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Diabetic nephropathy (DN) is quickly becoming the largest cause of end-stage renal
disease (ESRD) in diabetic patients, as well as a major source of morbidity and mortality.
Our previous studies indicated that the activation of Nrf2/ARE pathway via Connexin43
(Cx43) considerably contribute to the prevention of oxidative stress in the procession of
DN. Fraxin (Fr), the main active glycoside of Fraxinus rhynchophylla Hance, has been
demonstrated to possess many potential pharmacological activities. Whereas, whether Fr
could alleviate renal fibrosis through regulating Cx43 and consequently facilitating the
activation of Nrf2/ARE pathway needs further investigation. The in vitro results showed
that: 1) Fr increased the expression of antioxidant enzymes including SOD1 and HO-1 to
inhibit high glucose (HG)-induced fibronectin (FN) and inflammatory cell adhesion molecule
(ICAM-1) overexpression; 2) Fr exerted antioxidant effect through activating the Nrf2/ARE
pathway; 3) Fr significantly up-regulated the expression of Cx43 in HG-induced glomerular
mesangial cells (GMCs), while the knock down of Cx43 largely impaired the activation of
Nrf2/ARE pathway induced by Fr; 4) Fr promoted the activation of Nrf2/ARE pathway via
regulating the interaction between Cx43 and AKT. Moreover, in accordance with the
results in vitro, elevated levels of Cx43, phosphorylated-AKT, Nrf2 and downstream
antioxidant enzymes related to Nrf2 were observed in the kidneys of Fr-treated group
compared with model group. Importantly, Fr significantly improved renal dysfunction
pathological changes of renal fibrosis in diabetic db/db mice. Collectively, Fr could
increase the Cx43-AKT-Nrf2/ARE pathway activation to postpone the diabetic renal
fibrosis and the up-regulation of Cx43 is probably a novel mechanism in this process.
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INTRODUCTION

Diabetic nephropathy (DN) is one of the serious chronic
microvascular complications of diabetes mellitus, which is
rapidly becoming the major cause of end-stage renal disease
(Tervaert et al., 2010; Kanwar et al., 2011). Renal fibrosis is
the main pathological feature of DN, which is characterized by
glomerulosclerosis and tubulointerstitial fibrosis (Kato and
Natarajan, 2014). Glomerular mesangial cells (GMCs) are the
main functional cells of the glomerulus (Qian et al., 2008). The
overproduction of inflammatory cell adhesion molecule (ICAM-
1) and the progressive accumulation of extracellular matrix
(ECM) such as fibronectin (FN)in GMCs are the main causes
of renal fibrosis (Chen et al., 2003; Qian et al., 2008). The
pathogenesis of DN is complex, and it has gradually become a
consensus that chronic oxidative stress induced by multiple
factors is the main link that leads to diabetic renal fibrosis
(Schena and Gesualdo, 2005; Ozbek, 2012; Jha et al., 2016).
Increasing evidence indicates that the nuclear factor-erythroid
2-related factor 2 (Nrf2) is the most important intracellular
endogenous antioxidant stress pathway that plays a central
role in protecting cells from oxidative or electrophilic stress
(Yu and Kensler, 2005; Lu et al., 2016). The activation of Nrf2
has been shown to inhibit the excessive accumulation of
intracellular reactive oxygen species (ROS) by regulating the
expression of endogenous antioxidant enzymes, which in turn
inhibits the development of oxidative stress-induced fibrotic
injury in DN (Li et al., 2012; Bhakkiyalakshmi et al., 2015;
Matzinger et al., 2018). Therefore, promoting the activation of
Nrf2/ARE signaling pathway to alleviate renal oxidative stress
would be an effective therapeutic strategy to ameliorate renal
fibrosis.

Gap Junctions (GJ) are channels between adjacent cells
consisting of connexins (Cxs) subunits, which can interact
with various of signaling proteins and scaffold proteins
through intercellular gap communication and its carboxyl-
terminal (CT) independent of communication function to
regulate cell functions (Hervé et al., 2004; Harris, 2007). Cx43
is one of the most widely expressed proteins in the Cxs family,
and studies have confirmed that Cx43 has a high expression in the
kidney (Prakoura et al., 2018). Recently, attention has focused on
the negative regulation of oxidative stress by Cx43 during several
disease processes. Notably, a significant reduction in Cx43
expression was observed in the diabetic kidneys, which has
been confirmed to response for the oxidative stress in kidneys
(Xie et al., 2013; Guo et al., 2014; Sun et al., 2021). Additionally,
our previous study showed that the up-regulation of Cx43 could
inhibit oxidative stress and reduce the overexpression of FN and
ICAM-1 in GMCs induced by high glucose (HG) via activating
the Nrf2 pathway (Chen et al., 2017). Recently, serine/threonine
kinase (B), also known as AKT, has been confirmed to interact
with the carboxyl terminus of Cx43 and mediate Cx43 signaling
cascade.(Hervé et al., 2007; Leithe et al., 2018). Inhibition of AKT
protein phosphorylation was associated with an enhanced renal
inflammatory response and renal cell death in the DN model
(Welsh et al., 2005; Lou et al., 2020). Furthermore, the activation
of AKT was confirmed to facilitate the nuclear translocation of

Nrf2 and contribute to the positive regulation of antioxidation in
multiple clinical investigations (Huang et al., 2018; Bai et al.,
2019). Therefore, Cx43’s carboxyl terminus interacted with AKT
and consequently promoted the activation of the Nrf2 signaling
pathway, which is probably a novel mechanism for Cx43 to
inhibit oxidative stress and ameliorate diabetic kidney fibrosis.

Fraxin (Fr) is the main active component of Fraxinus
rhynchophylla Hance and has various pharmacological and
biological activities (Kostova, 2001). Esculin, a structural
analog of Fr, was found to reduce blood glucose in
streptozotocin (STZ)-induced diabetic mice by inhibiting
inflammatory processes associated with oxidative stress and
also suppress the development of diabetic renal dysfunction
(Kang et al., 2014). Another research showed Fr could reduce
renal damage in ischemia-reperfusion injured kidneys by
inhibiting oxidative stress and anti-inflammatory pathways
(Topdağı et al., 2020). Given that antioxidant treatment is
beneficial for the improvement of renal fibrosis, there is a
pressing need to better elucidate whether the antioxidant effect
of Fr contributes to its protective activity during DN. In this
study, we demonstrated that Fr was effective in increasing
antioxidant enzyme and improving renal function in glomeruli
in diabetic db/db mice. Further studies have found that Fr could
upregulate the expression of Cx43 protein as well as facilitate the
activation of Nrf2/ARE signaling pathway. Moreover, the specific
mechanism may be related to the promotion of the interaction of
Cx43 with AKT, and thereby promoting the activation of the
Nrf2/ARE signaling pathway.

MATERIALS AND METHODS

Reagents and Antibodies
Penicillin and streptomycin (catalogue: V900929) were
purchased from Life Technologies ™ (Grand Island, NY,
United States). Dulbecco’s modified Eagle’s medium (DEME,
catalogue: 31,600-034), fetal bovine serum (FBS, catalogue:
10,270-106), Lucifer yellow (catalogue: l453), RNAiMAX
(catalogue: 13778030) and Lipofectamine® LTX and Plus
reagents (catalogue:15338100) were purchased from Life
Technologies ™ (Grand Island, NY, United States). D-Glucose
(catalogue: 0188) was purchased from Amresco (Solon, OH,
United States). Fr for animal experiments was purchased from
Nanjing Diger Medical Technology (catalogue: D106523-10g;
purity >98.0%, HPLC; Nanjing, China), and Fr for cells was
purchased from Ronghe (purity >99.0%, HPLC; Shanghai,
China). Nuclear Extract Kit was purchased from Active Motif
(Carlsbad, CA, United States). Total SOD (catalogue: S0101)
Assay Kit with WST-8, Lipid Peroxidation MDA (catalogue:
S0131) Assay Kit and hydrogen peroxide detection kit
(catalogue: S0038) were purchased from Beyotime (Haimen,
China).

Antibodies against α-Tubulin (catalogue: 66031-1-Ig), FN
(catalogue: 15613-1-Ap), ICAM-1 (catalogue: 10020-1-Ap),
Nrf2 (catalogue: 16396-1-Ap), HO-1 (catalogue: 10701-1-Ap),
SOD1 (catalogue: 10269-1-Ap), p-Akt (catalogue: 66444-1-Ig)
and Akt (catalogue: 10176-2-Ap) were purchased from
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Proteintech group (Chicago, IL, United States). Antibodies
against Lamin B1 (catalogue: ab133741) was purchased from
Abcam (Cambridge, Ma, United States). Connexin 43 (catalogue:
3512) was purchased from Cell Signaling Technology (Boston,
Ma, United States). TBHQ (catalogue: HY-100489) andMK-2206
(catalogue: HY-10358) were purchased from MedChem Express
(New Jersey, United States). Mouse IgG (catalogue: A0216) and
Methylthiazoly ldiphenyl-tetrazolium bromide (MTT, catalogue:
ST316) were obtained from Beyotime (Haimen, China). The
Dual-Glo luciferase Assay System (catalogue: E2920) was
purchased from Promega Corporation (Madison, WI,
United States). Horseradish peroxidase conjugated secondary
antibody was purchased from Promega Corporation (Madison,
WI, United States). Alexa Fluor® 488 Goat anti-rabbit IgG and
Goat anti-rabbit IgG labeled with Alexa fluor® 594 were
purchased from Thermo Fisher Scientific (Rockford, IL,
United States).

