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ABSTRACT

Podocyte injury underlies many forms of glomerular diseases. Our previous study
showed that hyperoside, a naturally occurring flavonoid, could decrease albuminuria
at the early stage of diabetic nephropathy by ameliorating renal damage and podocyte
injury. However, its protective mechanism against podocyte injury is unknown. A
previous study demonstrated that hyperoside might inhibit amyloid B-protein-
induced neurotoxicity by suppressing mitochondrial dysfunction. Both mitochondrial
dysfunction and its upstream determinant mitochondrial fission were closely related
to podocyte injury. Thus, in the current study, we tested the effect of hyperoside on
mitochondrial dysfunction and mitochondrial fission in adriamycin (ADR)-induced
podocyte injury. In the mice model of ADR-induced nephropathy, hyperoside treatment
inhibited ADR-induced albuminuria and podocyte injury. Meanwhile, hyperoside
also blocked ADR-induced mitochondrial dysfunction and mitochondrial fission.
Consistently, in cultured human podocytes, hyperoside suppressed ADR-induced
podocyte injury, mitochondrial dysfunction and mitochondrial fission. All these results
indicated that hyperoside might inhibit ADR-induced mitochondrial dysfunction and
podocyte injury through suppressing mitochondrial fission both in vivo and in vitro.
The underlying mechanisms which we revealed support the therapeutic effects of
hyperoside for a broad range of glomerular diseases.

INTRODUCTION barrier to prevent proteinuria [1]. Independent laboratories
have reported that podocyte injury plays an essential role

Podocytes, which are highly specialized, terminally in causing the defective glomerular filtrations and the onset
differentiated epithelial cells lining the outer surface of the of proteinuria [2]. Regardless of the diverse origins of
glomerular capillaries, serve as a critical size and charge glomerular diseases, podocytes are critical determinants in
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the progression of all glomerular diseases [3]. Therefore,
exploration of pathogenic mechanisms of podocyte injury
is important for the future treatment. Our previous study
demonstrated that mitochondrial dysfunction mediated
aldosterone-induced podocyte injury [4]. Thus, targeting
mitochondria may offer a novel approach to reduce
podocyte injury.

The many functions of mitochondria have been
intimately connected to their morphology, which is
a delicate balance between the fusion and fission
[5]. Both mitochondrial fusion and fission contribute
to maintenance and optimization of mitochondrial
function [6]. In cultured muscle cells, inhibition of
mitochondrial fission protected against palmitate-
induced mitochondrial dysfunction and insulin
resistance [7]. It was demonstrated that mitochondrial
fission was an important factor resulting in podocyte
injury [8]. Our recent study found that inhibition of the
mitochondrial fission protein dynamin-related protein 1
(Drpl) suppressed aldosterone-induced mitochondrial
dysfunction and podocyte injury [9]. Therefore, the
blockage of mitochondrial dysfunction by suppressing
mitochondrial fission could hold the key to potential
treatment for podocyte injury.

Flavonoids have many beneficial effects including
inhibiting carcinogenesis, reducing the contents of low-
density lipoprotein, lowering hypertension and decreasing
the generation of reactive oxygen species (ROS) [10].
Hyperoside, as a naturally occurring flavonoid, has been
documented as having anti-inflammatory, anti-oxidation
anti-apoptosis and diuretic properties [11]. It was reported
that a combination of quercetin and hyperoside prevented
unilateral ureteral obstruction-induced renal fibrosis [12].
Our previous study showed that hyperoside could decrease
albuminuria at the early stage of diabetic nephropathy
by ameliorating renal damage and podocyte injury [13].
However, its renoprotective mechanism is still unclear.
A previous study revealed that hyperoside might inhibit
amyloid B-protein-induced neurotoxicity by suppressing
mitochondrial dysfunction [14]. Until now, the role of
hyperoside on mitochondrial function and its determinant
mitochondrial morphology in podocyte injury was not
investigated.

Thus, to elucidate this, in the current study
we utilized the murine model of adriamycin (ADR)
nephropathy, which recapitulates the human disease of
focal segmental glomerulosclerosis (FSGS) showing
initial podocyte injury and albuminuria and subsequent
renal fibrosis [15]. We found that hyperoside might
inhibit adriamycin-induced mitochondrial dysfunction
and podocyte injury via regulating mitochondrial fission.
These results were subsequently confirmed by in vitro
study by using cultured human podocytes. The underlying
mechanisms which we revealed support the therapeutic
effects of hyperoside for a broad range of glomerular
diseases.

RESULTS

Hyperoside prevented renal structural changes
and albuminuria in adriamycin mice

To determine the effect of hyperoside in adriamycin
nephropathy, we examined the kidneys of these mice
histopathologically. As shown in Figure 1 A, morphometric
analysis of kidney histology revealed an increase in
mesangial matrix area in ADR kidneys as compared
with control kidneys. Treatment of hyperoside inhibited
the glomerular mesangial cell proliferation by ADR.
Moreover, albuminuria was reduced by hyperoside
treatment in ADR mice (Figure 1B). These data indicated
that hyperoside reduced ADR-induced kidney injury and
albuminuria.

