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Abstract: Diabetic nephropathy (DN) presents a significant
public health challenge due to its high rate of incidence
and severe health consequences. Renalase has been iden-
tified as having renal-protective properties. A key contri-
butor to albuminuria in DN patients is podocyte loss. The
function of Renalase in DN in relation to podocyte activity
needs to be explored further. In this study, we assessed the
therapeutic efficacy of Renalase by monitoring changes in
urine protein levels and podocyte health in db/db mice. We
also induced hyperglycemia (HG) to stimulate podocyte
clone 5 (MPC5) cells to create a model of podocyte loss in
DN. Through co-culturing these cells with Renalase or H2O2,
we investigated the process by which Renalase prevents
podocyte loss in vitro. In db/db mice, Renalase expression
was significantly reduced, and adenoviral-mediated Renalase
expressionmarkedly alleviated DN symptoms and proteinuria.
Furthermore, podocytopathy in db/db mice was significantly
mitigated. In vitro, Renalase improved the expression of podo-
cyte marker proteins, podocin, and nephrin, which are
reduced by HG, as well as decreased oxidative stress and
restrained apoptosis. Our findings suggest that Renalase can
mitigate DN by reducing proteinuria through podocyte pro-
tection, potentially by inhibiting oxidative stress and apop-
tosis. These data suggest that Renalase may serve as a novel
therapeutic agent in suppressing DN.
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1 Introduction

Diabetic nephropathy (DN), also known as diabetic kidney
disease, is considered as one of the most severe microvas-
cular complications associated with diabetes mellitus. It is
characterized by a progressive increase in proteinuria
[1,2]. Currently, there are no effective treatment strategies
for DN in clinical practice. The typical approach primarily
involves symptom treatment such as the use of renin-
angiotensin system inhibitors to lower blood pressure,
which are employed as first-line therapies for a variety
of diseases. Additionally, efforts are made to control blood
glucose levels and manage weight. However, these treat-
ments have not proven to be reliable [3,4]. When DN pro-
gresses to end-stage renal disease (ESRD), patient survival
relies on dialysis or kidney transplantation. Currently, DN is
the leading cause of new ESRD cases worldwide, imposing a
significant burden on both the economy and families [5,6].

Typically, the damage to podocytes in diabetic patients
leads to the degradation of the glomerular filtration mem-
brane, resulting in proteinuria and the advancement of DN
[7,8]. Due to various genetic and systemic damage factors
in DN, the changes in the internal environment can affect
podocytes, resulting in the effacement of foot processes
and eventually podocyte detachment, which leads to pro-
teinuria and the development of glomerulosclerosis [9].
Considering the lack of effective measures to prevent podo-
cyte damage, it is essential to further explore the molecular
biology related to the various podocyte diseases to find
possible therapeutic targets for DN [10].

Renalase, a flavoprotein with oxidoreductase activity,
not only prevents kidney diseases [11] but also protects
the heart [12,13]. Renalase exerts its cytoprotective effects
through its plasma membrane receptors, rather than by
metabolizing catecholamines [13,14]. Hence, Renalase, a
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kidney-derived cytokine, may regulate the function of cells
though autocrine or paracrine signaling. Renalase has
been shown to protect the kidney against acute kidney
injury (AKI), contrast nephropathy [15], and DN [16]. Given
the critical role of podocyte injury in the occurrence and
development of DN, it is not clear whether Renalase can
delay the progression of DN by alleviating podocyte injury.
Building on our previous studies [17,18], Renalase has been
investigated in this study for its potential to alleviate DN by
reducing podocyte loss.

2 Materials and methods

2.1 Animal models

We sourced male C57BL/6J db/m normal and db/db diabetic
mice from the Institute of Laboratory Animal Science. All
mice were subjected to a 12 h light/dark cycle with unrest-
ricted access to water for 1 week. Subsequently, they were
divided into four groups (n = 6 each). Adenoviruses were
purchased from Shanghai Genechem Co., Ltd. Each group
received injections via the tail vein as follows: (1) db/m
mice treated with 1.0 × 1010 plaque forming units (PFU)
of control adenovirus (db/m + Ad-b-gal), (2) db/m mice
treated with 1.0 × 1010 PFU of adenovirus-Renalase (db/m
+ Ad-Renalase), (3) db/db mice treated with 1.0 × 1010 PFU of
control adenovirus (db/db + Ad-b-gal), and (4) db/db mice
treated with 1.0 × 1010 PFU of adenovirus-Renalase (db/db +

Ad-Renalase). All animals were euthanized at 19 weeks.
Following euthanasia, kidneys and blood were collected
for various analyses.

