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 Background: The aim of this study was to explore the effects of NADPH oxidase 5 (NOX5) in high glucose-stimulated human 
glomerular mesangial cells (HMCs).

 Material/Methods: Cells were cultured under normal glucose (NG) or high glucose (HG) conditions. Then, NOX5 siRNA was trans-
fected into HG-treated HMCs. A Cell Counting Kit-8 assay, colony formation assay and 5-ethynyl-20-deoxyuridine 
(EDU) incorporation assay were applied to measure cell proliferative ability. In addition, the levels of oxidative 
stress factors including reactive oxygen species (ROS), malonaldehyde (MDA), NADPH, superoxide dismutase 
(SOD), and glutathione peroxidase (GSH-PX), inflammatory cytokines including tumor necrosis factor-alpha 
(TNF-a), interleukin (IL)-6, IL-1b, and monocyte chemoattractant protein-1 (MCP-1) in HMCs were detected by 
kits. Moreover, the expression of TLR4/NF-kB signaling and extracellular matrix (ECM) associated genes were 
evaluated by western blotting.

 Results: The results revealed that the NOX5 was overexpressed in HG-treated HMCs. Silencing of NOX5 decreased pro-
liferation of HMCs induced by HG. And NOX5 silencing alleviated the production of MDA and NADPH accompa-
nied by an increase of SOD and GSH-PX levels. Additionally, the contents of TNF-a, IL-6, IL-1b, and MCP-1 were 
reduced after transfection with NOX5 siRNA. Furthermore, silencing of NOX5 deceased the expression of col-
lagen I, collagen IV, TGF-b1, and fibronectin induced by HG stimulation. TLR4, MyD88, and phospho-NF-kB p65 
expression were downregulated notably in NOX5 silencing group.

 Conclusions: Taken together, these findings demonstrated that inhibition of NOX5 attenuated HG-induced HMCs oxidative 
stress, inflammation, and ECM accumulation, suggesting that NOX5 may serve as a potential therapeutic tar-
get for diabetic nephropathy (DN) treatment.
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Background

Diabetic nephropathy (DN) is a major microvascular complica-
tion of diabetes that is one of the leading causes of end-stage 
kidney disease, which is also primarily attributed to the increas-
ing prevalence of type 2 diabetes [1,2]. A previous study re-
ported that DN accounts for more than 30% of complications 
globally in patients with diabetes [3]; DN has thus attracted 
much attention from a variety of researchers.

DN is characterized by the excessive production and accumula-
tion of extracellular matrix (ECM) components in kidney glom-
eruli, which ultimately can lead to glomerulosclerosis [4]. It has 
been well reported that glomerular mesangial cells (MCs) play 
significant roles in maintaining the integrity of the glomeruli 
and are responsible for the accumulation of ECM [5]. Previous 
studies have demonstrated that high glucose (HG)-induced 
MCs proliferation and ECM accumulation are the most vital 
pathological changes in the DN, which could further worsen 
DN with the prolonged activation of oxidative stress and in-
flammatory response in the progression of DN [6–8]. Numerous 
studies unveiled that multiple agents and intracellular regu-
lators contributed to the pathophysiology of oxidative stress, 
inflammation, and ECM accumulation [9,10]. Therefore, regu-
lation of these 3 factors would be an important approach to 
protect MCs against high glucose-induced injury, and might 
improve our understanding of the pathogenesis and thera-
pies methods in DN.

Increasing evidence suggests that NADPH oxidase 5 (NOX5) 
plays a significant role in human DN [11]. Emerging evidence 
supports the notion that NOX5 could aggravate renal injury in 
a DN mouse model [12]. NOX5-derived reactive oxygen spe-
cies (ROS) in podocytes can promote renal inflammation by 
regulating the Toll-like receptor (TLR) pathway [13]. In addi-
tion, the expression of NOX5 is increased in damaged prox-
imal tubular epithelial cells [14]. However, the role of NOX5 
in HG-induced human mesangial cells (HMCs) remains to be 
elucidated. In this study, we aimed to investigate the effects 
of NOX5 on oxidative stress, inflammation, and ECM produc-
tion in HMCs stimulated by HG.