Hyperoside inhibited podocyte injury in
adriamycin mice

To determine the role of hyperoside on podocyte
injury in ADR mice, we observed podocytes foot process
structure and examined the expression of podocyte-
specific proteins nephrin and podocin. In electron
micrographs, the extensive fusion of foot processes was
evident in ADR mice. Treatment of the ADR mice with
hyperoside maintained the normal shape of the foot
processes (Figure 2A). Additionally, hyperoside restored
the protein levels of both nephrin and podocin (Figure
2B). Immunohistochemistry staining for podocin also
showed hyperoside enhanced the expression of podocin
which was decreased under ADR injection (Figure 2C).
These data indicated that hyperoside suppressed ADR-
induced podocyte injury.

Hyperoside suppressed mitochondrial
dysfunction in adriamycin mice

To evaluate mitochondrial dysfunction in vivo,
we used several independent parameters: peroxisome-
proliferator-activated receptor y co-activator-la (PGC-
la) expression, mtDNA copy number and reactive oxygen
species (ROS) production. PGC-1a is a central regulator
of mitochondrial biogenesis [16]. Our previous work
demonstrated that downregulation of PGC-1a expression
in podocyte could induce mitochondrial dysfunction [17].
As shown in Figure 3A, PGC-1a expression was inhibited
in ADR mice, and hyperoside restored PGC-1a protein
levels. Mitochondrial function is under the dual control of
nuclear and mitochondrial DNA [18]. Maintaining mtDNA
copy number is critical for preserving mitochondrial
function [19]. Hyperoside treatment also rescued
the mtDNA copy number in ADR mice (Figure 3B).
Mitochondria are the primary sources of ROS generation
[20]. Then, we assessed ROS production in the kidneys
through DHE staining. As shown in Figure 3C, hyperoside
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inhibited ADR induced the ROS production in glomeruli.
Thus, hyperoside treatment could inhibit ADR-induced
mitochondrial dysfunction.

Hyperoside attenuated mitochondrial fission in
adriamycin mice

Given that mitochondrial dysfunction could be
mediated by mitochondrial fission, we then detected
the effects of hyperoside on mitochondrial fission. The
cytoplasmic dynamin-related GTPase Drpl is a key
mediator of mitochondrial fission, while fusion proteins
Mfn-1 and Mfn-2 are essential for fusion reaction [21].
Dephosphorylation of Drpl at serine-637 triggers the
translocation of Drpl from the cytoplasm to mitochondria
and results in the fragmentation of mitochondria [22]. As
expected, ADR decreased the phosphorylation of Drp1 at
serine 637 and reduced the expression of Mfn-1, which were
blocked by hyperoside treatment (Figure 4A). Furthermore,
in the mitochondrial fraction, we found that Drp! increased
significantly in the ADR group compared with the control
group, which was also blocked by hyperoside (Figure 4B).
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Therefore, these results suggested that hyperoside inhibited
ADR-induced mitochondrial fission.

Hyperoside inhibited adriamycin-induced
podocyte injury in vitro

In cultured podocytes, the nephrin expression was
significantly decreased when exposed to ADR. Hyperoside
treatment restored nephrin expression (Figure 5A). In
addition, hyperoside ameliorated the ADR-induced
disruption of F-actin filament (Figure 5B and 5C).
Moreover, hyperoside prevented ADR-induced podocyte
apoptosis as assessed using annexin V/flow cytometry
detection (Figure 5D and 5E). These data indicated
hyperoside inhibited ADR-induced podocyte injury
in vitro.

Hyperoside inhibited adriamycin-induced
mitochondrial dysfunction in vitro

Consistent with in vivo findings, we tested the
effect of hyperoside on ADR-induced mitochondrial
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Figure 1: Effect of hyperoside on adriamycin-induced kidney injury and albuminuria in vive. (A) Kidney histology (x400).
(B) Urinary albumin levels. Values are means + SEM (n=6 for each group). *P <0.05 vs. control group, *P<0.05 vs. ADR group. ADR,

adriamycin; HPS, hyperoside.

www.impactjournals.com/oncotarget

88794

Oncotarget



dysfunction in cultured podocytes. As shown in Figure
6A, hyperoside restored the expression of PGC-
la. Also, hyperoside treatment rescued the mtDNA
copy number (Figure 6B). Additionally, as shown
in Figure 6C and 6D, ADR-induced mitochondrial
ROS generation stained by mitoSOX was abolished
following pretreatment with hyperoside. Hyperoside
also inhibited ADR-induced H,O, production detected
by DCFDA staining (Figure 6E). Meanwhile, JC-1
staining showed that hyperoside blocked the transition
from red fluorescence to green fluorescence induced by
ADR (Figure 6F and 6G), suggesting that hyperoside
treatment restored mitochondrial membrane potential.
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Taken together, these studies indicated that hyperoside
inhibited ADR-induced mitochondrial dysfunction in
vitro.

