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INTRODUCTION

ABSTRACT Diabetic nephropathy (DN) is a hyperglycemia-induced progressive
development of renal insufficiency. Excessive glucose can increase mitochondrial
reactive oxygen species (ROS) and induce cell damage, causing mitochondrial dys-
function. Our previous study indicated that cilostazol (CTZ) can reduce ROS levels
and decelerate DN progression in streptozotocin (STZ)-induced type 1 diabetes.
This study investigated the potential mechanisms of CTZ in rats with DN and in high
glucose-treated mesangial cells. Male Sprague-Dawley rats were fed 5 mg/kg/day of
CTZ after developing STZ-induced diabetes mellitus. Electron microscopy revealed
that CTZ reduced the thickness of the glomerular basement membrane and im-
proved mitochondrial morphology in mesangial cells of diabetic kidney. CTZ treat-
ment reduced excessive kidney mitochondrial DNA copy numbers induced by hyper-
glycemia and interacted with the intrinsic pathway for regulating cell apoptosis as an
antiapoptotic mechanism. In high-glucose-treated mesangial cells, CTZ reduced ROS
production, altered the apoptotic status, and down-regulated transforming growth
factor beta (TGF-B) and nuclear factor kappa light chain enhancer of activated B cells
(NF-B). Base on the results of our previous and current studies, CTZ deceleration
of hyperglycemia-induced DN is attributable to ROS reduction and thereby mainte-
nance of the mitochondrial function and reduction in TGF-f and NF-kB levels.

protein excretion increases until proteinuria develops [1]. Stud-

Diabetic nephropathy (DN) refers to persistent proteinuria in
the absence of urinary tract infection, heart failure, and non-di-
abetic kidney disease. After the onset of diabetes, hyperglycemia
increases renal blood flow. Gradually, the loss of renal filament
mesh increase renal filtration pressure and protein excretion. In
addition to diabetes progression and poor blood glucose control,

ies have reported that similar pathophysiological mechanisms of
renal disorders occur in type 1 and 2 diabetes [2]. In molecular
pathology, DN is characterized by the excessive extracellular ma-
trix (ECM) with thickening in glomerular and tubular basement
membranes, ultimately progressing to glomerulosclerosis and
tubulointerstitial fibrosis accompanied by apoptosis [3,4].
Increased ROS levels in diabetes play a major role in diabetic
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complications [5]. In addition to the high rate of cellular respira-
tion due to hyperglycemia, the multicomponent nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase is a source of
cellular ROS [6]. Excessive ROS can alter the vascular endothe-
lium, react with nitric oxide to produce cytotoxic peroxynitrite,
and impair ECM proteins [7,8]. It also damages endothelial cells
by stimulating the expression of various genes involved in in-
flammatory pathways such as transforming growth factor beta
1 (TGF-B1) and tumor necrosis factor o, (TNF-a) [9]. Studies
have demonstrated that high glucose-induced ROS up-regulates
TGF-B1 and ECM expression in glomerular mesangial cells
[10]. The pathogenesis and complications of diabetes involve
mitochondrial dysfunctions and mitochondrial DNA (mtDNA)
abnormalities [11]. Numerous studies have highlighted diabetes-
induced mtDNA defects by examining changes in mtDNA copy
numbers. The human mitochondrial genome is circular double-
stranded DNA with 1,000-10,000 copies per cell; it can code for
essential peptides for cellular respiration and maintenance of
normal mitochondrial function [12]. Excessive mitochondrial
superoxide generates during hyperglycemia compromises the an-
tioxidant defense systems in DN and reduces mitochondria-spe-
cific manganese superoxide dismutase [13]. Damage to mtDNA
impairs the electron transport chain increasing ROS production.
Under different energy demands and physiological conditions,
changed mtDNA copy numbers respond to mitochondrial abun-
dance in cells [14]. An increase in mtDNA copy number is associ-
ated with oxidative stress in aging human tissues or leukocytes
[12]. Additionally, other researchers have observed a positive
correlation between oxidative stress and mtDNA copy numbers
in the blood of patients receiving hemodialysis [15]. Al-Kafaji and
Golbahar [16] demonstrated that high-glucose-induced oxidative
stress increases mtDNA copy numbers in human mesangial cells
[16]. These studies have indicated a strong association between
mitochondria and DN.