Ethical approval: The research related to animal use has
been complied with all the relevant national regulations
and institutional policies for the care and use of animals.
The Animal Experiment Ethics Committee of Beijing Friendship
Hospital approved the experimental protocol, adhering to the
Guidelines for the Care and Use of Experimental Animals as
published by the National Institutes of Health (project approval
number: 20-2016, project approval date:2022-10-24).

2.2 Detection of proteinuria level

The urinary albumin to creatinine ratio was utilized to
evaluate urinary protein levels. Each mouse was individu-
ally placed in a metabolic cage for 24 h to collect urine. The
concentrations of urine albumin and creatinine were

measured using an Enzyme-Linked Immunosorbent Assay
according to the manufacturer’s instructions after the 24 h
collection period.

2.3 Histopathological examination

Various microscopy techniques, including light microscopy,
polarization microscopy, and transmission electron micro-
scopy, were utilized for histopathological examination. For
each mouse, three kidney sections were stained with hema-
toxylin–eosin (HE), periodic acid–Schiff (PAS), Masson’s tri-
chrome (Masson), and Sirius Red (SR). Pathomorphological
changes were observed with HE, PAS, and Masson stains
using light microscopy, while changes with SR staining
were examined using polarization microscopy. The severity
of renal fibrotic lesions was quantified by calculating the
percentage of MTS- and SR-positive areas using the Image
Acquisition and Analysis Software LabWorks (Ultra-Violet
Products, Cambridge, UK). For each sample, five randomly
selected nonoverlapping fields were analyzed. Transmission
electron microscopy was employed to observe morpholo-
gical changes in podocytes.

2.4 Immunohistochemistry

Paraffin-embedded kidney tissue sections were incubated
with primary antibodies (concentration: 1:200) that target
nephrin (ab216341; Abcam), podocin (ab50339; Abcam), and
Renalase (ab178700; Abcam) overnight at 4°C. Adhesion to
secondary antibodies was detected using an ABC ELITE kit
(Vector Laboratories, Burlingame, CA, USA) containing sec-
ondary antibodies. Sections that were stainedwith the secondary
antibody alone served as negative controls. Quantification of
immunohistochemistry was performed using Image-Pro Plus
software (Media Cybernetics, Rockville, MD, USA). The optical
density (IOD) was calculated as density (mean) × area; e
density represents the concentration or intensity of the reac-
tion-positive protein. The mean density (MOD) was calcu-
lated as IOD/(SUM × area).

2.5 Cell culture and treatments

Mouse podocyte clone 5 (MPC5), an immortalized mouse podo-
cyte cell line, was acquired from BeNa Culture Collection
(BNCC337685, Beijing, China). We cultured the cells in DMEM/
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low glucose medium (Glenview, Florida, USA) supplemented
with 10% FBS (Gibco, Carlsbad, CA, USA) and recombinant IFN-
γ (PeproTech, London, UK) at 33℃ to promote cell proliferation,
and thenwithout IFN-γ for differentiation formore than 7 days
at 37℃.

Upon reaching approximately 70% confluence, the
podocytes were maintained for 12 h in serum-free condi-
tions before initiating treatments. The cells were divided
into the following groups: (1) control group, where podo-
cytes were cultured in 5 mmol/L glucose; (2) hyperglycemia
(HG) group, where podocytes were cultured in 25 mmol/L
glucose; and (3) HG + Renalase group, where podocytes
were exposed to 25 mmol/L glucose with varying concen-
trations of Renalase (100, 500, 1,000 ng/mL). Subsequently,
cells were collected for analyses. Additionally, MPC5 cells
underwent similar conditions and were incubated with HG
(25 mmol/L) in the absence or presence of H2O2 (500 µM/L)
and Renalase (1,000 ng/mL) for 48 h to investigate its podo-
cyte protection activity.

2.6 Western blot analysis

As previously described, we prepared whole cell lysates
and kidney tissue homogenates for immunoblotting [17]. The
primary antibodies used included anti-nephrin (ab216341;
Abcam) and anti-podocin (ab50339; Abcam), with a dilution
of 1:1,000.

2.7 Apoptosis measurements

Cells from the MPC5 line were counted and centrifuged at
1,200 rpm for 5 min at room temperature. The cells were
then incubated with 195 µL of Annexin V-FITC binding solu-
tion and 5 µL of Annexin V-FITC for 10 min at room tem-
perature. The Annexin V-FITC cell apoptosis detection kit
(Beyotime Institute of Biotechnology, Haimen, China) was
used to assess apoptosis.