Hyperoside inhibited adriamycin-induced
mitochondrial fission in vitro

We further sought in vitro support for the effect
of hyperoside on ADR-induced mitochondrial fission. As
shown in Figure 7A, hyperoside blocked ADR-reduced
phosphorylation of Drpl at serine-637 and protein levels
of Mfn-1. Moreover, hyperoside blocked ADR-induced
mitochondrial fragmentation visualized by MitoTracker
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Figure 2: Effect of hyperoside on adriamycin-induced podocyte injury in vivo. (A) Foot processes of podocytes by transmission
electron microscopy. (B) Western blots for nephrin and podocin expressions. Left: representative immunoblots. Right: densitometric
analysis. (C) Immunohistochemical staining of glomerulus by podocin (Magnificationx400). Values are means + SEM (n=6 for each
group). *P <0.05 vs. control group, “P<0.05 vs. ADR group. ADR, adriamycin; HPS, hyperoside.
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Figure 3: Effect of hyperoside on adriamycin-induced mitochondrial dysfunction in vivo. (A) PGC-1a protein expression
was detected by immunoblotting. Upper: representative immunoblots. Lower: densitometric analysis. (B) mitochondrial DNA (mtDNA)
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Figure 4: Effect of hyperoside on adriamycin-induced mitochondrial fission irn vivo. (A) Western blots for Drp1 phosphorylation
on ser637 and Mfn-1. GAPDH serves as a loading control. Left: representative immunoblots. Right: densitometric analysis. (B) Drpl
expression in mitochondrial fraction was evaluated using Western blot analysis. Left: representative immunoblots. Right: densitometric
analysis. Values are means = SEM (n=6 for each group). *P <0.05 vs. control group, *P<0.05 vs. ADR group. ADR, adriamycin; HPS,

hyperoside.
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Red staining (Figure 7B and 7C). Thus, hyperoside
inhibited ADR-induced mitochondrial fission in vitro.

DISCUSSION

Adriamycin (ADR), an anthracycline
chemotherapeutic agent, has been widely used in various
cancer treatment regimens [23]. ADR causes dose-
dependent toxicities in heart, liver and kidneys [24], which
may limit its clinical use. ADR-induced nephropathy in
rodents is the widely used experimental model of human
primary FSGS and has been extensively studied [25].
Podocytes are the major cells involved in the development
of FSGS [26]. ADR induced podocyte foot processes
effacement, albuminuria, and glomerulosclerosis [27]. In
our ADR mice model, we also found that ADR induced
podocyte injury, displaying impaired expression of slit
diaphragm proteins, podocyte foot processes effacement
and proteinuria in vivo, and showing impaired expression
of slit diaphragm proteins, disruption of the cytoskeleton
and podocyte apoptosis. However, mechanism of ADR-
induced podocyte injury is still unclear. The previous
study has identified that mtDNA mutations and reduction
in mtDNA copy number contributed to ADR-induced
tissue injury. A mutation in the protein kinase, DNA-
activated, catalytic polypeptide (Prkdc) gene led to
mitochondrial DNA depletion in podocytes, and increased
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susceptibility to ADR nephropathy [28]. Moreover, it
was reported that mitochondrial dysfunction might be an
early event in ADR-induced podocyte injury and ADR
induced mitochondrial morphological changed from large
and ellipsoid shape to the small [29]. Consistently, our
present results showed that ADR-induced mitochondrial
dysfunction and mitochondrial fission both in vivo and in
vitro.

A growing number of studies showed that
mitochondrial dysfunction was closely related to
podocyte injury [30]. Several indicators of mitochondrial
dysfunction were investigated in our present study. The
first indicator which we detected was PGC-la. The
core role of PGC-la in mitochondrial bioenergetics
and respiration is well recognized [31]. Our previous
study demonstrated that the overexpression of PGC-1a
in mice remarkably ameliorated aldosterone-induced
mitochondrial dysfunction and podocyte injury [32].
Secondly, we examined mtDNA copy numbers. All
mitochondrial respiratory chain complexes are partly
encoded by the mtDNA except for complex II [33].
Recently, mtDNA copy number has been used as a
surrogate measure of mitochondrial function. In a
community-based cohort study, higher mtDNA copy
number associated with lower risk of incident chronic
kidney disease [34]. Thirdly, we measured mitochondrial
ROS production. The mitochondrial electron transport
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Figure 5: Effect of hyperoside on adriamycin-induced podocyte injury in vitro. Podocytes were pre-treated with hyperoside
(50umol/L) for 1 h followed by co-incubation with ADR (1pg/ml) for further 12 h. (A) Western blots for nephrin expression. Left:
representative immunoblots. Right: densitometric analysis. (B) F-actin was detected by phalloidin fluorescence labelling in cultured
podocytes. (C) Quantification of cells with F-actin rearrangement. (D) Representative pictures of apoptosis determined by flow cytometry.
(E) Quantification of apoptosis by flow cytometry. Values are means + SEM from three independent experiments. *P <0.05 vs. control

group, “P<0.05 vs. ADR group. ADR, adriamycin; HPS, hyperoside.
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Figure 6: Effect of hyperoside on adriamycin-induced mitochondrial dysfunction in vitro. Podocytes were pre-treated with
hyperoside (50umol/L) for 1 h followed by co-incubation with ADR (1pg/ml) for further 12 h. (A) Western blots for PGC-1a expression.
Left: representative immunoblots. Right: densitometric analysis. (B) mtDNA copy number. (C) Representative images of podocytes stained
with MitoSOX. (D) Quantitation of MitoSOX by flow cytometry. (E) Podocytes were stained with DCFDA and the DCF fluorescence
intensities were analyzed by flow cytometry. (F) Representative images of podocytes stained with JC-1. (G) Quantitation of mitochondrial
membrane potential changes by flow cytometry. Values are means + SEM from three independent experiments. *P <0.05 vs. control group,

