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Background and Purpose: Nox4 is the major isoform of NADPH oxidase found in

the kidney and contributes to the pathogenesis of diabetic nephropathy. However,

the molecular mechanisms of increased Nox4 expression induced by hyperglycaemia

remain to be elucidated. Here, the role of the connexin32–Nox4 signalling axis in dia-

betic nephropathy and its related mechanisms were investigated.

Experimental Approach: Diabetes was induced in mice by low‐dose streptozotocin

(STZ) combined with a high‐fat diet. Effects of connexin32 on Nox4 expression and

on renal function and fibrosis in STZ‐induced diabetic mice were investigated using

adenovirus‐overexpressing connexin32 and connexin32‐deficient mice. Interactions

between connexin32 and Nox4 were analysed by co‐immunoprecipitation and immu-

nofluorescence assays.

Key Results: Connexin32 was down‐regulated in the kidneys of STZ‐induced dia-

betic mice. Overexpression of connexin32 reduced expression of Nox4 and improved

renal function and fibrosis in diabetic mice, whereas connexin32 deficiency had oppo-

site effects. Down‐regulation of fibronectin expression by connexin32 was not

dependent on gap junctional intercellular communication involving connexin32.

Connexin32 interacted with Nox4 and reduced the generation of hydrogen peroxide,

leading to the down‐regulation of fibronectin expression. Mechanistically,

connexin32 decreased Nox4 expression by promoting its K48‐linked

polyubiquitination. Interestingly, Smurf1 overexpression inhibited K48‐linked

polyubiquitination of Nox4. Furthermore, connexin32 interacted with Smurf1 and

inhibited its expression.

Conclusion and Implications: Connexin32 ameliorated renal fibrosis in diabetic

mice by promoting K48‐linked Nox4 polyubiquitination and degradation via inhibition

of Smurf1 expression. Targeting the connexin32–Nox4 signalling axis may contribute

to the development of novel treatments for diabetic nephropathy.
enovirus; Cx32, connexin32; ECM, extracellular matrix; FBG, fasting blood glucose; FN, fibronectin; GJIC, gap junctional intercellular

NADPH oxidase 4; Smurf1, smad ubiquitylation regulatory factor‐1; STZ, streptozotocin; Ub, ubiquitins; WT, wild type; α‐SMA, α
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What is already known

• The NADPH oxidase isoform, Nox4, contributes to the

pathogenesis of diabetic nephropathy .

• Connexin32 inhibits oxidative stress in experimental non‐

alcoholic steatohepatitis.

What this study adds

• Connexin32 reduced Nox4 expression and improved

renal function and fibrosis in STZ‐induced diabetic mice.

• Connexin32 increased K48‐linked polyubiquitination of

Nox4 via the inhibition of Smurf1 expression.

What is the clinical significance

• Targeting the connexin32–Nox4 signalling axis may

provide new approaches to treatment of diabetic

nephropathy.
1 | INTRODUCTION

Diabetic nephropathy is one of the major microvascular complications

of diabetes and an important cause of end‐stage renal diseases

(Kanwar, Sun, Xie, Liu, & Chen, 2011; Schena & Gesualdo, 2005).

Although the clinical management of diabetic nephropathy, such as

intensive blood glucose and blood pressure control of patients, can

delay the occurrence and deterioration of disease to a certain extent,

a large proportion of diabetic patients eventually develop renal failure

(ADVANCE Collaborative Group et al., 2008; Zoungas et al., 2014).

Therefore, it is extremely important to find effective new pharmaco-

logical targets to prevent and treat diabetic nephropathy.

Connexin32 (Cx32, also known as β1 connexin), a gap junction

protein, is extensively expressed in liver, kidney, and myocardial tissue

(Oyamada, Takebe, & Oyamada, 2013). Recently, attention has been

focused on the regulation of Cx32 in oxidative stress during the

course of diseases. More pronounced oxidative stress and liver dam-

age were observed in Cx32‐deficient mice than those in wild‐type

(WT) animals in experimental non‐alcoholic steatohepatitis (Tiburcio

et al., 2017). The expression of Cx32 was significantly down‐regulated

in the perineurium of streptozotocin (STZ)‐induced diabetic rats with

severe peripheral neuropathy (Pitre, Seifert, & Bauer, 2001). However,

the role of Cx32 in diabetic renal fibrosis remains unclear. Because

Cx32 can effectively regulate oxidative stress, which is the key factor

in the development of diabetic renal fibrosis, we assessed the partici-

pation of Cx32 in the pathological process of diabetic renal fibrosis.

NADPH oxidase (Nox), a multicomponent enzyme, has been iden-

tified as one of the key sources of ROS in the diabetic kidney (Jha

et al., 2014; Jha et al., 2016; Jha et al., 2017; Jha, Banal, Chow, Coo-

per, & Jandeleit‐Dahm, 2016). Nox4, the major NADPH isoform in

the kidney, produces mainly hydrogen peroxide. ROS produced by

Nox4 play an important role in mediating inflammation and fibrosis

as well as subsequent kidney injury in diabetic mice. Knockout (KO)

of Nox4 attenuates glomerulosclerosis, mesangial expansion, and the

accumulation of extracellular matrix (ECM) proteins (Jha et al., 2014;

Jha, Thallas‐Bonke, et al., 2016; Thallas‐Bonke et al., 2014). Under

high glucose (HG) conditions, the expression of Nox4 in mesangial

cells was up‐regulated, promoting the pathological process of renal

fibrosis (Rhee, 2016). Additionally, Nox4, which is localized on the

mitochondrial inner membrane, inhibited the activity of the mitochon-

drial respiratory chain complex I, leading to mitochondrial dysfunction

and ROS overproduction (Ago et al., 2010; Block, Gorin, & Abboud,

2009; Koziel et al., 2013). Moreover, Nox4 protein stability is closely

regulated by K48‐linked polyubiquitination and subsequent

proteasomal degradation (Martyn, Frederick, von Loehneysen,

Dinauer, & Knaus, 2006; Palumbo et al., 2017; Tsubouchi et al.,

2017). However, the molecular mechanism of the up‐regulation of
Nox4 expression induced by HG in glomerular mesangial cells (GMCs)

remains to be elucidated.

Smad ubiquitylation regulatory factor‐1 (Smurf1), a HECT type E3

ubiquitin‐protein ligase, has been linked to multiple biological pro-

cesses, including cell growth, migration, bone formation, embryonic

development, and tumourigenesis (Cao & Zhang, 2013). Additionally,

it was demonstrated that Smurf1 inhibited K48‐linked

polyubiquitination of Keap1 and oestrogen receptor alpha (ERα) and

increased the substrate stability (Gong et al., 2018; Yang et al.,

2018). However, whether Smurf1 can inhibit the K48‐linked

polyubiquitination of Nox4 remains unclear.

