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Abstract. The na/K‑aTPase/Src complex is reportedly able to 
affect reactive oxygen species (ROS) amplification. However, 
it has remained elusive whether NADPH oxidases (NOXs) are 
involved in this oxidant amplification loop in renal fibrosis. To 
test this hypothesis, interactions between oxidative features and 
Na/K‑ATPase/Src activation were examined in a mouse model 
of unilateral urethral obstruction (uuo)‑induced experimental 
renal fibrosis. Both 1‑tert‑butyl‑3‑(4‑chlorophenyl)‑1H‑pyrazo
lo[3,4‑d]pyrimidin‑4‑amine (PP2) and apocynin significantly 
attenuated the development of UUO‑induced renal fibrosis. 
Apocynin administration attenuated the expression of NOXs 
and oxidative markers (e.g., nuclear factor erythroid 2‑related 
factor 2, heme oxygenase‑1,4‑hydroxynonenal and 3‑nitroty‑
rosine); it also partially restored na/K‑aTPase expression and 
inhibited the activation of the Src/ERK cascade. Furthermore, 
administration of PP2 after uuo induction partially reversed 
the upregulation of NOX2, NOX4 and oxidative markers, 
while inhibiting the activation of the Src/ERK cascade. 
complementary experiments in llc‑PK1 cells corroborated 
the in vivo observations. Inhibition of NOX2 by RNA inter‑
ference attenuated ouabain‑induced oxidative stress, erK 
activation and E‑cadherin downregulation. Thus, it is indicated 
that NOXs are major contributors to ROS production in the 
Na/K‑ATPase/Src/ROS oxidative amplification loop, which 

is involved in renal fibrosis. The disruption of this vicious 
feed‑forward loop between NOXs/ROS and redox‑regulated 
na/K‑aTPase/Src may have therapeutic applicability for renal 
fibrosis disorders.

Introduction

Renal fibrosis is the final common pathological feature of most 
forms of kidney disease, leading to irreversible renal function 
impairment (1‑4). Src kinase belongs to the non‑receptor tyro‑
sine kinase family. Activated Src has been implicated in the 
regulation of numerous intracellular signaling cascades (e.g., 
MaPK, Pi3K and protein kinase c) and cellular processes 
such as cell proliferation, differentiation, migration and 
invasion (5‑8). Among the numerous kinases that function as 
signaling hubs, Src has a critical role in renal fibrosis through 
the integration of multiple fibrogenic signal inputs (9,10). In 
addition to its well‑known ion pump function, Na/K‑ATPase 
has been identified as an important regulator of Src activa‑
tion through the formation of an na/K‑aTPase/Src complex, 
particularly in epithelial cells (11,12). pNaKtide, a polypep‑
tide derived and constructed from the nd1 segment of the 
na/K‑aTPase α1 subunit, is able to mimic na/K‑aTPase and 
bind to the kinase domain of Src, preventing its activation 
without affecting the pump function of Na/K‑ATPase (13). 
a previous study by our group indicated that the inhibition 
of Src and its downstream signaling cascades by pNaKtide 
attenuated unilateral ureter obstruction (uuo)‑induced renal 
fibrosis, indicating that Na/K‑ATPase/Src complex‑regulated 
signaling pathways are involved in renal fibrosis (10).

ouabain and other cardiotonic steroids are specific 
Na/K‑ATPase ligands. Oxidative stress, represented by reac‑
tive oxygen species (roS) production, has been observed upon 
activation of the na/K‑aTPase/Src complex by cardiotonic 
steroids in various cell types (14,15). In addition, there have 
been reports that roS can activate na/K‑aTPase/Src signaling 
cascades with further generation of intracellular ROS (16‑18). 
This leads to a feed‑forward oxidative amplification 
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loop of na/K‑aTPase/Src/roS; roS are generated by 
na/K‑aTPase/Src complex activation and they enhance na/
K‑ATPase/Src signaling cascade activation (12,15). This 
oxidative amplification loop has been observed in disease 
models such as uremic cardiomyopathy, cognitive decline 
and neurodegeneration, salt‑sensitive hypertension and 
obesity (19‑23). In the above‑mentioned study, increased ROS 
production was observed in UUO mice, which was attenuated 
by pnaKtide (10); those findings provided support for the 
hypothesis that an Na/K‑ATPase/Src/ROS oxidant amplifica‑
tion loop is involved in renal fibrosis.

The molecular mechanisms of roS generation involved in 
the oxidant amplification loop have not been fully elucidated 
thus far, to the best of our knowledge. Nicotinamide adenine 
dinucleotide phosphate oxidases (NOXs) have been regarded 
as a major source of ROS in the kidney in various animal 
models (24‑27). A previous study by our group observed 
increased expression levels of both NOX2 and NOX4 soon 
after uuo induction, accompanied by increased expression 
levels of oxidative stress markers (28). The administration 
of apocynin, an inhibitor of NOXs, decreased the expression 
levels of NOX2, NOX4 and oxidative stress markers, indicating 
that NOXs are major contributors to oxidative stress in UUO 
animals (29). The present study investigated whether NOXs 
serve as a major source of ROS in the Na/K‑ATPase/Src/ROS 
oxidant amplification loop, which is potentially involved in 
renal fibrosis.