The phosphodiesterase (PDE) family degrades intracellular sec-
ond messengers, such as cyclic adenosine monophosphate (cAMP)
and cyclic guanosine monophosphate (cGMP) [17,18]. Some stud-
ies have reported that cAMP or cGMP regulates several signaling
pathways involved in renal disease development and progression,
including mitogenesis, inflammation, and ECM synthesis [19,20].
Cilostazol (CTZ) 6-[4-(1-cyclohexyl-1H-tetrazol-5-yl)butoxy]-3,
4-dihydro-2(1H)quinolinone (Supplementary Fig. 1) is a specific
inhibitor of PDE-3, and it can increase cAMP levels in tissues to
prevent platelet aggregation and blood vessel dilation [21]. Lee et
al. [9] demonstrated that CTZ significantly reduces superoxide
production in situ. CTZ administration in streptozotocin (STZ)-
induced diabetic rats exerts effects by relieving oxidative stress.
Additionally, CTZ regulates the expression of NF-xB and TGF-p,
which are involved in the progression of renal diseases and thus
ameliorates the onset of DN [9]. To elucidate the effects of CTZ on
mitochondria in DN, kidney specimens were examined through
electron microscopy; mitochondrial proteins and changes in
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mtDNA copy numbers were also examined. Because of mesangial
cell loss is correlated with worsening renal function in DN [22],
rat mesangial cells (RMCs) treated with high amounts of glucose
were examined to evaluate the effect of CTZ on the cellular sys-
tem.

METHODS

Animals and experimental treatments

We purchased CTZ from Otsuka Co., Ltd., Tokyo, Japan.
All animal experimental protocols used in this study were ap-
proved by the Institutional Animal Care and Use Committee of
the Chung Shan Medical University (IACUC, CSMC, approval
number is 1442) Taichung, Taiwan. Male Sprague-Dawley rats
(180 + 10 g) were used in this study and were purchased from the
BioLASCO Taiwan Co., Ltd., (YiLan County, Taiwan). The rats
were housed under laboratory conditions (18°C-23°C, humid-
ity 55%-60%, 12-h light/dark cycle) for at least 1 week before the
study. They were administered a single intraperitoneal injection
of STZ (dissolved in 0.05 M of citrate buffer, pH 4.5), 65 mg/kg of
body weight. Following 72 h of STZ administration, their blood
was collected to determine the fasting glucose concentration.
Rats in with a glucose concentration of less than 250 mg/dl were
excluded from the study. Blood glucose and body weight were
monitored every week. The rat were provided with standardized
food (Purina Laboratory Chow obtained from Purina Mills, Inc.,
St. Louis, MO, USA) and water ad Iibitum, and divided into in-
dicated groups (6 rats per group). According to a previous study
[9], 5 mg/kg/day of CTZ administered for 6 or 12 weeks improves
the oxidative status in STZ-induced diabetic rats. Hence, CTZ
dissolved in ddH,O at the indicated dosage was administered
through tube feeding. All the rats were sacrificed after treatment
completion in the specified duration. Kidney tissues were col-
lected for analysis.

Pathological histology of kidneys

Kidney specimens were obtained from the rats and were imme-
diately fixed in paraformaldehyde and processed for histological
examination. The glomerular basement membrane (GBM) thick-
ness were measured using a transmission electron microscope (6
rats per group). Briefly, electron micrographs at 20,000xX mag-
nification (JEM-1230 Electron Microscope; JEOL Ltd., Tokyo, Ja-
pan) were analyzed after the initial processing. Thereafter, bright-
ness and contrast parameters were added, and image elements of
required brightness were selected. Morphometric measurements
were performed after filtering for noise and disturbances.

https://doi.org/10.4196/kjpp.2020.24.5.403
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Measurement of the mtDNA copy number