#P<0.05 vs. ADR group. ADR, adriamycin; HPS, hyperoside.
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Figure 7: Effect of hyperoside on adriamycin-induced mitochondrial fission in vitro. Podocytes were pre-treated with
hyperoside (50pmol/L) for 1 h followed by co-incubation with ADR (1pg/ml) for further 12 h. (A) Western blots for Drp1 phosphorylation
on ser637 and Mfn-1. Left: representative immunoblots. Right: densitometric analysis. (B) Micrographs of mitochondrial morphology
visualized by MitoTracker Red staining of podocytes. (C) Quantification of mitochondrial morphology. Values are means + SEM from three
independent experiments. *P <0.05 vs. control group, *P<0.05 vs. ADR group. ADR, adriamycin; HPS, hyperoside.
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chain contains several redox centers which are capable
of producing ROS [35]. ROS overproduction has been
correlated with a variety of podocyte injury models
[36]. Our previous study showed that the inhibition
of mitochondrial ROS by a mitochondrial-targeted
antioxidant blocked puromycin aminonucleoside-induced
podocyte injury [37]. Finally, we tested mitochondrial
membrane potential in vitro. Mitochondrial membrane
potential is important for maintaining the physiological
function of mitochondrial respiratory chain to produce
ATP [38]. Loss of mitochondrial membrane potential
resulted in cytochrome c release from mitochondria to
cytosol and triggered apoptosis [39]. Here, hyperoside
reversed ADR-induced mitochondrial dysfunction by
increasing the expression of PGC-1a, enhancing mtDNA
copy numbers, inhibiting mitochondrial ROS production
and restoring mitochondrial membrane potential.

Mitochondrial fission contributes to mitochondrial
dysfunction. We previously found that inhibition of
mitochondrial fission could ameliorate mitochondrial
dysfunction not only in podocytes [9] but also in renal
tubular epithelial cells [40]. Therefore, we tested the
effect of hyperoside on mitochondrial fission and found
that hyperoside could inhibit ADR-induced mitochondrial
fission both in vivo and in vitro. Drpl is a key regulator
of mitochondrial fission. Previous study demonstrated
that FK506 preserved mitochondrial morphology and
myocardial function following ischemia-reperfusion
injury by preventing dephosphorylation of Drpl S637 and
inhibiting Drpl translocation to the mitochondria [41].
Consistently, our result showed that hyperoside blocked
Drpl translocation to mitochondria by regulating Drpl
S637 phosphorylation. On the other hand, we found
that hyperoside restored the expression of Mfn-1. Mfn-
1 was able to stimulate mitochondrial fusion [42]. Thus,
hyperoside might regulate dynamics of fusion and fission
to achieve mitochondrial homeostasis under stress.

In conclusion, our results demonstrated that
hyperoside might inhibit ADR induced mitochondrial
dysfunction and podocyte injury through regulating
mitochondrial fission both in vivo and in vitro. These
findings provide novel insight into the reno-protective
effect of hyperoside as well as evidence in favor of its use
in a wide range of podocytopathy treatment.

MATERIALS AND METHODS

Reagents and antibodies

Adriamycin (ADR, catalog number D1515) and
dihydroethidium (DHE, catalog number D7008) were
obtained from Sigma-Aldrich (St. Louis, MO). Hyperoside
(HPS) was purchased Zelang Biological Technology
Company (Nanjing, China). Anti-nephrin (catalog number
ab58968), anti-podocin (catalog number ab50339), anti-
PGC-la (catalog number ab54481), phosphor anti-Drpl

(S637) (catalog number abl193216) and anti-VDAC
(voltage-dependent anion channel, catalog number ab34726)
antibodies were obtained from Abcam (Cambridge, MA,
USA). Anti-Drp1 (catalog number sc-32898) and anti-Mfn-1
(catalog number sc-166644) antibodies were purchased from
Santa Cruz (Santa Cruz, CA). anti-GAPDH was purchased
from Sanying biotechnology (Wuhan, China, catalog number
10494-1-AP). All secondary antibodies for immunoblot
analysis were from Zhongshan Golden Bridge Biotechnology
(Beijing, China, catalog number ZB-2301). MitoSOX
(catalog number M36008) and 2’,7’-dichlorofluorescein
diacetate (DCFDA, catalog number C6827) were from
Invitrogen (Carlsbad, CA, USA).

Animals

8-week-old male Balb/c mice (22-28 g body weight)
were housed in individually ventilated cages at a 12 hour
light/dark cycle. A single dose of adriamycin (10 mg/kg
body weight; BW) was intravenously injected from tail vein
to induce nephropathy, while control mice received saline.
Hyperoside groups received intraperitoneal injections of
20 mg/kg hyperoside once every day for 2 weeks. Mice
were sacrificed at day 15, and kidneys were harvested for
various experiments. The experimental procedures and
housing conditions were approved by the Nanjing Medical
University Institutional Animal Care and Use Committee.