2.8 Detection of oxidative stress

Malondialdehyde (MDA), a byproduct of lipid peroxidation
of membrane polyunsaturated fatty acids, serves as an indi-
cator of oxidative damage. Superoxide dismutase (SOD) is
crucial for scavenging oxygen-free radicals in the body, pro-
tecting against oxidative damage to cells and facilitating the

repair of damaged cells. Levels of MDA and SOD in vitro
weremeasured using commercial kits according to theman-
ufacturer’s protocols (Beyotime, Nantong, China) to assess
the balance between oxidative stress and antioxidative
responses.

2.9 Statistical analyses

Data are presented as mean ± standard deviation (SD).
Statistical analyses were conducted using SPSS 17.0 soft-
ware (IBM-SPSS, Armonk, NY, USA). Comparisons between
groups were performed using one-way analysis of variance
followed by the Student–Newman–Keuls test. A p-value
<0.05 was considered statistically significant. Results from
the animal studies are expressed as a percentage of the
control metrics, representing the mean ± SD for five animals
in each group. Cell experiment data were replicated three
times in each group.

3 Results

3.1 Renalase ameliorates pathological
changes of kidney in db/db mice

As previously described in Section 2, the expression of Rena-
lase was increased through adenovirus-mediated gene
delivery to investigate its relationship with DN. Renalase
expression was found to be significantly reduced in db/db
mice compared to db/m mice, a condition reversed upon
adenoviral injection to overexpress Renalase (Figure 1a).
This down-regulation of Renalase in DN mice may play a
role in the onset and progression of the disease. Subse-
quently, we examined the pathological changes in the kid-
neys. In the db/m + Ad-β-gal and db/m + Ad-Renalase groups,
the kidneys displayed no apparent fibrous tissues; the renal
tubules were well-organized, and the basement membranes
were smooth and orderly. Glomeruli appeared normal in
size with no noticeable thickening of the basement mem-
brane or hyperplasia of the mesangial matrix. In contrast,
the db/db + Ad-β-gal group exhibited glomerular hyper-
trophy, thickening of the glomerular basement membrane,
mesangial matrix hyperplasia, and deposition of renal inter-
stitial fibrous tissue, which were all minimal in the db/db +

Ad-Renalase group (Figure 1b). These findings indicate that
Renalase can improve the pathological abnormalities in the
kidneys of db/db mice.
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Figure 1: Role of Renalase on DN. (a) Expression of Renalase in mice. Immunohistochemistry showing that Renalase is mainly expressed in proximal
renal tubules. In db/db mice its expression decreased significantly, but when injected with Renalase-overexpressed adenovirus into the tail vein, the
down-regulated expression was corrected. *p < 0.05, compared with db/m group, #p < 0.05, compared with db/db + Ad-Renalase group. (b) Kidney
sections from various groups were subjected to HE, PAS, Masson’s trichrome, and Sirius red staining. Renal fibrotic lesions (defined as the percentage
of the MTS- and SR-positive fibrotic area) were quantified by computer-aided morphometric analyses. Representative micrographs showing Renalase
ameliorated renal pathology injury, mainly hyperplasia of the mesangial matrix, glomerular hypertrophy, and renal interstitial fibrosis was alleviated.
Magnification 40×; *p < 0.05, compared with db/m + Ad-β-gal group.
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3.2 Renalase relieved urinary protein level in
db/db mice

Urinary protein is a critical factor in the development and
progression of DN. Therefore, we evaluated the effect of
Renalase on urinary protein levels to explore its kidney
protective activity in DN. Compared to the db/m + Ad-β-
gal and db/m + Ad-Renalase groups, urinary protein excre-
tion was significantly elevated in the db/db + Ad-β-gal
group. Conversely, when Renalase expression was upregu-
lated, there was a marked decrease in urinary protein
excretion in the db/db + Ad-Renalase group (Figure 2a).
These results suggest that Renalase alleviates urinary pro-
tein levels in db/db mice, potentially slowing the progres-
sion of DN. Additionally, serum creatinine (Scr) and urea
nitrogen (BUN) levels were measured. While there was a
slight increase in Scr and BUN levels in the db/db + Ad-β-
gal group, the differences were not statistically significant.
Moreover, this increasing trend was absent in the db/db +

Ad-Renalase group (Figure 2b). We have also demonstrated
that there was no significant difference in blood glucose

levels between db/db + Ad-β-gal and db/db + Ad-Renalase
groups, indicating that Renalase does not have a lowering
effect on blood glucose (Figure 2b). That is, the impact of
Renalase on reducing urinary protein in DN mice was not
associated with blood glucose levels.

