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Resveratrol transcriptionally regulates
MIiRNA-18a-5p expression ameliorating
diabetic nephropathy via increasing autophagy
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Abstract. - OBJECTIVE: To investigate the ef-
fects of resveratrol on autophagy in the chron-
ically diabetic nephropathy and to study the ef-
fects of the different expression of microRNAs
after resveratrol (RSV) treated in db/db mice (di-
abetic mice).

MATERIALS AND METHODS: Db/m (non- dia-
betic) and db/db mice were randomly divided in-
to intra gastric RSV treatment group or control
group. Renal tissues were prepared for HE/PAS
staining. In vitro, mouse podocytes cell lines
were grown in different mediums with different
dose of resveratrol treatment. microRNA (miR-
NA) gene chips assay was performed for differ-
entially expressed miRNAs screening. Western
blot was used to detect protein levels.

RESULTS: In vivo, RSV significantly decreased
urinary albumin, serum creatinine, mesangial ar-
ea and glomerular size in db/db mice. After RSV
treatment, LC3-1I/LC3-1 and synaptopodin were in-
creased while cleaved-caspase 3 was decreased in
kidney tissues. In vitro, podocytes treated with RSV
exhibited significantly increased LC3-II/LC3-l and
decreased cleaved caspase 3. Moreover, this ef-
fect of RSV can be enhanced by rapamycin (RAPA,
an activator of autophagy) but partially reversed by
3-MA (an autophagy inhibitor). Further, we found
that miR-18a-5p was significantly upregulated af-
ter RSV treatment in db/db mice. Overexpression
of miR-18a-5p in podocytes resulted in significant
inhibition of cleaved-caspase 3 protein, and in-
creased the ratio of LC3-1I/LC3-l. Dual luciferase
report assay validated that Atactic telangiectasis
mutation (ATM) was a target of miR-18a-5p. In podo-
cytes, downregulation of cleaved caspase 3 and the
enhanced ratio of protein LC3-1I/LC3-I were detect-
ed in cells transfected with ATM siRNA.

CONCLUSIONS: Role of miRNA-18a-5p in the
regulation of autophagy via targeting ATM may
represent a promising therapeutic target for pre-
venting and attenuating diabetic nephropathy.
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Introduction

Diabetic nephropathy is the most common cau-
se of end-stage kidney disease worldwide. The
increasing prevalence of diabetic nephropathy re-
sults in considerable mortality and morbidity. Po-
docytes are a major component of the glomerular
filtration barrier. Injury and loss of podocytes lead
to albuminuria, a hallmark of diabetic nephropa-
thy and a predictor for the progression of kidney
diseases. So, there is an urgent need to identify
new therapeutic target molecules underlying the
pathogenesis of diabetic nephropathy, in order to
establish alternative therapeutic options.

Autophagy, a term which was first coined by
Christian de Duve in 1963, is derived from the
Greek and meaning “self-eating”. Autophagy
is a eukaryotic, evolutionarily conserved cata-
bolic process in which unnecessary or dysfun-
ctional cellular components are sequestered in
double-membrane vesicles and delivered to the
lysosomal machinery for degradation. Autopha-
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gy, a multi-step lysosomal degradation process
with function to degrade long-lived proteins and
damaged organelles, maintains intracellular ho-
meostasis and cell integrity'. Studies indicate
that diabetic kidneys are deficient in autophagy
activity?. Several studies suggest that finding the
key target in activating and restoring autophagy
activity might be renoprotective in the disease’®*.

Podocytes, derived from embryonic precursor
mesenchymal cells, are considered terminally
differentiated cells in the mature kidney’®. As
highly differentiated neuron-like epithelial cells,
podocytes have a very limited capacity for cell
division and replenishment’. Evidence shows that
podocytes have a high level of basal autophagy,
which may serve as a mechanism for their main-
tenance of cellular homeostasis'’. The ability to
maintain homeostasis under certain pathophysio-
logical stress seems to be very important in deter-
mining the fate of podocytes.

3,5,4" trihydroxystilbene, or resveratrol (RSV),
a natural polyphenolic compound found in grapes
and red wine, is reported to have beneficial ef-
fects on renal diseases'' . Many studies show that
RSV exerts its protective effects through antioxi-
dant activity and silent mating type information
regulation 2 homolog-/ (SIRT1) activation'*'.
Some of the benefits of RSV are mediated by sti-
mulation of autophagy. RSV is an autophagy pro-
moter in some cases and protects from oxidative
damage and inflammation'”"?. However, there is
little information on the molecular mechanism of
RSV ameliorating nephropathy in type 2 diabetes
through regulating autophagy.

MicroRNAs (miRNAs) are endogenous ~23
nucleotides (nt) RNAs, regulating gene expression
by pairing to the mRNAs of protein-coding genes
to direct their post-transcriptional repression®.
Numerous miRNAs regulate programmed cell
death including apoptosis, autophagy and necrop-
tosis?'. Establishing miRNA expression changes
that occur during pathologic conditions allows the
identification of potential biomarkers and thera-
peutic targets. Here, we first investigated the ef-
fects of resveratrol on the progression of diabetic
nephropathy and the apoptosis of renal cortex in
db/db mice and cultured human podocytes. Then,
we explored whether resveratrol improved the le-
vel of autophagy in the db/db mice’s renal cortex
and cultured podocytes.

Furthermore, we identified miRNAs differen-
tially expressed in normal and db/db mice and db/
db mice treated with RSV by microarray analy-
sis of mouse kidney cortex samples. Finally, we

explored whether resveratrol regulates autophagy
and apoptosis in db/db mice and human podocytes
through the regulation of miRNA.

Materials and Methods

Animal Model

All of the following details of the study were
approved by Institutional Review Board of
Nanjing Medical University.