Materials and methods

Reagents and antibodies. Monoclonal antibodies to phos‑
phorylated extracellular signal‑related kinase (p‑erK; 
cat. no. sc‑7383), ERK (cat. no. sc‑514302), c‑Src (cat. 
no. sc‑8056), α‑smooth muscle actin (α‑SMA; cat. 
no. sc‑32251), p47phox (cat. no. sc‑17845), p67phox (cat. 
no. sc‑374510), 8‑hydroxy‑2'‑deoxyguanosine (8‑OHdG; cat. 
no. sc‑66036) and NOX2 (cat. no. sc‑130548) were obtained 
from Santa Cruz Biotechnology, Inc.; monoclonal antibodies 
to collagen I (COL‑I; cat. no. ab270993), Na/K‑ATPase (cat. 
no. ab7671) and 3‑nitrotyrosine (3‑NT; cat. no. ab61392) were 
obtained from Abcam; monoclonal antibodies to GAPDH 
(cat. no. 2118S), polyclonal antibodies to p‑Src (cat. no. 2101s) 
and horseradish peroxidase‑conjugated anti‑rabbit (cat. 
no. 7074) and anti‑mouse antibodies (cat. no. 7076) were 
acquired from Cell Signaling Technology, Inc.; a monoclonal 
antibody to 4‑hydroxynonenal (4‑HNE; cat. no. MA5‑27570) 
was purchased from Thermo Fisher Scientific, Inc.; and 
monoclonal antibodies to nuclear factor e2‑related factor 
2 (Nrf2; cat. no. 16396‑1‑AP), heme‑oxygenase 1 (HO‑1; 
cat. no. 66743‑1‑Ig), NOX1 (cat. no. 17772‑1‑AP), NOX4 
(cat. no. 14347‑1‑AP) and NOX5 (cat. no. 25350‑1‑AP) 
were purchased from Proteintech Group, Inc. An enhanced 
chemiluminescence kit was purchased from Merck KGaA. 
Furthermore, 1‑tert‑butyl‑3‑(4‑chlorophenyl)‑1H‑pyrazolo[3
,4‑d]pyrimidin‑4‑amine (PP2) was purchased from Selleck 
chemicals; and ouabain, apocynin and n‑acetylcysteine 
(NAC) were obtained from Sigma‑Aldrich (Merck KGaA). 
RIPA lysis buffer and a ROS Assay Kit (cat. no. S0033M) 
were obtained from Beyotime Institute of Biotechnology. 
Medium199 and fetal bovine serum were purchased from 

Thermo Fisher Scientific, Inc.; a Sirius Red Staining Kit (cat. 
no. AG1470‑2) was purchased from Acmec Biochemical Co., 
Ltd. Small interfering RNAs (siRNAs) specific for NOX2 
were obtained from Hanbio Biotechnology Co., Ltd. with the 
following sequences: 5'‑GUG CAC CAU GAU GAG GAG A‑3' 
(sense) and 5'‑UCU CCU CAU CAU GGU GCA C‑3' (antisense). 
Scrambled siRNA sequences were as follows: 5'‑UUC UCC 
GAA CGU GUC ACG U‑3' (sense) and 5'‑ACG UGA CAC GUU 
CGG AGA A‑3' (antisense).

Experimental animals and treatment. all animal studies 
were approved by the Animal Experimentation Ethics 
Committee of Peking University First Hospital (Beijing, 
China; no. J2022005) and complied with the Guide for 
the care and use of laboratory animals published by the 
National Institutes of Health. Male C57BL/6J mice (age, 
6‑8 weeks; weight, 18‑23 g) were purchased from the Institute 
of laboratory animal Science, chinese academy of Medical 
Sciences and housed at 25˚C with 40% humidity and a 12‑h 
light/dark cycle. They were provided with free access to sterile 
water and food. The UUO model was established as previ‑
ously described (10,30). All animals were anesthetized by 
intraperitoneal injection of 50 mg/kg pentobarbital sodium. 
The left ureter was exposed and ligated with 4‑0 silk sutures. 
In sham‑operated mice, the ureter was mobilized but not 
ligated. Animals were randomly divided into the following six 
groups: Sham surgery, sham + PP2, sham + apocynin, uuo, 
UUO + PP2 and UUO + apocynin. Apocynin (100 mg/kg) 
was administered by gavage immediately after surgery and 
then daily for 7 days. PP2 (2 mg/kg) was intraperitoneally 
administered immediately after ureteral ligation and then 
daily for 7 days. On day 7 after surgery, the pre‑specified 
experimental endpoint, the mice were sacrificed through 
complete exsanguination under anesthesia induced by intra‑
peritoneal administration of 50 mg/kg pentobarbital sodium 
and the left kidneys were harvested. Death was confirmed 
when the animals' respiration and heartbeat ceased. Every 
effort was made to minimize animal suffering during the 
procedure. The harvested kidneys were decapsulated and then 
rapidly dissected. Coronal sections (2‑3 mm thick) through 
the middle portion of the kidney were fixed in 10% neutral 
buffered formalin and embedded in paraffin; the remaining 
kidney tissue was snap‑frozen in liquid nitrogen for further 
analysis.