3.3 Improvement of DN by Renalase may be
related to the reduction of podocyte
damage in db/db mice

Renalase has been shown to impede the progression of DN
and reduce proteinuria. To understand the underlying pro-
cesses, and given the pivotal role of podocyte injury in
proteinuria, we examined podocyte changes in DN mice
using electron microscopy. The results revealed signifi-
cantly greater fusion and disruption of podocyte foot pro-
cesses and podocyte loss in the db/db + Ad-β-gal group
compared to the db/m + Ad-β-gal and db/m + Ad-Renalase
groups. When Renalase adenovirus was injected into the

Figure 2: Urinary protein, Scr, BUN, and blood glucose levels in each group. (a) Proteinuria increased significantly in db/db + Ad-β-gal group versus
db/m + Ad-β-gal and db/m + Ad-Renalase group; when adenovirus–Renalase was injected through tail vein, the level of urinary protein declined
obviously. (b) Scr and BUN levels increased in db/db + Ad-β-gal group, but the difference was not statistically significant. In db/db + Ad-Renalase
group, this increased trend disappeared. There was no significant difference in blood glucose levels between the db/db + Ad-β-gal and db/db + Ad-
Renalase groups. All results are the mean ± SD of five animals per group. NS: not statistically significant between groups.
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tail vein of the db/db + Ad-Renalase group, these lesions
significantly improved (Figure 3a and b). Immunohisto-
chemical analysis indicated that the expression of podocin
and nephrin, marker proteins of podocytes, was signifi-
cantly reduced in the db/db + Ad-β-gal group compared to
the db/m groups; however, this change was notably relieved
when Renalase was overexpressed in the db/db + Ad-Rena-
lase group (Figure 3c). These findings suggest that Renalase
can ameliorate podocytopathy in DN, potentially contri-
buting to its ability to minimize the progression of DN.

3.4 Reduction of podocyte damage from
Renalase may be related to the reduction
of apoptosis and oxidative stress

We further investigated the potential processes by which
Renalase alleviates podocyte injury in vitro. We treatedMPC5
with different concentrations of glucose and Renalase.
Consistent with in vivo findings, the expression of podocin
and nephrin was down-regulated after induction of HG.
However, simultaneous treatment with Renalase restored
podocin and nephrin expression at both the protein (Figure 4a)
and mRNA levels (Figure 4b) in a dose-dependent manner. To
elucidate the molecular processes, considering the crucial
role of oxidative stress and apoptosis in podocyte injury, we
assessed indicators related to oxidative stress and apoptosis.
Renalase reduced levels of MDA and enhanced SOD levels
in a dose-dependent manner compared to the HG group
(Figure 5a). Additionally, apoptosis was significantly reduced
when cells were incubated with Renalase (Figure 5b). These
results suggest that Renalase may mitigate proteinuria in DN
by inhibiting oxidative stress and apoptosis in podocytes.
Further, based on previous research [18], MPC5 cells were
incubated with HG (25mmol/L) in the absence or presence
of H2O2 (500 µM/L) and Renalase (1,000 ng/mL) for 48 h to
explore its podocyte protection activity. Compared with the
HG group, oxidative stress and apoptosis were exacerbated in
the HG + H2O2 group, and the expressions of nephrin and
podocin were further decreased (Figure 5c–e). This suggests
that H2O2 can induce oxidative stress and apoptosis, exacerbating
podocyte injury caused byHG. Comparedwith theHG+Renalase
group, oxidative stress and apoptosis levels increased, and the
expressions of nephrin and podocin significantly decreased in
the HG + H2O2 + Renalase group, indicating that the protective
effect of Renalase on podocytes was substantially negated by the
increased oxidative stress and apoptosis induced by H2O2. These
findings further validate that inhibiting oxidative stress
and apoptosis is a key process by which Renalase can
alleviate podocyte injury.