The study investigated whether Cx32 reduced oxidative stress in

the kidney of diabetic mice by inhibiting Nox4 expression, thereby

ameliorating diabetic renal fibrosis and dysfunction, and further

explore whether the underlying mechanism involved the inhibition of

Smurf1 expression and promotion of Nox4 K48‐linked

polyubiquitination.
2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the Guide

for the Care and Use of Laboratory Animals (NIH Publication No. 85‐

23, revised 1996) and the China Animal Welfare Legislation, and were

approved by the Ethics Committee on the Care and Use of Laboratory

Animals of Sun Yat‐sen University, Guangzhou, China. Animal studies

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=3004
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are reported in compliance with the ARRIVE guidelines (Kilkenny et al.,

2010; McGrath & Lilley, 2015) and with the recommendations made

by the British Journal of Pharmacology.

C57BL/6 mice (male, 6–8 weeks old, weighing 20 ± 2 g, specific

pathogen‐free [SPF] grade, and certification No. 44008500016251,

MGI Cat# 5656552, RRID:MGI:5656552) were obtained from the

Laboratory Animal Centre, Sun Yat‐sen University, Guangzhou, China.

Cx32+/− mice (European Mouse Mutant Archive, ID: 00243, Italy, IMSR

Cat# EM:00243, RRID:IMSR_EM:00243) in the C57BL/6 background

originally constructed by K Willecke Laboratories (Nelles et al., 1996)

were kindly provided by Professor Ziqing Hei from the Third Affiliated

Hospital of Sun Yat‐sen University, Guangzhou, China. Cx32+/− mice

were backcrossed with C57BL/6 mice to generate Cx32+/+ (WT) and

Cx32−/− (KO) mice. Genotyping was performed by PCR analysis of

DNA from mouse tail tips as previously described (Moennikes,

Buchmann, Ott, Willecke, & Schwarz, 1999). Cx32+/+ (WT) and Cx32−/−

(KO) mice (male, 6–8weeks old, weighing 20 ± 2 g, SPF grade) were used

for subsequent experiments. All animals were housed under SPF condi-

tions and in a temperature‐controlled (20–25°C) and humidity‐controlled

(40–70%) barrier system with a 12‐hr:12‐hr light and dark cycle.
2.2 | Mouse model of diabetic nephropathy

Diabetic mice were induced as previously described (Nath, Ghosh, &

Choudhury, 2017). Briefly, male mice were given a commercial high‐

fat diet (58% fat, 25% protein, and 17% carbohydrate, as a percentage

of total kcal; Guangdong Medical Laboratory Animal Center, Foshan

City, Guangdong Province, China) for 2 weeks, followed by the i.p.

injection of freshly prepared STZ (40 mg·kg−1, dissolved in freshly pre-

pared ice‐cold 0.1‐M citrate buffer, pH 4.5) once a day for five consec-

utive days in continuation with a high‐fat diet. The control mice were

provided with a normal standard balanced diet, followed by only an

equal volume of vehicle—that is, 0.1‐M citrate buffer, pH 4.5 adminis-

tered i.p. The fasting blood glucose (FBG) of STZ‐induced mice was

measured 2 weeks after STZ injection, and mice with FBG more than

11.1 mM were regarded as diabetic mice.
2.3 | Tail vein injection of recombinant Cx32
adenovirus

Recombinant Cx32 adenovirus (Ad‐Cx32; Genbank ID NM_0013

02496, Genechem, Shanghai, China) and diabetic C57BL/6 mice were

randomly divided into two groups: STZ + vector adenovirus (Ad‐V;

n = 9) and STZ + Ad‐Cx32 (n = 9); similarly, control C57BL/6 mice were

randomly divided into two groups: Ctrl + Ad‐V (n = 9) and Ctrl + Ad‐

Cx32 (n = 9). Our laboratory previously found that treatment with

2 × 109 viral particles (approximately 2 × 107 plaque forming unit

[PFU]) of CKIP‐1 adenovirus could effectively infect the mice (Gong

et al., 2017). However, in order to determine the optimal amount of

Ad‐Cx32 injection in mice, we conducted a preliminary experiment with

three doses (2 × 106, 2 × 107, and 2 × 108 PFU, respectively) and found

that 2 × 108 PFU was the most effective. Therefore, the dosage of
2 × 108 PFU was used in these experiments. The mice were adminis-

tered Ad‐Cx32 (2 × 108 PFU, 200 μl per mouse) or negative control ade-

novirus (Ad‐V; 2 × 108 PFU, 200 μl per mouse) once a week via tail vein

injection. Mouse FBG was measured weekly using a OneTouch blood

glucose meter. After treatment with adenovirus and a high‐fat diet for

8 weeks, all the mice were placed into metabolic cages overnight to col-

lect urine. The next day, bodyweights were recorded, and then themice

were anaesthetized by isoflurane and then sodium pentobarbital

(50 mg·kg−1, i.p.), and a blood sample was obtained by cardiac puncture.

Finally, the animals were killed by cervical dislocation, and both kidneys

were quickly removed and weighed.
2.4 | Induction of diabetes in Cx32‐deficient mice

Cx32 WT mice were randomly divided into two groups: WT + Vehicle

(n = 8) and WT + STZ (n = 8). Cx32 KO mice were also randomly

divided into two groups: KO + Vehicle (n = 8) and KO + STZ (n = 8).

After diabetes was successfully induced, the FBG of mice was mea-

sured weekly using a OneTouch blood glucose meter (Johnson, USA)

in continuation with a high‐fat diet for 8 weeks. Next, all the mice

were placed into metabolic cages overnight to collect urine. The next

day, body weights were recorded, and then the mice were anaesthe-

tized by isoflurane inhalation and then sodium pentobarbital

(50 mg·kg−1, i.p.), and a blood sample was obtained by cardiac punc-

ture. Finally, the animals were killed by cervical dislocation, and both

kidneys were quickly removed and weighed.
2.5 | Culture of primary rat mesangial cells

Primary GMCs were isolated from the glomeruli cortex fragments of

young Sprague–Dawley rats (male, weighing 150–180 g) using the

previously described protocol (Chen et al., 2017). Briefly, cortex frag-

ments being chopped into 1‐ to 2‐mm pieces were mechanically

sieved and harvested by iterative selection on specific mesh sizes

(175, 147, and finally 74 μm). The tissue (containing the glomeruli)

was collected, washed with PBS, and digested with 0.1% collagenase

(Type IV; U·ml−1) in DMEM for 15–25 min at 37°C. The glomeruli

were resuspended in growth media (20% FBS, 0.66 U·ml−1 of insulin,

2‐mM L‐glutamine, 100 U·ml−1 of penicillin, and 100 U·ml−1 of strep-

tomycin in DMEM), seeded in culture flasks, and incubated at 37°C

in 5% CO2 in air. The medium was not replaced until the fourth day

and was renewed every 2 or 3 days. The cultures were examined mor-

phologically for contaminating cell types. Additionally, the cultures

were identified by immunofluorescence for specific cell marker pro-

teins. Finally, >98% of the cells were stained for vimentin and desmin

but were non‐reactive to antibodies against cytokeratin (glomerular

epithelial cells; Figure S1).

GMCs (Passages 5–12) were used for subsequent experiments.