Material and Methods

Cell culture and treatment

HMCs was obtained from the Shanghai Academy of Life 
Sciences (Shanghai, China) and cultured in Dulbecco’s Modified 
Eagle Medium (DMEM; Thermo Fisher Scientific, MA, USA) con-
taining 10% fetal bovine serum (FBS; Gibco, USA) at 37°C in a 
humidified 5% CO2/95% air atmosphere. Cells in the control 
group were maintained in DMEM supplemented with normal 

glucose (NG, 5.5 mM glucose). Cells in the osmotic pressure 
control (OP) were cultured in medium with 5.5 mM glucose 
plus 22.5 mM mannitol. And cells in HG group were exposed 
to medium containing 25 mM glucose. After 24-hour incuba-
tion, the following experiments were carried out.

Cell transfection

Cells were plated in 6-well plates (1×106 cells/well) before 
transfection. When cells reached 80% confluence, the HMCs 
were transfected with NOX5 siRNA or negative control siRNA 
(siRNA-NC) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) following the manufacturer’s instructions. At 24 hours 
post-transfection, cells were collected, and successful trans-
fections were measured by reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) and western blotting.

Cell proliferation assay

A Cell Counting Kit-8 (CCK-8) obtained from Shanghai Yi Sheng 
Biotechnology Co., Ltd. (Shanghai, China) was employed to as-
sess cell proliferation. After transfection, cells were incubated 
under NG or HG conditions for 24 hours. Then, 10 μL CCK-8 
solution was added to each well. Following incubation at 37°C 
for 1 hour, the optical density (OD) was detected at 450 nm 
using a micro-plate reader.

Colony formation assay

HMCs cells were seeded into 6-well plates (500 cells/per well) 
and cultured at 37°C in a humidified 5% CO2/95% air atmo-
sphere for 7 to 12 days. The cells were fixed and stained with 
0.2% crystal violet. ImageJ software was used to determine 
colony numbers.

EDU (5-ethynyl-20-deoxyuridine) incorporation assay

An EDU assay kit (Ribobio, China) was applied to examine the 
proliferation of HMCs in the light of the manufacturer’s pro-
tocol. In brief, cells were incubated with 10 μM EDU and then 
fixed in 4% paraformaldehyde. After EDU staining, cell nuclei 
were stained with 4’, 6-diamidino-2-phenylindole (DAPI). The 
images of EDU-positive cells were observed and captured ran-
domly in 5 fields under a confocal fluorescence microscope 
(Nikon, Tokyo, Japan).

Measurement of inflammatory cytokines levels

Cells were stimulated with medium containing NG or HG for 
24 hours after transfection, and the levels of inflammato-
ry cytokines secretion including tumor necrosis factor-alpha 
(TNF-a), interleukin (IL)-6, IL-1b, and monocyte chemoattrac-
tant protein-1 (MCP-1) in the culture supernatant of HMCs 
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were detected by enzyme-linked immunosorbent assay (ELISA) 
according to the manufacturer’s protocols. The ELISA kits 
were purchased from Shanghai Xitang Biotechnology Co., Ltd. 
(Shanghai, China).

Measurement of intracellular ROS levels

After cells were incubated with medium containing NG or HG 
for 24 hours, the levels of intracellular ROS levels were de-
tected by using 2’, 7’-dichlorofluorescein diacetate (DCF-DA) 
which serves as a fluorescent probe. In brief, cells were plat-
ed in 24-well plates and then stained with 10 μM DCF-DA and 

incubated in the dark for 30 minutes at room temperature. 
Then, cells were washed with phosphate-buffered saline (PBS) 
for 3 times. The fluorescence of DCF in HMCs was observed 
using a multi-detection microplate reader.