Cell culture

Conditionally immortalized human podocytes were
kindly provided by Dr. Moin A. Saleem (University of
Bristol, Bristol, UK) and cultured and differentiated as
described previously [43]. Briefly, podocytes were cultured
with RPMI 1640 medium (Gibco, MD, catalog number
11875-093) supplemented with 10% fetal bovine serum
(Gibco, MD, catalog number 10099-141) and insulin-
transferrin-selenite supplement (Life Technologies, CA,
catalog number 41400045). Podocytes were maintained in
non-permissive conditions at 37 °C for 14 days to induce
differentiation and then used for the experiments.

Renal histology and electron microscopy

Histological and electron microscopic examinations
were performed according to the protocol as described
previously [17]. Kidney sections (3 pum) were stained
with periodic acid—Schiff (PAS) and then examined by
light microscopy. The samples subjected to electron
microscopic examination were performed using a confocal
microscope (Carl Zeiss, Germany).

24-hour urinary albumin excretion

Albumin concentrations in the wurine were
determined using mouse albumin ELISA kits according to
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the manufacturer’s directions (Abcam, Cambridge, MA,
catalog number ab108792).

Western blots

Protein extracts were prepared from renal cortical
tissue samples and cells using a standard method. Briefly,
30 pg protein extracts were subjected to 10% SDS-PAGE
and transferred to PVDF membranes. Immunoblotting was
performed with primary antibodies. The blots were developed
by Pierce enhanced chemiluminescence (ECL, Thermo
Fisher Scientific, Rockford, IL, USA, catalog number 32106).
Densitometric analysis was performed using Quantity One
Software (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry

Immunohistochemical analyses were performed on
paraffin-embedded renal sections (3 um). The sections
were incubated overnight at 4 °C with primary antibodies
for podocin. After washing with PBS, the secondary
antibody was applied, and the signal was visualized
using an avidin-biotin complex (ABC) kit (Santa Cruz
Biotechnology, catalog number sc-516216).

Mitochondrial DNA (mtDNA) copy number

Total DNA from kidney cortex and cultured
podocytes were extracted and detected by real-time RT-
PCR as described previously [17]. Relative amounts of
mtDNA copy number were normalized to 18S ribosomal
RNA levels encoded by the nuclear DNA. The primer
pairs used were: mtDNA: forward 5’-ATC CTC CCA
GGA TTT GGA AT-3’, reverse 5°-ACC GGT AGG AAT
TGC GAT AA-3’, 18S rRNA: forward 5°-TTC GGA ACT
GAG GCC ATG ATT-3’, reverse 5’-TTT CGC TCT GGT
CCG TCT TG-3".

Measurement of ROS generation

For in vivo examination, kidneys were isolated and
frozen in optimal cutting temperature medium. Series
of 5 pum thick slices were sectioned from the kidney
immediately. Then the slices were incubated with DHE (10
uM) in PBS for 30 minutes. Results were visualized using
a confocal microscope (Carl Zeiss, Germany). For in vitro
study, superoxide levels were assessed by incubating cells
with MitoSOX (5 uM) and H,O, production was detected
by DCFDA (10 uM) staining as previously described [44].

Drpl1 translocation

The mitochondria fraction was isolated from kidney
cortex using a mitochondria isolation kit (Thermo Fisher
Scientific, Rockford, IL, catalog number 89801) according
to the protocol. Western blot was performed to study Drpl
translocation from cytosol to mitochondria. VDAC served

as a mitochondrial marker and was used as a protein
loading control.

F-actin immunofluorescence staining

After treatment, podocytes were fixed in 3.7%
paraformaldehyde and then stained with Acti-stain™
488 phalloidin (Cytoskeleton, Inc., USA, catalog number
PHDGT1) for 30 min at room temperature in darkness.
Nuclei were stained with DAPI (Invitrogen, UK, catalog
number 62248) for 5 min. Fluorescent images were
obtained by using a confocal microscope (Carl Zeiss,
Germany). For quantification, 10 random images for
each sample were captured and the percentage of cells
with disorganized F-actin to total cells for each field was
evaluated according to a previous study [45].

Apoptosis

Podocyte apoptosis was quantified by flow
cytometry using annexin-V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) staining following the
manufacturer’s protocols (BD Biosciences, San Diego,
CA, catalog number 556547). Briefly, after treatment,
each group of podocytes was harvested by trypsinization,
washed twice with cold PBS, and then resuspended with
100 ul binding buffer (10 mM HEPES, 140 mM NaCl
and 2.5 mM CaCl2, pH 7.4) followed by incubation
with 5ul of Annexin V (conjugated with FITC) and 5ul
of PI in the dark for 10min. The percentage of total
apoptotic cells (Q2+Q4) was calculated and shown in
the histogram.

Mitochondrial membrane potential and
mitochondrial morphology

As previously described [9], mitochondrial membrane
potential was detected with the 5,5”,6,6’-tetrachloro-1,1",3,3’-
tetraethyl-benzimidazolyl ~carbocyanine iodide (JC-1)
fluorescence dye (Molecular Probe, Eugene, OR, catalog
number T3168) and podocytes were stained with 100 nM
MitoTracker Red (Molecular Probes, Eugene, OR, catalog
number M7512) for visualization and quantification of
mitochondrial fission.