Eight week-old male db/db mice and lean wild
type db/m mice were purchased from the Mo-
del Animal Research Center of Nanjing Univer-
sity (Nanjing, China). Animals were housed at
constant room temperature (20+1°C) under a
controlled 12 h light to 12 h dark cycle and had
free access to water and food. Animal studies
were approved by the Nanjing Medical University
of Chinese Medicine Institutional Animal Care
and Use Committee.

The experimental mice were randomly allocated
to the following groups (n=8-10 per group): Group
1: wild type mice fed regular chow (db/m group),
Group 2: wild type mice fed regular chow and given
with RSV by gavage (db/m + RSV group), Group
3: db/db mice fed regular chow (db/db group), and
Group 4: db/db mice fed regular chow and given
with RSV by gavage (db/db + RSV group). The
db/m + RSV group and db/db + RSV group were
given with RSV at a dose of 100 mg/Kg once a
day for 12 weeks by intragastric administration.
The db/m group and db/db group were given with
0.5% carboxymethyl cellulose sodium (CMC) at a
dose of 100 ml/kg once a day for 12 weeks by intra-
gastric administration. RSV was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and in 0.5%
CMC. The concentration of RSV is 1 g/mL.

Tail blood glucose (TBG) levels were monito-
red consecutively. Experiment and blood glucose
levels of all groups were measured using glucose
test reagent strips (Accu-Check Active Glucose
test strips, Roche, Mannheim, Germany) with a
glucometer (Accu-Check Active, Roche, Man-
nheim, Germany) in samples obtained from the
tail vein. All mice from each group were housed
in metabolic cages in order to collect 24 h uri-
ne samples at 12-week after the treatment. Then,
mice were sacrificed. Serum was collected and
the kidneys were removed. A kidney was im-
mediately frozen in liquid nitrogen and stored at
-80°C for RNA and protein analysis and the other
was dropped in 4% paraformaldehyde for histopa-
thological analysis.
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Urinary Albumin and Serum
Creatinine Assay

Urinary albumin was measured by using a
mouse Albumin ELISA Quantitation Kit accor-
ding to the manufacturer’s protocol (Bethyl La-
boratories, Mouse Albumin ELISA Kit, E99-134,
Montgomery, TX, USA). Serum creatinine was
measured by using a Serum Creatinine Detection
Kit according to the manufacturer’s protocol
(Arbor Assays, Detect X Serum creatinine Kit,
KB02-H2, Ann Arbor, M1, USA).

Glomerular Morphological Analysis

Renal tissues were embedded in paraffin, and
4-um-thick sections were prepared for hema-
toxylin-eosin (HE) staining and periodic acid
schiff (PAS) staining. The sections of renal glome-
ruli from mice of each group were observed under
microscope. The average diameter of glomeruli
was measured with image analysis software (Ima-
ge-pro plus, Version 5.1.0.20, Media Cybernetics,
Inc., Rockville, MD, USA). Glomerular tufts in a
group were counted in nine different visual fields.

Double Immunofiuorescence Labeling
Double immunofluorescence labeling expe-
riments were used to analyze the synaptopodin
expression and to demonstrate the changes of
autophagosomes. Snap-frozen sections (3 pm),
were fixed in cold acetone, blocked in 3% bovi-
ne serum albumin (BSA) and then incubated with
primary goat polyclonal antibody against LC3B
(Santa Cruz, CA, USA) after washing secondary
fluorescein isothiocyanate (FITC)-conjugated an-
ti-goat IgG antibody (Abbkine, Wuhan, China).
The process was repeated for the rabbit polyclo-
nal anti-synaptopodin (Abcam, Cambridge, MA,
USA). Then, secondary goat anti-rabbit DyLight
594 antibodies (Abbkine, Wuhan, China) were
added for 1 h at room temperature. After coun-
terstaining with DAPI to visualize the nuclei,
photographs were obtained using a fluorescent
microscope (Olympus, Tokyo, Japan). On ave-
rage, 20 randomly selected hilar glomerular tuft
cross-sections were assessed per mouse. In each
experimental setting, immunofluorescence ima-
ges were captured with identical light exposure
times. Slides were measured with image analy-
sis software (Image-pro plus, Version 5.1.0.20,
Media Cybernetics, Inc., Rockwille, MD, USA).
Results were calculated as percentage positively
stained tissue within the glomerular tuft. On ave-
rage, 20 randomly selected hilar glomerular tuft
cross-sections were assessed per mouse.
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miRNA Screening and Target Prediction

Total RNAs were quantified by the NanoDrop
ND-2100 (Thermo Scientific, Waltham, MA,
USA) and the RNA integrity was assessed using
Agilent 2100 (Agilent Technologies, Santa Clara,
CA, USA). The sample labeling, microarray hy-
bridization, and washing were performed based
on the manufacturer’s standard protocols. Briefly,
total RNA were tailed with Poly A and labeled
with Biotin. The labeled RNAs were hybridized
onto the microarray. After being washed, the ar-
rays were scanned by the Affymetrix Scanner
3000 (Affymetrix, Santa Clara, CA, USA). Af-
fymetrix Gene Chip Command Console software
(version 4.0, Affymetrix, Santa Clara, CA, USA)
was used to analyze array images to get raw data.
Next, Genespring software (Version 12.5; Agilent
Technologies, Santa Clara, CA, USA) was used
to proceed the following data analysis. Differen-
tially expressed miRNAs were identified through
fold changes. The threshold set for up- and down-
regulated genes was a fold change = 2.0. Target
genes of differentially expressed miRNAs were
the intersection predicted with 3 databases (Tar-
getscan, PITA, microRNA.org).