Histological and immunohistochemical staining of the 
kidney. Histological staining of collagen fibers was performed 
on formalin‑fixed and paraffin‑embedded tissues using the 
Sirius Red Staining kit in accordance with the manufacturer's 
protocol. Immunohistochemical staining was conducted as 
described in previous studies by our group (10,28). In brief, 
deparaffinized serial sections were rehydrated in PBS and 
subjected to antigen retrieval by microwave heating (1,400 W, 
3 min, 30 sec). After natural cooling, sections were washed 
with PBS and incubated with 0.3% hydrogen peroxide for 
15 min at room temperature to block endogenous peroxidase 
activity; they were subsequently incubated with 3% bovine 
serum albumin for 30 min at 37˚C in a humidified chamber. 
Sections were incubated overnight at 4˚C with primary anti‑
bodies to col‑i (dilution, 1:200), α‑SMa (dilution, 1:1,000), 
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NOX2 (dilution, 1:200), NOX4 (dilution, 1:200), 8‑OHdG 
(dilution, 1:1,000) and Na/K‑ATPase (dilution, 1:500). As a 
negative control, PBS was used instead of a primary antibody. 
After tissues had been washed with PBS, they were incubated 
with horseradish peroxidase‑conjugated anti‑mouse/rabbit 
IgG polymer (cat. no. PV6000; ZSGB‑BIO, Ltd.) for 1 h at 
room temperature. Results were visualized using diaminoben‑
zidine and sections were observed under a microscope (Leica 
DM2500; Leica Microsystems GmbH). Images were captured 
at a magnification of x40 and then analyzed using ImageJ 
software [Version 1.53t; National Institutes of Health (NIH)].

Cell culture and treatments. The pig renal proximal tubule cell 
line LLC‑PK1 was obtained from the American Type Culture 
Collection. The cells were cultured in Medium199 containing 
3% fetal bovine serum, 100 units/ml penicillin and 100 mg/ml 
streptomycin at 37˚C in a humidified incubator with 5% CO2. 
After the cells had reached 80‑90% confluence, they were 
serum‑starved overnight and then exposed to further treat‑
ments as indicated in the figure legends. Certain cells were 
pre‑treated with PP2 (5 µM) or NAC (3 mM) for 30 min prior 
to ouabain treatment (100 nM, 30 min).

siRNA transfection. LLC‑PK1 cells were cultured to 50‑60% 
confluence and then transfected with siRNA oligonucleotides 
that specifically targeted NOX2 (80 nM) using Lipofectamine 
3000 (Thermo Fisher Scientific, Inc.), in accordance with the 
manufacturer's instructions. As a control, scrambled siRNA 
(80 nM) lacking homology to any gene in the vertebrate tran‑
scriptome was transfected into LLC‑PK1 cells in a separate 
dish. After transfection, cells were cultured for 48 h and then 
used for experiments.

Measurement of intracellular ROS. intracellular roS levels 
were detected using a ROS Assay Kit, in accordance with 
the manufacturer's instructions. LLC‑PK1 cells were seeded 
in black 96‑well culture plates (5x103 cells/well) and incu‑
bated with diacetyldichlorofluorescein diacetate (10 µM) for 
20 min at 37˚C. After cells had been washed with PBS, they 
were treated with ouabain (100 nM, 30 min) with or without 
pretreatment with PP2 (5 µM) or NAC (3 mM) for 30 min. 
Dichlorofluorescein fluorescence intensity was measured by a 
microplate reader (Bio Tek Synergy H1; Agilent Technologies, 
Inc.) at an excitation wavelength of 488 nm and an emission 
wavelength of 525 nm. Simultaneously, fluorescence images 
were acquired by fluorescence microscopy.

Western blot analysis. Kidney tissue samples and llc‑PK1 
cell homogenates were prepared and analyzed as previously 
described (10,17). In brief, tissue and cell samples were lysed 
with RIPA lysis buffer containing a mixture of phosphatase 
and protease inhibitors (Beyotime Institute of Biotechnology). 
After homogenization, the lysates were centrifuged; superna‑
tants were collected for western blot analysis. Equal amounts of 
protein extracts were subjected to SDS‑PAGE (10%) and trans‑
ferred onto polyvinylidene difluoride membranes (Millipore; 
Merck KGaA). After membranes had been blocked with 5% 
skimmed milk in Tris‑buffered saline plus Tween‑20 (TBS‑T) 
for 1 h at room temperature, they were incubated overnight 
at 4˚C with the indicated primary antibodies. Antibodies to 

E‑cadherin, p67phox, NOX1 and HO‑1 were used at a dilution 
of 1:2,500; other primary antibodies were used at a dilution 
of 1:1,000. Subsequently, the membranes were washed with 
TBS‑T and then incubated with horseradish peroxidase‑conju‑
gated secondary antibodies (dilution, 1:2,500) for 1 h at 
room temperature. Next, western blots were developed with 
enhanced chemiluminescence reagents and visualized using 
an Image Quant LAS 4000 mini (Cytiva). ImageJ software 
(Version 1.53t, NIH) was used for densitometric analysis of 
western blots. Band intensities were calculated according to 
area and pixel value. For quantification, the target protein 
content was normalized against the corresponding GAPDH 
signal, for each experiment. The ratio was then expressed rela‑
tive to the content of the sham kidney in vivo experiment or the 
control group, where applicable, which was normalized to 1 in 
each experimental repeat.

Statistical analysis. Data shown in graphs represent the 
mean ± SEM for each group. All experiments were performed 
at least three times. Comparisons between two groups were 
performed using unpaired Student's t‑test. One‑way analysis 
of variance was used for multi‑group comparisons, followed 
by Tukey's post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

PP2 and apocynin treatment attenuate UUO‑induced renal 
fibrosis and myofibroblast accumulation. uuo resulted in 
renal fibrosis onset, as determined by Sirius red staining 
(Fig. 1A), and collagen‑I expression, as determined by 
immunohistochemical staining and homogenates analysis 
via western blotting (Fig. 1B and D; P<0.001 vs. sham alone). 
administration of either PP2 or apocynin significantly 
prevented fibrosis in UUO mice (Fig. 1A, B and D; both P<0.05 
vs. UUO alone). Administration of either PP2 or apocynin to 
sham surgery mice did not significantly affect the degree of 
renal fibrosis.