4 Discussion

DN is the primary cause of morbidity and mortality among
diabetes patients and is also the leading cause of ESRD globally.
While renin-angiotensin-aldosterone system (RAAS) blockades,
blood pressure and glucose regulation, and smoking cessation
all play roles in preventing the development and progression
of DN; currently, there are no effective drugs available to halt
its progression [19]. The pathogenesis of DN involves changes
in renal hemodynamics, oxidative stress, inflammation,
hypoxia, and hyperactivity of the RAAS, among which renal
fibrosis is a crucial factor [19]. Previous studies have indi-
cated that Renalase can reduce oxidative stress in chronic
kidney diseases (CKD) and AKI, and our findings suggest that
Renalase can also delay renal interstitial fibrosis [17,18,20].
Our research focused on the role of Renalase in DN, revealing
that Renalase expressionwas diminished in db/dbmice. How-
ever, when Renalase was overexpressed in vivo, kidney
lesions improved significantly. Proteinuria, an emblematic
indicator of DN, is associated with the advancement of kidney
disease and the increase of cardiovascular events [19]. Fol-
lowing the overexpression of Renalase, urinary protein levels
significantly decreased in db/db mice, corroborating earlier
findings [16]. Proteinuria, often resulting from podocyte
detachment and apoptosis or injury, is a central contributor
to DN andmanifests as hypertrophy, cell flattening, and foot
process effacement [21]. Our observations indicate that
Renalase can mitigate podocyte damage both in vivo
and in vitro. It appears that this protective effect may
be linked to the inhibition of oxidative stress and apop-
tosis, as demonstrated in vitro; however, when oxidative
stress and apoptosis were induced by H2O2, the protective
effect of Renalase on podocytes was diminished. No sig-
nificant effects of Renalase on overall renal function were
observed in this study, possibly due to the specific animal
models used. It is important to note that early diabetic
renal damage is prevalent in db/db mice, but renal func-
tion is not severely compromised [22].

By interacting with its plasma membrane receptor,
Renalase exerts its cytoprotective effects without metabo-
lizing catecholamines [23]. Research has established Rena-
lase’s protective roles in several organs, including the
cardiovascular [13], liver [24], and pancreas [25] systems.
Additionally, Renalase has demonstrated a definitive pro-
tective effect on the kidneys. It has been shown to protect
against the progression of CKD by inhibiting renal inter-
stitial fibrosis [17,18]. By mitigating oxidative stress, Rena-
lase also protects against renal ischemia-reperfusion injury
as well as cisplatin-induced AKI both in vitro and in vivo
[15]. Similarly, our findings indicate that Renalase provides
protection in DN and reduces urinary protein, aligning
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Figure 3: Changes of podocyte and its marker protein in each group. (a and b) Podocytosis under electron microscopy. It shows there were fusions
and disruption of foot processes of podocytes in db/db + Ad-β-gal group versus db/m + Ad-β-gal and db/m + Ad-Renalase group. When Renalase
adenovirus was injected into the tail vein in db/db + Ad-Renalase group, the appeal lesions markedly improved. (c) Expression of nephrin and podocin
in podocytes. Immunohistochemistry showed that nephrin and podocin deposition reduced in db/db + Ad-β-gal group, while the change was
significantly mitigated in db/db + Ad-Renalase group. Magnification 40×; *p < 0.05, compared with db/m + Ad-β-gal group.
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with previous studies [16,26]. The progression of urinary
protein due to podocyte injury is a significant factor in DN
[8]. Podocyte injury in DN involves various factors including
oxidative stress, inflammation, mitochondrial damage,
autophagy, and other molecular signaling processes [21,27].
In this study, we observed significant podocytopathy in the
db/db group compared to the db/m group, characterized by
fusion of foot processes, loss of podocytes, and prominent

urinary protein. Overexpression of Renalase in the db/db +

Ad-Renalase group markedly reduced podocytopathy and
significantly decreased urinary protein levels. These find-
ings suggest that Renalase may reduce urinary protein by
decreasing podocyte loss and thus delay the progression of
DN in vivo. Additionally, the expression of the podocyte
marker proteins, nephrin and podocin, decreased under
high glucose stimulation in cultured podocytes, indicating