Luciferase Reporter Gene Assay

Using Targetscan software, ATM was predi-
cted to be a target of miR-18a-5p. The construct
of ATM 3’UTR was generated by Shenzhen
Huaanpingkang Company (Shenzhen, China).
The full length 3’-UTR of ATM was amplified
by PCR from mice genomic DNA and cloned at
the BamHI and Xhol sites into luciferase reporter
vector (Promega, Madison, WI, USA). 293 T cells
were co-transfected with a reporter construct of
m-Atm-3’UTR and miR-18a-5p mimic or miR-ne-
gative control. After 48 h of incubation, the luci-
ferase activities were measured in a luminometer
with the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI, USA) according to the
manufacturer’s recommendations.

Culture of Podocytes

The conditionally immortalized mouse po-
docyte cell line was kindly provided by Dr.
Junwei Yang (Department of Endocrinology,
Second Affiliated Hospital of Nanjing Medical
University, Nanjing, China) while their cell li-
nes were provided by Dr Peter Mundel (Mount
Sinai School of Medicine, New York, NY, USA)
and described previously??. Cells were grown on
dishes coated with type I collagen (Sigma-Aldri-
ch, Inc., St. Louis, MO, USA) and were cultured
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at the permissive temperature (33°C) in Roswell
Park Memorial Institute 1640 (RPMI-1640) me-
dium supplemented with 10% fetal bovine serum
(FBS) Invitrogen (Carlsbad, CA, USA), 100 U/
mL penicillin, and 100 U/mL streptomycin, and
recombinant interferon-y (Invitrogen, Carlsbad,
CA, USA). To induce differentiation, podocytes
were grown under non-permissive conditions at
37°C for 10 to 14 days in the absence of interfe-
ron-y. After serum starvation for 16 h, cells expo-
sed to the treatment for the indicated time periods.

Treatments and Study Design

First, podocytes were grouped into five: Con-
trol (Grow in normal medium with 5 mmol/L
glucose), Glu (Grow in medium with 30 mmol/L
glucose for 12 hours), Glu+tRSV 1 uM (Grow in
medium with 30 mmol/L glucose and 1 Mm RSV
for 12 h), GlutRSV 10 pM (Grow in medium
with 30 mmol/L glucose and 10 pmol/L RSV
for 12 h), Glu+RSV 100 uM (Grow in medium
with 30 mmol/L glucose and 100 umol/L RSV for
12 h). Second, podocytes were divided into five
groups: Control (Grow in normal medium with
5 mmol/L glucose), Glu (Grow in medium with
30 mmol/L glucose for 12 h), Glu+RSV (Grow in
medium with 30 mmol/L glucose and 10 pumol/L
RSV for 12 h), Glu+RSV+ 3-methyladenine (3-
MA) (Grow in medium with 30 mmol/L gluco-
se, 10 umol/L RSV and 5 mmol/L3-MAfor 12
h), Glu+tRSV+RAPA (Grow in medium with 30
mmol/L glucose, 10 umol/L RSV and 100 nmol/L
rapamycin for 12 h). As an osmotic control, po-
docytes were cultured in medium containing 5
mmol/L normal glucose plus 25 mmol/L manni-
tol. RSV, 3-MA and rapamycin were diluted in
dimethylsulfoxide (DMSO), so the control groups
received an equal volume of dimethyl sulfoxide
(DMSO).

Mimic and Inhibitor miRNA Transfection
Podocytes were planted into 6-well plates, at
50% confluence when transfection was perfor-
med. All of the transient transfections were per-
formed with Lipofectamine 2000 Reagent (In-
vitrogen, Carlsbad, CA, USA) according to the
manufacturer’s recommendations. Then, 5 pL 20
UM miR-18a-5p mimic or mimic negative control
miRNA or miR18a-5p-inhibitor or inhibitor nega-
tive control (Genepharma, Shanghai, China) dilu-
ted with 250 pL Opti-MEM and 5 pL Lipofecta-
mine 2000 diluted with 250 mL Opti-MEM were
mixed together, and kept at room temperature for
20 min, dropped into 20 mm plate with total 500

uL medium. After 6 h of transfection, the medium
was replaced with RPMI-1640. After 6 h, cells
were incubated for 48 h with fresh medium. At
last, protein or RNA was harvested. Transfection
efficiency (> 90%) was measured by qRT-PCR.

SiRNA Transfection

Podocytes were planted into 6-well plates in
2 mL antibiotic-free normal growth medium
supplemented with FBS, at 60% confluen-
ce when transfection was performed. SiRNA
transfection medium and siRNA transfection
reagent were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Solution A:
6 ul of siRNA duplex was diluted into 100 pL
siRNA transfection medium. Solution B: 6 ul of
siRNA transfection reagent was diluted into 100
pL siRNA transfection medium. siRNA duplex
solution was added (Solution A) directly to the
dilute transfection reagent (Solution B) using a
pipette, and it was mixed gently by pipetting
the solution up and down. Then, the mixture
was incubated 15-45 min at room temperatu-
re. The cells were washed once with 2 mL of
siRNA transfection medium. The medium was
aspirated and we proceed immediately to the
next step. 0.8 mL siRNA transfection medium
was added to each tube containing the siRNA
transfection reagent mixture (Solution A + So-
lution B). The mixture was mixed gently and
overlaid onto the washed cells. The cells were
incubated 6 h at 37°C in a CO, incubator. Fluo-
rescein conjugated control siRNA should only
be incubated for a total of 6 h at 37°C in a CO,
incubator. At the end of incubation, they are
ready to be assayed by fluorescent microscopy.
Without removing the transfection mixture, 1
mL of normal growth medium containing anti-
biotics was added. Then, the cells were incuba-
ted for additional 18 h in fresh medium.

