-shRNA vector (Fig. 6E and F). Furthermore, knockdown of NOX4 
inhibited renal expression of FN and α-SMA in AOPPs-treated UIRI mice 
but largely restored renal expression of GPX3 (Fig. 6E and F). Consis-
tently, qRT-PCR analysis showed that knockdown of NOX4 decreased 
renal mRNA levels of NOX4, FN and α-SMA in AOPPs-treated UIRI mice 
but restored mRNA level of GPX3 (Figs. S5A–D). 

Immunohistochemical staining also showed that AOPPs aggravated 
renal expression of NOX4 in UIRI mice, which was associated with 
further downregulation of GPX3 (Fig. 6G, and Figs. S5E–F). However, 
knockdown of NOX4 largely restored the expression of GPX3 in the 
kidney of UIRI mice (Fig. 6G and Figs. S5E–F). Knockdown of NOX4 also 
inhibited renal expression of FN and α-SMA and ameliorated renal 
collagen accumulation and fibrotic lesions, as shown by Masson’s tri-
chrome staining (MTS) (Fig. 6G, and Figs. S5G–I). These data indicate 
that upregulated NOX4 due to the loss of GPX3 acts as a pathogenic 
mediator promoting renal fibrosis. 

As knockdown of NOX4 restored renal GPX3 expression in vivo 
(Fig. 6E), this prompted us to speculate whether loss of GPX3 was a 
consequence of NOX4 induction. To test this hypothesis, we examined 

GPX3 regulation by NOX4 in kidney tubular epithelial cells (HK-2), as 
GPX3 was mainly produced by tubular epithelium in vivo (Fig. 1L). As 
shown in Fig. 6H and I, overexpression of NOX4 by transfection of 
pCMV-NOX4 vector suppressed GPX3 expression in HK-2 cells. 
Conversely, knockdown of NOX4 restored GPX3 expression after AOPPs 
treatment (Fig. 6J and K). Similar results were obtained when NOX4 and 
GPX3 mRNA were assessed by qRT-PCR (Figs. S6A–D). Furthermore, 
NOX4 was negatively correlated with GPX3, and positively correlated 
with ROS, in HK-2 cells after various treatments as indicated (Fig. 6L–O). 
Therefore, GPX3 depletion and NOX4 induction could form a vicious 
cycle after kidney injury. 

3.7. Knockdown of NOX4 inhibits fibroblast activation and proliferation 
in vivo 

We further investigated the effect of knockdown of NOX4 on fibro-
blast activation and proliferation in vivo. Western blot analysis of whole 
kidney lysates revealed that AOPPs aggravated renal expression of 
vimentin, platelet-derived growth factor receptor-β (PDGFR-β), PCNA 
and cyclin D1 in UIRI mice, whereas knockdown of NOX4 inhibited the 
expression of these fibroblast activation- and proliferation-related pro-
teins (Fig. 7A–D). Immunohistochemical staining for PCNA and 
vimentin on serial sections showed the co-localization of PCNA and 
vimentin in UIRI mice after AOPPs injections (Fig. 7E, arrows), indi-
cating fibroblast proliferation in the fibrotic kidneys. However, knock-
down of NOX4 reduced the number of PCNA-positive cells in both renal 
interstitial and tubular compartments in AOPPs-treated UIRI mice 
(Fig. 7F). 

To further investigate fibroblast activation and proliferation in vivo, 
we isolated primary fibroblast cells from sham and UIRI kidneys. As 
shown in Figs. S7A–F, the expression of fibrosis-related and oxidative 
stress-related genes, such as FN, α-SMA, PCNA, cyclin D1, NOX2 and 
NOX4, were increased in the primary fibroblasts from UIRI kidneys, 
compared with that from sham group. Consistently, double immuno-
fluorescence staining confirmed the co-localization of NOX4 and α-SMA 
in these primary fibroblasts from UIRI mice (Fig. S7G). 