The cells were maintained in DMEM supplemented with 10% FBS at

37°C in 5% CO2 in air. At 70–80% confluence, the cells were growth

arrested with serum‐free medium for 12 hr and incubated with either

normal glucose (NG, 5.6 mM) or HG (30 mM) for the times indicated.
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2.6 | Transfections of plasmids and small‐interfering
RNA

Plasmids: mEmerald‐Cx32‐7 (RRID:Addgene_54054), mEmerald‐N1

(RRID:Addgene_53976), pcDNA3.1‐hNox4 (RRID:Addgene_69352),

pcDNA3.1 (RRID:Addgene_52535), pRK5‐HA‐Ub (RRID:

Addgene_17608), pRK5‐HA‐Ub‐KO (RRID:Addgene_17603), pRK5‐

HA‐Ub‐K48 (RRID:Addgene_17605), pRK5‐HA‐Ub‐K63 (RRID:

Addgene_17606), pRK‐Myc‐Smurf1 (RRID:Addgene_13676), and

pRK‐Myc‐Smurf1 delHECT (RRID:Addgene_13677) were obtained

from Addgene (Watertown, MA, USA). GMCs were grown in 35‐mm

plates and transfected with 2 μg of relevant plasmids according to

the instructions using the transfection reagent LTX & PLUS at 70–

80% confluence. Three short hairpin RNAs (shRNAs) targeting Nox4

were synthesized by Genechem. The sequences were as follows:

shRNA‐4: sense: GCTTCTACCTATGCAATAA, antisense: TTATTG

CATAGGTAGAAGC; shRNA‐5: sense: GGAGTCACTGAACTATGAA,

antisense: TTCATAGTTCAGTGACTCC; and shRNA‐6: sense: TCCC

TCAGATGTCATGGAA, antisense: TTCCATGACATCTGAGGGA.

Small‐interfering RNA (siRNA) targeting Cx32 was synthesized by

GenePharma (Shanghai, China). The sequences were as follows: sense:

CACCAACAACACAUAGAAATT and antisense: UUUCUAUGUGU

UGUUGGUGTT. GMCs, grown in 35‐mm plates, were transfected

with 5 μl of siRNA (50 nM), using RNAiMAX according to the manu-

facturer's protocol at 70–80% confluence. After further treatment,

the cells were harvested and western blot assay was performed.

2.7 | Western blot analysis

The antibody‐based procedures used in this study comply with the

recommendations made by the British Journal of Pharmacology. HRP‐

conjugated secondary antibodies were obtained from Promega Corpo-

ration (Madison, WI, USA). Western blot analysis was performed as

previously described (Chen et al., 2017) and complied with BJP guide-

lines and the editorial on reporting of such studies (Alexander et al.,

2018). Briefly, the total proteins were extracted using RIPA (Tris

[pH 7.4], 150‐mM Nacl, 1% NP‐40, 0.5% sodium deoxycholate, 0.1%

SDS, etc., with protease inhibitor cocktail, phosphatase inhibitor A

and B). After centrifuging at 12,000 g for 15 min at 4°C, the protein

concentration was determined using a BCATM Protein Assay Kit

(Pierce, USA). Equal amounts of protein lysates were separated by

SDS‐PAGE and were transferred onto PVDF membranes (Bio‐Rad

Laboratories, USA). The blots were visualized with a GE ImageQuant

LAS4000mini (GE healthcare, Waukesha, WI, USA, ImageQuant,

RRID:SCR_014246) and analysed using Quantity One Protein Analysis

Software (Bio‐Rad, Hercules, CA, USA; Version 4.6.2, RRID:

SCR_016622).

2.8 | Immunofluorescence staining

Immunofluorescence staining was performed as previously described

(Chen, Chen, et al., 2017). Briefly, GMCs were grown on glass cover-

slips in 24‐well plates and were treated with corresponding stimuli
when the confluence was up to 60%. After treatment, the cells were

washed with PBS and were fixed with 4% paraformaldehyde for

15 min at room temperature and were permeabilized using 0.1% Tri-

ton X‐100 in PBS for another 10 min at room temperature. The cells

were then blocked with 10% goat serum for 45 min at room temper-

ature and were incubated with primary antibodies, including rabbit

antibody against Nox4 and mouse antibody against Cx32 in 10% goat

serum overnight at 4°C. Coverslips were washed with PBS and incu-

bated with a secondary antibody (Alexa Fluor 488 and Alexa Fluor

594, Invitrogen, Carlsbad, CA) in the dark at room temperature for

1 hr. The nuclei were co‐labelled with DAPI dihydrochloride (Cell Sig-

nalingTechnology, Cat# 4083) for 10 min at room temperature. At the

end, the coverslips were mounted on slides with antifade mounting

medium (Beyotime, Cat# P0126). The images were collected using a

Zeiss LSM 510 laser confocal fluorescence microscope (Carl Zeiss,

Oberkochen, Germany).

2.9 | Immunoprecipitation assay

Immunoprecipitation assays were performed as previously described

(Chen, Xie, et al., 2017). GMCs were lysed with immunoprecipitation

lysate buffer (supplemented with protease inhibitor cocktail, phospha-

tase inhibitor A and B) on ice for 30 min and then centrifuged at

12,000 g for 15 min at 4°C. The whole‐cell lysates (300 μg) were incu-

bated with 15 μl of protein agarose A/G beads (Pierce, Rockford, IL,

USA) before immunoprecipitation to reduce nonspecific combination,

followed by transient centrifugation to collect the supernatants. The

supernatants were then incubated with 2 μg of IgG or Nox4 or Smurf1

antibodies overnight at 4°C with shaking. Protein agarose A/G beads

(20 μl) were added to the supernatants for 2 hr at 4°C with shaking.

SDS loading buffer (20 μl) was added to the beads after washing three

times with immunoprecipitation buffer. The immunoprecipitates were

analysed by western blot assay with respective antibodies.

2.10 | Scrape‐loading/dye transfer assays

Gap junction intercellular communication (GJIC) was assessed using

the scrape‐loading/dye transfer technique as previously described

(el‐Fouly, Trosko, & Chang, 1987; Xie et al., 2013). It employs scrape

loading to introduce a low MW fluorescent dye, lucifer yellow CH

(MW 457.2) into cells in culture and allows the monitoring of its trans-

fer into contiguous cells. Scrape loading was performed by scraping

the cell layer with a broken razor blade in DMEM medium containing

lucifer yellow (1 mg·ml−1). After incubation at 37°C in the dark for

5 min, the images were collected using a Zeiss LSM 510 laser confocal

fluorescence microscope (Carl Zeiss).