α‑SMA is regarded as a myofibroblast marker. In addition 
to changes in extracellular matrix deposition, uuo induced 
significant myofibroblast accumulation in the renal intersti‑
tium (determined by immunohistochemical staining) and in 
kidney homogenates (determined by western blot analysis) 
(Fig. 1C and E; P<0.001 vs. sham alone). Administration of 
either PP2 or apocynin reduced myofibroblast accumulation 
in UUO mice (Fig. 1C and E; both P<0.001 vs. UUO alone). 
No significant effects of PP2 or apocynin treatment were 
observed in sham surgery mice. These findings indicated that 
the activation of Src and NOXs contributes to myofibroblast 
accumulation in renal interstitium and renal fibrosis onset after 
UUO injury.

Effects of apocynin administration on Na/K‑ATPase expres‑
sion and Src/ERK activation. The level of na/K‑aTPase 
expression is able to regulate Src activation (17). Therefore, 
changes in Na/K‑ATPase expression in the kidney were inves‑
tigated. UUO led to a significant decrease in Na/K‑ATPase 
expression at 7 days postoperatively (Fig. 2A and B; P<0.001 
vs. sham alone). Significant activation of Src and ERK1/2 
was also observed in kidney homogenates from UUO mice 
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(Fig. 2C and D; P<0.001 vs. sham alone). In UUO mice, apoc‑
ynin treatment partially but significantly reversed the decrease 
in na/K‑aTPase expression and inhibited Src and erK activa‑
tion (Fig. 2; both P<0.05 vs. UUO alone). By contrast, PP2 
treatment reduced Src and erK1/2 activation in obstructed 
kidneys (Fig. 2C and D; both P<0.001 vs. UUO alone) but 

did not significantly influence the UUO‑induced decrease in 
Na/K‑ATPase expression.

Src inhibition attenuates UUO‑induced changes in oxidative 
stress profiles. Compared with the sham group, UUO signifi‑
cantly increased activation of the Nrf2/HO‑1 pathway and 

Figure 1. UUO‑induced renal fibrosis and myofibroblast accumulation are attenuated by PP2 and apocynin treatment. (A) Representative images and data 
analysis of Sirius Red renal histology. (B) Representative images and data analysis of immunohistochemical staining for COL‑I. (C) Representative images 
and data analysis of immunohistochemical staining for α‑SMA (magnification, x400; scale bars, 100 µm). (D) Representative western blot and data analysis 
of COL‑I expression in kidney homogenates. (E) Representative western blot and data analysis of α‑SMA expression in kidney homogenates. Values are 
expressed as mean ± SEM (n=3‑5). ***P<0.001 vs. sham alone; #P<0.05, ##P<0.01, ###P<0.001 vs. UUO alone. COL‑I, collagen I; α‑SMa, α‑smooth muscle actin; 
PP2, 1‑tert‑butyl‑3‑(4‑chlorophenyl)‑1H‑pyrazolo[3,4‑d]pyrimidin‑4‑amine; Apo, apocynin; UUO, unilateral ureteral obstruction.
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the levels of oxidative stress biomarkers 3‑NT and 4‑HNE in 
kidney homogenates, as determined by western blot analysis 
(Fig. 3A and B; all P<0.01 vs. sham alone). Another oxidative 
stress biomarker, the DNA oxidation product 8‑OHdG, was 
also increased in the kidneys of uuo mice, as determined 
by immunohistochemical staining (Fig. 3C; P<0.001 vs. 
sham alone). Administration of PP2 significantly inhibited 

Nrf2/HO‑1 axis activation and 3‑NT/4‑HNE/8‑OHdG expres‑
sion in obstructed kidneys with similar effects to apocynin 
(Fig. 3; all P<0.05 vs. UUO alone), suggesting that Src activa‑
tion contributed to the development of oxidative stress in uuo 
mice. Collectively, these findings support the involvement of 
an na/K‑aTPase/Src/roS oxidative amplification loop in 
UUO‑induced renal fibrosis.

Figure 2. Apocynin treatment downregulates Na/K‑ATPase expression and inhibits Src/ERK activation. (A) Representative images and data analysis of 
immunohistochemical staining for Na/K‑ATPase (magnification, x400; scale bars, 100 µm). (B) Representative western blot and data analysis of Na/K‑ATPase 
expression in kidney homogenates. (C) Representative western blot and data analysis of Src activation in kidney homogenates. Src activation was expressed 
as the p‑Src/t‑Src ratio. (D) Representative western blot and data analysis of ERK activation in kidney homogenates. ERK activation was expressed as 
p‑ERK/t‑ERK. Values are expressed as the mean ± SEM (n=3‑5). **P<0.01, ***P<0.001 vs. sham alone; #P<0.05, ###P<0.001 vs. UUO alone. Apo, apocynin; 
UUO, unilateral ureteral obstruction; p‑, phosphorylated; t‑, total.
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Involvement of NOXs in oxidative stress generation in 
UUO‑induced renal fibrosis. Considering that NOXs have 
key roles in the production of ROS in various models (24‑27), 
the expression levels of NOX2 and NOX4 were examined. As 
presented in Fig. 4, the expression levels of both NOX2 and 
NOX4 were significantly increased (both P<0.001 vs. sham 
alone) in uuo mouse kidneys, as determined by immunohis‑
tochemical staining and western blot analysis. PP2 treatment 
significantly attenuated the expression of NOX2 and NOX4 in 
UUO mice (Fig. 4; both P<0.05 vs. UUO alone), consistent 
with the changes in oxidative stress markers described above. 