Real-time Quantitative PCR (gRT-PCR)

For the experiments using mouse kidney tis-
sue and the cell culture experiments, total RNA,
including microRNA, was extracted using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA)
and miRNA easy mini kit (Qiagen, Hilden,
Germany) according to the manufacturer’s in-
structions. A sample of total RNA (2 pg) was
reverse transcribed with 200 U Moloney murine
leukemia virus reverse transcriptase (Promega,
Madison, WI, USA) in the presence of 0.5 mM
deoxynucleotide triphosphate, 25 U ribonuclease
inhibitor, and 10 mM random hexamer primers,
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Table I. Effect of resveratrol on glucose, creatinine and albuminuria (db/m group, db/m + RSV group, db/db group and db/db

+ RSV group).
db/m db/m + RSV db/db db/db + RSV
Glucose (mmol/L) 6.3+0.6 6.9£1.3 25.5+3.3" 24.2+3.9"
Creatinine (umol/L) 29.85+6.94 31.54+7.32 50.13+8.15" 42.63+5.69™
Urinary albumin (mg/24 h) 2.9£1.3 2.7+1.6 27.6+1.8" 16.4+1.8™

Note: Data are shown as means + SD (SD=Standard Deviation of 8 different mice), except for Urinary albumin where geomet-
ric mean tolerance factor. “significant difference versus db/m group at p<0.05. #significant difference vs. db/db group at p<0.05.

in a total volume of 25 pL. PCR primers were
designed by Primer 5 software. Each quantitative
Real-time PCR was carried out in a 25 pL. volume
of SYBR green Real-time PCR master mix (Ro-
che, Mannheim, Germany) and analyzed using
miScript II RT and SYBR green PCR kits. Indi-
vidual samples were run in triplicate, and each
experiment was repeated at least 3 times. The
PCR cycling conditions were as follows: 10 min
at 95°C, followed by 40 cycles of 15 s at 95°C and
60 s at 60°C. The temperature was heated from
60°C to 95°C, and the PCR melting curve was
made every 1.0°C after the amplification reaction
(ABI 7000; StepOnePlus, Danvers, MA, USA).
The mRNA level of glyceraldehyde 3-phosphate
dehydrogenase was used as an internal reference.
For miRNA quantitative RT-PCR (qRT-PCR), a
miRNA-specific stem-loop RT primer was hybri-
dized to the miRNA and then reverse transcribed.
Next, the reverse-transcribed product was ampli-
fied and monitored in quantitative Real-time PCR
using a miRNA-specific upstream primer and
the universal downstream primer (Supplemental
Table II, universal downstream primer: 5-GT-
GCAGGGTCCGAGGT-3’). U6 snRNA was used
as an endogenous normalization control. Data
analyses were performed using the comparative
CT (AACT) method for calculating relative gene
expression. mmu-U6 snRNA RT primer: RT pri-
mer:5’-GTCGTATCCAGTGCAGGGTCCGAG-
GTATTCGCACTGGATACGACAAAATA-3’;
mmu -U6 snRNA primer (60 bp): Forward pri-
mer: 5-GCGCGTCGTGAAGCGTTC -3’; Re-
verse primer: 5-GTGCAGGGTCCGAGGT-3’;
mmu-miR-18a-5p MIMATO0000072: 5-UAAG-
GUGCAUCUAGUGCAGAUAG-3’; DNA: 5’-TA-
AGGTGCATCTAGTGCAGATAG-3’; 5-AT-
TCCACGTAGATCACGTCTATC-3’; Forward:
5’-ACACTCCAGCTGGGTAAGGTGCATCTA-
GTGC-3’; Reverse: 5-CTCAACTGGTGTC-
GTGGAGTCGGCAATTCAGTTGAGCTATCT-
GC-3’ (72 bp).

Western Blot Analysis

Kidney tissues were homogenized by a
polytron homogenizer (Brinkmann Instruments,
Westbury, NY, USA) in radioimmunoprecipita-
tion assay (RIPA) lysis buffer (1% NP-40, 0.1%
SDS, 100 ug/mL phenylmethylsulfonyl fluoride
(PMSF), 0.5% sodium deoxycholate, 1 mmol/L
sodium orthovanadate, 2 ug/mL aprotinin, 2 ug/
mL antipain, and 2 ug/mL leupeptin in PBS) on
ice. The supernatants were collected after centri-
fugation at 16,000 g at 4°C for 30 min. Protein con-
centration was determined using a bicinchoninic
acid (BCA) protein assay kit (Sigma-Aldrich, St.

Table Il. Summary of expression levels’ fold change of
selected miRNAs.

Fold Change
[db/db] vs. [db/db+RSV]
miRNA name [db/m] vs. [db/db]
mmu-miR-127-3p 3.3461757 -3.4468632
mmu-miR-133a-3p  4.803447 -2.5232022
mmu-miR-134-5p 3.0409434 -2.55692
mmu-miR-184-3p 2.009477 -2.995413
mmu-miR-205-5p 202.62115 -6.38806
mmu-miR-206-3p 5.579149 -4.6894283
mmu-miR-296-3p 2.3481312 -2.0693865
mmu-miR-31-5p 6.5910077 -4.768635
mmu-miR-329-3p 2.2464159 -2.2464159
mmu-miR-210-3p 2.844841 -2.2226272
mmu-miR-379-5p 2.3239453 -2.8354013
mmu-miR-382-5p 4.4397674 -4.081589
mmu-miR-541-5p 11.919057 -6.26631
mmu-miR-188-5p -3.7823026 4.0109696
mmu-miR-18a-5p -4.885903 2.789387
mmu-miR-714 -2.2514498 2.2514498
mmu-miR-7679-3p  -3.432294 2.718163

Note: MicroRNAs were either down-regulated in db/db+RSV
vs. db/db group and meanwhile up-regulated in db/db vs.
db/m group, or up-regulated in db/db+RSV vs. db/db group
and meanwhile down-regulated in db/db vs. db/m group.
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Table Ill. RT-PCR of miR-18a-5p confirmed miR-18a-5p-
mimic resulted in miR-18a-5p overexpression and miR-18a-
Sp-inhibitor resulted in miR-18a-5p inhibition.