2.11 | Amplex Red/HRP assay

Amplex Red (Invitrogen), a molecular probe, is widely applied to mea-

sure hydrogen peroxide released from cultured cells and tissue

homogenates (Miwa et al., 2016). Therefore, the production of hydro-

gen peroxide by Nox4 in GMCs was detected using Amplex Red as
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previously reported (Jaquet et al., 2011). Briefly, GMCs were plated at

a density of 2 × 105 cells per well into six‐well plates. After treatment,

the cells were collected by trypsinization, centrifuged for 5 min at

200 g at 4°C, washed with HBSS, counted, and resuspended in HBSS

at 500,000 cells·ml−1. The cells (100 μl) were added into 96‐well

microplates placed on ice at a density of 50,000 cells. Then, the

Amplex Red reaction mixture was added to give final concentrations

of 0.005 U·ml−1 HRP and 25‐μM Amplex Red. The plate was placed

in the fluorescence reader (Flex Station 3, Moleculardevices, USA)

prewarmed to 37°C and the fluorescence intensity recorded every

1 min during 1 hr with excitation and emission wavelengths of 550

and 600 nm respectively. The amount of hydrogen peroxide generated

was calculated from a hydrogen peroxide standard curve ranging from

0 to 5 μM.

2.12 | Measurement of mitochondrial superoxide
production

MitoSOX Red, a mitochondria‐targeted superoxide fluorescent probe,

was used for the detection of mitochondrial ROS by live cell imaging;

5‐mM MitoSOX Red was diluted into 5 μM with PBS, added to the

cells, and incubated at 37°C for 10 min in the dark. Subsequently,

the cells were gently washed three times with PBS. Then, the fluores-

cence was detected and quantified using a high‐content system

(ArrayScan VTI 600 plus).

2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology (Curtis et al., 2018). All the studies were designed to

generate groups of equal size, using randomization and blinded analy-

sis. Statistical analysis was undertaken only for studies where each

group size was at least n = 5 using GraphPad Prism 5.0 (GraphPad

Prism, RRID:SCR_002798). The values were expressed as mean ± SD.

Sample sizes in each group subjected to statistical analysis were deter-

mined based on our previous studies, preliminary results, and the

power analysis. Additionally, group size is the number of independent

values and that statistical analyses used these independent values (i.e.,

not treating technical replicates as independent values). The values of

the control group were normalized to 100% in western blotting analy-

sis to reduce unwanted sources of variation, which was analysed by

non‐parametric tests (Kruskal–Wallis test followed by Dunn's multiple

comparison). The Y‐axis shows the percentage of the treated group to

that of the corresponding matched control values. Outliers were

excluded according to a predefined and defensible set of exclusion

criteria (such as the maximum and minimum) in the animal experi-

ments. Unpaired Student's t‐test was used to compare two groups.

For multiple comparisons, the data were analysed by one‐way ANOVA

with post hoc multiple comparisons. Post hoc tests were further con-

ducted only if the F was significant and there was no significant var-

iance inhomogeneity. P < .05 was considered to be statistically

significant, and this P value was not varied later.
2.14 | Materials

D‐Glucose (Cat# 0188) was obtained from AMRESCO (Solon, OH,

USA). Other reagents were from Sigma–Aldrich Corporation (St. Louis,

MO, USA; STZ [Cat# S0130], penicillin–streptomycin [Cat# V900929],

HRP [Cat# P8375], and 18‐α‐glycyrrhetinic acid (18‐α‐GA; Cat#

G8503) and from Thermo Fisher Scientific (Rockford, IL, USA; FBS

[Cat# 10099141]), RNAiMAX transfection reagent (Cat# 13778075),

LTX reagent with PLUS™ reagent (Cat# 15338030), lucifer yellow

(Cat# L453), MitoSOX™ Red (Cat# M36008), Amplex Red (Cat#

A22188), and DMEM (Cat# 41965062). MG132 (Cat# S2619) was pur-

chased from Selleck Chemicals (Houston, Texas, USA). Total SOD (Cat#

S0101) Assay Kit with WST‐8 and Lipid Peroxidation MDA (Cat#

S0131) Assay Kit were purchased from Beyotime (Haimen, China). An

enhanced chemiluminescence substrate (Cat# WP20005) for the

detection of HRP was obtained fromThermo Fisher Scientific, Inc.

Antibodies against fibronectin (FN; Proteintech Cat# 15613‐1‐AP,

RRID:AB_2105691), Nox4 (Proteintech Cat# 14347‐1‐AP, RRID:

AB_10638146), α smooth muscle actin (α‐SMA; Proteintech Cat#

14395‐1‐AP, RRID:AB_2223009), TGF‐β1 (Proteintech Cat# 21898‐

1‐AP, RRID:AB_2811115), and Smurf1 (Proteintech Cat# 55175‐1‐

AP, RRID:AB_10859079) were purchased from Proteintech Group

(Chicago, IL, USA); α‐Tubulin (Sigma‐Aldrich Cat# T8203, RRID:

AB_1841230) was purchased from Sigma–Aldrich Corporation; Cx32

(Abcam Cat# ab66613, RRID:AB_1141052) was from Abcam (Cam-

bridge, MA, USA); Cx32 (Novus Cat# NBP2‐53381, RRID:

AB_2811114) was from Novus Biologicals (Centennial, USA); and

ubiquitin (Ub; Cell Signaling Technology Cat# 3936, RRID:

AB_331292) was from Cell Signaling Technology (Danvers, USA).
2.15 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the com-

mon portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alex-

ander, Cidlowski et al., 2017; Alexander, Fabbro, et al., 2017; Alexan-

der, Kelly, et al., 2017a; Alexander, Kelly, et al., 2017b).
3 | RESULTS

3.1 | Overexpression of Cx32 ameliorates renal
function and fibrosis in STZ‐induced diabetic mice

Firstly, we found that Cx32 expression was down‐regulated in the

STZ‐induced diabetic kidney (Figure S2A) and HG‐induced GMCs

(Figure S2B), suggesting that Cx32 may be involved in the pathogene-

sis of diabetic nephropathy.

To evaluate the role of Cx32 in diabetic renal fibrosis, we investi-

gated the effects of adenovirus‐mediated Cx32 overexpression (Ad‐

Cx32) on renal function and fibrosis in STZ‐induced diabetic mice,

http://www.guidetopharmacology.org
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giving the adenovirus by tail vein injection. Compared with diabetic

mice (STZ + Ad‐V), overexpression of Cx32 (STZ + Ad‐Cx32) reduced

the FBG (Figure 1b), kidney weight/body weight ratio (Figure 1e),

serum creatinine (Figure 1f), blood urea nitrogen (Figure 1h), and 24‐

hr urine protein (Figure 1i) of diabetic mice, and increased the body

weight (Figure 1c) of diabetic mice, suggesting that Cx32 overexpres-

sion could improve renal function in diabetic mice.