Genomic DNA was extracted using the QIAamp DNA Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Briefly, 200 ul lysis buffer was added to the tissue ho-
mogenate, mixed, and incubated at 56°C for 10 min. Following
centrifugation at 20,000 g for 1 min, absolute ethanol (200 ul) was
added, and the lysate was centrifuged at 6,000 g for 1 min and
washed. DNA was eluted to store at —20°C. All the DNA samples
were sheared prior to use. To measure the mtDNA copy number,
amplification was performed for B-actin (BA, nuclear DNA,
nDNA) and mtDNA regions for mitochondrial D-loop (DL). Ta-
ble 1 lists custom-made primers used in the study. Using BLAST
analysis, probe and primer combinations were designed to avoid
amplification of pseudogenes. The copy number of mtDNA per
nuclear genome was assessed using the LightCycler system and
FastStart DNA Master SYBR Green 1 Kit (Roche Molecular Bio-
chemicals, Mannheim, Germany). Total genomic DNA (50 ng)
was mixed with SYBR Green 1 probe, forward and reverse prim-
ers (100 ng/ul), and nuclease-free water to attain the final volume
(50 pl). PCRs were performed in 40 cycles of denaturation at 95°C
for 10 min, amplification at 95°C for 15 sec, melting at 60°C for
1 min, and cooling for 10 sec. The resulting data were analyzed
using Roche Molecular Biochemicals LightCycler software. Data
analysis was based on the measurement of the cycle threshold
(CT), which is the PCR cycle number when the fluorescence mea-
surement reaches a set value. Measured mtDNA copy number
versus nuclear DNA copy number by amplification of the mito-
chondrial DL versus the nuclear BA gene (DL/BA) [CT (DL)-CT
(BA)] was used as the abundance of the mitochondrial genome.
The DL/BA ratio was represented as the percentage after normal-
ized with the values for the control group.

Cell culture

RMCs obtained from American Type Culture Collection
(ATCC) were maintained in 85% Dulbecco’s modified Eagle’s

Table 1. The sequences of the primers and probes used in detect-
ing mtDNA

Primer/probe Sequence (5-3)

Mitochondrial D-loop

Forward GGTTCTTACTTCAGGGCCATCA
Reverse GATTAGACCCGTTACCATCGAGAT
Probe 6FAM-TTGGTTTATCGTCCATACGTTCCCCTTA-
TAMRA
B-actin
Forward GGGATGTTTGCTCCAACCAA
Reverse GCGCTTTTGACTCAAGGATTTAA
Probe VIC-CGGTCGCCTTCACCGTTCCAGTT-TAMRA

The words in bold are represented as probe.

www.kjpp.net

medium with 4 mM/L glutamine, 1.5 g/L sodium bicarbonate, 0.4
mg/ml geneticin (G418), and 15% fetal bovine serum. According
to a previous study [23] and our preliminary study, 25 mM of glu-
cose can induce cell responses in RMCs, such as inflammation or
ROS elevation. To perform further examinations, the concentra-
tion of glucose in the culture medium was adjusted to 25 mM or
5 mM along with CTZ to incubate the cells.

Measurement of NADPH oxidase activity

To determine NADPH oxidase activity, the lucigenin-enhanced
chemiluminescence assay was used to detect superoxide radical
(O,") production in kidney homogenates [6]. After the addition
of NADPH (0.1 mM) to phosphate buffer (50 mM KH,PO,, 1
mM EGTA, 150 mM sucrose, pH 7.4), sample and lucigenin (5
uM) at final volume 250 pl were reacted. Then luminescence was
measured using a microplate fluorometer (Fluoroskan Microplate
Fluorometer; Thermo Scientific Co., Waltham, MA, USA) at 30°C
every 10 sec for 5 min. Buffer blank was subtracted from each
reading. Counts/pg protein represented NADPH oxidase activity.

Measurement of ROS production

The cellular ROS Detection Assay Kit (Abcam Co., Cambridge,
UK) was used to detect the ROS activity within the cell. Briefly,
2.5 x 10" cells/well were seeded in a 96-well plate. After cell diffu-
sion, DCFDA/H,DCFDA was de-acetylated by cellular esterases
to a non-fluorescent compound, which was later oxidized by ROS
into 2,7 -dichlorofluorescein (DCF). DCF was detected through
fluorescence spectroscopy with maximum excitation and emis-
sion spectra of 495 and 529 nm, respectively.