In addition, administration of apocynin significantly inhibited 
the activation of NOX2 and NOX4 (Fig. 4; both P<0.01 vs. 
UUO alone). These results suggested that NOX activation 
contributes to the Na/K‑ATPase/Src/ROS oxidative amplifica‑
tion loop in UUO mice.

Effects of ouabain on ROS production and Na/K‑ATPase/Src 
signaling pathway in LLC‑PK1 cells. ouabain is a proto‑
typic agonist of Na/K‑ATPase. When the Na/K‑ATPase/Src 
complex is activated by ouabain, Src functions as a master 
upstream regulator of intracellular signaling pathways (17,18). 

Figure 3. Src inhibition decreases expression levels of Nrf2, HO‑1, 3‑NT and 4‑HNE. (A) Representative western blot and data analysis of Nrf2 and HO‑1 
content in kidney homogenates. (B) Representative western blot and data analysis of 3‑NT and 4‑HNE content in kidney homogenates. (C) Representative 
images and data analysis of immunohistochemical staining of 8‑OHdG (magnification, x400; scale bars, 100 µm). Values are expressed as the mean ± SEM 
(n=3‑5). **P<0.01, ***P<0.001 vs. sham alone; #P<0.05, ##P<0.001, ###P<0.001 vs. UUO alone. 3‑NT, 3‑nitrotyrosine; 4‑HNE, 4‑hydroxynonenal; 8‑OHdG, 
8‑hydroxy‑2'‑deoxyguanosine; Apo, apocynin; HO‑1, heme‑oxygenase 1; Nrf2, nuclear factor E2‑related factor 2; UUO, unilateral ureteral obstruction.
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As indicated in Fig. 5A and B, ouabain (100 nM) caused 
significant activation of Src and ERK1/2 in LLC‑PK1 cells 
between 15 min and 1 h post‑treatment. A concomitant 
increase in intracellular ROS levels was observed during 
ouabain treatment (Fig. 5C and D). Based on these results, 
30 min was selected as the observation time‑point in subse‑
quent cell experiments.

To investigate the roles of roS in Src‑regulated signaling 
pathways, ouabain‑induced signaling was assessed in the presence 

and absence of the Src inhibitor PP2 and the antioxidant NAC. 
Under basal conditions, PP2 and NAC treatments did not influence 
Src/ERK1/2 activation or ROS production. Pretreatment with 
PP2 (5 µM, 30 min) attenuated the ouabain‑induced activation of 
Src and ERK, as well as the ouabain‑induced production of ROS 
(Fig. 6A‑D). Pretreatment of cells with NAC (3 mM, 30 min) 
reduced ouabain‑induced roS production and ouabain‑induced 
activation of erK1/2, but it had no effect on ouabain‑induced 
activation of Src (Fig. 6E‑H). These results suggested that 

Figure 4. Expression levels of NOX2 and NOX4 are reduced by PP2 and apocynin treatment. (A) Representative images and data analysis of immunohisto‑
chemical staining of NOX2. (B) Representative images and data analysis of immunohistochemical staining of NOX4 (magnification, x400; scale bars, 100 µm). 
(C) Representative western blot and data analysis of NOX2 expression in kidney homogenates. (D) Representative western blot and data analysis of NOX4 
expression in kidney homogenates. Values are expressed as the mean ± SEM (n=3‑5). ***P<0.001 vs. sham alone; #P<0.05, ##P<0.01, ###P<0.001 vs. UUO alone. 
Apo, apocynin; UUO, unilateral ureteral obstruction; NOX, NADPH oxidase.
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na/K‑aTPase/Src activation is upstream of ouabain‑induced 
roS production; this production is involved in regulating the 
downstream activation of ERK1/2 in LLC‑PK1 cells.

Increased expression of NOX2 as an important 
ROS‑generating NOX isoform in ouabain‑treated LLC‑PK1 
cells. The NOX family is a major source of intracellular ROS. 
To characterize NOX isoforms, the expression levels of NOX1, 
NOX2, NOX4 and NOX5 were assessed in LLC‑PK1 cells. 
Among the NOX isoforms, the expression of NOX2 was 
significantly increased with ouabain treatment, while there 
were no obvious differences in the expression levels of NOX1, 
NOX4 or NOX5 (Fig. 7A and D‑F). In addition, increased 
expression levels of NOX2 components, such as p67phox and 
p47phox, were observed, consistent with the changes in NOX2 
expression (Fig. 7B and C). As it was demonstrated that NOX2 
was upregulated in ouabain‑treated LLC‑PK1 cells, its role in 
oxidative stress generation was then examined in a functional 
study with siRNA‑mediated knockdown. Transfection with 
NOX2 siRNA reduced basal expression of NOX2 by ~50% 
(Fig. 7G). NADPH‑dependent ROS levels were then measured 

in cells under basal conditions and after ouabain stimulation. 
In cells transfected with control siRNA, ouabain significantly 
increased ROS levels. However, ouabain did not enhance 
ROS production in cells that had been transfected with NOX2 
siRNA (Fig. 7H and I). Thus, NOX2 is likely to have an impor‑
tant role in ROS production in ouabain‑treated LLC‑PK1 cells.