Group miR-18a-5p(2-AACT MeanzCt S)
Control 1.001+0.048
mimic-NC 0.978+0.007
miR18a-5p-mimic 1.829+0.047

inhibitor NC 1.015+0.047
miR18a-5p-inhibitor 0.553+0.024

PS 0.018

Note: Podocytes were transfected with miR-18a-5p of inhib-
itors, mimics, NC, and Mock groups. Relative quantification
relates the PCR signal of the target transcript in treatment
groups to that an untreated control. The 2(-Delta Delta C(T))
method is used to analyze the relative changes in gene ex-
pression from Real-time quantitative PCR experiments. The
data were represented as mean+SD. "p<0.05 was considered
significant vs. control.

Louis, MO, USA), and whole tissue lysates were
mixed with an equal amount of 2xSDS loading
buffer (125 mmol/L Tris-HCI, 4% sodium do-
decyl sulphate (SDS), 20% glycerol, 100 mmol/L
DTT, and 0.2% bromophenol blue). Samples were
heated at 100°C for 5-10 min before loading. Cel-
Is were grouped as above. Cells were lysed with
RIPA buffer for 20 min on ice. Cells were harve-
sted by scraping, centrifuged at 14,000 rpm for 15
min, and the supernatant was used for detection
in Western blot analysis. Samples were separated
on precast 10 or 12% SDS polyacrylamide gels
(Bio-Rad, Hercules, CA, USA) and transferred
onto nitrocellulose membranes. 30 mg of proteins
were electrically transferred to polyvinylidene
fluoride (PVDF) filters and incubated with an-
ti-LC3 (SAB), anti-cleaved caspase-3(SAB), an-
ti-synaptopodin (Abcam, Cambridge, MA, USA),
anti-f-actin (SAB) or anti-GAPDH (SAB). Se-
condary antibodies corresponded to the respecti-
ve primary antibodies. Chemiluminescence assay
was performed with an electrochemiluminescen-
ce (ECL) Western blotting detection reagent ac-
cording to manufacturer’s instructions. Each
membrane was stripped and probed for f-actin or
GAPDH to verify equal protein loading.

Statistical Analysis

Western blotting, RT-PCR, and immunofluo-
rescence staining were all repeated at least three
times independently. For the histologic analysis
and immunostaining, quantification was perfor-
med by using Image-Pro Plus 6.0 software (Ver-
sion X; Media Cybernetics, Silver Springs, MD,
USA). For Western blot analysis, quantitation

was performed by scanning and analyzing the
intensity of the hybridization signals using NIH
imagine software. Statistical analysis was perfor-
med using Sigma Stat software (Jandel Scientific
Software, San Rafael, CA, USA). Comparisons
between groups were made using one-way ANO-
VA, followed by Student’s ¢-test. p<0.05 was con-
sidered significant.

Results

In vivo, RSV Reduced Urinary Albumin in
Diabetic db/db Mice

Db/mor db/db mice were treated with or without
resveratrol for 12 weeks. Random blood glucose
level, serum creatinine and 24 h urinary albumin
were measured after 12 weeks of treatment with
or without resveratrol. The diabetic mice (db/db
group and db/db + RSV group) demonstrated a
significant (p<0.05) escalation on the levels of
blood glucose and urinary albumin when compa-
red with control mice (db/m group) (Table I). The
levels of urinary albumin and serum creatinine
were significant (p<0.05) decreased when db/db
mice were treated orally with RSV. Resveratrol
treatment ameliorated albuminuria and decreased
serum creatinine in a mouse model of type 2 dia-
betes.

Resveratrol Treatment Significantly
Attenuates Renal Glomerular Injury
in Diabetic Mice

To determine the therapeutic effect of resve-
ratrol on diabetic renal lesion, mesangial matrix
expansion and glomerular size were assessed by
histochemistry. The results of HE/PAS staining
showed that there was more extensive mesangial
matrix expansion in the glomerulus in db/db mice
than that in db/m mice, whereas resveratrol treat-
ment significantly decreased the mesangial area
in db/db mice. The glomerular size in db/db mice
was larger than that in db/m mice, whereas resve-
ratrol treatment significantly decreased glomeru-
lar size in db/db mice (Figure 1).

Autophagy is Further Induced and
Apoptosis Reduced After RSV Treated
in db/db Mice's Kidney

The above data showed that resveratrol could
reduce urinary albumin in diabetic db/db mice.
The autophagy was expected to involve in the
effect of resveratrol on mice, thus the expres-
sion levels of proteins (LC3-II/LC3-I) involved
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Figure 1. RSV treatment promoted autophagy in db/db mice. 4 and B: HE-staining and PAS-staining results in kidney
sections; C and D: resveratrol significantly increased LC3-I1I/LC3-I and synaptopodin, but decreased cleaved-caspase 3; E and
F, Immunofluorescence staining of LC3-II and synaptopodin.

in autophagy were determined by Western blots
analysis. The levels of cleaved-caspase 3 protein
in kidney of db/db mice were higher than db/m
mice, while resveratrol significantly decreased
cleaved-caspase 3 expressions in mouse kidney
(Figure 1c-d). On the contrary, the levels of LC3-
II/LC3-I protein in kidney of db/db mice were
lower than db/m mice, while resveratrol signifi-
cantly increased the expressions of LC3-II/LC3-I
protein in mouse kidney (Figure 1).