Protein analysis

In animal experiments, the whole kidney tissue was extracted
at 4°C through homogenization in a buffer containing 20 mM
HEPES, 1 mM dithiothreitol, 50 uM antipain, 50 uM leupeptin,
50 uM chymostatin, and 50 uM pepstatin. The homogenates
were then centrifuged at 10,000 g for 10 min to obtain the protein
in the supernatant. After measuring the protein concentration,
equal amounts of total protein from the groups were separated in
10% SDS-PAGE gels and then transferred to nitrocellulose mem-
branes (Millipore, Bedford, MA, USA). Thereafter, the mem-
branes were blocked with 5% nonfat milk and incubated with a
primary antibody. The antibodies used in this study included Bcl-
2 (1:1,000), BCL2-associated X (Bax) (1:1,000), caspase-3 (1:500)
(Santa Cruz Biotech, Santa Cruz, CA, USA), and anti-g-tubulin
antibody (1:1,000) (Sigma Co., St. Louis, MO, USA). After the
primary antibody treatment, the membranes were washed and
incubated with a secondary antibody (HRP-conjugated goat anti-
rabbit antibody, 1:5,000 or HRP-conjugated rabbit anti-mouse an-
tibody, 1:8,000) (Sigma Co.). The substrates were visualized using
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echochemiluminescence (Amersham Biosciences, Piscataway, NJ,
USA) and analyzed using a Fuji LAS-3000 imaging system (Tokyo,
Japan).

The RMCs were exposed to high glucose and a variable CTZ
concentration, and the expression of cellular Bax, Bcl-2, TNF-q,
(1:1,000), TGF-B (1:1,000), IkB (1:1,000), and NF-kB p65 (1:1,000)
(Santa Cruz Biotech) was analyzed using Western blotting. The
levels of secreted TNF-a, (Rat TNF-alpha DuoSet ELISA Kit;
R&D Systems, Minneapolis, MN, USA) and TGF-B (TGF-beta 1
Quantikine ELISA Kit; R&D Systems) were determined using the
enzyme-linked immunosorbent assay.

Statistical analysis

The animal study was conducted using a completely random
design. Data were analyzed using the analysis of variance (ANO-
VA) and Duncan’s multiple range test. Significant difference was
observed at a p-value of 0.05, and differences between treatments
were tested using the least significant difference test. All statistical
analyses of data were performed using SigmaStat 4.0 and Sigma-
Plot 10.0. In the cell study, results were expressed as the mean +
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DR+CTZ

standard deviation of three determinations. Statistical differences
were determined by conducting one-way ANOVA and Duncan’s
multiple range test using Sigma Stat 4.0; the difference was con-
sidered significant when p < 0.05.

RESULTS

CTZ improves the kidney lesions in STZ induced
diabetic rats

In our previous study, CTZ can reduce the blood urine nitro-
gen in STZ-induced diabetes animal [9]. The result indicated
that CTZ could decelerate the diabetic nephropathy. Here, the
pathological changes in the kidneys of STZ-induced diabetic rats
were evaluated through electron microscopic examination. The
glomerular basement membrane thickness in the diabetes group
(panel B’) was higher than that in the control group (Fig. 1A). The
quantification result revealed a 63% decrease in the glomerular
basement membrane thickness after CTZ treatment (5 mg/kg/
day) for 12 weeks (Fig. 1B). The morphology and ultrastructure

Fig. 1. Electron micrographs of representative kidney sections from
the experimental groups. (A) Panel A, control group; Panel B, STZ-
induced diabetic group; and Panel C, STZ + 5 mg/kg/day of CTZ group
treating for 12 weeks (6 rats per group); (B) quantification of thickness
of glomerular basement membrane (GBM). All the figures are 20,000x
magnification. Mean values within each column with different labels (a,
b) are significantly different (p < 0.05). CTZ, cilostazol; STZ, streptozoto-
cin; P, podocyte; G, GBM; M, mesangium; R, red blood cell; DR, diabetic
rats.
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of the mitochondria were also observed in the mesangial cells
and proximal tubule cells of the kidney. In diabetes rat, the mito-
chondria showed morphological damage in both mesangial cell
and proximal tubule cells. The mitochondria of mesangial cell
were swollen, inner and outer membranes were damaged, cristae
were blurred, boundary to the intermembrane space was lost in
the diabetic group compared with the control group (Fig. 2B).
The damaged mitochondria were elongated and compressed with
each other to form a molding configuration. Although some le-
sions of the mitochondria in the CTZ group remained, the origi-
nal morphological structure of the mitochondria was similar to
that in the control group (Fig. 2C).

CTZ reduces the mtDNA copy number in DN

The mtDNA copy number was elevated in the diabetic group
(Fig. 3). No significant decrease in the mtDNA copy number was
observed after CTZ treatment for 12 weeks compared with the
diabetic group (Supplementary Fig. 2). To compare the effect of
CTZ on the mtDNA copy number for different treatment dura-
tions, we shortened the CTZ treatment to 6 weeks in a group of
experimental animals. The mtDNA copy number increased in
the kidney specimen from the diabetic group under 6-week in-
duction, but CTZ treatment decreased it significantly (Fig. 3).