Statistical analysis

The results of the statistical analyses were expressed
as the mean + SEM. All experiments. Statistical analysis
was performed by one way-ANOVA and Bonferroni tests.
The value of P<0.05 was inferred as the threshold for
significance.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

www.impactjournals.com/oncotarget

88800

Oncotarget



FUNDING

This work was supported by grants from the National

Natural Science Foundation of China (No. 81670628,

81

300573, 81530023, 81302768), the Natural Science

Foundation of Jiangsu Province (No. BK20131030,
BK20141503), the Natural Science Foundation of
Shanghai (17ZR1418300), the China Scholarship Council

(C

SC, File No. 201608320124), the Clinic Research

Center of Jiangsu Province (No. BL2014080) and the
Priority Academic Program Development (PAPD) of
Jiangsu Higher Education Institution.

REFERENCES

10.

Shankland SJ. The podocyte’s response to injury: role in
proteinuria and glomerulosclerosis. Kidney Int. 2006; 69:
2131-47. https://doi.org/10.1038/sj.ki.5000410.

Mundel P, Shankland SJ. Podocyte biology and response to
injury. J Am Soc Nephrol. 2002; 13: 3005-15.

Reiser J, Altintas MM. Podocytes. F1000Res. 2016; 5.
https://doi.org/10.12688/f1000research.7255.1.

Zhu C, Huang S, Yuan Y, Ding G, Chen R, Liu B,
Yang T, Zhang A. Mitochondrial dysfunction mediates
aldosterone-induced podocyte damage: a therapeutic target
of PPARgamma. Am J Pathol. 2011; 178: 2020-31. https://
doi.org/10.1016/j.ajpath.2011.01.029.

Wai T, Langer T. Mitochondrial dynamics and metabolic
regulation. Trends Endocrinol Metab. 2016; 27: 105-17.
https://doi.org/10.1016/j.tem.2015.12.001.

Westermann B. Bioenergetic role of mitochondrial fusion
and fission. Biochim Biophys Acta. 2012; 1817: 1833-8.
https://doi.org/10.1016/j.bbabio.2012.02.033.

Jheng HF, Tsai PJ, Guo SM, Kuo LH, Chang CS, Su 1J,
Chang CR, Tsai YS. Mitochondrial fission contributes to
mitochondrial dysfunction and insulin resistance in skeletal
muscle. Mol Cell Biol. 2012; 32: 309-19. https://doi.
org/10.1128/MCB.05603-11.

Ni Z, Tao L, Xiaohui X, Zelin Z, Jiangang L, Zhao S,
Weikang H, Hongchao X, Qiujing W, Xin L. Polydatin
impairs mitochondria fitness and ameliorates podocyte
injury by suppressing Drpl expression. J Cell Physiol.
2017; 232: 2776-87. https://doi.org/10.1002/jcp.25943.
Yuan Y, Zhang A, Qi J, Wang H, Liu X, Zhao M, Duan
S, Huang Z, Zhang C, Wu L, Zhang B, Zhang A, Xing
C. P53/Drpl-dependent mitochondrial fission mediates
aldosterone-induced podocyte injury and mitochondrial
dysfunction. Am J Physiol Renal Physiol. 2017: ajprenal
00055 2017. https://doi.org/10.1152/ajprenal.00055.2017.
Park JY, Han X, Piao MJ, Oh MC, Fernando PM, Kang KA,
Ryu YS, Jung U, Kim IG, Hyun JW. Hyperoside induces
endogenous antioxidant system to alleviate oxidative stress.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J Cancer Prev. 2016; 21: 41-7. https://doi.org/10.15430/
JCP.2016.21.1.41.

Kim SJ, Um JY, Lee JY. Anti-inflammatory activity of
hyperoside through the suppression of nuclear factor-
kappaB activation in mouse peritoneal macrophages. Am
J Chin Med. 2011; 39: 171-81. https://doi.org/10.1142/
S0192415X11008737.

Yan Y, Feng Y, Li W, Che JP, Wang GC, Liu M, Zheng
JH. Protective effects of quercetin and hyperoside on
renal fibrosis in rats with unilateral ureteral obstruction.
Exp Ther Med. 2014; 8: 727-30. https://doi.org/10.3892/
etm.2014.1841.

Zhang J, Fu H, Xu Y, Niu Y, An X. Hyperoside reduces
albuminuria in diabetic nephropathy at the early stage
through ameliorating renal damage and podocyte injury.
J Nat Med. 2016; 70: 740-8. https://doi.org/10.1007/
s11418-016-1007-z.

Zeng KW, Wang XM, Ko H, Kwon HC, Cha JW, Yang
HO. Hyperoside protects primary rat cortical neurons from
neurotoxicity induced by amyloid beta-protein via the
PI3K/Akt/Bad/Bcl(XL)-regulated mitochondrial apoptotic
pathway. Eur J Pharmacol. 2011; 672: 45-55. https://doi.
org/10.1016/j.ejphar.2011.09.177.