Protection of Resveratrol in Diabetic
Kidney Might be via Protection
of Podocytes

The above data showed resveratrol could pro-
tect diabetic kidney by inducing autophagy. So
we investigated the distribution of autophagoso-
mes in renal tissue by staining with LC3-II an-
tibody, and the expression of synaptopodin by
staining with anti-synaptopodin antibody in the
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two group mice (db/db group and db/db + RSV
group). The double Immunofluorescence staining
with LC3-II and synaptopodin shows there were
much more LC3-II-positive cells and much more
synaptopodin expression in resveratrol-treated
diabetic mice than in resveratrol-untreated diabe-
tic mice. These findings suggested a correlation
between inducing autophagy and podocyte pro-
tection under diabetic conditions treated by resve-
ratrol (Figure 1).

RSV Increased Autophagy and
Suppressed Apoptosis in Podocytes
Incubated in Medium Containing high
Glucose

To examine the effect of RSV on HG-induced
apoptosis and autophagy, podocytes were incu-
bated in medium containing either high glucose
(30 mmol/L), or high glucose plus RSV at three
different concentration (1 uM, 10 uM, 100 uM).
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First, we detected the autophagosome forma-
tion-related protein (the LC3 conversion) and the
well-known marker for apoptosis (cleaved-caspas
3 protein). Compared with the group (HG treated
cells), when co-treated with 10 pM RSV or 100
UM RSV, cells significantly increased the protein
LC3-II/LC3-I ratio, while significantly decreased
the protein expression of cleaved-caspase 3 (Fi-
gure 2a-b). So we think appropriate concentration
(10 uM) of RSV decreases apoptosis via increa-
sing autophagy. To further confirm the role of the
autophagy, we used rapamycin (RAPA, which is
regarded as an mTOR inhibitor and an activator
of autophagy), and 3-Methyladenine (3-MA), a
phosphatidylinositol 3-kinases (PI3K) inhibitor
and an autophagy inhibitor. When co-treated with
5 mM 3-MA and 10 uM RSV, cells significantly
decreased the protein LC3-1I/LC3-I ratio and also
increased the protein expression of cleaved-ca-
spase 3 (Figure 2c and Figure 2d). After 100 nM
RAPA and 10 uM RSV pre-treatment, cells si-
gnificantly increased the protein LC3-II/LC3-I
ratio and also increased the protein expression

of cleaved-caspase 3 (Figure 2c-d). So we think
appropriately increasing autophagy could protect
podocytes incubated in medium containing high
glucose. While excessively increasing autophagy
or overmuch decreasing autophagy might cause
injure of podocytes in medium containing high
glucose (Figure 2).

MicroRNA-18a-5p (a Differentially
Expressed miRNA) was Significantly
Downregulated in db/db Mice's Kidney
and Unregulated After RSV Treated

We performed miRNA microarray analysis.
The microRNA gene chip assay of the kidney
of mice in the three groups (db/m group, db/db
group, db/db + RSV group) showed several dif-
ferentially expressed miRNAs. Differentially
expressed miRNAs were identified through fold
change. The threshold set for up- and downregu-
lated genes was a fold change = 2.0. Of the 3,163
known and predicted mus musculus miRNAs, 28
miRNAs were up regulated and 15 were downre-
gulated in the db/db group compared with db/m
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group. 12 miRNAs were up regulated and 21 were
downregulated in the db/db + RSV group com-
pared with db/db group. We chose 17 candidate
miRNAs for further study. 13 were upregulated
more than two folds in the db/db group compared
with db/m group, meanwhile were downregulated
more than two folds in the db/db + RSV group
compared with db/db group (Table II). 4 were
downregulated more than two folds in the db/
db group compared with db/m group, meanwhi-
le were upregulated more than two folds in the
db/db + RSV group compared with db/db group
(Table II). Among these miRNAs, miR18a-5p
was downregulated in db/db mice when com-
pared with db/m mice, while after RSV treated,
miR-18a-5p was unregulated. We further valida-
ted the expression of miR-18a-5p by Real-time
PCR in three independent mice of each group,
which were different from the one used for array
hybridization. As shown in Figure 3a, miR18a-5p
expression in db/db mice was significantly down-
regulated than that in db/m group, and was signi-
ficantly upregulated after RSV treated.

(a) Quantitative RT-PCR analysis of
miR-18a-5p expression levels in mice renal cortex
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MiR-18a-5p Downregulates Apoptosis
and Upregulates Autophagy by RSV
Levels of cleaved-caspase 3 protein in kidney
of db/db mice were higher than db/m mice, whi-
le resveratrol significantly decreased the expres-
sions of cleaved-caspase 3 protein in mouse ki-
dney. Of note, there is an inverse relationship
between the cleaved-caspase 3 protein expres-
sion and miR18a-5p. To further investigate the
role of miR18a-5p on apoptosis and autophagy,
we overexpressed and inhibited the expression
of miR18a-5p in podocytes. Transfected with
miR-18a-5p of inhibitors, mimics, NC, and Mock
groups, RT-PCR confirmed miR-18a-5p-mimic
resulted in miR-18a-5p overexpression, while
miR-18a-5pinhibitor resulted in miR-18a-5p inhi-
bition (Table III). Overexpression of miR-18a-5p
resulted in significant inhibition of the expression
of cleaved-caspase 3 protein, while inhibition of
miR-18a-5p reversed the results (Figure 3b-c).
Besides, Western blot showed that the ratio of
protein LC3-11/LC3-I was decreased in cells tran-
sfected with inhibitors, whereas the ratio of LC3-
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Figure 3. MiR-18a-5p inhibited apoptosis but promoted autophagy in podocytes. A: RSV significantly upregulatedmiR-18a-5p
in db/db mice (*: significant difference vs. db/m group at p<0.05. #: significant difference vs. db/db group at p<0.05); B and
C: Overexpression of miR-18a-5p in podocytes promoted autophagy (*: significant difference vs. control group at p<0.05. #:
significant difference vs. Mimic NC group at p<0.05. §: significant difference vs. Inhibitor NC group at p<0.05).
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II/LC3-I was increased in cells transfected with
mimics (Figure 3b-c). So we think miR-18a-5p
might be a potent negative regulator of apoptosis
through strengthening autophagy.