CTZ alters the apoptosis status in STZ-induced
diabetic rats

Expression of the Bcl-2 family is highly relative to apoptosis.
Bax is a proapoptotic protein, but Bcl-2 is an antiapoptotic one.
The regulation of these proteins can trigger apoptosis in cells.
In diabetic rats, the expression of Bax increased and that of Bcl-
2 decreased significantly (Fig. 4), along with caspase-3 cleavage,
leading to apoptosis. In the group treated with 5 mg/kg of CTZ,
the expression of apoptosis-related proteins demonstrated an

opposite result. CTZ reduced Bax expression, increased Bcl-2 ex-
pression, and reduced caspase-3 cleavage.

CTZ reduces ROS in high glucose-treated RMCs

We found a significantly high oxidative stress status in the
kidneys of diabetic rats while CTZ significantly improved the
oxidative status in our previous study [9]. In the present animal
model, the mitochondria of mesangial cell in DN appeared dam-
age and malfunction. Base on the mesangial cell loss is correlated
with worsening renal function in DN, we detected the ROS level
of RMC:s after treatment of glucose and CTZ. RMCs were treated
with 5 or 25 mM of glucose along with CTZ for 4 days. Treat-
ment with CTZ at 10, 50, or 100 mM dose-dependently increased
NADPH oxidase activity (Fig. 5A). The ROS production level was
determined through DCFDA examination, and the result revealed

-
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Fig. 3. Effects of CTZ on the mtDNA copy number in diabetic ne-
phropathy. mtDNA obtained from rat kidneys were detected in RT-PCR
of C, control; DR, diabetic rats; CTZ, cilostazol treated for 6 weeks (6 rats
per group). The results were expressed as the mean + standard devia-
tion of three determinations. Mean values within each column with
different labels (a, b) are significantly different (p < 0.05).

Control

Fig. 2. Mitochondrion examination under electron micrographs of kidney sections. (A) control group, (B) STZ-induced diabetic group, (C) STZ + 5
mg/kg/day of CTZ group (6 rats per group). All the photoes were taken at 50,000x magnification. CTZ, cilostazol; STZ, streptozotocin.
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that CTZ can reduce ROS production significantly (Fig. 5B).

CTZ alters the apoptosis status in high glucose-
treated RMC

After the treatment of RMCs with high glucose, the increase in

Control 7DR DR+CTZ
BaX | cm— G w—
1.00 3.16 1.33 (fold
Bcl-2 '. e o
7.00 0.83 1,02 (fold
Caspase-3 <€— 32 Kd
Cleaved

B-actin | SEE——— < 43 Kd

Fig. 4. CTZ improves the expression of mitochondrial apoptotic
proteins in diabetic nephropathy. Immunoblot examination of Bax,
Bcl-2, and caspase-3 in rat kidneys of C, control; DR, diabetic rats; CTZ,
cilostazol treated for 12 weeks.
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the Bax level was more predominant than that in the Bcl-2 level
(Fig. 6). Treatment with different CTZ concentrations reduced the
Bax level, indicating a reduction in apoptosis, even in the in vivo
study.

CTZ reduces NF-xB, TGF-B, and TNF-q. levels in high
glucose-treated RMCs

CTZ administration affected STZ-induced diabetic rats by
regulating TGF-p expression (Supplementary Fig. 3). The previ-
ous and current results revealed that CTZ ameliorates DN onset
in the progression of renal diseases. To confirm the mechanisms
of CTZ in in vitro system, in Fig. 7A, High glucose increased NF-
kB, TGF-B, TNF-q, and IxB levels in RMCs. Nonetheless, CTZ
reduced NF-kB, TGF-, and TNF-q, expression. CTZ treatment
reduced the secreted TGF-f and TNF-q, (Fig. 7B, C).