We also investigated the signal pathway involved in mediating NOX4 
action. As shown in Fig. 7G–J, the phosphorylation and activation of 
PKCα, p38 MAPK and ERK1/2 were evident in the kidney of the AOPPs- 
treated UIRI mice, which was largely abolished by NOX4 depletion. 
These results suggest that NOX4/PKCα/MAPK signal cascade plays a 
role in mediating fibroblast activation and proliferation in fibrotic 
kidney. 

3.8. Knockdown of NOX4 inhibits fibroblast activation by improving 
extracellular microenvironment 

As NOX4 is a catalytic component of the membrane-bound enzyme 
complex that faces the extracellular space, we speculated that it may 
function as an oxygen sensor in response to excessive ROS in the 

Fig. 3. Activation of NOX4 by AOPPs increases reactive oxidative species (ROS) and induces fibroblast activation and proliferation. (A, B) Western blot analyses 
show that AOPPs induced NOX4 protein expression in NRK-49F cells in a dose-dependent manner. NRK-49F cells were treated with different concentrations of AOPPs 
for 24 h. Representative Western blot (A) and quantitative data (B) are shown. *P < 0.05 versus controls, †P < 0.05 versus AOPPs (25 μg/ml) (n = 3). (C, D) Western 
blot analyses show that AOPPs upregulated NOX4 expression in a time-dependent manner. NRK-49F cells were treated with AOPPs (50 μg/ml) for various periods of 
time as indicated. Representative Western blot (C) and quantitative data (D) are shown. *P < 0.05 versus controls, †P < 0.05 versus AOPP 12 h, #P < 0.05 versus 
AOPP 24 h (n = 3). (E, F) AOPPs increased ROS production in NRK-49F cells. Representative flow cytometry histograms (E) and quantitative data (F) are shown. (G) 
ROS levels in cell supernatant were measured by specific ELISA. Quantitative data are shown. *P < 0.05 versus controls, †P < 0.05 versus AOPP 12 h, #P < 0.05 
versus AOPP 24 h (n = 3). (H, I) EdU incorporation assay shows that AOPPs (50 μg/ml) promoted DNA synthesis by increasing EdU incorporation in NRK-49F cells. 
Representative EdU incorporation assay (H) and quantitative data (I) are shown. *P < 0.05 versus control (n = 3). (J) Quantitative colorimetric MTT assay shows that 
AOPPs promoted NRK-49F cell proliferation. NRK-49F cells were treated with different concentrations of AOPPs as indicated for 24 h. *P < 0.05 versus controls. OD, 
optical density. (K-O) Western blot analyses show that AOPPs induced the expression of numerous proliferation-related proteins in NRK-49F cells in a dose- (K, L) and 
time- (M–O) dependent manner. Representative Western blot (K, M) and quantitative data (L, N and O) are shown. *P < 0.05 versus controls (n = 3). (P–U) Western 
blot analyses show that AOPPs induced renal fibroblast activation in a dose- and time-dependent manner. NRK-49F cells were treated with different concentrations of 
AOPPs as indicated for 24 h, or 50 μg/ml of AOPPs for various periods of time as indicated. Cell lysates were subjected to Western blot analyses for FN, α-SMA and 
α-tubulin. Representative Western blot (P, S) and quantitative data (Q, R, T and U) are shown. *P < 0.05 versus controls (n = 3). 
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extracellular compartment due to the loss of GPX3. To test this hy-
pothesis, we prepared the decellularized KTS from various groups of 
mice and inoculated NRK-49F cells on them (Fig. 8A). When NRK-49F 
cells were cultivated on the KTS derived from AOPPs-treated UIRI 
mice, they expressed high level of NOX4, PCNA, cyclin D1, FN and 
α-SMA, compared with either sham controls or UIRI alone mice 
(Fig. 8B–G). However, when NRK-49F cells were seeded on the KTS 
derived from the NOX4-depleted and AOPPs-treated UIRI mice, they 
remained quiescent with little expression of NOX4, PCNA, cyclin D1, FN 
and α-SMA (Fig. 8B–G). Of note, the NOX4 mRNA abundance was 

consistent with its protein levels in these groups (Fig. 8H). These results 
suggest that NOX4 depletion improves the oxidatively stressed extra-
cellular microenvironment in the fibrotic kidney, resulting in an inhi-
bition of fibroblast activation and proliferation. 