NOX2/ROS is involved in Src‑regulated signaling pathways 
and trans‑differentiation in ouabain‑stimulated LLC‑PK1 
cells. Considering the upregulation of Src and NOX2/ROS 
in ouabain‑stimulated LLC‑PK1 cells, their relationship was 
explored in greater detail. Under basal conditions, PP2 did not 
influence NOX2 expression. Pretreatment with PP2 (5 µM, 
30 min) reduced the ouabain‑induced increase in NOX2 
expression (Fig. 8A). NOX2 silencing did not affect basal acti‑
vation of Src or ERK1/2 in LLC‑PK1 cells. Transfection with 
NOX2 siRNA did not significantly reduce ouabain‑induced 
Src activation, although it did inhibit erK1/2 activation in 
LLC‑PK1 cells (Fig. 8B and C).

as a previous study by our group observed activation of 
the na/K‑aTPase/Src/erK1/2 cascade in llc‑PK1 cells to 

Figure 5. Ouabain‑induced ROS production in LLC‑PK1 cells. (A) Time course of Src activation. Src activation was expressed as the p‑Src/t‑Src ratio. 
(B) Time course of ERK activation. ERK activation was expressed as the p‑ERK/t‑ERK ratio. (C) Representative fluorescence images of ROS production 
in ouabain‑treated LLC‑PK1 cells (scale bars, 100 µm). (D) DCF fluorescence intensity in ouabain‑treated LLC‑PK1 cells, as determined with a microplate 
reader. Representative western blots and quantitative data are provided. Values are expressed as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001 vs. Ctrl. 
Ctrl, control; p‑, phosphorylated; t‑, total; ROS, reactive oxygen species; DCF, dichlorofluorescein.
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induce phenotype transformation of LLC‑PK1 cells via down‑
regulation of E‑cadherin (17), the role of NOX2 in this process 
was then investigated. When NOX2 siRNA‑transfected cells 
were treated with ouabain for 24 h, E‑cadherin expression was 
not altered compared with the basal conditions. By contrast, 
ouabain treatment led to decreased e‑cadherin expression 
in control siRNA‑transfected cells. Thus, transfection with 

NOX2 siRNA prevented the ouabain‑induced downregulation 
of E‑cadherin expression (Fig. 8D).

Discussion

The involvement of the na/K‑aTPase/Src/roS oxidative 
amplification loop has been reported in various disease 

Figure 6. ROS are involved in ouabain‑induced activation of Na/K‑ATPase/Src/ERK signaling. (A) Effects of PP2 on ouabain‑induced Src activation. 
(B) Effects of PP2 on ouabain‑induced ERK activation. (C) Representative fluorescence images of ROS production in PP2‑pretreated LLC‑PK1 cells (scale 
bars, 100 µm). (D) DCF fluorescence intensity in PP2‑pretreated LLC‑PK1 cells. (E) Representative fluorescence images of ROS production in NAC‑pretreated 
LLC‑PK1 cells (scale bars, 100 µm). (F) DCF fluorescence intensity in NAC‑pretreated LLC‑PK1 cells. (G) Effects of NAC on ouabain‑induced Src activation. 
(H) Effects of NAC on ERK activation. Representative western blots and quantitative data are shown. Values are expressed as the mean ± SEM (n=3). *P<0.05; 
**P<0.01; ***P<0.001 compared with Ctrl; #P<0.05; ##P<0.01; ###P<0.001 compared with ouabain. Ctrl, control; NAC, N‑acetylcysteine; PP2, 1‑tert‑butyl‑3‑ 
(4‑chlorophenyl)‑1H‑pyrazolo[3,4‑d]pyrimidin‑4‑amine; ROS, reactive oxygen species; DCF, dichlorofluorescein.
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models, including uremic cardiomyopathy, cognitive 
decline and neurodegeneration, salt‑sensitive hypertension 
and obesity (19‑23). However, the source of ROS in this 
loop has remained to be fully elucidated. In the present 
study, the role of the na/K‑aTPase/Src/roS oxida‑
tive amplification loop and the involvement of NOXs 

in renal fibrosis were examined. It was demonstrated 
that NOXs‑derived ROS mediated the Src‑regulated 
signaling cascade for fibrogenic processes, while regu‑
lating na/K‑aTPase/Src complex activation, in uuo 
mice. Experiments with LLC‑PK1 cells further clarified 
the roles of specific NOXs in the Na/K‑ATPase/Src/ROS 

Figure 7. NOX2 is the source of ouabain‑induced ROS production. (A) Time course of NOX2 expression. (B) Time course of p67phox expression. (C) Time 
course of p47phox expression. (D) Time course of NOX1 expression. (E) Time course of NOX4 expression. (F) Time course of NOX5 expression. (G) NOX2 
expression was knocked down by siRNA. (H) Representative fluorescence images of ROS production in transfected LLC‑PK1 cells with ouabain treatment 
(scale bars, 100 µm). (I) DCF fluorescence intensity in transfected LLC‑PK1 cells with ouabain treatment. Representative western blots and quantitative data 
are provided. Values are expressed as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001 compared with Ctrl or siCtrl; ##P<0.01 compared with ouabain or 
siCtrl + ouabain. Ctrl, control; siCtrl, control siRNA; siNOX2, NOX2 siRNA; siRNA, small inhibitory RNA; ROS, reactive oxygen species; NOX, NADPH 
oxidase; DCF, dichlorofluorescein.
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oxidative amplification loop via NOX2 silencing with 
siRNA. It was found that NOX2‑induced ROS production 
was Na/K‑ATPase/Src‑dependent in ouabain‑stimulated 
cells; it was associated with downstream activation of the 
Src signaling pathway and cellular transdifferentiation. 
Collectively, the present results revealed that NOXs are key 
mediators of the na/K‑aTPase/Src/roS oxidant amplifi‑
cation loop involved in renal fibrosis.