Figure 4: Renalase reduced podocyte injury in vitro. MPC5 were treated with different concentrations of glucose (5 and 25 mmol/L) and Renalase (100,
500, 1,000 ng/mL) for 48 h. Western blotting (a) and qT-PCR (b) revealed Renalase restored down-regulated podocin and nephrin expression to some
extent in a dose-depended manner. Results are presented as percentages of control values after normalization to GADPH and are the mean ± SD of
three independent experiments. *p < 0.05, compared with control groups; #p < 0.05, compared with HG groups.
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Figure 5: Renalase blocks HG-mediated oxidative stress and apoptosis in podocyte. MPC5 were treated with different concentrations of glucose (5 and
25mmol/L) and Renalase (100, 500, 1,000 ng/mL) for 48 h. (a) Renalase (100, 500, and 1,000 ng/mL) abolished HG inducing the increased expression of MDA
and preserved expression of SOD in a dose-dependent manner; (b) Renalase (100, 500, and 1,000 ng/mL) abolished HG inducing apoptosis in a dose-
dependent manner. Results are presented as themean ± SD of three independent experiments. *p < 0.05, compared with control groups; #p < 0.05, compared
with HG groups. (c–e) MPC5 cells were incubated with HG (25mmol/L) in the absence or presence of H2O2 (500 µM/L) and Renalase (1,000 ng/mL) for 48 h. It
showed that the expression of nephrin and podocin further reduced (c) and oxidative stress (d) and apoptosis (e) further increased in HG + H2O2 group
compared with HG group. Compared with HG + Renalase group, the expressions of nephrin and podocin decreased (c), while oxidative stress (d) and
apoptosis (e) increased significantly in HG + H2O2 + Renalase group. *p < 0.05, compared with HG groups; #p < 0.05, compared with HG + Renalase groups.
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that podocyte damage occurred, alongside increased oxida-
tive stress and evident apoptosis. When Renalase was co-
cultured simultaneously, there was a partial recovery in
podocyte health, and both oxidative stress and apoptosis

decreased in a concentration-dependent manner. However,
when H2O2 was used to activate oxidative stress and apop-
tosis, the protective effects of Renalase on podocytes were
diminished. This confirms that inhibiting oxidative stress

Figure 5: (Continued)
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and apoptosis is a key process by which Renalase can miti-
gate podocyte injury. We demonstrate for the first time that
Renalase may reduce podocyte injury by inhibiting oxida-
tive stress and apoptosis in vitro. Our previous studies indi-
cate that Renalase plays a protective role in the kidneys by
inhibiting the extracellular regulated protein kinases (ERK)
signaling pathway; thus, whether Renalase can also improve
podocyte injury in DN by targeting the ERK pathway remains
a subject for further experimental investigation.

However, this study has certain limitations. First, we
postulate that Renalase can reduce urinary protein and
delay the progression of DN. However, some patients
with DN do not exhibit significantly abnormal urinary pro-
tein but do show progressive renal function deterioration
[1,28], The pathogenesis in these patients may differ from
the conventional understanding. Therefore, whether Rena-
lase has a protective effect on patients without proteinuria in
DN needs to be confirmed by further studies. Second, Rena-
lase is predominantly secreted by renal tubular epithelial
cells [17], whereas podocytes are renal glomerular epithelial
cells. The process by which Renalase secreted from renal
tubular epithelial cells impacts podocytes in vivo –whether
through paracrine or other signaling systems – has not been
established in this study and warrants further exploration.
Third, recent studies have demonstrated that Renalase also
exerts a protective effect on the pancreas. Furthermore,
exogenous supplementation of Renalase has been shown to
mitigate the severity of acute pancreatitis [25]. Additionally,
Renalase deficiency has been found to impact the metabolism
of pancreatic beta cells [29], abnormalities of which are
strongly linked to type 1 diabetes. Therefore, in this study,
while there was no discernible difference in blood sugar
levels between the two groups, it remains unclear whether
Renalase has an impact on the pancreas of type 2 diabetic
mice andwhether its protective effect on the kidneys of type 2
diabetic mice is associated with regulating pancreatic cell
function. Finally, although many studies have confirmed
that Renalase has various protective effects with a certain
concentration dependence, some studies have found that
Renalase can promote tumor growth to some extent [30].
Although we did not observe tumor phenomenon in mice
in this study, this may be related to the relatively low con-
centration and a short observation period of Renalase. If
Renalase is developed as a new drug, the optimal concentra-
tion of Renalase should be explored, which can exert the
maximum protective effect without causing major side effects,
which needs further research.

In conclusions, our results confirmed the protective
effect of Renalase in DN, which may be related to the
reduction of urinary protein by alleviating podocyte injury
through inhibiting oxidative stress and apoptosis. It has

been shown Renalase acts as an underlying suppressor of
DN. Therefore, the complement of exogenous Renalase
may be a prospective approach to slowing or preventing
the evolution of DN. This study offers a theoretical founda-
tion for the clinical investigation and development of
Renalase as a novel pharmaceutical intervention to miti-
gate proteinuria in DN.

Acknowledgements: The authors are grateful for the reviewer’s
valuable comments that improved the manuscript.