4. Discussion 

Kidney fibrosis initiates at certain focal sites where the fibrogenic 
niche is formed, which provides a specialized tissue microenvironment 
promoting fibroblast activation. In this study, we demonstrate that 

Fig. 4. Activation of NOX4 by AOPPs induces renal fibroblast activation and activates PKCα/MAPK/STAT3 signal cascade in vitro. (A) Diagram shows the exper-
imental protocol for isolation and primary culture of renal interstitial fibroblasts. (B) Representative micrographs show the expression of vimentin and E-cadherin by 
immunofluorescence staining. The primary fibroblasts are stained positively for vimentin (arrow) and negatively for E-cadherin (arrowhead). Scale bar, 50 μm. (C, D) 
Western blot analyses show that AOPPs induced primary fibroblast proliferation and activation. Primary fibroblasts from mouse kidneys were treated with AOPPs 
(50 μg/ml) for 24 h. Cell lysates were subjected to Western blot analyses for NOX4, PCNA, cyclin D1, FN, α-SMA and α-tubulin. Representative Western blot (C) and 
quantitative data (D) are shown. *P < 0.05, **P < 0.01 versus controls (n = 3). (E) Western blot analyses show that AOPPs activated PKCα/MAPK signal cascade. 
NRK-49F cells were treated with AOPPs (50 μg/ml) for various periods of time as indicated. Cell lysates were subjected to Western blot analyses for p-PKCα, PKCα, p- 
p38, p38, p-ERK1/2, ERK1/2 and α-tubulin. (F) Bioinformatic analysis shows the presence of putative STAT3 binding sites in the promoter of mouse NOX4 gene. 
According to the prediction obtained by using the JASPAR database, STAT3 could bind the promoter of mouse NOX4 at six putative sites. (G) Blockade of p38 
activation inhibited STAT3 phosphorylation induced by AOPPs in NRK-49F cells. NRK-49F cells were pretreated with p38 inhibitor SB203580 (10 μM) for 1 h, then 
treated with AOPPs (50 μg/ml) for 30 min. (H) Western blot analyses show that overexpression of STAT3 induced the expression of NOX4 in NRK-49F cells. NRK-49F 
cells were transfected with pcDNA3 or pCMV-STAT3 plasmids for 24 h. (I) Western blot analyses show that knockdown of STAT3 inhibited AOPPs-induced NOX4 
expression. NRK-49F cells were transfected with either control siRNA or STAT3-siRNA for 24 h, and then treated with AOPPs (50 μg/ml) for additional 24 h. (J) 
Blockade of STAT3 activation inhibited AOPP-induced NOX4 expression. NRK-49F cells were pretreated with STAT3 inhibitor niclosamide (5 μM), and then treated 
with AOPPs (50 μg/ml) for 24 h. (K–M) qRT-PCR analyses show overexpression of STAT3 (K) induced NOX4 mRNA expression, whereas knockdown (L) or inhibition 
(M) of STAT3 reduced NOX4 mRNA expression in NRK-49F cells. *P < 0.05 versus controls, †P < 0.05 versus AOPPs (50 μg/ml) (n = 3). 
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oxidative stress due to antioxidant GPX3 depletion is an integral element 
of the fibrogenic niche. As depicted in Fig. 8I, kidney injury inhibits 
GPX3 expression and secretion by tubular cells, causing its depletion in 
the extracellular microenvironment. This triggers NOX4, an oxygen 
sensor, activation in neighboring interstitial fibroblasts, leading to 
further NOX4 induction through ROS/PKCα/MAPK/STAT3 cascade. As 
such, GPX3 loss in renal tubules leads to the formation of NOX4 
amplification loop in renal interstitial fibroblasts (Fig. 8I①) and pro-
motes their proliferation and myofibroblastic transformation. In sup-
porting this view, renal fibroblasts cultured on GPX3-depleted ECM 
scaffold are spontaneously stimulated to proliferate and produce a large 
amount of matrix proteins. These findings illustrate the fundamental 
role of extracellular microenvironment in dictating fibroblasts activa-
tion and kidney fibrosis. 