Alongwith these changes, overexpression of Cx32 also improved the

mesangial expansion and glomerular basement membrane thickening as

well as deposition of ECM in the kidney of diabetic mice (STZ + Ad‐
FIGURE 1 Overexpression of Cx32 ameliorates renal function and fibros
was performed by periodic acid‐Schiff (PAS) staining (400× magnification).
expression levels of fibronectin (FN) and Cx32 in the glomeruli were shown
weight/body weight ratio was calculated to evaluate the kidney hypertroph
The expression of Cx32 and fibronectin in the kidney of mice were measu
detected to assess renal injury. The data are presented as the means ± SD;
Ctrl + Ad‐V; *P < .05, significantly different from STZ + Ad‐V. Ad‐Cx32, Cx3
serum creatinine; Ctrl, control; FBG, fasting blood glucose; STZ, streptozo
Cx32), as shown by PAS staining analysis (Figure 1a) and immunohisto-

chemical staining (Figure 1d). Masson staining also revealed that overex-

pression of Cx32 decreased the generation of collagen fibres in the

kidney of diabetic mice (Figure S4A). Western blotting results confirmed

that Ad‐Cx32 treatment increased the expression of Cx32 and inhibited

the up‐regulated expression of fibronectin (Figure 1g), TGF‐β1, and α‐

SMA (Figure S4C) in the kidney of diabetic mice (STZ + Ad‐Cx32), com-

pared with that in diabetic mice (STZ + Ad‐V). The above results revealed

that overexpression of Cx32 could improve renal function and fibrosis in

the kidneys of diabetic mice.
is in STZ‐induced diabetic mice. (a) Glomerular histopathology analysis
(b,c) The FBG and body weight of diabetic mice were analysed. (d) The
by immunohistochemical staining (400× magnification). (e) The kidney
y index. (f) Serum creatinine (Cr) was detected to assess renal injury. (g)
red using the western blot assay. (h,i) Serum BUN and 24‐hr UP were
n = 7 (two outliers were excluded). #P < .05, significantly different from
2 adenovirus; Ad‐V, vector adenovirus; BUN, blood urea nitrogen; Cr,

cin; UP 24 hr, urine protein for 24 hr

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6754
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3.2 | Cx32 deficiency potentiates renal dysfunction
and fibrosis in the kidney of STZ‐induced diabetic mice

To further investigate the effects of Cx32 on renal function and fibro-

sis in the kidney of diabetic mice, Cx32‐deficient mice were used.

Genotyping was performed by PCR analysis of DNA from mouse tail

tips (Figure S3), and homozygous mice (such as the fifth mouse) were

used for the subsequent experiments. The results showed that FBG

(Figure 2b), kidney weight/body weight (Figure 2e), serum creatinin

(Figure 2f), blood urea nitrogen (Figure 2h), and 24‐hr urine protein

(Figure 2i) of Cx32‐deficient diabetic mice (KO + STZ) were increased

compared with those in diabetic mice (WT + STZ), and the body

weight (Figure 2c) was reduced, suggesting that Cx32 deficiency could

worsen renal function in diabetic mice.

PAS staining analysis showed that mesangial expansion and glo-

merular basement membrane thickening occurred in the kidney of

Cx32‐deficient mice compared with that in WT mice. Masson staining

also revealed that Cx32 deficiency promoted the generation of
FIGURE 2 Cx32 deficiency exacerbates renal fibrosis in STZ‐induced diab
(PAS) staining (400× magnification). (b,c) The FBG and body weight of dia
Cx32 in the glomeruli were shown by immunohistochemical staining (400×
to evaluate the kidney hypertrophy index. (f) Serum Cr was detected to ass
were measured by western blot assay. (h,i) Serum BUN and 24‐hr UP wer
means ± SD; n = 6 (two outliers were excluded). #P < .05, significantly diff
blood urea nitrogen; Cr, serum creatinine; FBG, fasting blood glucose; KO, k
type
collagen fibres in the kidney of diabetic mice (Figure S4B). Moreover,

the glomerular pathological changes of Cx32‐deficient diabetic mice

(KO + STZ) were more severe than those of diabetic mice (WT + STZ;

Figure 2a). Further deposition of the ECM protein fibronectin was

observed in the glomeruli of Cx32‐deficient diabetic mice (KO + STZ)

compared with that in diabetic mice (WT + STZ), as revealed by immu-

nohistochemistry staining (Figure 2d). Western blot analysis showed

that compared with those in WT mice, the expressions of fibronectin

(Figure 2g), TGF‐β1, and α‐SMA (Figure S4D) in the kidney of Cx32‐

deficient mice were increased. Additionally, fibronectin and TGF‐β1

expression were further increased in the kidney of Cx32‐deficient dia-

betic mice (KO + STZ) compared with that in diabetic mice (WT + STZ).

However, Cx32 deficiency only slightly increased the protein expres-

sion of α‐SMA in the kidney of diabetic mice, with no statistical differ-

ence. This may be due to the large individual differences in Cx32

deficiency diabetic mice. Taken together, these data suggest that

Cx32 deficiency aggravated diabetic nephropathy in mice, induced

by STZ.
etic mice. (a) Glomerular histopathology analysis by periodic acid‐Schiff
betic mice were analysed. (d) The expression of fibronectin (FN) and
magnification). (e) The kidney weight/body weight ratio was calculated
ess renal injury. (g) The expression of fibronectin in the kidney of mice
e assayed to assess renal injury. The data are presented as the
erent from WT; *P < .05, significantly different from WT + STZ. BUN,
nockout; STZ, streptozocin; UP 24 hr, urine protein for 24 hr; WT, wild
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3.3 | The regulation of fibronectin expression by
Cx32 in GMCs is not dependent on GJIC

To further investigate the roles of Cx32 in diabetic renal fibrosis, we

examined the expression of markers of fibrosis, such as fibronectin,

in GMCs. As shown in Figure 3a, the protein expression of Cx32

was significantly increased by the transfection of the Cx32 plasmid

in GMCs, whereas the vector had no effects, indicating that the

Cx32 plasmid was successfully transfected. Meanwhile, HG stimula-

tion for 24 hr significantly increased the levels of fibronectin in GMCs

compared with NG, while the overexpression of Cx32 significantly

reduced the protein level of fibronectin (Figure 3b), and the vector

had no effects. Additionally, we found that the transfection of Cx32

siRNA in HG‐cultured GMCs further reduced Cx32 protein expression

(Figure 3c), resulting in a significant increase in HG‐induced fibronec-

tin (Figure 3d) expression, compared with HG, supporting that Cx32

ameliorates diabetic renal fibrosis.

To investigate whether the regulation of Cx32 in fibronectin

expression in GMCs depends on GJIC, we used 18‐α‐GA (10‐μM), a
FIGURE 3 Regulation of fibronectin expression by Cx32 in GMCs is no
measured by western blotting to confirm that the plasmids were successfu
fibronectin expression in HG‐induced GMCs. The transfection of Cx32 siR
expression. (e) Photomicrographs obtained after Lucifer yellow scrape load
GA (10 μM). (f) Treatment with 18‐α‐GA did not block the down‐regulatio
means ± SD; n = 5. #P < .05, significantly different from NG; *P < .05, sign
GJIC inhibitor; Taylor, Chaytor, Evans, & Griffith, 1998; Yang et al.,

2014) to block the gap junction formed by Cx32. As expected, treat-

ment with 18‐α‐GA (10 μM) significantly inhibited GJIC involving

Cx32 (Figure 3e). However, 18‐α‐GA did not block the down‐

regulation of fibronectin expression by Cx32 (Figure 3f), suggesting

that the regulation of fibronectin expression by Cx32 in GMCs was

not dependent on GJIC.