Cell Culture
Primary GMCs were isolated from the glomerular cortex of male
Sprague Dawley (SD) rats (150–180 g) by using the same method
as previously described (Geoffroy et al., 2004). Briefly, the cortical
part was cut and mechanically passed through 230, 73.7 and
70 μm stainless steel screens subsequently, and the glomeruli were
digested with 0.1% type IV collagenase. Finally, cells were
cultured with DMEM medium containing 20% fetal bovine
serum, 0.66 U/ml insulin, 2 mM glutamine, 100 U/ml
penicillin and 100 U/ml streptomycin in a 5% CO2 incubator
at 37 C. The culture medium was changed for the first time after
4 days and every 2–3 days thereafter when the GMCs grew to the
bottom of the bottle. GMCs from generation 5 to 13 were used for
the subsequent experiments, and were cultured in DMEM
containing 10% fetal bovine serum at 37 C in a 5% CO2

incubator. Before treatment, GMCs were serum-starved for
16 h and then treated with glucose (5.6 mM for normal
glucose and 30 mM for HG).

MTT Assay
GMCs were inoculated in 96-well plates, and 100 μl of DMEM
low-sugar medium was added to each well. 24 h later, cells were
treated with different concentrations of Fr (10, 20, 40, 60, 80, 160,
320 μM) for 24 h. Then 20 μL of MTT (3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl tetrazolium bromide, 5 mg/ml, sigma,
United States) was added to each well, resulting in a final
MTT concentration as 0.5 mg/ml, and the plate was incubated
at 37 C for 4 h. To dissolve the formazan crystals, 200 μl of DMSO
was added to each well after the medium was thoroughly
discarded. The cell viability was then calculated using an
enzyme-linked immunoassay that detected absorbance at
490 nm wavelength.

Western Blot Assay
The western blot assay was carried out consistent with the
previously described steps (Xiao et al., 2020). Proteins of kidney
tissue and GMCs were extracted by using RIPA lysis buffer with
protease inhibitor cocktail, phosphatase inhibitor A and B for
30 min. Commercial kits were used for nuclear and cytoplasmic

protein extraction. Protein concentrations were determined using
BCA protein assay kits and equal amounts of proteins were
subsequently separated from cells or tissues by 8 %–12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). And then the gels were transferred to PVDF membranes
(Bio Rad, Hercules, CA, United States). Non-specific binding was
blocked with 5% milk for 1 h at room temperature. After washing
with 0.01% Tween-20/TBS (TBST), the membrane was incubated
with primary antibodies for more than 12 h at 4 C. Finally, the blots
were visualized by using GE Image Quant LAS4000mini (GE
healthcare, Waukesha, WI, United States), which was followed
by using the ImageJ protein analysis software to perform protein
gray analysis (Bio Rad, Hercules, CA, United States)
(Version 4.6.2).

Small-Interfering RNAs and Transient
Transfection
Small-interfering RNA (siRNA) of Cx43 was purchased from
GenePharma (GenePharma, shanghai, China). The sequences of
Cx43-siRNA were as follows:

sense: 5′-CCUUGGUGUCUCUCUCGCUUUTT-3′
antisense: 5′-AAAGCGAGAGACACCAAGGTT-3′

GMCs were placed in 35 mm plates before transfection for
24 h, and then 5 μl of siRNA (50 nM) and 5 μl of Lipofectamine®
RNAiMax Reagent (1:1) were transfected into cells according to
the protocol. After serum-free for more than 12 h, the cells were
processed for the next step.

Immunofluorescence Staining
GMCs were seeded and cultured on glass coverslips in 24-well
plates to 60%–70% confluence and then were treated with various
stimuli. After treatment, the cells were washed 3 times with PBS,
then were fixed with 4% paraformaldehyde at room temperature
for 15 min. Then the cell membrane was broken with 1% Triton
X-100 at room temperature for 10 min. The plates were blocked
with 10% goat serum at room temperature for 1 h. Finally, the
cells were incubated with Nrf2 primary antibody (diluted with 1:
200) overnight at 4 C. After washing with PBS, Alexa fluor 488
conjugated secondary antibody was incubated for 1 h at room
temperature in the dark, and then incubated with DAPI
dihydrochloride (5 mg/ml in PBS, Sigma, St. Louis, Mo) for
10 min at room temperature in the dark. Finally, the
fluorescence quencher (Beyotime, Haimen, China) was added
and the slides were sealed on slides. The images were captured by
using a Zeiss LSM 510 laser confocal fluorescence microscope
(Carl Zeiss, Oberkochen, Germany).

Detection of Intracellular Superoxide and
H2O2 Levels
Cells were seeded in 96-well plates at appropriate dilution ratios
and treated with indicated stimulation. The fluorescent probe
dihydroethidium (DHE, Beyotime, Haimen, China) was diluted
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at a 1:1000 ratio and added to each well. After incubating at 37 C
for 30 min, the plate was washed three times with PBS. The
fluorescence was measured utilizing high content screening.

The H2O2 level in GMCs was measured by using a hydrogen
peroxide assay kit (Beyotime, Haimen, China). Firstly, the lysis
solution provided by the kit was added to the cells at the
recommended ratio according to the instructions, and then the
cell suspension was collected and broken by sonication. After
incubating on ice for 30 min, the supernatant was collected by
centrifugation at 1000 rpm for 3 min for further experiments.
Finally, 50 μl supernatant and 100 μl assay solution were added to
a 96-well plate, and measured absorbance at 560 nm with a
microplate reader (Omerga, Norwalk, CT, United States) after
standing for 30 min at room temperature. The concentration of
H2O2 released was calculated according to the standard
concentration curve derived from the standard solution.

Dual Luciferase Reporter Assay
The DNA transcriptional activity of Nrf2 was measured by dual
luciferase reporter assay according to the manufacturers’
instructions. Briefly, GMCs were seeded in 96-well plates and
incubated at 37°C for 24 h before starting transient transfection,
and then 0.2 μg of pARE-Luc reporter gene plasmid (Beyotime)
and 0.04 μg of pRL-TK (Promega, Madison, WI, United States)
were co-transfected. After transfection for 24 h, cells were treated
with indicted stimulations, and then the cells were collected
according to the Dual-Luciferase reporter gene assay kit
(Promega) and the effect of Fr on the transcriptional activity
of the Nrf2 pathway was analyzed using the Dual-Luciferase®
reporter assay system kit (Promega).

Immunoprecipitation Assay
GMCs were lysed on ice for 30 min with IP lysis solution, and
then the supernatants were collected by centrifugation at 12,000 g
for 10 min for BCA protein quantification. 400 μg proteins were
incubated with 2 μg Cx43 antibody or negative control antibody
IgG overnight at 4°C. Prior to immunoprecipitation, 400 μg whole
cell lysates were incubated with 15 μl protein agarose A/G beads
(Pierce, Rockford, IL, United States) for 3–4 h to reduce non-
specific combinations, and then centrifuged at 12,000 g for 30 s,
discarded the supernatants and washed the sediment three times
with IP Buffer. After adding 25 μl SDS-PAGE loading buffer and
boiled for 5 min, the immunoprecipitation was separated by
western blot, and then analyzed by western blot with the
respective antibodies.

Animal Experiment
The animal experiment was approved by the Ethics Committee
for the Care and Use of Laboratory Animals of Sun Yat-Sen
University (Guangzhou, China). 5-week-old male specific
pathogen-free (SPF)-grade db/db mice (n = 50) and db/m (n
= 10) mice from Jiangsu Collective Pharmachem Biotech
Company. All animals were housed under specific sterile
conditions, and all experimental procedures were strictly
performed strictly to the standards of the Guide for the Care
and Use of Laboratory Animals published by the National
Institutes of Health.

After the animals were adaptively fed for 1 week, mice were
randomly divided into six groups according to blood glucose
values: normal group (n = 10), model group (n = 10), the low dose
group of Fr (25 mg/kg, n = 10), the medium dose group of Fr
(50 mg/kg, n = 10), the high dose group of Fr (100 mg/kg, n = 10),
and the positive drug group of valsartan (Val) (10 mg/kg, n = 10).
The mice was treated administration with Fr or valsartan for 8
weeks, 6 days per week, in a volume of 0.1 ml/10 g. The normal
group of mice was treated with a dose of CMC-Na at a dose of
0.1 ml/10 g as a blank control. All animals were housed in specific
pathogen-free (SPF) conditions in a temperature-controlled
(20C–25 C) and humidity-controlled (40 %–70%) barrier
system with a 12 h light and dark cycle. And during the last
week of the animal experiments, 24 h urine was collected from the
mice using metabolic cages, and the volume and status of the
urine was observed and recorded. At the end of the experiment,
the blood was collected in anti-coagulation tubes with sodium
heparin, let it stand still for 30 min at room temperature for
30 min, and then was centrifuged at 4°C, 3000 rpm for 10 min.
And the supernatant was collected for subsequent biochemical
index testing. The kidney tissues of mice were stored at −80°C for
subsequent experiments.