Assessment of malonaldehyde (MDA), NADPH, superoxide 
dismutase (SOD), and glutathione peroxidase (GSH-PX) 
levels

After HMCs were treated with HG for 24 hours, the culture su-
pernatant in each sample was collected. The content of MDA 
and NADPH production as well as the activity of SOD and 
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Figure 1.  The expression of NOX5 was upregulated in HG-treated HMCs. The expression of NOX5 was measured by (A) western 
blotting and (B) RT-qPCR in HG induced HMCs. ## P<0.01 versus NG. The expression of NOX5 was detected by (C) western 
blotting and (D) RT-qPCR after incubation with medium containing OP or HG. ### P<0.001 versus OP. The expression of 
NOX5 was determined by (E) western blotting and (F) RT-qPCR after transfection with siRNA-NOX5-1 or siRNA-NOX5-2. 
## P<0.01, ### P<0.001 versus HG+siRNA-NC. NOX5 – NADPH oxidase 5; HG – high glucose; OP – osmotic pressure control; 
HMCs – human glomerular mesangial cells.
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Figure 2.  NOX5 silencing inhibited proliferation of HMCs induced by HG. Proliferation of HMCs were evaluated by (A) CCK-8 assay, 
(B) colony formation assay and (C) EDU incorporation assay, respectively. ### P<0.001 versus NG; *** P<0.001 versus 
HG+siRNA-NC. NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; CCK-8 – Cell 
Counting Kit-8 assay; EDU – 5-ethynyl-20-deoxyuridine.
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GSH-PX were evaluated using the related assay kits in accor-
dance with the manufacturer’s instructions. The kits for MDA, 
SOD, and GSH-PX were the products of Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). The kit for NADPH 
was obtained from Beyotime (Shanghai, China).

Immunofluorescence assay

Cells were seeded in plates which contained glass cover-
slips. Then, cells were fixed with 4% paraformaldehyde for 20 
minutes. Subsequently, cells were permeabilized using 0.1% 
Triton X-100 in Tris-buffered saline (TBS) for 10 minutes. Cells 
were then blocked in 3% bovine serum albumin (BSA) for 1 
hour, followed by incubation with anti-TGF-b1 (Cell Signaling 
Technology, Inc.; Boston, MA, USA) overnight. Following cells 
were incubated with DyLight™ 488-conjugated secondary an-
tibodies (Thermo Scientific) for 1 hour. Nucleus were stained 

with DAPI (Sigma-Aldrich) for 5 minutes. A confocal laser scan-
ning microscope (Olympus FV1000) was used to observe flu-
orescence intensities.

RT-qPCR analysis

Total RNA was extracted from HMCs using the TRIzol reagent 
kit (Invitrogen). A RevertAid First Strand cDNA Synthesis kit 
(Thermo Fermentas, USA) was employed to synthesize cDNA. 
RT-qPCR was performed on an ABI7500 instrument (Applied 
Biosystems). The primer sequences used in this study was 
as follows:
NOX5, forward, 5’-CTATTGGACTCACCTGTCCTACC-3’, and
reverse 5’-GGAAAAACAAGATTCCAGGCAC-3’;
GAPDH, forward, 5’-ACAACTTTGGTATCGTGGAAGG-3’, and
reverse 5’-GCCATCACGCCACAGTTTC-3’.
The gene expression was quantified by the method of 2–DDCq.
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Figure 3.  Inhibition of NOX5 reduced HG-induced oxidative stress in HMCs. (A) The expression of ROS was assessed by ROS-DCF-
DA assay. (B) Relative quantitative analysis of ROS. The concentration of (C) MDA and (D) NADPH as well as the enzymatic 
activities of (E) SOD and (F) GSH-PX were measured by kits. ### P<0.001 versus NG; ** P<0.05, *** P<0.001 versus HG+siRNA-
NC. NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; ROS – reactive oxygen species; 
MDA – malonaldehyde; SOD – superoxide dismutase; GSH-PX – glutathione peroxidase.
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Western blot analysis