Funding information: This work was supported by the
National Natural Science Foundation of China under Grant
No. 82000700 and Beijing Talents Fund under Grant No.
2018000021469G201.

Author contributions:All authors have accepted the respon-
sibility for the entire content of this manuscript and con-
sented to its submission to the journal, reviewed all the
results, and approved the final version of the manuscript.
Yiru Wu performed most of the experiment and wrote the
paper. Yiduo Feng, Yue Yu, and Yu bai participated in part of
the experiment. Zongli Diao guided the experimental opera-
tion. Wenhu Liu helped supervise the field activities and
designed the study’s analytic strategy. All authors have con-
tributed to, seen, and approved the manuscript. Yiru Wu
prepared the manuscript with contributions from all co-
authors.

Conflict of interest: Authors state no conflict of interest.

Data availability statement: The datasets generated during
and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References

[1] Hanouneh M, Echouffo Tcheugui JB, Jaar BG. Recent advances in
diabetic kidney disease. BMC Med. 2021;19:180.

[2] Yamanouchi M, Furuichi K, Hoshino J, Toyama T, Shimizu M,
Yamamura Y, et al. Two-year longitudinal trajectory patterns of
albuminuria and subsequent rates of end-stage kidney disease and
all-cause death: a nationwide cohort study of biopsy-proven dia-
betic kidney disease. BMJ Open Diabetes Res Care.
2021;9(1):e002241.

[3] Hung PH, Hsu YC, Chen TH, Lin CL. Recent advances in diabetic
kidney diseases: from kidney injury to kidney fibrosis. Int J Mol Sci.
2021;22(21):11857.

[4] Jha R, Lopez-Trevino S, Kankanamalage HR, Jha JC. Diabetes and
renal complications: an overview on pathophysiology, biomarkers
and therapeutic interventions. Biomedicines. 2024;12(5):1098.

Renalase alleviated podocyte injury in DN  11



[5] Bilen Y, Almoushref A, Alkwatli K, Osman O, Mehdi A, Sawaf H.
Treatment and practical considerations of diabetic kidney disease.
Front Med (Lausanne). 2023;10:1264497.

[6] Wang N, Zhang C. Recent advances in the management of diabetic
kidney disease: slowing progression. Int J Mol Sci. 2024;25(6):3086.

[7] Ren L, Wan R, Chen Z, Huo L, Zhu M, Yang Y, et al. Triptolide
alleviates podocyte epithelial-mesenchymal transition via kindlin-2
and EMT-related TGF-β/smad signaling pathway in diabetic kidney
disease. Appl Biochem Biotechnol. 2022 Feb;194(2):1000–12.

[8] Zhou Y, Hou S, Huang XY, Chang DY, Wang H, Nie L, et al.
Association of podocyte ultrastructural changes with proteinuria
and pathological classification in type 2 diabetic nephropathy.
Diabetes Metab. 2024;50(4):101547.

[9] Zhu R, Bai X, Xu C, Qi W, Luo P, Wu M, et al. Research progress on
podocyte pyroptosis in diabetic nephropathy. Curr Med Chem.
2024. Online ahead of print.

[10] Lu Z, Liu H, Song N, Liang Y, Zhu J, Chen J, et al. METTL14 aggravates
podocyte injury and glomerulopathy progression through N6-
methyladenosine-dependent downregulating of Sirt1. Cell Death
Dis. 2021;12:881.

[11] Huang Z, Li Q, Yuan Y, Zhang C, Wu L, Liu X, et al. Renalase
attenuates mitochondrial fission in cisplatin-induced acute kidney
injury via modulating sirtuin-3. Life Sci. 2019;222:78–87.

[12] Żórawik A, Hajdusianek W, Markiewicz-Górka I, Jaremków A,
Pawlas K, Martynowicz H, et al. Coexistence of cardiovascular risk
factors and blood renalase concentration. Int J Mol Sci.
2023;24(23):16666.

[13] Fu R, You N, Li R, Zhao X, Li Y, Li X, et al. Renalase mediates
macrophage-to-fibroblast crosstalk to attenuate pressure over-
load-induced pathological myocardial fibrosis. J Hypertens.
2024;42(4):629–43.

[14] Guo X, Wang L, Velazquez H, Safirstein R, Desir GV. Renalase: its
role as a cytokine, and an update on its association with type 1
diabetes and ischemic stroke. Curr Opin Nephrol Hypertens.
2014;23:513–8.

[15] Zhao B, Zhao Q, Li J, Xing T, Wang F, Wang N. Renalase protects
against contrast-induced nephropathy in Sprague-Dawley rats.
PLoS One. 2015;10:e0116583.