Biochemical Analysis
Glycated serum protein (GSP), glycated blood red (HbAlc), blood
urea nitrogen (BUN), serum creatinine (Cr) and 24 h urine protein
(UP) levels were measured by using commercially available kits
(Jiancheng Biotech, Nanjing, China). In addition, malondialdehyde
(MDA) levels and total superoxide dismutase (SOD) activity in
serum and kidney tissues were measured using commercially
available kits (Beyotime, Haimen, China). Kidney tissues were
fixed with 4% paraformaldehyde and paraffin embedded, and
then kidney sections (4 μm thick) were applied for PAS, HE and
Masson staining. The images were photographed by light
microscopy and the images were quantitatively analyzed.

Data and Statistical Analysis
The experimental datawere expressed asmean± SEM(Mean± SEM),
and the Graphpad Prism 5.0 statistical software was used for all
statistical analysis. t-test was used for comparison between two groups
and the comparison between multiple groups were analyzed by one-
way analysis of variance (one-way ANOVA, Bonferroni method), p <
0.05 is considered as the difference is statistically significant.

RESULTS

Fr Suppressed the Development of
Inflammatory Fibrosis Factors by Boosting
the Expression of Antioxidant Enzymes in
High Glucose Induced GMCs
Previous studies have shown that hyperglycemia induces GMCs to
overproduce ECM such as FN, thereby promoting glomerulosclerosis
in the diabetic state (Schena and Gesualdo, 2005; Miller et al., 2014;
Shotorbani et al., 2020). In addition, the excessive secretion of
inflammatory adhesion factors such as ICAM-1 caused by
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multiple factors is one of the main reasons for the progressive
accumulation of renal ECM (Elmarakby et al., 2011; Wu et al.,
2019). The kidney is particularly susceptible to damages caused by
increased oxidative stress, and numerous studies have indicated that
the Nrf2/ARE pathway is an important antioxidative stress protective
system (Gnudi et al., 2007; Sagoo and Gnudi, 2018; Li et al., 2021).
After HG treatment of GMCs at different time points (0, 6, 12, 24, 36,
and 48 h), we found that HG could significantly increase the
expression of FN and ICAM-1 (Figure 1A), and reduce the
expression of Nrf2, HO-1 and SOD1 (Figure 1B). HG
stimulation for 24 h triggered significant upregulation of these

inflammatory fibrotic factors compared with the control group.
Therefore, we used 30mM HG to stimulate GMCs for 24 h as
the modeling condition in the subsequent experiments. The MTT
findings revealed that Fr concentrations less than 320 μM had no
influence on cell viability (Figure 1C). As a result, we chose 20, 40,
and 60 μM Fr for the subsequent studies. After treating HG-induced
GMCs with various concentrations of Fr, we found that Fr
significantly inhibited the expression of FN and ICAM-1 with the
dose-dependent effect (Figures 1D,E), and the inhibitory effect of
60 μM of Fr was comparable to that of 10 μM of the Nrf2 specific
agonist TBHQ. In addition, HG induction decreased the expression

FIGURE 1 | Fr suppressed the development of inflammatory fibrosis factors by boosting the expression of antioxidant enzymes in high glucose induced GMCs.
(A-B) The protein expression of FN, ICAM-1, Nrf2, HO-1 and SOD1 in GMCs were measured by western blot assay, *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h. (C) Cell
survival analysis through MTT assay of GMCs was treated with different concentrations of Fr for 24 h, ***p < 0.001 vs. Ctrl. (D) The cellular distribution of FN and ICAM-1
was untreated or treated through Immunofluorescence (magnification ×400). Bar: 40 μm. The red and green fluorescence represent the localization of FN and
ICAM-1 respectively. (E-F) The protein levels of FN, ICAM-1, Nrf2, HO-1 and SOD1 in GMCs were measured through western blot assay, *p < 0.05, **p < 0.01, ***p <
0.001 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HG. Independent experiments were performed at least three times with similar results.
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of Nrf2, HO-1 and SOD1 in GMCs, while administration of Fr
reversed (Figure 1F). All data above indicated that Fr could inhibit
the production of inflammatory fibrotic components in HG-induced
GMCs and promote the activation of Nrf2 signaling pathway.

Fr Inhibited Oxidative Stress by Activating
theNrf2/AREPathway in HG-InducedGMCs
It is reported that HG stimulation could trigger the oxidative
response and increased ROS production (Zhang et al., 2018).

The western blot results showed adaptive activation of Nrf2
was found for a short period of time, but HG stimulation for
6 h was able to reduce the Nrf2 expression in the nucleus
(Figure 2A). Therefore, the following experimental condition
was 30 mM HG stimulation for 6 h. Additionally, both Fr with
different dosages and TBHQ were able to promote Nrf2
translocation into the nucleus and the reduce cytoplasmic
Nrf2 expression (Figure 2B). Further, the intranuclear
distribution of Nrf2 in GMCs was considerably decreased,
which was dose-dependently enhanced by Fr in turn

FIGURE 2 | Fr inhibited oxidative stress by activating the Nrf2/ARE pathway in HG-induced GMCs. (A) The western blot results showed the expression of Nrf2 in
the nucleus and cytoplasm. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0 h. (B)Western blot analysis of nuclear and cytoplasm Nrf2 in GMCs treated with HG and Fr for 24 h
*p < 0.05, **p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HG. (C) The subcellular distribution of Nrf2 in GMCs was measured by immunofluorescent staining
(×600 magnification). Bar: 40 μm. Green fluorescence indicated localization of Nrf2. (D) Intracellular H2O2 level was provoked by high glucose and Fr treatment for
12 h *p < 0.05 vs. Ctrl; ###p < 0.001 vs. HG. (E) Transcriptional activity of Nrf2 was measured by luciferase reporter assay. *p < 0.05 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p <
0.001 vs. HG. (F) Fluorescent probe DHE was applied to detect the intracellular ROS levels for 12 h **p < 0.01 vs. Ctrl; #p < 0.05, ##p < 0.01 vs. HG. Independent
experiments are performed at least three times with similar results.
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(Figure 2C). As demonstrated in our previous investigation,
treatment with HG (12 h) resulted in significant increases in
ROS and H2O2 generation in GMCs, and therefore the 12 h
time point was chosen (Chen et al., 2017). The results showed
that H2O2 and superoxide levels have risen, whereas these
increases were both reduced by Fr treatment (Figures 2D,F).
Interestingly, the dual luciferase reporter gene results also
revealed that the DNA binding activity of Nrf2 to ARE was
enhanced by Fr (Figure 2E). The aforementioned data
suggested that Fr could activate the Nrf2/ARE pathway and
decrease intracellular oxidative stress and ROS generation.

Interfering With Cx43 Attenuated High
Glucose Induced Activation of the Nrf2/ARE
Signaling Pathway in GMCs
A recent study reported that overproduction of H2O2 in Cx43-
deficient or Cx43 channel-blocked astrocytes would increase

mortality, suggesting that Cx43 expression is closely associated
with the onset of oxidative stress (Le et al., 2014). Our previous
study also demonstrated that overexpression of Cx43 in GMCs
could promote Nrf2/ARE pathway activation to resist excessive
ROS production (Chen et al., 2017). Based on the above study
background, we investigated whether interfering with Cx43 also
had an effect on the activation of Nrf2/ARE pathway. The western
blot results indicated that the expression of Cx43 was drastically
reduced, suggesting that knockdown of Cx43 was effective
(Figure 3A). Furthermore, in the transfected Cx43-siRNA
group, there had considerably increased FN and ICAM-1
protein expression, and reduced Nrf2, HO-1, and SOD1
protein expression, as compared to those in the untransfected
group (Figures 3B,C). The immunofluorescence data were highly
consistent with the immunoblotting results, which further
revealed that Nrf2 translocation to the nucleus was
significantly reduced by Cx43-siRNA (Figure 3D). The
findings provided above revealed that Cx43 had an effect on

FIGURE 3 | Interfering with Cx43 attenuated high glucose induced activation of the Nrf2/ARE signaling pathway in GMCs. (A) The effects of Cx43-siRNA on Cx43
expression in GMCs under 30 mM HG (24 h) conditions was measured by the western blot assay. ***p < 0.001 vs. (NG + NC); ###p < 0.001 vs. (HG + NC). (B-C) The
effects of Cx43-siRNA on the expression of FN, ICAM-1, Nrf2, HO-1, and SOD1was induced by HG (30 mM, 24 h). *p < 0.05, **p < 0.01, ***p < 0.001 vs. (NG +NC); #p <
0.05, ##p < 0.01, ###p < 0.001 vs. (HG + NC). (D) The subcellular distribution of Nrf2 in GMCs was measured by immunofluorescent staining under HG (6 h)
conditions (×600 magnification). Bar: 40 μm. Green fluorescence indicated localization of Nrf2. Independent experiments are performed at least three times with similar
results.
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the activation of the Nrf2/ARE pathway, as evidenced by
decreased levels of intracellular oxidative stress and the
generation of ROS.