3.4 | Cx32 resists oxidative stress in the kidney of
diabetic mice and HG‐induced GMCs

We observed the effects of Cx32 on oxidative stress in the kidney of

diabetic mice. Additionally, SOD and MDA are commonly used bio-

markers for oxidative stress (Amin et al., 2018; Hajiluian, Abbasalizad

Farhangi, Nameni, Shahabi, & Megari‐Abbasi, 2018). The results

showed that the total SOD activity in the kidney of diabetic mice

treated with Ad‐Cx32 (STZ + Ad‐Cx32) was increased (Figure 4a) com-

pared with that in diabetic mice treated with negative control adeno-

virus (STZ + Ad‐V), and the MDA levels were reduced (Figure 4b).
t dependent on GJIC. (a) The expression of Cx32 and GFP‐tag were
lly transfected into GMCs. (b) Cx32 overexpression inhibited
NA decreased Cx32 (c) expression and up‐regulated fibronectin (d)
ing in GMCs transfected with the Cx32 plasmid with or without 18‐α‐
n of fibronectin expression by Cx32. The data are presented as the
ificantly different from HG,



FIGURE 4 Cx32 decreases oxidative stress in the kidney of diabetic mice and HG‐induced GMCs. Treatment with Cx32 adenovirus increased
total SOD activity (a) and decreased the MDA levels (b) in the kidneys of diabetic mice. The data are presented as the means ± SD; n = 7.
#P < .05, significantly different from Ctrl + Ad‐V; *P < .05, significantly different from STZ + Ad‐V. Cx32 deficiency decreased total SOD activity (c)
and increased the MDA levels (d) in the kidney of diabetic mice. The data are presented as the means ± SD; n = 6. #P < .05, significantly different
from WT; *P < .05, significantly different from WT + STZ. KO, knockout; WT, wild type. (e) The hydrogen peroxide released from HG‐cultured
GMCs was measured using Amplex Red. Overexpression of Cx32 inhibited the generation of hydrogen peroxide in GMCs induced by HG for
12 hr. (f) The mitochondrial superoxide levels were detected using the MitoSOX Red probe. The data are presented as the means ± SD; n = 5.
#P < .05, significantly different from NG; *P < .05, significantly different from HG. Ad‐Cx32, Cx32 adenovirus; Ad‐V, vector adenovirus; Ctrl,
control; MDA, malonaldehyde; STZ, streptozocin.
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Compared with diabetic mice (WT + STZ), the total SOD activity in the

kidney of Cx32 knockdown diabetic mice (KO + STZ) was further

reduced (Figure 4c), while the MDA levels were further increased

(Figure 4d), suggesting that Cx32 inhibits oxidative stress in the kid-

neys of diabetic mice.

To further confirm the involvement of Cx32 in HG‐induced ROS

generation, Amplex Red and MitoSOX Red were used to detect the

levels of hydrogen peroxide released from HG‐cultured GMCs and

mitochondrial superoxide respectively. Compared with NG, HG

(30 mM) treatment for 12 hr elevated the levels of hydrogen peroxide

and mitochondrial superoxide in GMCs. Meanwhile, overexpression of

Cx32 restrained the overproduction of intracellular hydrogen peroxide

(Figure 4e) as well as mitochondrial superoxide (Figure 4f) in HG‐

induced GMCs, confirming the antioxidative stress effects of Cx32

at the cellular levels.

3.5 | Nox4 promotes the expression of fibronectin in
GMCs

Consistent with the results reported previously (Sedeek et al., 2010),

we found that the protein expression of Nox4 was increased in GMCs
under hyperglycaemic conditions (Figure 5a). Transfection of the Nox4

plasmid under NG conditions significantly increased the expressions of

Nox4 and fibronectin in GMCs (Figure 5b). Additionally, transfection

of the Nox4 plasmid under hyperglycaemic conditions further pro-

moted HG‐induced increases in Nox4 (Figure 5c) and fibronectin

expression (Figure 5d). Furthermore, GMCs were transfected with

the negative control and three shRNAs of Nox4 for 72 hr under nor-

mal conditions, followed by harvesting and western blot analysis.

The results showed that all three shRNAs could reduce the expression

of Nox4, and shRNA‐4 had the best interference efficiency (Figure 5e).

Therefore, the shRNA‐4 of Nox4 was used for subsequent experi-

ments. We found that Nox4 depletion clearly decreased HG‐induced

fibronectin expression in GMCs (Figure 5f).

3.6 | Nox4, at least partly, mediates the regulation by
Cx32 of fibronectin expression in HG‐induced GMCs

The immunohistochemical results showed that the protein expression

of Nox4 was reduced in the glomeruli of diabetic mice treated with

Ad‐Cx32 (STZ + Ad‐Cx32) compared with that in diabetic mice treated

with negative control adenovirus (STZ + Ad‐V; Figure 6a). Additionally,



FIGURE 5 Nox4 promotes the expression of fibronectin (FN) in GMCs. (a) The expression of Nox4 was up‐regulated in GMCs under HG
conditions. #P < .05, significantly different from 0 hr. (b) Nox4 overexpression enhanced the expression of fibronectin in GMCs under normal
conditions. #P < .05, significantly different from NG. (c) Transfection of the Nox4 plasmid further increased Nox4 protein levels in GMCs under HG
conditions. #P < .05, significantly different from NG; *P < .05, significantly different from HG. (d) Nox4 overexpression further enhanced the
expression of fibronectin in GMCs under HG conditions. #P < .05, significantly different from NG; *P < .05, significantly different from HG. (e)
GMCs were transfected with the negative control and three shRNAs of Nox4 for 72 hr under normal conditions and then were harvested and
subjected to western blot analysis. #P < .05, significantly different from Ctrl. (f) Effects of Nox4 depletion on fibronectin expression. #P < .05,
significantly different from NG; *P < .05, significantly different from HG. The data are presented as the means ± SD; n = 5.
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the protein expression of Nox4 was further increased in the glomeruli

of Cx32‐deficient diabetic mice (KO + STZ) compared with that in dia-

betic mice (WT + STZ; Figure 6b). Next, we examined the effects of

Cx32 on the expression of Nox4 protein in HG‐induced GMCs. Over-

expression of Cx32 reduced the HG‐induced expression of Nox4 in

GMCs under HG conditions (Figure 6c), while the knockdown of

Cx32 further increased Nox4 expression (Figure 6d), as shown by

western blotting. To investigate the molecular mechanism by which

Cx32 regulates Nox4 expression, immunofluorescence and immuno-

precipitation assays were performed. We observed that Cx32 was

co‐localized with Nox4 in GMCs under normal conditions, as revealed

by immunofluorescence assay (Figure 6e). Moreover, immunoprecipi-

tation assays showed that Cx32 interacted with Nox4 in GMCs under

normal conditions (Figure 6f). To confirm the involvement of Nox4‐

mediated hydrogen peroxide production in the regulation of Cx32 in

renal fibrosis, we simultaneously overexpressed Cx32 and Nox4 under

HG conditions. The results demonstrated that Nox4 overexpression

efficiently blocked the regulation by Cx32 of fibronectin expression

(Figure 6g), suggesting that Nox4, at least partly, mediates the regula-

tion of fibronectin expression by Cx32 in GMCs.
3.7 | Cx32 decreases the protein levels of Nox4 by
promoting Nox4 K48‐linked polyubiquitination

HA‐Ub K0 is a mutant plasmid of ubiquitin (HA‐Ub), seven lysine res-

idues of which are converted into arginine, leading to the failure to

form ubiquitin chains. The proteasome inhibitor MG132 was used to

block the degradation of ubiquitinated proteins. We found that co‐

transfection of the WT ubiquitin plasmid (HA‐Ub) significantly

increased the ubiquitination of Nox4 in HEK‐293A (RRID:CVCL_6910)

cells exposed to MG132 (5 μM), while the mutant ubiquitin plasmid

(HA‐Ub‐K0) had no effects (Figure 7a), suggesting that Nox4 could

indeed be polyubiquitinated.