Oxidative stress is defined as a disturbance in the balance between 
the production of ROS and antioxidant defenses. Through RNA-seq 
transcriptome analysis, we found that hypoxia pathway is enriched in 

the fibrotic kidney (Fig. 1), suggesting that oxidative stress could play a 
critical role in kidney fibrogenesis. The GPXs are antioxidant enzyme 
family consisting of eight isozymes (GPX1–8) that catalyze the reduction 
of hydrogen peroxide, hydroperoxides, and lipid hydroperoxides by 
reduced glutathione, thereby controlling the cellular redox environment 
and protecting from oxidative damage [36]. Of all 8 GPXs, GPX3 is quite 
unique in that it is secreted into the extracellular fluid and plasma [15]. 
Under normal conditions, plasma GPX3 is mainly originated from the 
kidney, which accounts for 70% GPX3 in human body [17]. Studies have 
shown that GPX3 has a protective effect on diabetic nephropathy [37, 
38]. Of interest, only GPX3 mRNA level is consistently downregulated in 
UUO, whereas GPX7 and GPX8 are actually upregulated in the fibrotic 
kidney (Fig. 1). Loss of GPX3 is further confirmed in 3 
well-characterized mouse models of renal fibrosis (Fig. 1) [34]. Notably, 
GPX3 is produced and secreted by normal kidney tubular epithelial cells 
and stored in the peritubular interstitial compartment of the kidney by 
binding to tubular basement membrane [18]. In this context, the loss of 

Fig. 5. Blockade of NOX4/MAPK signaling inhibits renal fibroblast proliferation and activation in vitro. (A–D) Western blot analyses show that knockdown of NOX4 
suppressed AOPPs-induced PCNA, cyclin D1, FN and α-SMA expression in NRK-49F cells. NRK-49F cells were transfected with either control siRNA or NOX4-siRNA 
for 24 h, and then cells were treated with AOPPs (50 μg/ml) for additional 24 h. Representative Western blot (A) and quantitative data (B–D) are shown. *P < 0.05 
versus controls, †P < 0.05 versus AOPPs (50 μg/ml) (n = 3). (E, F) Knockdown of NOX4 reduces ROS production in renal fibroblasts. Representative flow cytometry 
histograms (E) and quantitative data (F) are shown. (G) ROS concentrations in cell supernatant were measured by specific ELISA. Quantitative data are shown. *P <
0.05 versus controls, †P < 0.05 versus AOPPs (50 μg/ml) (n = 3). (H–K) Western blot analyses show that knockdown of NOX4 suppressed AOPPs-induced p-PKCα, p- 
p38 and p-ERK1/2 activation in NRK-49F cells. NRK-49F cells were transfected with either control siRNA or NOX4 siRNA for 24 h, and then treated with AOPPs (50 
μg/ml) for 30 min. Representative Western blot (H) and quantitative data (I–K) are shown. *P < 0.05 versus controls, †P < 0.05 versus AOPPs (50 μg/ml) (n = 3). 
(L–O) Blockade of MAPK signaling abolished NOX4-induced fibroblasts proliferation and activation. NRK-49F cells were pretreated with MAPK kinase (MEK1/2) 
inhibitor U0126 or p38 inhibitor SB203580 for 1 h, followed by transfection with pcDNA3 or pCMV-NOX4 plasmids for 24 h, and then cell lysates were subjected to 
Western blot analyses for NOX4, PCNA, cyclin D1, FN, α-SMA and α-tubulin. Representative Western blot (L) and quantitative data (M–O) are shown. *P < 0.05 
versus controls, †P < 0.05 versus pCMV-NOX4 (n = 3). 