Fr Promoted Nrf2 Nuclear Translocation by
Increasing Cx43 Expression in HG-Induced
GMCs
As previous studies demonstrated that overexpression or
interference with Cx43 could up-regulate or down-regulate Nrf2

expression (Chen et al., 2017). Then whether Fr could affect the
activation of Nrf2/ARE pathway through Cx43 needs to be further
clarified. Under the stimulation of HG, intracellular Cx43 expression
began to time-dependently decrease from the 6 h (Figure 4A), while
Fr could dose-dependently increase intracellular Cx43 protein
expression (Figure 4B). To further investigate the mechanism,
knockdown of Cx43 was performed. In comparison to Fr
administered alone, the results demonstrated that the expression
of FN and ICAM-1 was elevated while the Cx43 was lowered after
transfection with Cx43-siRNA simultaneously (Figure 4C). Total

FIGURE 4 | Fr promoted Nrf2 nuclear translocation by increasing Cx43 expression in HG-induced GMCs. (A-B) Expression of Cx43 were detected by the western
blot assay in GMCs. (C-D) The protein levels of Cx43, FN, ICAM-1, Nrf2, HO-1 and SOD1 were detected by the western blot assay. (E) The subcellular distribution of
Nrf2 in GMCs was measured by immunofluorescent staining (×600 magnification). Bar: 40 μm. Green fluorescence indicated localization of Nrf2. (F) The western blot
results shown the expression of Nrf2 in the nucleus and cytoplasm. (G) The H2O2 levels in GMCs were detected. (H) The intracellular superoxide levels were
detected by using the DHE probe. (I) Transcriptional activity of Nrf2 was determined by luciferase reporter assay. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl; #p < 0.05,
##p < 0.01, ###p < 0.001 vs. HG; ^p < 0.05, ^̂p < 0.01, ^̂̂p < 0.001 vs. HG with Fr. Independent experiments are performed at least three times with similar results.
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Nrf2 expression as well as the downstream effector proteins were
reduced by Cx43-siRNA (Figure 4D). The results of
immunofluorescence also found that the nuclear accumulation of
Nrf2 was prevented by the transfection of Cx43-siRNA (Figure 4E),
which was further evidenced by immunoblotting (Figure 4F). This
was followed by an increase in the formation of intracellular
superoxide anion and hydrogen peroxide (Figures 4G,H). The
dual luciferase reporter gene experiments also showed that the
aggregation of Nrf2 in the nucleus was decreased by Cx43-siRNA
compared to cells cultured with Fr alone (Figure 4I).

Fr Promoted the Activation of Nrf2/ARE
Pathway by Regulating the Interaction
Between Cx43 and AKT
It is reported that Cx43 could interact with AKT directly via
C-terminus in glioblastoma cells (Kuang et al., 2018). Then we
speculated whether Cx43 trigger the downstream antioxidant
pathway by binding to the AKT, and we further explored the role
of AKT as a mediator in this process. The data of IP in Figure 5A

showed that Cx43 specifically precipitate AKT under normal
conditions, suggesting that Cx43 could interact with AKT. The
interaction was further reduced after 6 h of HG treatment, while
Fr stimulation increased the interaction (Figure 5A). As shown
by the immunofluorescence assay, Cx43 and AKT co-located in
the cell membrane and cytoplasm of GMCs. Interestingly, HG
treatment could reduce their binding, which was reversed by Fr
(Figure 5B). The western blot results revealed that p-AKT
protein expression was significantly lowered in the Cx43-
siRNA transfection group (Figure 5C). To further explore the
important role of AKT in the activation of the Nrf2 signaling
pathway induced by Fr, we observed the Nrf2 downstream
protein expression after inhibiting the activation of AKT by
1 μM of MK-2206, a phosphorylation inhibitor of AKT. The
MK-2206 not only suppressed the expression of AKT
phosphorylation, but also declined the up-regulation of total
Nrf2 during Fr treatment (Figure 5D), which was
accompanied by the decreases of HO-1 and SOD1 levels
(Figure 5F). Furthermore, the results of immunofluorescence
also confirmed that the nuclear accumulation of Nrf2 was

FIGURE 5 | Fr promoted the activation of Nrf2/ARE pathway by regulating the interaction between Cx43 and AKT. (A) Immunoprecipitation results of Cx43
suggested that Cx43 interacted with AKT. (B) IF results showed that AKT and Cx43 co-localized in the cytoplasm of the GMCs (1000× magnification). Green
fluorescence indicated localization of AKT and red fluorescence indicated localization of Cx43. Bar: 20 μm. (C) The expression of p-AKTwere treated with Cx43-siRNA in
GMCs. (D) The western blot analysis of the p-AKT and Nrf2in GMCs was treated with MK-2206 and/or Fr. (E) The subcellular distribution of Nrf2 in GMCs was
measured by immunofluorescent staining (×600 magnification). Bar: 40 μm. Green fluorescence indicated localization of Nrf2. (F) The western blot analysis of the HO-1
and SOD1 in GMCs was treated with MK-2206 and/or Fr. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. HG;^p < 0.05,^̂p < 0.01,^̂̂p <
0.001 vs. HG with Fr. Independent experiments are performed at least three times with similar results.
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reduced by the AKT phosphorylation inhibitor in HG-induced
GMCs (Figure 5E).

Fr Alleviated Renal Injury and Improved
Renal Function in Db/db Mice
The results of in vitro experiments have confirmed that Fr could
activate the Nrf2/ARE pathway by upregulating the expression of

Cx43. Our research group’s preliminary animal investigations
indicated that Fr enhanced renal function in diabetic mice in a
model of diabetic kidney damage generated by multiple injections
of STZ in modest dosages and a high-fat diet. To further analyze
the effect of Fr on the renal function of diabetic mice, we applied
db/db mice as a diabetic kidney damage model, treated with Fr or
Val, and then detected the animals’ blood and urine biochemical

FIGURE 6 | Fr alleviated renal injury and improved renal function in db/db mice. (A) Body weight of experimental animals. (B) KW/BW, kidney weight/body weight
ratio, n = 6 (C–K) HbA1c, GSP, BUN, Up, Cr, SOD and MDA of experimental mice. Data were expressed as ±SEM, n = 6, Ctrl: control group; DN: diabetic nephropathy
group; DN + Fr (L): Fr treatment group (low dose: 25 mg/kg); DN + Fr (M): Fr treatment group (medium dose: 50 mg/kg); DN + Fr (H): Fr treatment group (high dose:
100 mg/kg); DN + Val: valsartan treatment group (10 mg/kg). *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl; ns, no significance; #p < 0.05, ##p < 0.01, ###p <
0.001 vs. DN.
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indicators. Results showed that Fr or Val could remarkably
reverse the abnormal up-regulation of body weight, kidney
weight to body weight ratio (KW/BW), glycated hemoglobin
(HbAlc), glycated serum protein (GSP), urea nitrogen (BUN),
blood creatinine (Cr), and 24 h proteinuria (Up) in db/db mice,
which suggested that Fr could improve the renal physiological
function of diabetic db/db mice (Figures 6A–G). According to
other research, the production of anti-oxidative components such
as superoxide dismutase (SOD) in the serum of db/db mice was
decreased, although the synthesis of malondialdehyde (MDA)
induced by lipid peroxidation was dramatically enhanced
(Waldman et al., 2018). Therefore, by detecting SOD activity
and MDA levels, we discovered that the SOD activity decreased
and the MDA levels increased in the serum and kidney tissues of
model mice, whereas the administration of Fr or Val could reverse
the changes (Figures 6H–K).

Fr Reduced the Degree of Renal Fibrosis in
Db/db Mice by Inhibiting the Protein
Expression of FN and ICAM-1
We further observed the effect of Fr on the degree of kidney
lesions in db/db mice by staining pathological sections.
Hematoxylin and eosin (HE) staining and Masson staining
revealed that Fr or Val improved ECM deposition and
inflammatory cell infiltration in db/db mice and attenuated
excessive collagen fiber deposition in glomeruli (Figure 7A).
Periodic acid schiff (PAS) staining showed that the glomeruli
of db/db mice were significantly larger and the mesangial matrix
was proliferated compared to normal group (Figure 7A).
Additionally, administration of Fr or Val reduced glomerular
hypertrophy and mesangial zone growth, as well as the mesangial
proliferation index (Figure 7B). Immunohistochemistry revealed
that FN was elevated in the glomeruli of db/db mice, and all

FIGURE 7 | Fr reduced the degree of renal fibrosis in db/dbmice by inhibiting the protein expression of FN and ICAM-1. (A)Glomerular histopathology analysis was
performed by PAS, HE and Masson staining (×400 magnification). Bar: 25 μm, n = 6 (B) Statistical analysis of mesangial index. (C) The expression of FN in the glomeruli
were shown by immunohistochemical staining (×200 magnification). Bar: 50 μm, n = 6. (D) Statistical analysis of FN protein expression. (E) The levels of FN and ICAM-1
in kidney tissues of db/db mice were detected by the western blot assay. Independent experiments were performed at least three times with similar results. *p <
0.05, ***p < 0.001 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DN.
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dosage groups of Fr, as well as Val, decreased the expression and
distribution of FN in the extracellular matrix (Figures 7C,D).
Extraction of proteins from kidney tissues was used in western
blot assay, with the result of FN supported
immunohistochemistry findings. The protein expression of FN
and ICAM-1, both markers of inflammatory fibrosis in kidney
tissues, was increased in db/db mice, which reversed by Fr
treatment (Figure 7E).