Total proteins in HMCs were extracted by using RIPA Lysis 
Buffer (Beyotime, Shanghai, China). Proteins concentration was 
detected by Bradford assay (Bio-Rad) following the manufac-
turer’s instructions. Protein samples of 40 μg per lane were 
loaded on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and subsequently transferred onto 
polyvinylidene fluoride (PVDF) membranes. Membranes were 
subsequently immersed into 5% nonfat milk, and then incu-
bated with primary antibodies. All blots were incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibody 
(A0216, Beyotime, Shanghai, China) for 1 hour and then visu-
alized using an enhanced chemiluminescence (ECL) reagent. 
ImageJ software was used to analyze the results. GAPDH was 
used as internal control. Anti-NOX5, anti-fibronectin (FN), an-
ti-collagen I and anti-collagen IV antibodies were the products 
of Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-TLR4, 
anti-MyD88, anti-phospho-NF-kB p65 (p-NF-kB p65), anti-NF-
kB p65, anti-TGF-b1, anti-TGF-b2, anti-p-Smad2, anti-p-Smad3, 
anti-Smad2, anti-Smad3 and anti-GAPDH antibodies were ob-
tained from Cell Signaling Technology, Inc. (Boston, MA, USA).

Statistical analysis

All experiments were repeated for at least 3 times in the pres-
ent study and results were presented as mean±standard devi-
ation (SD). Statistical analysis was performed by SPSS software 
19.0 (SPSS Inc., Chicago, IL, USA). Quantitative data between 2 
groups was conducted using Student’s t-test, and the compar-
isons among multiple groups were performed using one-way 
analysis of variance (ANOVA) followed by Turkey’s post hoc 
test. A value of P<0.05 was considered statistically significant.

Results

The expression of NOX5 was upregulated in HG-treated 
HMCs

To explore the role of NOX5 in DN, HG medium was employed 
to culture HMCs in the current study. Then, the expression of 
NOX5 was determined by western blotting. As presented in 
Figure 1A and 1B, the level of NOX5 was increased notably af-
ter HG-treatment. In addition, the expression of NOX5 had no 
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Figure 4.  Silencing of NOX5 attenuated the levels of inflammation associated cytokines in culture supernatant of HMCs induced 
by HG. The levels of (A) TNF-a, (B) IL-6, (C) IL-1b, and (D) MCP-1 were assessed by ELISA kits. ### P<0.001 versus NG; 
*** P<0.001 versus HG+siRNA-NC. NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; 
TNF-a – tumor necrosis factor-alpha; IL-6 – interleukin (IL)-6; MCP-1 – monocyte chemoattractant protein-1; ELISA – enzyme-
linked immunosorbent assay.
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significant change between the NC and OS groups but upreg-
ulated in the high glucose medium, suggesting that there was 
little effect of osmotic pressure on the expression of NOX5 af-
ter induction with HG (Figure 1C, 1D). Subsequently, siRNA-
NOX5-1 and siRNA-NOX5-2 were transfected into HMCs. The 
effect of NOX5 gene silencing was measured by western blot-
ting and RT-qPCR, respectively. We found that the expression 
of NOX5 was decreased significantly following transfected with 
siRNA-NOX5, and siRNA-NOX5-1 exhibited the better inhibito-
ry effect (Figure 1E, 1F). Therefore, we chose siRNA-NOX5-2 to 
perform the further investigation. Our finding indicated that 
HG-treatment promoted the expression of NOX5 in HMCs.

Inhibition of NOX5 suppressed proliferation of HMCs 
exposed to HG

After transfection, cells were incubated under NG or HG condi-
tion for 24 hours. To investigate the effect of NOX5 silencing on 
proliferation of HMCs in HG medium, a CCK-8 kit, colony forma-
tion assay, and EDU assay were applied to test cell proliferation. 

As shown in Figure 2A and 2B, HG culture promoted prolifer-
ation of HMCs compared with the NG group. Concurrently, a 
similar result was observed from the EDU incorporation assay 
(Figure 2C). Following transfected with siRNA-NOX5-1, cell pro-
liferation was reduced obviously, suggesting that inhibition of 
NOX5 suppressed proliferation of HMCs in HG medium.