L. Li et al.                                                                                                                                                                                                                                        



Redox Biology 67 (2023) 102868

11

Fig. 6. Knockdown of NOX4 ameliorates kidney injury and fibrosis in vivo. (A) Diagram shows the experimental protocol. Knockdown of NOX4 was carried out by 
short hairpin RNA (shRNA)-mediated approach. Mice were injected intravenously with either control-shRNA or NOX4-shRNA plasmids at 4 days after UIRI. At the 
same time, mice were injected intravenously with AOPPs or vehicle for 7 days. Red arrow indicates the timing of UIRI. Blue arrow indicates the timing of injecting 
control-shRNA or NOX4-shRNA plasmids. The arrowheads refer to the timing of injecting AOPPs or vehicle. Green arrow indicates the timing of uninephrectomy 
(UNx). Black arrow depicts the timing of sacrifice. (B) Knockdown of NOX4 ameliorated oxidative stress in the kidney after UIRI. Renal ROS levels were measured by 
specific ELISA. *P < 0.05 versus sham; †P < 0.05 versus UIRI; #P < 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n = 5). (C, D) Graphic presentations show serum 
creatinine (Scr) (C) and blood urea nitrogen (BUN) (D) levels in different groups as indicated. *P < 0.05 versus sham; †P < 0.05 versus UIRI; #P < 0.05 versus UIRI +
AOPPs + Ctrl-shRNA (n = 5). (E, F) Western blot analyses show renal expression of NOX4, GPX3, FN and α-SMA proteins in different groups as indicated. 
Representative Western blot (E) and quantitative data (F) are shown. *P < 0.05 versus sham; †P < 0.05 versus UIRI; #P < 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n 
= 5). (G) Representative micrographs show renal expression and localization of NOX4, GPX3, FN and α-SMA by immunohistochemical staining, and collagens 
deposition by Masson’s trichrome staining in different groups as indicated. (H, I) Western blot analyses show that overexpression of NOX4 inhibited the expression of 
GPX3 in tubular epithelial cells. HK-2 cells were transfected with pcDNA3 or pCMV-NOX4 plasmids for 24 h. Representative Western blot (H) and quantitative data 
(I) are shown. *P < 0.05 versus controls. (J, K) Western blot analyses show that knockdown of NOX4 restored AOPPs-repressed GPX3 expression in HK-2 cells. HK-2 
cells were transfected with either control siRNA or NOX4-siRNA for 24 h, and then treated with AOPPs (50 μg/ml) for additional 24 h. Representative Western blot 
(J) and quantitative data (K) are shown. *P < 0.05 versus controls, †P < 0.05 versus AOPPs (50 μg/ml) (n = 3). (L–N) Western blot analyses show that knockdown of 
GPX3 aggravated AOPPs-induced NOX4 expression in HK-2 cells. HK-2 cells were transfected with either control siRNA or GPX3 siRNA for 24 h to knockdown GPX3 
expression, and then treated with AOPPs (50 μg/ml) for additional 24 h. Representative Western blot (L) and quantitative data (M, N) are shown. *P < 0.05 versus 
controls (n = 3). (O) Knockdown of GPX3 aggravated AOPPs-induced ROS production in HK-2 cells. ROS levels in cell supernatant were measured by specific ELISA. 
Quantitative data are shown. *P < 0.05 versus controls (n = 3). 
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tubule-derived GPX3 will disrupt the antioxidant defenses machinery, 
leading to forming an oxidatively stressed interstitial microenvironment 
that drives fibroblasts activation. In essence, loss of GPX3 in renal tu-
bules mediates fibroblast activation via building an oxidatively stressed 
extracellular microenvironment in CKD. 

The present study further delineates the mechanism in which GPX3- 
depletion causes fibroblast activation. We found that GPX3-depleted 
ECM microenvironment induces the expression of NOX4, a subunit of 
the membrane-bound NOX enzyme complex that faces the extracellular 
space and functions as an oxygen sensor, in renal fibroblasts. Consis-
tently, loss of GPX3 is associated with NOX4 induction in various models 
of CKD in vivo (Fig. 1). Notably, when fibroblasts are stimulated with 
AOPPs, NOX4 is also upregulated, suggesting that loss of GPX3 can be 
imitated by AOPPs treatment. There are 7 isoforms in the NOX enzyme 
family including NOX1–5, DUOX1 and DUOX2 [39–41]. Of these NOX 
isoforms, NOX4 is expressed at its highest levels in the kidney and is an 
important source of renal ROS [9,20]. We found that although AOPPs 
induces several NOX enzymes such as NOX1, NOX2, NOX4 and DUOX1, 
the induction of NOX4 is the highest (Fig. S1), suggesting that 
AOPPs-induced ROS production is mainly derived from NOX4 in renal 
fibroblasts. 