Fr Stimulated the Activation of Nrf2/ARE
Signaling Pathway Up-Regulating Cx43
Expression in Kidney Tissues
On the basis of clarifying the effects of Fr on improving diabetic
kidney injury and alleviating the process of renal fibrotic lesions,
we examined the effects of Fr on the expression of Cx43 protein
and Nrf2/ARE-related proteins in the kidney tissues of db/db
mice. Immunohistochemistry showed that the downregulation of
Cx43 and Nrf2 expression in glomeruli was reversed by Fr or Val
treatment (Figures 8A–C). The Cx43 and p-AKT protein
expression was reduced in the kidney tissues of db/db mice
compared to normal controls, which was upregulated by Fr

treatment (Figure 8D). Furthermore, the expression of Nrf2,
SOD1, and HO-1 was also found to be down-regulated, whereas
treatment with Fr was able to increase the protein expression
levels (Figure 8D). Therefore, these in vivo results confirmed that
Fr alleviated diabetic renal fibrosis at least partially via up-
regulating Cx43 expression and activating the Nrf2/ARE
pathway, which ultimately inhibited the renal oxidative
damage in diabetic mice.

DISSCUSION

DN is an end-stage renal disease caused by long-term
hyperglycemia (Xiong and Zhou, 2019). Glomerulopathy,
particularly mesangial enlargement and basement membrane
thickening, are the most visible pathological alterations in
patients with clinical DN (Najafian et al., 2011). GMCs are the
main cell type produced ECM and play an important role in
maintaining renal tissue structure and physiological function
(Tung et al., 2018; Lee et al., 2020). In the development of
DN, the overproduction of FN and ICAM-1 in GMCs leads to
the renal fibrosis, therefore reducing ECM accumulation in the

FIGURE 8 | Fr stimulated the activation of Nrf2/ARE signaling pathway by up-regulating Cx43 expression in kidney tissues. (A) The expression of Cx43 and Nrf2 in
the glomeruli were shown by immunohistochemical staining (×200 magnification). Bar: 50 μm, n = 6. (B-C) Statistical analysis of Cx43 and Nrf2 protein expression. (D)
The levels of Cx43, p-AKT, Nrf2, HO-1, and SOD1 in kidney tissues of db/dbmice were detected by the western blot assay. Independent experiments were performed at
least three times with similar results. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. DN.
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kidney can prevent glomerulosclerosis and delay the progression
of DN (Gorin and Block, 2013). The exact pathogenesis of DN is
still unclear, and it is generally believed that oxidative stress,
inflammation, and disorders of glucolipid metabolism are related
to its occurrence (Arora and Singh, 2013; VR et al., 2019).
Excessive ROS generation in GMCs caused by HG can lead to
a fall of anti-oxidant enzymes like CAT and SOD, resulting in
long-term oxidative stress, as well as facilitate the formation of
cytokines and ECM, all of which contribute to the development of
diabetic renal fibrosis (Gong et al., 2018). Therefore, reducing the
occurrence of oxidative stress is undoubtedly beneficial for the
prevention the development of DN. Coumarins have been
discovered to improve renal and pancreatic islet structure in
diabetic mice via antioxidation, as well as suppress glomerular
mesangial matrix synthesis and glomerular basement membrane
thickening, suggesting that they might be used as potential
hypoglycemic medicines (Yao et al., 2018). Although it is
unclear if Fr, a coumarin-like molecule, has similar
pharmacological effects. Here, we found that Fr inhibited FN
and ICAM-1 expression in HG-induced GMCs via affecting ROS
generation, therefore preventing renal fibrosis.

It is evidenced that increased oxidative load leads to the
occurrence of diseases including cancer, pulmonary fibrosis and
renal fibrosis, and Nrf2 binding to specific ARE promotes the
expression of antioxidant enzymes and defense protein genes in a
variety of cellular tissues to reduce oxidative load (Walters et al.,
2008). We previously discovered that activating the Nrf2 pathway
can prevent oxidative stress damage and improve renal function in
diabetic renal fibrosis by producing downstream antioxidant
proteins (Gong et al., 2017; Zhang et al., 2018). In addition,
activation of Nrf2 in renal tubules effectively alleviates tubular
injury and interstitial fibrosis by inducing the expression of genes
associated with cellular protection against oxidative stress (Nezu and
Suzuki, 2020; Potteti et al., 2021). In the present study, we identified
that Nrf2 and downstream proteins were also adaptively reduced
after treating with HG. Further studies revealed that Nrf2
translocation into the nucleus was also decreased. We
subsequently found that Fr enhanced the ARE-binding activity
and transcriptional activity of Nrf2. These findings implied that
Fr might activate the Nrf2/ARE pathway by promoting the
translocation of Nrf2 into the nucleus, reduce oxidative stress in
GMCs, and ultimately preventing the formation of renal fibrosis
caused by inflammatory factors and ROS.

Cxs play an integral role in the biochemical alterations and
pathophysiological disorders of DN (Hanner et al., 2010). In the
development of DN, impaired glomerular Cxs function is closely
associated with enhanced phosphorylation of Cxs and reduced
production of Cxs (Takenaka et al., 2011). The investigators early
detected by immunofluorescence that Cx43 is localized between
all renal tubular epithelial cells, glomeruli and connective tissue
(Beyer et al., 1989). Ball et al. showed that gap junctional
intercellular communication (GJIC) activity was decreased in
STZ-induced diabetic rat brain astrocytes and hypothalamus
slices, which was associated with a decrease in Cx43
expression (Ball et al., 2011). Moreover, our previous
study found that Cx43 could inhibit the up-regulation of
fibrosis-related proteins such as FN and transforming growth

factor-beta 1 (TGF-β1) in HG-treated GMCs via the Nrf2
pathway, as well as exert anti-oxidative stress effects in the
kidney tissues of diabetic mice to alleviate renal fibrosis (Chen
et al., 2017). Then we speculated whether Fr could activate the
downstream anti-oxidative signaling pathway by affecting Cx43
expression. Our results demonstrated that administering Fr to
GMCs cultivated in HG reversed the declined in Cx43 protein
expression and activated the Nrf2 pathway, which was followed
by a decrease in FN and ICAM-1 protein production. However,
Fr administration failed to activate the Nrf2 pathway when
siRNA was used to interfere with Cx43 expression. The above
evidences confirmed that hyperglycemia-induced reduction of
Cx43 was essential for the development of metabolic diseases, and
up-regulating Cx43 expression might be a potential approach to
improve the metabolic class of diabetic diseases. Therefore, we
hypothesized that Cx43 might be involved in the regulation of the
Nrf2 anti-oxidative pathway by Fr.

Cx43 can regulate cell adhesion, cell migration and other
processes through its CT interactions with a variety of
signaling and scaffolding proteins, independent of its well-
established gap junction communication function (Giepmans,
2006; Hervé et al., 2007). In glioblastoma cells, Cx43 inhibits the
activation of the epidermal growth factor signaling pathway by
inhibiting AKT hyperphosphorylation through CT linking to
AKT (Kuang et al., 2018; Leithe et al., 2018). Another study
clarified that isoproterenol decreased cell adhesion in U937
monocytes by inhibiting Cx43 and its downstream PI3K/AKT/
NF-κB signaling pathway (Ji et al., 2019). Then, we performed
immunofluorescence and IP experiments to investigate whether
AKT mediates the activation of the Nrf2 signaling pathway by
Cx43. By immunofluorescence detection, we found that Cx43 and
AKT co-localized in the cell membrane and cytoplasm of GMCs.
The IP experiments results revealed that Cx43 interacted with
AKT in normal glucose-cultured GMCs. HG stimulation reduced
this interaction while Fr treatment increased it. In addition, we
observed both AKT phosphorylation and Nrf2 pathway
activation were suppressed when the cells were given MK-
2206. Therefore, an important finding in this study was that
Fr could increase AKT phosphorylation through upregulation of
Cx43, promote the accumulation of Nrf2 in the nucleus and raise
the expression of downstream effector proteins, all of which
results in antioxidative stress effects.

Moreover, in vivo experiments showed that Cx43 expression
was downregulated in the kidneys of db/db mice, and these
changes were accompanied by a decrease in total SOD activity
and an increase in MDA levels in the kidneys and serum, which
were reversed by Fr treatment. Fr also raised the expression of the
phosphorylated-AKT, Nrf2, SOD1 and HO-1 in the kidneys of
db/db mice. Ultimately, Fr alter protein levels of renal
inflammatory fibrosis components and alleviate renal
insufficiency and renal fibrosis.