DISCUSSION

Pathological changes in early DN, including hypertrophy of the
renal pelvis and renal tubular epithelium, basement membrane
thickening, and ECM protein accumulation, are due to excessive
renal cell growth [24]. Nonsignificant mesangial cell hyperplasia
can cause functional changes in early diabetic nephrolithiasis,
which slowly progresses to glomerulosclerosis. Studies have re-
ported DN after 6 weeks of STZ administration in animals [25,26].
Our previous study revealed that CTZ has a therapeutic effect on
STZ-induced DN. The mesangial matrix in the kidneys of diabet-
ic rats enlarges and becomes hypertrophic because of expansion.
After CTZ treatment, the mesangial matrix shrinks and becomes
less hypertrophic [9]. The current study revealed that basal mem-

B
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=
o

z2 3 8 8 B
bado3
-
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LI R 1)
- QO

% of control ( high glucose)

o
o

40
Glucose (5 mM)
Glucose(25mM) - + + + +
Cilostazol (mM) - 10 50 100

+

Fig. 5. CTZ reduces the ROS in RMC caused by high glucose. RMC was treated with 25 mM glucose along with various concentrations of CTZ for 24 h.
The NADPH oxidase activity (A) and DCFDA assay (B) was conducted to detect the level of ROS. Mean values within each column with different labels
(a—e) are significantly different (p < 0.05). The results were expressed as the mean + standard deviation of three determinations. All data are normal-
ized to the group of high glucose. CTZ, cilostazol; ROS, reactive oxygen species; RMC, rat mesangial cell; NADPH, nicotinamide adenine dinucleotide

phosphate.
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brane thickening can be decelerated in the CTZ-treated group
as well (Fig. 1). These findings suggest that CTZ can prevent the
deterioration of patient conditions in DN. Our previous study
showed that CTZ administration in diabetic rats regulates NF-
kB and TGF-B expression, thus ameliorating DN onset [9]. In
the current study, NF-xB and TGF-B levels were downregulated
by CTZ in high-glucose-treated mesangial cells (Fig. 7). This re-
vealed that CTZ regulates cytokines or transcriptional factors to
decelerate DN progression. Mesangial cells are the main cellular

Bax| --- S e 23 Kd

1.00 .57 1.54 1.49 (fold)

ol 2[R S S S — < 26 Kd

1.11 (fold)

a- Tubulm}-----F— 55 Kd

Glucose (5 mM) +
Glucose(25mM) - + + +
Cilostazol (mM) - - 10 50 100

Fig. 6. CTZ improves the expression of mitochondrial apoptotic
proteins in high glucose treated RMC. Immunoblot examination of
Bax and Bcl-2 in RMC was performed after treating with high glucose
and CTZ for 24 h. All quantitative determination were normalized to
the group of 5 mM glucose. CTZ, cilostazol; RMC, rat mesangial cell.

constituents of the glomerular mesangium. During early DN,
mesangial cells secrete several types of inflammatory cytokines
or chemokines that participate in renal glomerular fibrosis [27].
Sun et al. [28] reported that high-glucose-treated mesangial cells
increase ROS, inflammatory responses, and ECM expression.
They revealed that artesunate, reduces ROS and inflammatory
responses. Additionally, Yao et al. [29] indicated that Coreopsis
tinctoria Nutt ameliorates high glucose-induced renal fibrosis
and inflammation in mesangial cell. In STZ-induced DN, we
have found that CTZ can significantly improved the oxidative
status ROS in the kidneys of diabetic rats [9]. In current animal
study, we found CTZ can reverse the mtDNA copy numbers and
the apoptotic protein levels of Bax, Bcl-2, and Caspase-3 in kid-
ney tissue of animal with DN. However, it cannot elucidate what
kinds of cells affected by CTZ to ameliorate DN progression in
the whole tissue lysate. According to the other study, mesangial
cell loss correlated with renal dysfunction in DN progression [22].
Herein, we found that the mitochondria of mesangial cell in DN
appeared damage and malfunction while CTZ improved the mi-
tochondria morphology. Additionally, in RMCs, CTZ reduced the
high-glucose-induced ROS and decelerated cell apoptosis as well
as the results in animal study. CTZ directly increasing intracel-
lular cAMP results in inhibition of NAD(P)H oxidase-dependent
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=55 . by immunoblot, the quantitative determination were normalized to the
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Cilostazol(mM) - - 10 50 100 (p < 0.05). CTZ, cilostazol; RMC, rat mesangial cell.
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ROS formation [30]. Elimination of excessive ROS reduces the
expression of genes involved in inflammation such as TGF-f and
TNEF-a [9,10]. Although CTZ was not indicated to directly regu-
late mitochondria function, apoptosis, and cytokines in hypergly-
cemic condition, CTZ increasing cAMP can reduce ROS level to
improve the function of mesangial cell in DN progression.