The ROS produced by NOX is regulated by a variety of factors, 
depending on the cell types and the variants of NOX homologues [21,42, 
43]. The most striking difference between NOX4 and other NOX/DUOX 
enzymes is that NOX4 is constitutively active in the absence of regula-
tory subunits or calcium-elevating stimuli. Therefore, NOX4-dependent 
ROS generation is primarily regulated by its expression level. Apart from 

expression levels, studies also show that the activity of NOX4 can be 
acutely regulated by tissue oxygen levels (pO2), allowing it to function 
as an oxygen sensor [22]. Therefore, it is conceivable to speculate that 
loss of extracellular GPX3 leads to accumulation of ROS formed in 
normal oxygen metabolism in the peritubular tissue compartment. This 
decreases tissue oxygen levels, triggers upregulation and activation of 
the plasma membrane-bound NOX4, and promotes intracellular ROS 
production, eventually leading to further NOX4 induction and fibroblast 
activation and proliferation via PKCα/MAPK/STAT3 signaling (Fig. 8I). 
Furthermore, NOX4 upregulation further represses GPX3 expression in 
renal tubules, thereby creating a vicious cycle between GPX3 depletion 
and NOX4 induction (Figs. 6 and 8I②). 

This study also explores the intracellular signaling by which NOX4- 
derived ROS induces NOX4 expression and fibroblast activation. We 
show that NOX4 induction by AOPPs triggers ROS production and ac-
tivates PKCα/MAPK/STAT3 signaling in renal fibroblasts, resulting in 
further NOX4 induction and fibroblast proliferation and activation 
(Figs. 3 and 4). These results are in harmony with previous report that 
NOX4-derived ROS can activate specific PKC isoforms including PKCα in 
the kidney, thereby promoting renal injury in experimental diabetes 
[44]. Furthermore, specific knockout of NOX4 in podocytes is associated 
with inhibition of PKCα [45], and PKCα activation mediates podocytes 
apoptosis through activation of p38 MAPK [46]. Furthermore, knock-
down of NOX4 abolishes PKCα, p38 and ERK1/2 activation and hinders 
fibroblasts activation (Fig. 5). Similarly, blockade of p38 and ERK1/2 
activation by small molecule MAPK kinase inhibitor U0126 or p38 in-
hibitor SB203580 represses fibroblast proliferation and activation 

Fig. 7. Knockdown of NOX4 represses fibroblast proliferation and MAPK signaling in vivo. (A–D) Western blot analyses show renal expression of vimentin, PDGFR-β, 
PCNA and cyclin D1 proteins in different groups as indicated. Representative Western blot (A) and quantitative data (B–D) are shown. *P < 0.05 versus sham; †P <
0.05 versus UIRI; #P < 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n = 5). (E) Representative micrographs show renal expression and localization of PCNA and 
vimentin on serial sections. Arrows indicate positive staining. Scale bar, 50 μm. (F) Graphic presentation shows the number of PCNA-positive cells in renal interstitial 
and tubular compartment in different groups. At least 10 randomly selected fields were assessed, and results averaged for each kidney. *P < 0.05 versus sham; †P <
0.05 versus UIRI; #P < 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n = 5). (G) Western blot analyses show renal expression of p-PKCα, PKCα, p-p38, p38, p-ERK1/2 and 
ERK1/2 proteins in different groups as indicated. Representative Western blot (G) and quantitative data (H–J) are shown. *P < 0.05 versus sham; †P < 0.05 versus 
UIRI; #P < 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n = 5). 
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(Fig. 5), consistent with earlier reports on the role of MAPK in the 
pathogenesis of CKD [47]. These results suggest that NOX4 promotes 
fibroblast activation primarily by stimulating PKCα/MAPK signaling 
cascade, although we cannot exclude the possibility that other signaling 
pathways may also be involved. 