CONCLUSION

Taken together, the in vitro and in vivo experiments suggested
that Fr promoted AKT phosphorylation and activated the Nrf2/
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ARE pathway by up-regulating Cx43 expression, thereby
decreasing renal oxidative stress levels and ultimately
ameliorating the pathological progress of diabetic renal
fibrosis. Consequently, we revealed the mechanism through
which Fr decreased renal oxidative stress and attenuated
diabetic renal fibrosis was associated to the Cx43-AKT-Nrf2
signaling pathway, providing new experimental evidence of the
potential clinical application of Fr as a new anti-DN drug.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

All the procedures were done in compliance with the China
Animal Welfare Legislation and were reviewed and approved by
the Sun Yat-sen University Committee on Ethics in the Care and
Use of Laboratory (Guangzhou, China).

AUTHOR CONTRIBUTIONS

RC: contributed to study design, data acquisition, manuscript
preparation, and editing. JZ: contributed to study design, data
acquisition, manuscript preparation, and editing. CL: contributed
to study design, data acquisition, manuscript preparation, and
editing. HX and SL helped to perform the animal experiments.
ZL: contributed to data acquisition, analysis, KH, JS and HH:
Conceptualization, Writing-Reviewing and Editing,
Investigation, Supervision, Project administration, Funding
acquisition.

FUNDING

This work was supported by research Grants from the National
Natural Science Foundation of China (No: 81770816 and
81973375), the Key Project of Natural Science Foundation of
Guangdong Province (No: 2020B1111100004), the Science and
Technology Program of Guangzhou, China (No: 202102020192)
and the Starting Research Fund from the Guangzhou Eighth
People’s Hospital, Guangzhou Medical University (No:
ZY10449).

REFERENCES

A/L B Vasanth Rao, V. R., Tan, S. H., Candasamy, M., and Bhattamisra, S. K.
(2019). Diabetic Nephropathy: An Update on Pathogenesis and Drug
Development. Diabetes Metab. Syndr. 13, 754–762. doi:10.1016/j.dsx.2018.
11.054

Arora, M. K., and Singh, U. K. (2013). Molecular Mechanisms in the Pathogenesis
of Diabetic Nephropathy: an Update. Vascul. Pharmacol. 58, 259–271. doi:10.
1016/j.vph.2013.01.001

Bai, X., Gou, X., Cai, P., Xu, C., Cao, L., Zhao, Z., et al. (2019). Sesamin Enhances
Nrf2-Mediated Protective Defense against Oxidative Stress and Inflammation
in Colitis via AKT and ERK Activation.Oxid. Med. Cell. Longev. 2019, 2432416.
doi:10.1155/2019/2432416

Ball, K. K., Harik, L., Gandhi, G. K., Cruz, N. F., and Dienel, G. A. (2011).
Reduced gap Junctional Communication Among Astrocytes in
Experimental Diabetes: Contributions of Altered Connexin Protein
Levels and Oxidative-Nitrosative Modifications. J. Neurosci. Res. 89,
2052–2067. doi:10.1002/jnr.22663

Beyer, E. C., Kistler, J., Paul, D. L., and Goodenough, D. A. (1989). Antisera
Directed against Connexin43 Peptides React with a 43-kD Protein Localized to
gap Junctions in Myocardium and Other Tissues. J. Cel Biol. 108, 595–605.
doi:10.1083/jcb.108.2.595

Bhakkiyalakshmi, E., Sireesh, D., Rajaguru, P., Paulmurugan, R., and Ramkumar,
K. M. (2015). The Emerging Role of Redox-Sensitive Nrf2-Keap1 Pathway in
Diabetes. Pharmacol. Res. 91, 104–114. doi:10.1016/j.phrs.2014.10.004

Chen, S., Jim, B., and Ziyadeh, F. N. (2003). Diabetic Nephropathy and
Transforming Growth Factor-Beta: Transforming Our View of
Glomerulosclerosis and Fibrosis Build-Up. Semin. Nephrol. 23, 532–543.
doi:10.1053/s0270-9295(03)00132-3

Chen, Z., Xie, X., Huang, J., Gong, W., Zhu, X., Chen, Q., et al. (2017). Connexin43
Regulates High Glucose-Induced Expression of Fibronectin, ICAM-1 and TGF-
B1 via Nrf2/ARE Pathway in GlomerularMesangial Cells. Free Radic. Biol. Med.
102, 77–86. doi:10.1016/j.freeradbiomed.2016.11.015

Elmarakby, A. A., Ibrahim, A. S., Faulkner, J., Mozaffari, M. S., Liou, G. I., and
Abdelsayed, R. (2011). Tyrosine Kinase Inhibitor, Genistein, Reduces Renal
Inflammation and Injury in Streptozotocin-Induced Diabetic Mice. Vascul.
Pharmacol. 55, 149–156. doi:10.1016/j.vph.2011.07.007

Geoffroy, K., Wiernsperger, N., Lagarde, M., and El Bawab, S. (2004). Bimodal
Effect of Advanced Glycation End Products on Mesangial Cell Proliferation
Is Mediated by Neutral Ceramidase Regulation and Endogenous
Sphingolipids. J. Biol. Chem. 279, 34343–34352. doi:10.1074/jbc.
M403273200

Giepmans, B. N. G. (2006). Role of Connexin43-Interacting Proteins at gap
Junctions. Adv. Cardiol. 42, 41–56. doi:10.1159/000092561

Gnudi, L., Thomas, S. M., and Viberti, G. (2007). Mechanical Forces in Diabetic
Kidney Disease: a Trigger for Impaired Glucose Metabolism. J. Am. Soc.
Nephrol. 18, 2226–2232. doi:10.1681/ASN.2006121362

Gong, W., Chen, Z., Zou, Y., Zhang, L., Huang, J., Liu, P., et al. (2018). CKIP-1
Affects the Polyubiquitination of Nrf2 and Keap1 via Mediating Smurf1 to
Resist HG-Induced Renal Fibrosis in GMCs and Diabetic Mice Kidneys.
Free Radic. Biol. Med. 115, 338–350. doi:10.1016/j.freeradbiomed.2017.
12.013

Gong, W., Li, J., Chen, Z., Huang, J., Chen, Q., Cai, W., et al. (2017). Polydatin
Promotes Nrf2-ARE Anti-oxidative Pathway through Activating CKIP-1 to
Resist HG-Induced Up-Regulation of FN and ICAM-1 in GMCs and Diabetic
Mice Kidneys. Free Radic. Biol. Med. 106, 393–405. doi:10.1016/j.
freeradbiomed.2017.03.003

Gorin, Y., and Block, K. (2013). Nox4 and Diabetic Nephropathy: with a Friend like
This, Who Needs Enemies? Free Radic. Biol. Med. 61, 130–142. doi:10.1016/j.
freeradbiomed.2013.03.014

Guo, Y. N., Wang, J. C., Cai, G. Y., Hu, X., Cui, S. Y., Lv, Y., et al. (2014). AMPK-
mediated Downregulation of Connexin43 and Premature Senescence of
Mesangial Cells under High-Glucose Conditions. Exp. Gerontol. 51, 71–81.
doi:10.1016/j.exger.2013.12.016

Hanner, F., Sorensen, C. M., Holstein-Rathlou, N. H., and Peti-Peterdi, J. (2010).
Connexins and the Kidney. Am. J. Physiol. Regul. Integr. Comp. Physiol. 298,
R1143–R1155. doi:10.1152/ajpregu.00808.2009

Harris, A. L. (2007). Connexin Channel Permeability to Cytoplasmic Molecules.
Prog. Biophys. Mol. Biol. 94, 120–143. doi:10.1016/j.pbiomolbio.2007.03.011

Hervé, J. C., Bourmeyster, N., and Sarrouilhe, D. (2004). Diversity in Protein-
Protein Interactions of Connexins: Emerging Roles. Biochim. Biophys. Acta
1662, 22–41. doi:10.1016/j.bbamem.2003.10.022

Hervé, J. C., Bourmeyster, N., Sarrouilhe, D., and Duffy, H. S. (2007). Gap
Junctional Complexes: from Partners to Functions. Prog. Biophys. Mol. Biol.
94, 29–65. doi:10.1016/j.pbiomolbio.2007.03.010

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 85338314

Chen et al. Fraxin Ameliorates Diabetic Renal Fibrosisi

https://doi.org/10.1016/j.dsx.2018.11.054
https://doi.org/10.1016/j.dsx.2018.11.054
https://doi.org/10.1016/j.vph.2013.01.001
https://doi.org/10.1016/j.vph.2013.01.001
https://doi.org/10.1155/2019/2432416
https://doi.org/10.1002/jnr.22663
https://doi.org/10.1083/jcb.108.2.595
https://doi.org/10.1016/j.phrs.2014.10.004
https://doi.org/10.1053/s0270-9295(03)00132-3
https://doi.org/10.1016/j.freeradbiomed.2016.11.015
https://doi.org/10.1016/j.vph.2011.07.007
https://doi.org/10.1074/jbc.M403273200
https://doi.org/10.1074/jbc.M403273200
https://doi.org/10.1159/000092561
https://doi.org/10.1681/ASN.2006121362
https://doi.org/10.1016/j.freeradbiomed.2017.12.013
https://doi.org/10.1016/j.freeradbiomed.2017.12.013
https://doi.org/10.1016/j.freeradbiomed.2017.03.003
https://doi.org/10.1016/j.freeradbiomed.2017.03.003
https://doi.org/10.1016/j.freeradbiomed.2013.03.014
https://doi.org/10.1016/j.freeradbiomed.2013.03.014
https://doi.org/10.1016/j.exger.2013.12.016
https://doi.org/10.1152/ajpregu.00808.2009
https://doi.org/10.1016/j.pbiomolbio.2007.03.011
https://doi.org/10.1016/j.bbamem.2003.10.022
https://doi.org/10.1016/j.pbiomolbio.2007.03.010
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Huang, B., Liu, J., Meng, T., Li, Y., He, D., Ran, X., et al. (2018). Polydatin Prevents
Lipopolysaccharide (LPS)-Induced Parkinson’s Disease via Regulation of the
AKT/GSK3β-Nrf2/NF-Κb Signaling Axis. Front. Immunol. 9, 2527. doi:10.
3389/fimmu.2018.02527