Increased ROS production in the body due to diabetes is highly
related to multiple organ complications [8,30-34]. The increase
in metabolic substances due to hyperglycemia affects the mito-
chondria and electron transport chain, resulting in excessive ROS
production [8]. Mitochondria are tubular because of the balance
between fission and fusion [35]. Increasing evidence indicates
that mitochondrial morphology is crucial in maintaining cellular
function [36]. By analyzing mitochondrial structure and mor-
phology [37-41], studies have demonstrated that mitochondrial
deformation such as swelling, accumulation, and small size are
common in the kidneys of patients and animals with hyperglyce-
mia [42-44]. Evidence of mitochondrial alternation due to CTZ
treatment is rare. However, in the present study, the mitochondria
was swollen, the inner and outer membranes were damaged, the
cristae were blurred, and the boundary of the intermembrane
space was lost in the diabetic group, whereas the mitochondrial
morphology improved in the CTZ-treated group (Fig. 3).

Studies have also explored the association of mtDNA muta-
tions with diabetes [45]. Mitochondrial dysfunction and damaged
oxidative phosphorylation are major causes of impaired insulin
secretion. mtDNA is susceptible to oxidative damage because of
its proximity to the site of ROS generation, lack of histone protec-
tion, and the incapability of mitochondrial polymerase to repair
oxidative damage [46]. The accumulation of mtDNA mutations
in somatic cells can cause mitochondrial dysfunction, leading to
cell energy loss [47]. In addition to changes in mitochondria, the
mtDNA copy number was determined in the present study. A
significant increase in the mtDNA copy number occurred in the
diabetic group. The copy number decreased in the group receiv-
ing 6 -weeks of CTZ treatment (Fig. 4). However, prolonging CTZ
treatment to 12 weeks did not exert any prominent effects on dia-
betes (Supplementary Fig. 2). According to a previous study, the
mtDNA copy number may increase in response to mitochondrial
DNA damage because normal mitochondrial function must be
maintained [48] to generate sufficient energy for the cell. This ef-
fect occurs in early-stage DN and mesangial matrix hypertrophy.
The mitochondrial genome can code 13 essential peptides for
cellular respiration and maintenance of normal mitochondrial
function [12], but over 90% of mitochondria proteins coded from
chromosomal DNA. Treatment with CTZ in this stage can im-
prove the mitochondria function but not increasing mtDNA copy
number. It is presumed that CTZ reduces ROS level thus relieve
the mitochondria DNA damage, therefore, the mtDNA copy
number decreases. Besides, the regulation of CTZ may also oc-
cur outside of mitochondria. In early DN, reducing ROS level can
down-regulate the expression of NFkB to ameliorate the chronic
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inflammation. CTZ reducing ROS may play multiple roles to de-
celerate the DN progression. Nevertheless, as the STZ induction
time prolongs, the production of large amounts of ROS severely
damages mitochondria, and the compensatory role is not sus-
tained; thereafter, mtDNA copy numbers decrease. This decrease
reduces the synthesis of the respiratory chain complex and ad-
enosine triphosphate production and gradually causes cell apop-
tosis, as shown in Fig. 5. Kang et al. [49] first proposed that high
glucose promotes mesangial cell apoptosis through an oxidant-
dependent mechanism. Glucose-induced mesangial cell apoptosis
is characterized by an upregulation of the Bax/Bcl-2 ratio. These
results were also revealed in our present study. Moreover, treat-
ment with CTZ effectively overcame the apoptosis status in the
RMC:s and in vivo systems (Fig. 7). It also reduced the ROS level
(Fig. 6). Our previous study indicated that CTZ improves the
oxidative status in rats with DN; this finding is consistent with
the results of the present study. The ability of CTZ to reduce ROS
may be a critical mechanism in ameliorating DN. Studies have re-
ported that a PDES5 inhibitor can reduce ROS levels by regulating
the oxidative stress associated with proteins such as the ASK1/
p38/JNK signaling pathway [50]. Further examination of the rela-
tionship between CTZ and these pathways is warranted.

Our previous study demonstrated that CTZ treatment has
antioxidative abilities and decelerates the onset of renal diseases.
CTZ delays DN progression, restores mitochondrial morphology
and mtDNA copy number changes, and delays cell apoptosis. In
mesangial cells, CTZ improves oxidative stress, prevents apopto-
sis, and reduces DN-related cytokines. This evidence supports the
possibility of adjuvant treatment for DN.
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