He W, Kang YS, Dai C, Liu Y. Blockade of Wnt/beta-
catenin signaling by paricalcitol ameliorates proteinuria and
kidney injury. J Am Soc Nephrol. 2011; 22: 90-103. https://
doi.org/10.1681/ASN.2009121236.

Jornayvaz FR, Shulman GI. Regulation of mitochondrial
biogenesis. Essays Biochem. 2010; 47: 69-84. https://doi.
org/10.1042/bse0470069.

Yuan Y, Huang S, Wang W, Wang Y, Zhang P, Zhu C, Ding
G, Liu B, Yang T, Zhang A. Activation of peroxisome
proliferator-activated receptor-gamma coactivator lalpha
ameliorates mitochondrial dysfunction and protects
podocytes from aldosterone-induced injury. Kidney Int.

2012; 82: 771-89. https://doi.org/10.1038/ki.2012.188.

Gu F, Chauhan V, Kaur K, Brown WT, LaFauci G, Wegiel J,
Chauhan A. Alterations in mitochondrial DNA copy number
and the activities of electron transport chain complexes and
pyruvate dehydrogenase in the frontal cortex from subjects
with autism. Transl Psychiatry. 2013; 3: €299. https://doi.
org/10.1038/tp.2013.68.

Lee JY, Lee DC, Im JA, Lee JW. Mitochondrial DNA
copy number in peripheral blood is independently
associated with visceral fat accumulation in healthy young
adults. Int J Endocrinol. 2014; 2014: 586017. https://doi.
org/10.1155/2014/586017.

Lenaz G. The mitochondrial production of reactive
oxygen species: mechanisms and implications in human
pathology. IUBMB Life. 2001; 52: 159-64. https://doi.
org/10.1080/15216540152845957.

Otera H, Ishihara N, Mihara K. New insights into
the function and regulation of mitochondrial fission.

WWw

.impactjournals.com/oncotarget

88801

Oncotarget



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Biochim Biophys Acta. 2013; 1833: 1256-68. https://doi.
org/10.1016/j.bbamcr.2013.02.002.

Chen Q, Zhang J, Zhao K, Li W, Miao Q, Sun Y, Zhao
X, Wei T, Yang F. Lysosomal chymotrypsin induces
mitochondrial fission in apoptotic cells by proteolytic
activation of calcineurin. Protein Cell. 2014; 5: 643-7.
https://doi.org/10.1007/s13238-014-0085-5.

Aung LH, Li R, Prabhakar BS, Maker AV, Li P.
Mitochondrial protein 18 (MTP18) plays a pro-apoptotic
role in chemotherapy-induced gastric cancer cell apoptosis.
Oncotarget. 2017; 8: 56582-97. https://doi.org/10.18632/
oncotarget.17508.

Hou XW, Jiang Y, Wang LF, Xu HY, Lin HM, He XY,
He JJ, Zhang S. Protective role of granulocyte colony-
stimulating factor against adriamycin induced cardiac, renal
and hepatic toxicities. Toxicol Lett. 2009; 187: 40-4. https://
doi.org/10.1016/j.tox1et.2009.01.025.

Lee VW, Harris DC. Adriamycin nephropathy:
a model of focal segmental glomerulosclerosis.
Nephrology (Carlton). 2011; 16: 30-8. https://doi.

org/10.1111/5.1440-1797.2010.01383 .x.

LiY, Sun Y, Zhang C, Wang K, Shen P, Huang D, Ma W,
Zhang J, Li L, He L. Moxibustion alleviates injury in a rat
focal segmental glomerulosclerosis model. Evid Based
Complement Alternat Med. 2017; 2017: 7169547. https://
doi.org/10.1155/2017/7169547.

Guo J, Ananthakrishnan R, Qu W, Lu Y, Reiniger N,
Zeng S, Ma W, Rosario R, Yan SF, Ramasamy R,
D’Agati V, Schmidt AM. RAGE mediates podocyte
injury in adriamycin-induced glomerulosclerosis. J Am
Soc Nephrol. 2008; 19: 961-72. https://doi.org/10.1681/
ASN.2007101109.

Papeta N, Zheng Z, Schon EA, Brosel S, Altintas MM, Nasr
SH, Reiser J, D’ Agati VD, Gharavi AG. Prkdc participates
in mitochondrial genome maintenance and prevents
Adriamycin-induced nephropathy in mice. J Clin Invest.
2010; 120: 4055-64. https://doi.org/10.1172/JCI43721.

Guan N, Ren YL, Liu XY, Zhang Y, Pei P, Zhu SN, Fan
Q. Protective role of cyclosporine A and minocycline on
mitochondrial disequilibrium-related podocyte injury and
proteinuria occurrence induced by adriamycin. Nephrol
Dial Transplant. 2015; 30: 957-69. https://doi.org/10.1093/
ndt/gfv015.

Yuan YG, Huang SM, Zhang AH. Role of mitochondria in
podocyte injury. Podocytopathy. 2014; 183: 64-82. https://
doi.org/10.1159/000359929.

Long J, Badal SS, Ye Z, Wang Y, Ayanga BA, Galvan DL,
Green NH, Chang BH, Overbeek PA, Danesh FR. Long
noncoding RNA Tugl regulates mitochondrial bioenergetics
in diabetic nephropathy. J Clin Invest. 2016; 126: 4205-18.
https://doi.org/10.1172/JCI187927.