renal fibrosis is the final common pathological mani‑
festation of chronic kidney disease resulting from various 
etiologies. UUO is the most widely used model of interstitial 
fibrosis. While the UUO model has certain limitations, such as 
the rarity of absolute obstruction in humans, its lack of appli‑
cability to certain renal fibrosis conditions and its inability to 
monitor changes in renal function, the model also has several 
advantages. These advantages include high reproducibility, 

Figure 8. Roles of NOX2/reactive oxygen species in ouabain‑induced Na/K‑ATPase/Src/ERK signaling and cellular trans‑differentiation. (A) Effects of PP2 
on NOX2 expression. (B) Effects of NOX2 siRNA on ouabain‑induced Src activation. (C) Effects of NOX2 siRNA on ouabain‑induced ERK activation. 
(D) Effects of NOX2 siRNA on E‑cadherin expression. Representative western blots and quantitative data are shown. Values are expressed as the mean ± SEM 
(n=3). *P<0.05; **P<0.01 compared with Ctrl; #P<0.05; ##P<0.01 compared with ouabain or siCtrl + ouabain. Ctrl, control; siCtrl, control siRNA; siNOX2, 
NOX2 siRNA; siRNA, small inhibitory RNA; PP2, 1‑tert‑butyl‑3‑(4‑chlorophenyl)‑1H‑pyrazolo[3,4‑d]pyrimidin‑4‑amine; NOX, NADPH oxidase.
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ease of implementation, a rapid time course and the capacity 
to replicate a fibrotic sequence of events closely resembling the 
pathogenesis in humans (31). Accordingly, the UUO model was 
utilized as an example of renal interstitial fibrosis in the present 
study.

Src kinase is a versatile non‑receptor protein tyrosine 
kinase that regulates numerous intracellular signaling 
cascades upon activation by growth factors/cytokines from 
diverse membrane receptors (5‑7). There is evidence that Src 
activation is involved in numerous renal lesions in animal 
models, including the model of renal fibrosis (7,9,10). In the 
present study, inhibition of Src activation by PP2 alleviated 
myofibroblast accumulation and extracellular matrix deposi‑
tion in UUO‑induced renal fibrosis, supporting the central role 
of Src in fibrosis onset.

In addition to its well‑known pump function, Na/K‑ATPase 
has been identified as a regulator of Src kinase in recent 
years. The α1 subunit of na/K‑aTPase binds to Src to form 
the na/K‑aTPase/Src complex; this interaction maintains 
Src in an inactive state (32,33). When the Na/K‑ATPase 
conformation is altered via ligand binding or the expression of 
Na/K‑ATPase decreases, Src is released and activated (34‑36). 
increased roS production has been observed upon activa‑
tion of the Na/K‑ATPase/Src complex. Meanwhile, there 
is emerging evidence that the na/K‑aTPase/Src complex 
may be activated by roS in addition to classic ligands for 
Na/K‑ATPase (e.g., cardiotonic steroids) (14‑17,37). Therefore, 
an oxidant amplification loop may exist between oxida‑
tive stress and the Na/K‑ATPase/Src complex. When the 
na/K‑aTPase/Src complex is activated, a signaling cascade 
is initiated; this results in roS generation and subsequent 
activation of the na/K‑aTPase/Src complex, thereby forming 
a reciprocal regulatory process (12,14). Studies have indicated 
that this Na/K‑ATPase oxidant amplification loop is involved 
in diseases such as uremic cardiomyopathy, obesity, aging, 
cognitive decline and neurodegeneration, and cardiovascular 
disease (19‑23). A previous study by our group found that the 
UUO‑induced increase in 8‑iso‑prostaglandin F2α expression 
was reduced by pNaKtide treatment, suggesting that oxida‑
tive stress in na/K‑aTPase‑mediated signaling is involved in 
UUO‑induced renal fibrosis (10). ROS are difficult to directly 
measure because of their short half‑lives. ROS‑induced 
oxidative stress may cause oxidative damage in organelles 
(e.g. mitochondria) and biomolecules such as proteins, lipids 
and DNA (38,39). In general, macromolecules produced by 
roS activity are used as markers for estimation of oxida‑
tive stress (40). In the present study, levels of 3‑NT, 4‑HNE, 
8‑OHdG, Nrf2 and HO‑1 were measured to determine ROS 
production. It was found that oxidative stress was reduced 
in PP2‑treated UUO mice; Src‑regulated signaling pathway 
inhibition in apocynin‑treated UUO mice was also observed. 
Furthermore, apocynin administration partially reversed 
the downregulation of Na/K‑ATPase expression in UUO 
mice. Collectively, these in vivo findings suggested that an 
Na/K‑ATPase/Src/ROS oxidant amplification loop is involved 
in UUO‑induced renal fibrosis.

The source of roS involved in the oxidant amplifica‑
tion loop has not been elucidated thus far. The NOX family 
consists of seven isoforms; NOX1, NOX2, NOX4 and NOX5 
have the highest expression in renal cells (26,41‑43). The 

levels of NOXs are elevated in several models of acute kidney 
injury and chronic kidney disease, leading to excess ROS 
production (37,44‑46). In a previous study by our group, it 
was observed that both NOX2 and NOX4 were upregulated 
and NOX activity was increased in UUO model mice (28). 
Apocynin exerts an antioxidant effect by inhibiting NOXs. 
The attenuation of NOXs led to lower oxidative stress and 
a decrease in uuo‑induced renal fibrosis, suggesting that 
NOXs constitute an important source of ROS in the UUO 
model (29). In the present study, it was experimentally 
confirmed that NOX‑derived ROS generation was increased 
in UUO model mice; an interaction between NOX regulation 
and the Src‑regulated signaling cascade in renal fibrosis was 
demonstrated. As expected, apocynin administration signifi‑
cantly reduced the upregulation of NOX2 and NOX4, which 
led to decreased levels of oxidative stress biomarkers in uuo 
mice. Furthermore, apocynin treatment partially reversed 
the downregulation of Na/K‑ATPase expression and signifi‑
cantly inhibited the activation of Src and downstream ERK. 
Furthermore, PP2‑induced inhibition of Src attenuated the 
upregulation of NOX2, NOX4 and oxidative stress biomarkers 
to a level comparable with the results of apocynin treatment in 
UUO mice. These findings suggest that interactions between 
NOXs/ROS and Src activation are involved in renal fibrosis.