Inhibition of NOX5 decreased HG-induced oxidative stress 
in HMCs

Oxidative stress associated markers were measured by kits in 
our study to explore the effect of NOX5 silencing on ROS in 
HMCs induced by HG. As exhibited in Figure 3A and 3B, the con-
tent of ROS detected by DCF-DA was increased significantly fol-
lowing HMCs being treated with HG alone in comparison with 
NG group. Concurrently, obvious increase of MDA and NADPH 
levels accompanied with a decrease in SOD and GSH-PX were 
observed in the HG treatment HMCs compared with the NG 
group (Figure 3C–3F). After silencing of NOX5, the contents of 
ROS, MDA, and NADPH were reduced notably, coupled with 
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Figure 5.  NOX5 silencing inhibited the expression of key proteins in TLR4/NF-kB signaling pathway in HMCs induced by HG. The 
expression of TLR4, MyD88, p-NF-kB p65 and NF-kB p65 were determined by western blotting. ### P<0.001 versus NG; 
** P<0.01 versus HG+siRNA-NC. NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; 
TLR4 – toll-like receptor 4; p-NF-kB p65 – phosphor-NF-kB p65.
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Figure 6.  Inhibition of NOX5 decreased the expression of TGF-b1 in HMCs induced by HG. The expression of NOX5 was detected by 
immunofluorescence assay. NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; TGF-b1 
– transforming growth factor-b1.

an increase in SOD and GAPDH. These findings indicated that 
NOX5 silencing inhibited oxidative stress in HMCs induced HG.

Inhibition of NOX5 restrained HG-induced inflammatory 
cytokines production in HMCs

Cells were stimulated with medium containing NG or HG for 
24 hours after transfection, and then the levels of inflamma-
tion-associated cytokines were determined to evaluate the role 
of NOX5 inhibition on inflammatory response. An obvious in-
creasing trend of TNF-a, IL-6, IL-1b, and MCP-1 was found in 
the HG group compared with the NG group (Figure 4A–4D). 
Following transfected with siRNA-NOX5-1, the contents of the 
aforementioned inflammatory cytokines were attenuated mark-
edly. Concurrently, it has been reported that NOX5 can pro-
mote renal inflammation by regulating TLR pathway in podo-
cytes [13], therefore, the levels of key proteins in TLR4/NF-kB 
signaling pathway were assessed by western blot in our current 
study. As shown in Figure 5, HG stimulation upregulated the 
expression of TLR4, MyD88, and p-NF-kB p65, whereas NOX5 
silencing downregulated the expression of the aforementioned 
proteins in comparison with the NG group. Overall, these data 
suggested that inhibition of NOX5 restrained HG-induced in-
flammatory cytokines production through suppressing TLR4/
NF-kB signaling pathway.

Inhibition of NOX5 reduced HG-induced ECM in HMCs

The expression of fibrosis components, including TGF-b1, 
TGF-b2, collagen I, collagen IV, and FN, were measured by west-
ern blotting. As presented in Figure 6, HG stimulation increased 
the expression of TGF-b1 while NOX5 silencing remarkably de-
creased this increase compare with the NG group, which was 
detected by immunofluorescence assay. Meanwhile, trans-
fection with siRNA-NOX5-1 downregulated the expression of 
TGF-b2, collagen I, collagen IV, and FN which were upregulat-
ed by HG induction (Figure 7). And the expression of p-Smad2 
and p-Smad3 presented similar results. Our results indicated 
that NOX5 silencing reduced HG-induced ECM in HMCs.

Discussion

The data presented in the present study, for the first time, pro-
vided the evidence that NOX5 silencing alleviated HG-stimulated 
HMCs oxidative stress, inflammation, and ECM accumulation, 
suggesting that NOX5 might serve as a potential therapeutic 
target for diabetic nephropathy treatment.

A growing body of evidence suggests that glomerular MCs are 
a kind of major renal resident cells, and that they are highly 
associated with the occurrence and development of DN [15]. 
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Figure 7.  NOX5 silencing reduced HG-induced ECM in HMCs. The expression of TGF-b1, TGF-b2, collagen I, collagen IV, FN, p-Smad2, 
and p-Smad3 were evaluated by western blotting. ### P<0.001 versus NG; * P<0.05, ** P<0.01 versus HG+siRNA-NC. 
NOX5 – NADPH oxidase 5; HG – high glucose; HMCs – human glomerular mesangial cells; ECM – extracellular matrix; 
TGF-b1 – transforming growth factor-b1; FN – fibronectin; p-Smad2 – phospho-Smad2.