Jha, J. C., Banal, C., Chow, B. S., Cooper, M. E., and Jandeleit-Dahm, K. (2016).
Diabetes and Kidney Disease: Role of Oxidative Stress. Antioxid. Redox Signal.
25, 657–684. doi:10.1089/ars.2016.6664

Ji, H., Qiu, R., Gao, X., Zhang, R., Li, X., Hei, Z., et al. (2019). Propofol Attenuates
Monocyte-Endothelial Adhesion via Modulating Connexin43
Expression in Monocytes. Life Sci. 232, 116624. doi:10.1016/j.lfs.2019.
116624

Kang, K. S., Lee, W., Jung, Y., Lee, J. H., Lee, S., Eom, D. W., et al. (2014).
Protective Effect of Esculin on Streptozotocin-Induced Diabetic Renal
Damage in Mice. J. Agric. Food Chem. 62, 2069–2076. doi:10.1021/
jf403840c

Kanwar, Y. S., Sun, L., Xie, P., Liu, F. Y., and Chen, S. (2011). A Glimpse of Various
Pathogenetic Mechanisms of Diabetic Nephropathy. Annu. Rev. Pathol. 6,
395–423. doi:10.1146/annurev.pathol.4.110807.092150

Kato, M., and Natarajan, R. (2014). Diabetic Nephropathy-Eemerging Epigenetic
Mechanisms. Nat. Rev. Nephrol. 10, 517–530. doi:10.1038/nrneph.2014.116

Kostova, I. (2001). Fraxinus Ornus L. Fitoterapia 72, 471–480. doi:10.1016/s0367-
326x(00)00340-3

Kuang, J. Y., Guo, Y. F., Chen, Y., Wang, J., Duan, J. J., He, X. L., et al. (2018).
Connexin 43 C-Terminus Directly Inhibits the Hyperphosphorylation of Akt/
ERK through Protein-Protein Interactions in Glioblastoma. Cancer Sci. 109,
2611–2622. doi:10.1111/cas.13707

Le, H. T., Sin,W. C., Lozinsky, S., Bechberger, J., Vega, J. L., Guo, X. Q., et al. (2014).
Gap junction Intercellular Communication Mediated by Connexin43 in
Astrocytes Is Essential for Their Resistance to Oxidative Stress. J. Biol.
Chem. 289, 1345–1354. doi:10.1074/jbc.M113.508390

Lee, J. H., Subedi, L., and Kim, S. Y. (2020). Effect of Cysteine on Methylglyoxal-
Induced Renal Damage in Mesangial Cells. Cells 9 (1), 234. doi:10.3390/
cells9010234

Leithe, E., Mesnil, M., and Aasen, T. (2018). The Connexin 43 C-Terminus: A Tail
of many Tales. Biochim. Biophys. Acta Biomembr 1860, 48–64. doi:10.1016/j.
bbamem.2017.05.008

Li, B., Liu, S., Miao, L., and Cai, L. (2012). Prevention of Diabetic Complications by
Activation of Nrf2: Diabetic Cardiomyopathy and Nephropathy. Exp. Diabetes
Res. 2012, 216512. doi:10.1155/2012/216512

Li, S., Zheng, L., Zhang, J., Liu, X., andWu, Z. (2021). Inhibition of Ferroptosis by
Up-Regulating Nrf2 Delayed the Progression of Diabetic Nephropathy.
Free Radic. Biol. Med. 162, 435–449. doi:10.1016/j.freeradbiomed.2020.
10.323

Lou, Z., Li, Q., Wang, C., and Li, Y. (2020). The Effects of microRNA-126 Reduced
Inflammation and Apoptosis of Diabetic Nephropathy through PI3K/AKT
Signalling Pathway by VEGF. Arch. Physiol. Biochem. 2020, 1–10. doi:10.1080/
13813455.2020.1767146

Lu, M. C., Ji, J. A., Jiang, Z. Y., and You, Q. D. (2016). The Keap1-Nrf2-ARE
Pathway as a Potential Preventive and Therapeutic Target: An Update. Med.
Res. Rev. 36, 924–963. doi:10.1002/med.21396

Matzinger, M., Fischhuber, K., and Heiss, E. H. (2018). Activation of Nrf2 Signaling
by Natural Products-Can it Alleviate Diabetes? Biotechnol. Adv. 36, 1738–1767.
doi:10.1016/j.biotechadv.2017.12.015

Miller, C. G., Pozzi, A., Zent, R., and Schwarzbauer, J. E. (2014). Effects of High
Glucose on Integrin Activity and Fibronectin Matrix Assembly by
Mesangial Cells. Mol. Biol. Cel 25, 2342–2350. doi:10.1091/mbc.E14-03-
0800

Najafian, B., Alpers, C. E., and Fogo, A. B. (2011). Pathology of Human Diabetic
Nephropathy. Contrib. Nephrol. 170, 36–47. doi:10.1159/000324942

Nezu, M., and Suzuki, N. (2020). Roles of Nrf2 in Protecting the Kidney from
Oxidative Damage. Int. J. Mol. Sci. 21. doi:10.3390/ijms21082951

Ozbek, E. (2012). Induction of Oxidative Stress in Kidney. Int. J. Nephrol. 2012,
465897. doi:10.1155/2012/465897

Potteti, H. R., Noone, P. M., Tamatam, C. R., Ankireddy, A., Noel, S., Rabb, H., et al.
(2021). Nrf2 Mediates Hypoxia-Inducible HIF1α Activation in Kidney Tubular
Epithelial Cells. Am. J. Physiol. Ren. Physiol. 320, F464–f474. doi:10.1152/
ajprenal.00501.2020

Prakoura, N., Kavvadas, P., and Chadjichristos, C. E. (2018). Connexin 43: a New
Therapeutic Target against Chronic Kidney Disease. Cell Physiol Biochem 49,
985. doi:10.1159/000493230

Qian, Y., Feldman, E., Pennathur, S., Kretzler, M., and Brosius, F. C., 3rd (2008).
From Fibrosis to Sclerosis: Mechanisms of Glomerulosclerosis in Diabetic
Nephropathy. Diabetes 57, 1439–1445. doi:10.2337/db08-0061

Sagoo, M. K., and Gnudi, L. (2018). Diabetic Nephropathy: Is There a Role for
Oxidative Stress? Free Radic. Biol. Med. 116, 50–63. doi:10.1016/j.
freeradbiomed.2017.12.040

Schena, F. P., and Gesualdo, L. (2005). Pathogenetic Mechanisms of Diabetic
Nephropathy. J. Am. Soc. Nephrol. 16 (Suppl. 1), S30–S33. doi:10.1681/asn.
2004110970

Shotorbani, P. Y., Chaudhari, S., Tao, Y., Tsiokas, L., and Ma, R. (2020). Inhibitor
of Myogenic Differentiation Family Isoform a, a New Positive Regulator
of Fibronectin Production by Glomerular Mesangial Cells. Am.
J. Physiol. Ren. Physiol. 318, F673–f682. doi:10.1152/ajprenal.00508.
2019

Sun, X. H., Xiao, H. M., Zhang, M., Lin, Z. Y., Yang, Y., Chen, R., et al. (2021).
USP9X Deubiquitinates Connexin43 to Prevent High Glucose-Induced
Epithelial-To-Mesenchymal Transition in NRK-52E Cells. Biochem.
Pharmacol. 188, 114562. doi:10.1016/j.bcp.2021.114562

Takenaka, T., Inoue, T., Okada, H., Ohno, Y., Miyazaki, T., Chaston, D. J., et al.
(2011). Altered gap Junctional Communication and Renal Haemodynamics in
Zucker Fatty Rat Model of Type 2 Diabetes.Diabetologia 54, 2192–2201. doi:10.
1007/s00125-011-2175-8

Tervaert, T. W., Mooyaart, A. L., Amann, K., Cohen, A. H., Cook, H. T.,
Drachenberg, C. B., et al. (2010). Pathologic Classification of Diabetic
Nephropathy. J. Am. Soc. Nephrol. 21, 556–563. doi:10.1681/ASN.
2010010010