The present study has some limitations and leaves several questions 
unanswered. For example, while the importance of fibroblast activation 
by NOX4 is emphasized, the shRNA-mediated knockdown approach is 
not cell type-specific and also affects tubular epithelial cells expressing 
NOX4 (Fig. 6). A more precise strategy to manipulate NOX4 specifically 
in fibroblasts in vivo, such as creating a conditional fibroblast-specific 
NOX4 knockout mouse model, is needed in the future to address this 
issue. Of note, inhibition of NOX4 in tubular cells restores GPX3 
expression and its secretion to the extracellular space (Fig. 6), thereby 
indirectly reducing NOX4 induction in fibroblast cells as well. Another 
unresolved issue is whether the GPX3-NOX4 axis is involved in regu-
lating metabolic reprogram from mitochondrial oxidative phosphory-
lation to aerobic glycolysis, as emerging evidence suggests that 
fibroblast activation in kidney fibrosis is associated with the metabolic 
transition from oxidative phosphorylation to aerobic glycolysis [48–51]. 
This area of investigation deserves to be pursued in the future. 

In summary, by using transcriptomic profiling and decellularized 
KTS approach, we have presented clear evidence that GPX3-depleted 
extracellular microenvironment is an integral element of the fibro-
genic niche that drives fibroblast proliferation and activation. We show 

that loss of GPX3 creates an oxidatively stressed peritubular microen-
vironment that promotes interstitial fibroblast activation, proliferation 
and further NOX4 induction through the NOX4/ROS/PKCα/MAPK/ 
STAT3 signaling. Although oxidative stress is known to play a role in the 
evolution of CKD [52], previous studies largely focused on its intracel-
lular signaling and implications. In this regard, the present study is the 
first to demonstrate how an oxidatively stressed peritubular environ-
ment due to GPX3 deficiency drives fibroblast activation and kidney 
fibrosis. Therefore, it is reasonable to speculate that strategies to target 
such an oxidatively stressed microenvironment may be a novel approach 
for prevention and therapy of fibrotic CKD. 
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Fig. 8. Oxidatively stressed extracellular microenvironment dictates fibroblast proliferation and activation. (A) Diagram shows the experimental protocol in which 
NRK-49F cells are cultured on different KTS as indicated. (B) Western blots analyses show the expression of NOX4, PCNA, cyclin D1, FN and α-SMA in different 
groups as indicated. Representative Western blot (B) and quantitative data (C–G) are shown. *P < 0.05 versus sham; †P < 0.05 versus UIRI; #P < 0.05 versus UIRI +
AOPPs + Ctrl-shRNA (n = 3). (H) qRT-PCR analyses show the mRNA level of NOX4 in different groups as indicated. *P < 0.05 versus sham; †P < 0.05 versus UIRI; #P 
< 0.05 versus UIRI + AOPPs + Ctrl-shRNA (n = 3). (I) Schematic diagram shows that loss of GPX3 contributes to the formation of an oxidatively stressed extracellular 
microenvironment, which facilitates fibroblast activation. Under normal conditions, GPX3 in the extracellular microenvironment is abundant. Kidney injury causes 
GPX3 deficiency, leading to forming an oxidatively stressed microenvironment. This oxidatively stressed microenvironment leads to low tissue oxygen level (pO2), 
which triggers plasma membrane NOX4, an oxygen sensor, and induces intracellular ROS production and upregulates NOX4 expression via PKCα/p38 MAPK/STAT3 
cascade in fibroblasts. As such, this series of events cause the formation of the NOX4 amplification loop (①). In addition, the increased NOX4 also further suppresses 
GPX3 expression in renal tubules, thereby creating a vicious cycle between GPX3 loss and NOX4 induction (②). 
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