Increased proliferation of MCs is considered as a dominate 
factor in the pathophysiologic mechanism implicated in the 
DN [16]. It has been well reported that HG stimulation enhanced 
the proliferation of MCs and promoted renal interstitial fibro-
sis eventually [17]. Additionally, HG was confirmed to induce 
proliferation of MCs [18,19]. Emerging evidence supports that 
increased expression of NOX5 in kidneys of patients with di-
abetes compared with control kidneys [20]. And NOX5 could 
aggravate renal injury in mouse model of DN [12]. In addition, 
a previous study showed that NOX5 could accelerate prolifer-
ation and fibrosis in human hepatic stellate cells [21]. In line 
with the previous study, our findings suggested that HG treat-
ment significantly promoted proliferation of MCs. And NOX5 
silencing inhibited HG-stimulated MCs proliferation. The afore-
mentioned results demonstrated that silencing of NOX5 miti-
gated DN in vitro via suppressing MCs proliferation.

Excessive oxidative stress and inflammation serve as crucial 
pathogenic factors in the development of DN [22,23]. It has 
been well documented that HG treatment induced the pro-
duction of oxides and inflammatory cytokines in MCs [24]. 
Mounting evidence supported that antioxidant and anti-inflam-
matory contribute to the treatment of DN [25]. Importantly, it 
has been reported that NOX5, a source of ROS, could increase 
oxidative stress in human renal proximal tubule cells and pro-
mote renal podocyte inflammation [13,14]. In agreement with 
the results of the aforementioned previous studies, we observed 
that HG stimulation increased the contents of ROS, MDA, and 
NADPH in MCs, accompanied by a decrease in SOD and GSH-
PX, whereas silencing of NOX5 alleviated the increase of oxi-
dative stress. In addition, NOX5 silencing attenuated the lev-
els of inflammatory cytokines induced by HG in MCs. Emerging 
evidence shows that NOX5 could promote renal inflammation 
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through activation of TLR pathway [13]. Moreover, NOX5-S 
regulated acid-induced cyclo-oxygenase-2 expression by ac-
tivating NF-kB signaling in Barrett’s esophageal adenocarci-
noma cells [26]. In our study, HG treatment increased the ex-
pression of the TLR4/NF-kB signaling pathway, which was in 
accordance with the previous findings [9,27]. Following trans-
fection with siRNA-NOX5-1, marked inhibition of TLR4/NF-kB 
signaling proteins expression was observed. These findings 
suggested that inhibition of NOX5 decreased HG-induced ox-
idative stress and inflammatory responses in HMCs by inacti-
vation of the TLR4/NF-kB signaling pathway.

Accumulating evidence has shown that the excessive accumu-
lation of ECM components in mesangium is closely related to 
the development of DN [28]. ECM consists of a variety of ex-
tracellular molecules, and collagens are the richest members 
in it. TGF-b1 is highly expressed in DN renal tissue and serves 
as a pivotal marker of renal fibrosis [29,30]. And TGF-b1 could 
upregulate the expression of FN, which is a critical molecule of 
the ECM and is primarily synthesized during DN [31]. Numerous 
studies have unveiled that HG might enhance the secretion of 
collagen I, collagen IV, and FN as well upregulate the expres-
sion of TGF-b1 in MCs [32,33]. An obvious decreasing trend 
of TGF-b1, TGF-b2, collagen I, collagen IV, and FN expression 
were found following NOX5 silencing in HG-stimulated MCs 

in our study. In addition, the expression of p-Smad2 and p-
Smand3 were downregulated remarkably following NOX5 si-
lencing. These findings suggested that inhibition of NOX5 is 
able to reduce HG-induced ECM in HMCs.

Conclusions

Taken together, our study demonstrated that NOX5 silencing 
suppressed HG-induced HMCs oxidative stress, inflammation, 
and ECM accumulation, suggesting that NOX5 might become 
a sensible and potential therapeutic target for the treatment 
of diabetic nephropathy. Specific inhibition of signaling path-
way and in vivo animal experiments are limitation of this study, 
which warrants further investigation in the future to under-
stand the effects of NOX5 in DN.
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