Because the activation of Src and NOXs may be simultane‑
ously affected by convergent stimuli in vivo, the specific roles 
of NOXs in the Na/K‑ATPase/Src oxidant amplification loop 
in LLC‑PK1 cells were subsequently examined. Crosstalk 
between Na/K‑ATPase/Src and NOXs has been demonstrated 
in various cell types. Liu et al (47) found that angiotensin II 
inhibited the na/K‑aTPase pump in vascular smooth muscle 
cells via NADPH oxidase‑dependent glutathionylation of the 
β1 subunit of Na/K‑ATPase. Weaver et al (48) reported that 

Figure 9. Schematic illustration of the mechanism of the Na/K‑ 
ATPase/Src/ROS oxidant amplification loop in renal fibrosis (created with 
FigDraw). CTS, cardiotonic steroids; NOXs, NADPH oxidases; ROS, reac‑
tive oxygen species.
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NOX1 expression was regulated by a ROS‑ and Src‑mediated 
feed‑forward loop in beta cells. Camargo et al (49) demon‑
strated that NOX5 mediated the Src oxidant amplification loop 
in human vascular cells. Li et al (50) observed a reciprocal 
relationship between NOX1/NOX2 and c‑Src activation in fibro‑
blasts after hypoxia/reoxygenation. Furthermore, Yan et al (51) 
reported that NOXs were the source of ouabain‑induced ROS 
in myocardial cells. In the present study, a cellular model using 
ouabain, a classical ligand for Na/K‑ATPase, was generated 
to stimulate LLC‑PK1 cells. LLC‑PK1 cells were chosen due 
to their higher sensitivity to ouabain compared to human or 
rodent cells, as well as the availability of accumulated data 
from studies concerning the Na‑K‑ATPase/Src (13,52). The 
present results revealed that ouabain‑induced Src/erK activa‑
tion and the simultaneous increases in NOX2 expression and 
ROS generation in LLC‑PK1 cells were suppressed by PP2 
pretreatment, supporting the notion that roS production in 
LLC‑PK1 cells involves an Src‑dependent process. The inter‑
action between P47phox and p67phox with NOX2 is critical 
for the formation of an active NOX2 functional complex (41). 
In addition to the detection of increased NOX2 expression, 
a paralleled increase in the expression levels of p47phox 
and p67phox was also observed after ouabain stimulation, 
supporting the role of NOX2 as the source of ouabain‑induced 
ROS production. NOX2 siRNA prevented ouabain‑induced 
ROS production and ERK activation without influencing 
ouabain‑induced na/K‑aTPase/Src activation, suggesting that 
NOX2 has a role in mediating the Src downstream signaling 
pathway via ROS production. To explore the functional 
implications of the Na/K‑ATPase/Src/NOXs/ROS axis, the 
phenotypic differentiation of LLC‑PK1 cells was examined. 
NOX2 silencing partially reversed the ouabain‑induced down‑
regulation of E‑cadherin expression. In contrast to the in vivo 
findings, no significant changes in NOX4 expression were 
detected in ouabain‑stimulated LLC‑PK1 cells. This discrep‑
ancy may be related to species differences or to the involvement 
of various NOX isoforms in the Na/K‑ATPase/Src/ROS ampli‑
fication loop across a diverse range of cell types that contribute 
to renal fibrosis. For instance, NOX4 is continuously activated 
in vascular smooth muscle cells for production of intracellular 
ROS under basal conditions (53). Furthermore, no changes in 
NOX1 or NOX5 expression were detected. Taken together, 
these findings suggested that NOX2 was the major source of 
ouabain‑induced ROS in LLC‑PK1 cells.

Mitochondria represent another major source of ROS in the 
kidney. Liu et al (18) indicated that mitochondria were involved 
in ouabain‑induced ROS production in myocardial cells. In the 
present study, the effect of mitochondria on roS production 
was not evaluated. Of note, interactions between mitochondria 
and NOXs have been described. In models of acute kidney 
injury and chronic kidney disease, the use of apocynin, a NOX 
inhibitor, decreased mitochondrial ROS production (54,55); 
this finding supports the notion that crosstalk between NOXs 
and mitochondria is involved in establishing a pathological 
cycle of ROS production.

In conclusion, in the present study, NOXs were identi‑
fied as a major source of oxidative stress and a mediator 
of the na/K‑aTPase/Src/roS oxidant amplification loop 
in renal fibrosis. ROS are produced via NOX activation 
after activation of the Na/K‑ATPase/Src complex, which in 

return activates the na/K‑aTPase/Src complex and medi‑
ates Src‑regulated downstream signaling cascades and 
fibrogenic effects (Fig. 9). The disruption of this vicious 
feed‑forward loop between NOXs/ROS and redox‑regulated 
na/K‑aTPase/Src may have therapeutic applicability for 
renal fibrosis disorders.
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