Atactic Telangiectasis Mutation (ATM) is
a Target Gene of miR-18a-5p

We used the miR Base Target database to find
putative miR-18a-5p targets (www.mirbase.org),
and used the PubMed database to retrieve the fun-
ction of target genes. Considering that miR-18a-
S5p is involved in autophagy, we hypothesized that
downstream miR-18a-5p target genes might be as-
sociated with autophagy. Therefore, we selected
the gene (atactic telangiectasis mutation, ATM)
to further study. 293T cells were transfected with
the luciferase vector and miR-18a-5p overexpres-
sion vector for 48 h before the cells were lysed
and tested for luciferase activity, which showed
that miR-18a-5p can significantly inhibit the re-
ported gene activity for luciferase containing
ATM mRNA 3'UTR region. MiR-18a-5p mimi-
cs group had relative fluorescence activities of
0.674+0.044, which was significantly lower than
1.000 £ 0.032 in control group (p=0.002) (Figure
4a). Dual luciferase reporter gene activity test re-
sults showed that, when the 3’'UTR of ATM tran-

O m-Atm WT 3UTR

sferred to vectors with the luciferase gene, adding
miR-18a-5p, can inhibit luciferase activity. That
is genetic dual luciferase report assay validated
ATM was a target of miR-18a-5p.

In podocytes, transfected with miR-18a-5p of
inhibitors, mimics, NC, and Mock groups, We-
stern blot showed that the expression of ATM
protein was significantly enhanced in cells tran-
sfected with inhibitors, whereas the expression of
ATM protein was significantly inhibited in cells
transfected with mimics (Figure 4b-c).

The mRNA ATM was expected to involve in
the effect of resveratrol on mice, thus expression
levels of proteins ATM/GAPDH were determi-
ned by Western blots analysis. The levels of ATM
protein in kidney of db/db mice, were higher than
that in db/m mice, while resveratrol significantly
decreased ATM levels (Figure 5a-b). So we think
resveratrol could inhibit ATM expression in db/
db mice.

Knockdown of ATM by siRNA increase
autophagy and reduce apoptosis

Since miR18a-5p mimic could increase au-
tophagy and decrease apoptosis, and ATM has
been considered to be a target gene of miR18a-5p,
which inhibits ATM, we guess ATM may be in-
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Figure 4. ATM is the target of miRNA-18a-5p. 4, ATM in 293T cells was downregulated after transfection with miR-18a-5p
mimics; B and C, ATM was inhibited in podocytes transfected with miRNA-18a-5p mimics.
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volved in autophagy and apoptosis. We next inve-
stigated whether suppression of ATM by siRNA
could promote autophagy and inhibit apoptosis.
The results showed that the downregulation of
cleaved caspase 3 and the enhanced ratio of pro-
tein LC3-II/LC3-I were seen in cells transfected
with ATM siRNA, whereas treatment with con-
trol siRNA had no effect (Figure Sc-d). Taken
together, these findings suggest that the effect of
miR-18a-5p in autophagy activity and apoptosis
might be via targeting ATM (Figure 5).

Discussion

Clinical features of diabetic nephropathy inclu-
de elevated urinary albumin excretion. The key
change in diabetic glomerulopathy is loss of po-
docytes. Podocytes have a very limited capacity
for cell division and replacement®. Autophagy
plays a critical role in removing protein aggrega-
tes and damaged organelles, promoting cell sur-

vival and tissue homeostasis?*. Deficiency in au-
tophagy enhances susceptibility to development
of glomerular diseases, and autophagy represents
a stress adaptive response of podocytes that is
cytoprotective against glomerular disease. Evi-
dence suggested that dysregulated autophagy is
implicated in the pathogenesis of diabetic nephro-
pathy. Thus, targeting the autophagic pathway
to activate and restore autophagy activity might
be renoprotective’*¢#-". Impaired autophagy
evidenced by renal accumulation of p62/Seque-
stosome 1 (SQSTM1), substrate of autophagy-ly-
sosomal degradation pathway, was also shown
in STZ-induced diabetic mice®® and Wistar fatty
rats®. Evidence of impaired autophagy has also
been observed in kidney biopsy samples from pa-
tients with type 2 diabetes, exhibiting accumula-
tion of p62/SQSTMI protein in proximal tubular
cells, suggesting that deficiency in autophagy also
occurs in human type 2 diabetes.

Sharma et al’! reported that treatment with re-
sveratrol (Smg or 10mg/kg orally) for 2 weeks
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improved urinary protein excretion and renal oxi-
dative stress in streptozotocin- (STZ-) induced
diabetic rats.