Zhao M, Yuan Y, Bai M, Ding G, Jia Z, Huang S, Zhang A.
PGC-1alpha overexpression protects against aldosterone-

induced podocyte depletion: role of mitochondria.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Oncotarget. 2016; 7: 12150-62. https://doi.org/10.18632/
oncotarget.7859.

van Gisbergen MW, Voets AM, Starmans MH, de Coo
IF, Yadak R, Hoffmann RF, Boutros PC, Smeets HJ,
Dubois L, Lambin P. How do changes in the mtDNA and
mitochondrial dysfunction influence cancer and cancer
therapy? Challenges, opportunities and models. Mutat Res
Rev Mutat Res. 2015; 764: 16-30. https://doi.org/10.1016/.
mrrev.2015.01.001.

Tin A, Grams ME, Ashar FN, Lane JA, Rosenberg AZ,
Grove ML, Boerwinkle E, Selvin E, Coresh J, Pankratz
N, Arking DE. Association between mitochondrial DNA
copy number in peripheral blood and incident CKD in
the atherosclerosis risk in communities study. J Am Soc
Nephrol. 2016; 27: 2467-73. https://doi.org/10.1681/
ASN.2015060661.

Turrens JF. Mitochondrial formation of reactive oxygen
species. J Physiol. 2003; 552: 335-44. https://doi.
org/10.1113/jphysiol.2003.049478.

Yuan Y, Xu X, Zhao C, Zhao M, Wang H, Zhang B, Wang
N, Mao H, Zhang A, Xing C. The roles of oxidative stress,
endoplasmic reticulum stress, and autophagy in aldosterone/
mineralocorticoid receptor-induced podocyte injury.
Lab Invest. 2015; 95: 1374-86. https://doi.org/10.1038/
labinvest.2015.118.

Yuan Y, Zhao C, An X, Wu L, Wang H, Zhao M, Bai
M, Duan S, Zhang B, Zhang A, Xing C. A vital role for
myosin-9 in puromycin aminonucleoside-induced podocyte
injury by affecting actin cytoskeleton. Free Radic Res.
2016; 50: 627-37. https://doi.org/10.3109/10715762.2016.
1155706.

Joshi DC, Bakowska JC. Determination of mitochondrial
membrane potential and reactive oxygen species in
live rat cortical neurons. J Vis Exp. 2011. https://doi.
org/10.3791/2704.

Chen G, Wang K, Yang BY, Tang B, Chen JX, Hua ZC.
Synergistic antitumor activity of oridonin and arsenic
trioxide on hepatocellular carcinoma cells. Int J Oncol.
2012; 40: 139-47. https://doi.org/10.3892/ij0.2011.1210.
Zhao C, Chen Z, Qi J, Duan S, Huang Z, Zhang C, Wu L,
Zeng M, Zhang B, Wang N, Mao H, Zhang A, Xing C, et
al. Drpl-dependent mitophagy protects against cisplatin-
induced apoptosis of renal tubular epithelial cells by
improving mitochondrial function. Oncotarget. 2017; 8&:
20988-1000. https://doi.org/10.18632/oncotarget.15470.
Sharp WW, Fang YH, Han M, Zhang HJ, Hong Z, Banathy
A, Morrow E, Ryan JJ, Archer SL. Dynamin-related protein
1 (Drpl)-mediated diastolic dysfunction in myocardial
ischemia-reperfusion injury: therapeutic benefits of Drpl
inhibition to reduce mitochondrial fission. FASEB J. 2014;
28: 316-26. https://doi.org/10.1096/1j.12-226225.

Legros F, Lombes A, Frachon P, Rojo M. Mitochondrial
fusion in human cells is efficient, requires the inner membrane
potential, and is mediated by mitofusins. Mol Biol Cell. 2002;
13: 4343-54. https://doi.org/10.1091/mbc.E02-06-0330.

WWw

.impactjournals.com/oncotarget

88802

Oncotarget



43. Lai KN, Leung JC, Chan LY, Saleem MA, Mathieson PW, via regulating P66shc and MnSOD. Cell Physiol Biochem.

Lai FM, Tang SC. Activation of podocytes by mesangial- 2015; 37: 1240-56. https://doi.org/10.1159/000430247.
derived TNF-alpha: glomerulo-podocytic communication in 45. Morigi M, Buelli S, Zanchi C, Longaretti L, Macconi D,
IgA nephropathy. Am J Physiol Renal Physiol. 2008; 294: Benigni A, Moioli D, Remuzzi G, Zoja C. Shigatoxin-
F945-55. https://doi.org/10.1152/ajprenal 00423.2007. induced endothelin-1 expression in cultured podocytes
44. YuanY, Wang H, Wu 'Y, Zhang B, Wang N, Mao H, Xing C. autocrinally mediates actin remodeling. Am J Pathol. 2006;
P53 Contributes to cisplatin induced renal oxidative damage 169: 1965-75. https://doi.org/10.2353/ajpath.2006.051331.

www.impactjournals.com/oncotarget 88803 Oncotarget