To explore which ubiquitin chains modified Nox4, plasmid

pcDNA3.1‐Nox4was co‐transfected with plasmids HA‐Ub or K48‐only

ubiquitin (HA‐Ub‐K48) or K63 only ubiquitin (HA‐Ub‐K63) in HEK‐

293A cells exposed to MG132 (5 μM). The results showed that the

ubiquitination of Nox4 after the co‐transfection of HA‐Ub‐K48 was

comparable to that of HA‐Ub. However, the co‐transfection of HA‐

Ub‐K63 failed to increase the ubiquitination of Nox4 (Figure 7b), sug-

gesting that Nox4 is mainly modified by K48‐linked polyubiquitination.



FIGURE 6 Nox4, at least partly, mediates the down‐regulation of fibronectin expression by Cx32 in HG‐induced GMCs. (a and b) The expression
of Nox4 in the glomeruli was shown by immumohistochemical staining (400× magnification). (c) Cx32 overexpression decreased the expression of
Nox4. #P < .05, significantly different from NG; *P < .05, significantly different from HG. (d) Cx32 knockdown increased Nox4 expression. #P < .05,
significantly different from NG; *P < .05, significantly different from HG. (e) Cx32 co‐localized with Nox4 in GMCs under normal conditions, as
revealed by immunofluorescence assay. Red fluorescence indicates the localization of Cx32. Green fluorescence indicates Nox4. Blue fluorescence
indicates nuclei. (f) Immunoprecipitation analysis was used to detect the interaction between Cx32 and Nox4 in GMCs. (g) Overexpression of
Nox4 under HG conditions inhibited the down‐regulation effects of Cx32 in the expression of fibronectin . #P < .05, significantly different from
NG; *P < .05, significantly different from HG; $P < .05, significantly different from HG + Cx32. The data are presented as the means ± SD; n = 5.
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Next, we observed the effects of Cx32 on the polyubiquitination

of Nox4 in GMCs. As shown in Figure 7c, the polyubiquitination of

Nox4 was reduced under HG conditions and was promoted by Cx32

overexpression in GMCs exposed to MG132 (5 μM). The results indi-

cated that Cx32 increased the K48‐linked, but not K63‐linked,

polyubiquitination of Nox4 (Figure 9).

3.8 | Cx32 increases K48‐linked polyubiquitination
of Nox4 via the inhibition of Smurf1 expression

To clarify the mechanisms underlying enhanced Nox4‐specific

ubiquitination, we focused on the role of Smurf1, a HECT‐type E3

ubiquitin‐protein ligase, which is associated with multiple biological

processes (Cao & Zhang, 2013). Therefore, we next explored whether

Smurf1 is involved in the regulation of Cx32 on K48‐linked

polyubiquitination of Nox4 in GMCs. The expression of Smurf1 was

increased at 24 hr after HG stimulation, compared with NG, while

the overexpression of Cx32 reduced Smurf1 expression (Figure 8a).

Conversely, Cx32 knockdown further increased Smurf1 expression

under HG conditions (Figure 8b). Additionally, Cx32 interacted with

Smurf1 in GMCs, as shown by the co‐immunoprecipitation assay

(Figure 8c). PRK‐Myc‐Smurf1 or pRK‐Myc‐Smurf1 del HECT plasmid

was transfected into GMCs to analyse the effects of Smurf1 on
Nox4 expression. We found that transfection of Smurf1 plasmid

(WT) increased Nox4 expression compared with NG, whereas trans-

fection of Smurf1 plasmid (HECT domain deleted) had no effects

(Figure 8d), indicating that Smurf1 regulates the expression of Nox4

via its HECT domain. Moreover, co‐transfection of plasmids HA‐Ub‐

K48 and pRK‐Myc‐Smurf1 was performed in GMCs. We observed

that the overexpression of Smurf1 reduced K48‐linked

polyubiquitination of Nox4, to a similar extent as that of Nox4 under

HG conditions (Figure 8e). These data suggested that Cx32 increases

K48‐linked polyubiquitination of Nox4 probably via inhibition of

Smurf1 expression (Figure 9).
4 | DISCUSSION

In diabetic nephropathy, reduction of cell–cell communication medi-

ated by connexins within the nephron may serve as an early marker

of disease development. However, our current understanding of the

roles of connexins in diabetic kidney remains minimal (Hills, Price, &

Squires, 2015).

In the present study, we showed that the expression of Cx32 was

significantly down‐regulated in the kidney of STZ‐induced diabetic

mice and HG‐induced GMCs, a finding that was consistent with the



FIGURE 7 Cx32 decreases the protein levels of Nox4 by promoting K48‐linked polyubiquitination. (a) Co‐transfection of the plasmids
pcDNA3.1‐Nox4 and HA‐Ub (wild type) or HA‐Ub‐K0 (mutant type) in HEK‐293A cells and western blotting results showed that Nox4 could
be polyubiquitinated. (b) The plasmid pcDNA3.1‐Nox4 was co‐transfected with plasmids HA‐Ub or K48‐only ubiquitin (HA‐Ub‐K48) or K63‐only
ubiquitin (HA‐Ub‐K63) in HEK‐293A cells exposed to MG132 (5 μM). (c) Overexpression of Cx32 increased the polyubiquitination of Nox4 in
GMCs induced by HG.
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previous study in which a significant reduction in Cx32 expression was

observed in the perineurium of STZ‐induced diabetic rats (Pitre et al.,

2001), suggesting that Cx32 may be involved in the pathological pro-

cess of diabetic nephropathy.

To evaluate the role of Cx32 in diabetic renal fibrosis, we investi-

gated the effects of Cx32 overexpression via adenovirus infection

on renal function and fibrosis in STZ‐induced diabetic mice by tail vein

injection. The results showed that overexpression of Cx32 improved

the abnormal FBG and renal function in diabetic mice. Additionally,

Cx32 overexpression ameliorated the diabetes‐induced increase in

renal hypertrophy, mesangial expansion, ECM deposition, and fibrosis.

A multifactorial increase in renal oxidative stress is the key link in the

pathogenesis of diabetic renal fibrosis, which has gradually become a

consensus (Forbes, Coughlan, & Cooper, 2008; Lee, Yu, Yang, Jiang,

& Ha, 2003; Ruiz, Pergola, Zager, & Vaziri, 2013). Here, we found that

Cx32 overexpression decreased oxidative stress in the kidney of dia-

betic mice. However, Cx32 deficiency had opposite effects, suggesting

that Cx32 ameliorates diabetic renal fibrosis by suppressing oxidative

stress in the kidneys of diabetic mice.