[16] Yin J, Liu X, Zhao T, Liang R, Wu R, Zhang F, et al. A protective role of
renalase in diabetic nephropathy. Clin Sci. 2020;134:75–85.

[17] Wu Y, Wang L, Deng D, Zhang Q, Liu W. Renalase protects against
renal fibrosis by inhibiting the activation of the ERK signaling
pathways. Int J Mol Sci. 2017;18(5):855.

[18] Wu Y, Wang L, Wang X, Wang Y, Zhang Q, Liu W. Renalase con-
tributes to protection against renal fibrosis via inhibiting oxidative
stress in rats. Int Urol Nephrol. 2018;50:1347–54.

[19] Lin YC, Chang YH, Yang SY, Wu KD, Chu TS. Update of pathophy-
siology and management of diabetic kidney disease. J Formos Med
Assoc. 2018;117:662–75.

[20] Wu Y, Bai Y, Feng Y, Zhang Q, Diao Z, Liu W. Renalase prevents renal
fibrosis by inhibiting endoplasmic reticulum stress and down-reg-
ulating GSK-3β/snail signaling. Int J Med Sci. 2023;20(5):669–81.

[21] Audzeyenka I, Bierżyńska A, Lay AC. Podocyte bioenergetics in the
development of diabetic nephropathy: the role of mitochondria.
Endocrinology. 2022;163(1):bqab234.

[22] Suriano F, Vieira-Silva S, Falony G, Roumain M, Paquot A,
Pelicaen R, et al. Novel insights into the genetically obese (ob/ob)
and diabetic (db/db) mice: two sides of the same coin. Microbiome.
2021;9:147.

[23] Beaupre BA, Hoag MR, Moran GR. Renalase does not catalyze the
oxidation of catecholamines. Arch Biochem Biophys.
2015;579:62–6.

[24] Zhang T, Gu J, Guo J, Chen K, Li H, Wang J. Renalase attenuates
mouse fatty liver ischemia/reperfusion injury through mitigating
oxidative stress and mitochondrial damage via activating SIRT1.
Oxid Med Cell Longev. 2019;2019:7534285.

[25] Muniraj T, Desir G, Gorelick FS, Guo X, Ciarleglio MM, Deng Y, et al.
Clinical predictive value of renalase in post-ERCP pancreatitis.
Gastrointest Endosc. 2024;99(5):822–25.e1.

[26] Zhang L, Zang CS, Chen B, Wang Y, Xue S, Wu MY. Renalase reg-
ulates renal tubular injury in diabetic nephropathy via the
p38MAPK signaling pathway. FASEB J. 2023;37(10):e23188.

[27] Lao XQ, Bo Y, Chen D, Zhang K, Szeto CC. Environmental pollution
to kidney disease: an updated review of current knowledge and
future directions. Kidney Int. 2024;S0085-2538(24):00344-2.

[28] Ceccarelli Ceccarelli D, Paleari R, Solerte B, Mosca A. Re-thinking
diabetic nephropathy: microalbuminuria is just a piece of the
diagnostic puzzle. Clin Chim Acta. 2022;524:146–53.

[29] Bode K, MacDonald T, Stewart T, Mendez B, Cai EP, Morrow N, et al.
Protective renalase deficiency in β-cells shapes immune metabo-
lism and function in autoimmune diabetes. Diabetes.
2023;72(8):1127–43.

[30] Hollander L, Guo X, Velazquez H, Chang J, Safirstein R, Kluger H,
et al. Renalase expression by melanoma and tumor-associated
macrophages promotes tumor growth through a STAT3-mediated
mechanism. Cancer Res. 2016;76:3884–94.

12  Yiru Wu et al.


	1 Introduction
	2 Materials and methods
	2.1 Animal models
	2.2 Detection of proteinuria level
	2.3 Histopathological examination
	2.4 Immunohistochemistry
	2.5 Cell culture and treatments
	2.6 Western blot analysis
	2.7 Apoptosis measurements
	2.8 Detection of oxidative stress
	2.9 Statistical analyses

	3 Results
	3.1 Renalase ameliorates pathological changes of kidney in db/db mice
	3.2 Renalase relieved urinary protein level in db/db mice
	3.3 Improvement of DN by Renalase may be related to the reduction of podocyte damage in db/db mice
	3.4 Reduction of podocyte damage from Renalase may be related to the reduction of apoptosis and oxidative stress

	4 Discussion
	Acknowledgements
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