Topdağı, Ö., Tanyeli, A., Akdemir, F. N. E., Eraslan, E., Güler, M. C., and Çomaklı,
S. (2020). Preventive Effects of Fraxin on Ischemia/reperfusion-Induced
Acute Kidney Injury in Rats. Life Sci. 242, 117217. doi:10.1016/j.lfs.2019.
117217

Tung, C. W., Hsu, Y. C., Shih, Y. H., Chang, P. J., and Lin, C. L. (2018). Glomerular
Mesangial Cell and Podocyte Injuries in Diabetic Nephropathy. Nephrology
(Carlton) 23 (Suppl. 4), 32–37. doi:10.1111/nep.13451

Waldman, M., Cohen, K., Yadin, D., Nudelman, V., Gorfil, D., Laniado-
Schwartzman, M., et al. (2018). Regulation of Diabetic Cardiomyopathy
by Caloric Restriction Is Mediated by Intracellular Signaling Pathways
Involving ’SIRT1 and PGC-1α’. Cardiovasc. Diabetol. 17, 111. doi:10.1186/
s12933-018-0754-4

Walters, D. M., Cho, H. Y., and Kleeberger, S. R. (2008). Oxidative Stress and
Antioxidants in the Pathogenesis of Pulmonary Fibrosis: a Potential
Role for Nrf2. Antioxid. Redox Signal. 10, 321–332. doi:10.1089/ars.
2007.1901

Welsh, G. I., Hers, I., Berwick, D. C., Dell, G., Wherlock, M., Birkin, R., et al. (2005).
Role of Protein Kinase B in Insulin-Regulated Glucose Uptake. Biochem. Soc.
Trans. 33, 346–349. doi:10.1042/BST0330346

Wu, M., Li, S., Yu, X., Chen, W., Ma, H., Shao, C., et al. (2019). Mitochondrial
Activity Contributes to Impaired Renal Metabolic Homeostasis and Renal
Pathology in STZ-Induced Diabetic Mice. Am. J. Physiol. Ren. Physiol. 317,
F593–f605. doi:10.1152/ajprenal.00076.2019

Xiao, H., Sun, X., Liu, R., Chen, Z., Lin, Z., Yang, Y., et al. (2020). Gentiopicroside
Activates the Bile Acid Receptor Gpbar1 (TGR5) to Repress NF-kappaB
Pathway and Ameliorate Diabetic Nephropathy. Pharmacol. Res. 151,
104559. doi:10.1016/j.phrs.2019.104559

Xie, X., Lan, T., Chang, X., Huang, K., Huang, J., Wang, S., et al. (2013).
Connexin43 Mediates NF-Κb Signalling Activation Induced by High
Glucose in GMCs: Involvement of C-Src. Cell Commun Signal 11, 38.
doi:10.1186/1478-811X-11-38

Xiong, Y., and Zhou, L. (2019). The Signaling of Cellular Senescence in Diabetic
Nephropathy. Oxid. Med. Cell. Longev. 2019, 7495629. doi:10.1155/2019/
7495629

Yao, Y., Zhao, X., Xin, J., Wu, Y., and Li, H. (2018). Coumarins Improved Type 2
Diabetes Induced by High-Fat Diet and Streptozotocin in Mice via
Antioxidation. Can. J. Physiol. Pharmacol. 96, 765–771. doi:10.1139/cjpp-
2017-0612

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 85338315

Chen et al. Fraxin Ameliorates Diabetic Renal Fibrosisi

https://doi.org/10.3389/fimmu.2018.02527
https://doi.org/10.3389/fimmu.2018.02527
https://doi.org/10.1089/ars.2016.6664
https://doi.org/10.1016/j.lfs.2019.116624
https://doi.org/10.1016/j.lfs.2019.116624
https://doi.org/10.1021/jf403840c
https://doi.org/10.1021/jf403840c
https://doi.org/10.1146/annurev.pathol.4.110807.092150
https://doi.org/10.1038/nrneph.2014.116
https://doi.org/10.1016/s0367-326x(00)00340-3
https://doi.org/10.1016/s0367-326x(00)00340-3
https://doi.org/10.1111/cas.13707
https://doi.org/10.1074/jbc.M113.508390
https://doi.org/10.3390/cells9010234
https://doi.org/10.3390/cells9010234
https://doi.org/10.1016/j.bbamem.2017.05.008
https://doi.org/10.1016/j.bbamem.2017.05.008
https://doi.org/10.1155/2012/216512
https://doi.org/10.1016/j.freeradbiomed.2020.10.323
https://doi.org/10.1016/j.freeradbiomed.2020.10.323
https://doi.org/10.1080/13813455.2020.1767146
https://doi.org/10.1080/13813455.2020.1767146
https://doi.org/10.1002/med.21396
https://doi.org/10.1016/j.biotechadv.2017.12.015
https://doi.org/10.1091/mbc.E14-03-0800
https://doi.org/10.1091/mbc.E14-03-0800
https://doi.org/10.1159/000324942
https://doi.org/10.3390/ijms21082951
https://doi.org/10.1155/2012/465897
https://doi.org/10.1152/ajprenal.00501.2020
https://doi.org/10.1152/ajprenal.00501.2020
https://doi.org/10.1159/000493230
https://doi.org/10.2337/db08-0061
https://doi.org/10.1016/j.freeradbiomed.2017.12.040
https://doi.org/10.1016/j.freeradbiomed.2017.12.040
https://doi.org/10.1681/asn.2004110970
https://doi.org/10.1681/asn.2004110970
https://doi.org/10.1152/ajprenal.00508.2019
https://doi.org/10.1152/ajprenal.00508.2019
https://doi.org/10.1016/j.bcp.2021.114562
https://doi.org/10.1007/s00125-011-2175-8
https://doi.org/10.1007/s00125-011-2175-8
https://doi.org/10.1681/ASN.2010010010
https://doi.org/10.1681/ASN.2010010010
https://doi.org/10.1016/j.lfs.2019.117217
https://doi.org/10.1016/j.lfs.2019.117217
https://doi.org/10.1111/nep.13451
https://doi.org/10.1186/s12933-018-0754-4
https://doi.org/10.1186/s12933-018-0754-4
https://doi.org/10.1089/ars.2007.1901
https://doi.org/10.1089/ars.2007.1901
https://doi.org/10.1042/BST0330346
https://doi.org/10.1152/ajprenal.00076.2019
https://doi.org/10.1016/j.phrs.2019.104559
https://doi.org/10.1186/1478-811X-11-38
https://doi.org/10.1155/2019/7495629
https://doi.org/10.1155/2019/7495629
https://doi.org/10.1139/cjpp-2017-0612
https://doi.org/10.1139/cjpp-2017-0612
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yu, X., and Kensler, T. (2005). Nrf2 as a Target for Cancer Chemoprevention.
Mutat. Res. 591, 93–102. doi:10.1016/j.mrfmmm.2005.04.017

Zhang, L., Chen, Z., Gong, W., Zou, Y., Xu, F., Chen, L., et al. (2018). Paeonol
Ameliorates Diabetic Renal Fibrosis through Promoting the Activation of the
Nrf2/ARE Pathway via Up-Regulating Sirt1. Front. Pharmacol. 9, 512. doi:10.
3389/fphar.2018.00512

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer CL declared a shared parent affiliation with a number of the authors
HH, ZL, SL, HX, CL, JZ, RI at the time of the review.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Zeng, Li, Xiao, Li, Lin, Huang, Shen and Huang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 85338316

Chen et al. Fraxin Ameliorates Diabetic Renal Fibrosisi

https://doi.org/10.1016/j.mrfmmm.2005.04.017
https://doi.org/10.3389/fphar.2018.00512
https://doi.org/10.3389/fphar.2018.00512
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Fraxin Promotes the Activation of Nrf2/ARE Pathway via Increasing the Expression of Connexin43 to Ameliorate Diabetic Renal ...
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Culture
	MTT Assay
	Western Blot Assay
	Small-Interfering RNAs and Transient Transfection
	Immunofluorescence Staining
	Detection of Intracellular Superoxide and H2O2 Levels
	Dual Luciferase Reporter Assay
	Immunoprecipitation Assay
	Animal Experiment
	Biochemical Analysis
	Data and Statistical Analysis

	Results
	Fr Suppressed the Development of Inflammatory Fibrosis Factors by Boosting the Expression of Antioxidant Enzymes in High Gl ...
	Fr Inhibited Oxidative Stress by Activating the Nrf2/ARE Pathway in HG-Induced GMCs
	Interfering With Cx43 Attenuated High Glucose Induced Activation of the Nrf2/ARE Signaling Pathway in GMCs
	Fr Promoted Nrf2 Nuclear Translocation by Increasing Cx43 Expression in HG-Induced GMCs
	Fr Promoted the Activation of Nrf2/ARE Pathway by Regulating the Interaction Between Cx43 and AKT
	Fr Alleviated Renal Injury and Improved Renal Function in Db/db Mice
	Fr Reduced the Degree of Renal Fibrosis in Db/db Mice by Inhibiting the Protein Expression of FN and ICAM-1
	Fr Stimulated the Activation of Nrf2/ARE Signaling Pathway Up-Regulating Cx43 Expression in Kidney Tissues

	Disscusion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