GMCs, intrinsic cells of the glomerulus, play an important role in

the structure and physiological functions of the kidney. The
accumulation of ECM proteins, such as fibronectin, promotes renal

fibrosis, eventually leading to diabetic nephropathy (Abboud, 2012;

Cove‐Smith & Hendry, 2008; Schlondorff & Banas, 2009). Thus,

inhibiting the up‐regulation of fibronectin expression induced by oxi-

dative stress in GMCs is of great significance to prevent and treat dia-

betic nephropathy. We found that Cx32 could reduce the generation

of hydrogen peroxide, as well as suppress the up‐regulation of fibro-

nectin , a marker of fibrosis, in HG‐induced GMCs, suggesting that

Cx32 indeed ameliorates diabetic renal fibrosis via decreasing oxida-

tive stress.

To determine whether the regulation of Cx32 in renal fibrosis

depends on GJIC comprising Cx32, we used 18‐α‐GA, a GJIC blocker.

18‐α‐GA did not block the down‐regulation of fibronectin expression

by Cx32 in GMCs, indicating that this effect of CX32 was not depen-

dent on GJIC function. Indeed, a significant body of data demon-

strated that connexin proteins also fulfil their biological functions by

the formation of hemichannels in non‐gap junction regions or by the

regulation of specific gene expression, or by the interaction with other

cytoplasmic and membrane proteins, or as adhesion molecules with-

out the need for functional gap junctions (Cotrina, Lin, & Nedergaard,

2008; Herve, Bourmeyster, & Sarrouilhe, 2004; Wei, Xu, & Lo, 2004).



FIGURE 8 Cx32 increases K48‐linked polyubiquitination of Nox4 via the inhibition of Smurf1 expression. (a) Cx32 overexpression decreased the
expression of Smurf1, #P < .05, significantly different from NG; *P < .05, significantly different from HG. (b) Cx32 knockdown increased Smurf1
expression, #P < .05, significantly different from NG; *P < .05, significantly different from HG. (c) Cx32 interacted with Smurf1 in GMCs. (d) Smurf1
increased Nox4 expression through its HECT domain, #P < .05, significantly different from NG; *P < .05, significantly different from Smurf1. The
data are presented as the means ± SD; n = 5. (e) Co‐transfection of plasmids HA‐Ub‐K48 and pRK‐Myc‐Smurf1 was performed in GMCs

FIGURE 9 Diagram of the pathways
involved in the effects of Cx32 on kidneys of
diabetic mice. Cx32 ameliorates diabetic renal
fibrosis by promoting Nox4 polyubiquitination
and degradation via the inhibition of Smurf1
expression. Under normal conditions, Smurf1
is bound to the carboxyl terminal of Cx32 on
the membrane of GMCs. Also, Nox4 is mainly

modified by K48‐linked polyubiquitination
and subsequently degraded by the
proteasome. Under diabetic or HG conditions,
the protein expression of Cx32 was
decreased, leading to the up‐regulation of
Smurf1 expression. Overexpression of Smurf1
reduces K48‐linked polyubiquitination of
Nox4 and increases its protein levels, resulting
in intracellular H2O2 overproduction.
Increased oxidative stress further promoted
extracellular matrix protein (fibronectin)
expression, leading to exacerbation of diabetic
renal fibrosis
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To clarify how Cx32 regulates oxidative stress in the kidney of dia-

betic mice, we focused on the source of ROS in the diabetic kidney.

Nox4 is the predominant Nox isoform expressed in the kidney. The

major sources of ROS in the diabetic kidney are the mitochondrial

electron transport chain and Nox, especially Nox4 (Gorin & Block,

2013; Rhee, 2016). Nox4, which localizes to membranes and mito-

chondria, inhibits the activity of the mitochondrial respiratory chain

complex I, leading to mitochondrial dysfunction and excessive ROS

production (Ago et al., 2010; Block et al., 2009; Koziel et al., 2013).

Additionally, Nox4 deletion reduces oxidative stress in diabetic

nephropathy (Thallas‐Bonke et al., 2014). Therefore, consistent with

the previous report (Sedeek et al., 2010), we found that under HG

conditions, the expression of Nox4 in GMCs was increased. Addition-

ally, Nox4 depletion inhibited the expression of fibronectin in GMCs.

Furthermore, Cx32 reduced the expression of Nox4. Meanwhile,

Cx32 interacted with Nox4 in GMCs, indicating that Cx32 may reduce

oxidative stress in the kidney of diabetic mice by inhibiting Nox4

expression. Importantly, Nox4 overexpression blocked the down‐

regulation of fibronectin expression by Cx32 in HG‐induced GMCs.

Taken together, our data suggest that Nox4 at least partly mediates

the down‐regulation of fibronectin expression by Cx32 induced by

oxidative stress in GMCs.

Regarding Nox4 activity, its protein level is a major point of regula-

tion, and the proteasome is responsible for its degradation (Desai

et al., 2014; Gil Lorenzo et al., 2015). Therefore, we attempted to inves-

tigate the possible mechanism by which Cx32 down‐regulates Nox4

protein expression, focusing on the ubiquitination/proteasome path-

ways. Interestingly, our data showed that Cx32 promoted K48‐linked

polyubiquitination of Nox4. Our findings support that Cx32 reduces

Nox4 expression and hydrogen peroxide overproduction, eventually

inhibiting fibronectin expression, probably by promoting K48‐linked

polyubiquitination of Nox4 as well as its proteasomal degradation.

Smurf1, a HECT‐type E3 ligase (Cao & Zhang, 2013), was reported

to inhibit K48‐linked polyubiquitination of Keap1 and ERα and

increase substrate stability (Gong et al., 2018; Yang et al., 2018). In

our study, we observed that overexpression of Smurf1 inhibited the

K48‐linked polyubiquitination of Nox4 and increased the expression

of Nox4, whereas transfection of Smurf1 (HECT domain deleted) plas-

mid had no effects, being slightly contradictory with the traditional

role of Smurf1 in targeting substrates for ubiquitin‐proteasome degra-

dation. It remains to be determined why Smurf1 exerts different pro-

tein stability effects on its substrates. Furthermore, Cx32 interacted

with Smurf1 as well as reducing its expression in HG‐induced GMCs,

indicating that Cx32 might enhance the K48‐linked polyubiquitination

of Nox4 through inhibiting Smurf1 expression.

Based on these data mentioned above, it is plausible that Cx32

reduces oxidative stress in the kidney of diabetic mice by inhibiting

Nox4 expression, thereby ameliorating diabetic renal fibrosis and

dysfunction, and its mechanism may be related to the inhibition of

Smurf1 expression and promotion of Nox4 K48‐linked

polyubiquitination (Figure 9). Targeting the Cx32‐Nox4 signalling axis

may contribute to the development of novel therapeutic agents for

diabetic nephropathy.
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