Kitada et al'? also reported that resveratrol
treatment (400 mg/kg, orally, administered at
concentration of 0.3% resveratrol) alleviated al-
buminuria and histological mesangial expansion
and reduced the increased levels of renal oxida-
tive stress and inflammation in the kidneys of
db/db mice through the scavenging of ROS and
normalizing manganese (Mn)-SOD function by
decreasing its levels of nitrosative modification.
Kitada and Koya* summarized the protective ef-
fects of resveratrol against several types of renal
injury and discussed the mechanisms involved.
There are two proposed mechanisms by which re-
sveratrol exerts cytoprotection: (1) resveratrol at-
tenuates oxidative stress; (2) resveratrol activates
SIRT1, which is an NAD"-dependent deacetyla-
se, directly or indirectly via AMPK activation.
SIRT1 plays an important role in the regulation of
oxidative stress, inflammation, apoptosis, stress
resistance, mitochondrial biogenesis, autophagy,
and glucose-lipid metabolism, via the deacetyla-
tion of many substrates.

Our study showed that treatment with resve-
ratrol (100 mg/kg/day orally) for 12 weeks atte-
nuated the albuminuria. We found that the levels
of protein LC3-1I/LC3-I in kidney of db/db mice
were lower than that in db/m mice, reflecting the
level of autophagy is insufficient relatively in db/
db mice. We also found that resveratrol could si-
gnificantly increase synaptopodin expression and
enhance the levels of LC3-II protein in the renal
cortex of diabetic mice. We demonstrated that
resveratrol protected podocytes, by decreasing
the levels of apoptosis and slightly increasing the
levels of autophagy in the renal cortex of db/db
mice.

In our previous report, we showed that po-
docytes under continuous high glucose condi-
tions in vitro were found to exhibit a low consti-
tutive level of LC3-II/LC3-1, a robust marker of
autophagosomes, suggesting a high basal level of
autophagic activity. High basal level of autopha-
gy in podocytes became defective and could fa-
cilitate the podocyte injury. We found there was
a complex relationship between autophagy pro-
motion and apoptosis inhibition. RSV protects
podocytes from high glucose-induced apoptosis.
Further in vitro studies also showed that resve-
ratrol enhanced protein expression of LC3-II and
inhibited cleaved-caspase 3 protein in the cultu-
red podocytes incubated in medium containing

high glucose. Using the popular inhibitor of the
autophagic pathway 3-MA, we found that inhibi-
tion of autophagy could induce podocyte apopto-
sis. Using an activator of autophagy, RAPA, we
found that strongly increasing autophagy could
also induce podocyte apoptosis. We think that
properly high levels of constituent autophagy in
non-renewable cells (such as podocytes) might
be important to preserve cell viability. Then, we
found that high glucose levels enhance apopto-
sis, which was inhibited by resveratrol through
enhanced autophagy in cultured podocytes. We
think RSV, an autophagy promoter, ameliorates
diabetic nephropathy via increasing autophagy.
However, excessive autophagy can also contribu-
te to cell death and worsening proteinuria. Future
investigations are necessary to uncover the pre-
cise functional roles of autophagy in glomerular
and tubular injury related to DN that will further
advance our understanding of the role of autopha-
gy in the kidney and guide potential therapies.

MiRNAs are linked to regulation of autopha-
gy pathway?. Matboli et al** found that, in dia-
betic rats, caffeic acid intake resulted in autopha-
gy genes upregulation [RB 1-inducible coiled
coil protein (RBICCI), microtubule-associated
proteins 1A/1B light chain 3 (MAPILC3B), and
autophagy related gene (ATG-12)] with simul-
taneous reduction in their epigenetic regulators;
miRNA-133b, -342 and 30a, respectively.

In our studies, we found that several microR-
NAs changed after RVS treated in the renal cortex
of the db/db mice, such as miR-133a-3p, miR-188-
5p, miR-206-3p, miR-18a-5p, miR-382-5p, miR-
541-5p and miR-714. Next, we found miR-18a-5p
mimic increased autophagy and decreased apop-
tosis, while miR-18a-5p inhibitor acted the oppo-
site in podocytes cultured in high glucose. So, we
guessed that kidney protection by RVS was throu-
gh the upregulation of miRNA-18a-5p.

ATM protein kinase, which is a master regu-
lator of the DNA damage response, coordinates
checkpoint activation, DNA repair, and metabolic
changes in eukaryotic cells in response to DNA
double-strand breaks and oxidative stress. Loss of
ATM activity in humans results in the pleiotropic
neurodegeneration disorder ataxia-telangiecta-
sia**. The responses of ATM to resveratrol treat-
ment in normal and transformed cells may display
differently. For example, resveratrol can lead to
an autophosphorylation of ATM on Ser1981 and
a phosphorylation of p53 on Serl5 in transformed
cells (HEK293T and HCT116) involving reactive
oxygen species (ROS), but this is largely unchan-
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ged in normal human fibroblasts (GM08399)%.
The resveratrol-induced ATM signaling effect
was inhibited by the disulfide-specific reducing
agent Tris (2-carboxyethyl) phosphine and the an-
tioxidant N-acetyl cysteine, suggesting that high
oxidative stress was involved in ATM signaling
of resveratrol in transformed cells to block cancer
cell proliferation®.

In our study, we confirmed ATM was the tar-
get gene of miR-18a-5p, evidenced by decreased
activity of luciferase reporter vector of ATM after
miR-18a-5p treatment. In vivo, after RVS treated,
the levels of ATM were decreased in the renal cor-
tex of db/db mice. Silencing ATM gene upregula-
ted the ratio of LC3-1I/LC3-I and decreased cle-
aved-caspase-3 expression in cultured podocytes,
indicating that miR-18a-5p mediated the autophagy
activity and apoptosis via inhibiting ATM.

Conclusions

We showed that miRNA-18a-5p is activated
by RSV and points to a critical role for miR-
NA-18a-5p in the control of autophagy activity
through ATM. These findings suggested that
miRNA-18a-5p may represent a promising the-
rapeutic target for preventing and attenuating
diabetic nephropathy.
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