Int. J. Biol. Sci. 2020, Vol. 16

Ivyspring
International Publisher

2001

International Journal of Biological Sciences
2020; 16(11): 2001-2013. doi: 10.7150/ijbs.43825

Research Paper

Cilostazol alleviate nicotine induced cardiomyocytes
hypertrophy through modulation of autophagy by
CTSB/ROS/p38MAPK/JNK feedback loop
Shu-ya Wang1, Xi Ni1,2, Ke-qing Hu1,2, Fan-liang Meng3, Min Li1, Xiao-li Ma1,2, Ting-ting Meng1, Hui-hui
Wu1, Di Ge4, Jing Zhao5, Ying Li 1,2, Guo-hai Su1,2
1.
2.
3.
4.
5.

Jinan Central Hospital Affiliated to Shandong University, Jinan, China.
Central Hospital Affiliated to Shandong First Medical University, Jinan, China.
Affiliated Hospital of Shandong University of Traditional Chinese Medicine, Jinan, China.
School of Biological Science and Technology, University of Jinan, China.
Development Biology, School of Life Science, Shandong University, Jinan, China.

 Corresponding author: E-mail: ly2354@zxyy.cn; guohaisu0531@126.com
© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
See http://ivyspring.com/terms for full terms and conditions.

Received: 2020.01.10; Accepted: 2020.04.06; Published: 2020.04.27

Abstract
Nicotine is proved to be an important factor for cardiac hypertrophy. Autophagy is important cell
recycling system involved in the regulation of cardiac hypertrophy. Cilostazol, which is often used in
the management of peripheral vascular disease. However, the effects of cilostazol on nicotine
induced autophagy and cardiac hypertrophy are unclear. Here, we aim to determine the role and
molecular mechanism of cilostazol in alleviating nicotine-induced cardiomyocytes hypertrophy
through modulating autophagy and the underlying mechanisms. Our results clarified that nicotine
stimulation caused cardiomyocytes hypertrophy and autophagy flux impairment significantly in
neonatal rat ventricular myocytes (NRVMs), which were evidenced by augments of LC3-II and p62
levels, and impaired autophagosomes clearance. Interestingly, cathepsin B (CTSB) activity decreased
dramatically after stimulation with nicotine in NRVMs, which was crucial for substrate degradation
in the late stage of autophagy process, and cilostazol could reverse this effect dramatically.
Intracellular ROS levels were increased significantly after nicotine exposure. Meanwhile, p38MAPK
and JNK were activated after nicotine treatment. By using ROS scavenger N-acetyl-cysteine (NAC)
could reverse the effects of nicotine by down-regulation the phosphorylation of p38MAPK and JNK
pathways, and pretreatment of specific inhibitors of p38MAPK and JNK could restore the autophagy
impairment and cardiomyocytes hypertrophy induced by nicotine. Moreover, CTSB activity of
lysosome regained after the treatment with cilostazol. Cilostazol also inhibited the ROS
accumulation and the activation of p38MAPK and JNK, which providing novel connection between
lysosome CTSB and ROS/p38MAPK/JNK related oxidative stress pathway. This is the first
demonstration that cilostazol could alleviate nicotine induced cardiomyocytes hypertrophy through
restoration of autophagy flux by activation of CTSB and inhibiting ROS/p38/JNK pathway, exhibiting
a feedback loop on regulation of autophagy and cardiomyocytes hypertrophy.
Key words: nicotine, cardiomyocytes hypertrophy, autophagy, CTSB, ROS, p38MAPK/JNK.

Introduction
Nicotine is considered as the most addictive
component of cigarette, which attracted extensive
attention since its important function in the
cardiovascular system. Recently, several studies have
reported that nicotine stimulus caused cardiac

hypertrophy in vitro and in vivo experiments [1].
However, the molecular mechanism of nicotine
induced cardiac hypertrophy is not fully understood
yet. Cardiac hypertrophy is a maladaptive response to
cardiac insults, such as hypertension, myocardial
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infarction, external adverse stimulus. Initially, cardiac
hypertrophy may serve as a compensatory response.
However, sustained or excessive hypertrophic
responses leads to left ventricular dilation, contractile
dysfunction,
and
ultimate
heart
failure.
Demonstrating the molecular mechanisms of left
ventricular hypertrophy, may suggest novel
therapeutic strategies. In the present study, we will
investigate the effects and molecular mechanisms of
nicotine induced cardiomyocytes hypertrophy.
Autophagy is a highly conserved catabolic
cellular process for protein and nutrient recycling.
During autophagy, an isolation membrane sequesters
long-lived proteins and organelles that are damaged
or malfunctioning to form the autophagosome, then
the autophagosome fuses with the lysosome to
become an autolysosome and degrades the materials
contained within it. Dysregulated autophagy can
cause various cardiovascular diseases including
hypertrophy, heart failure and ischemic heart diseases
[2]. Recently, it has been reported that autophagy
inhibition or autophagy flux impairment can cause
cardiac hypertrophy [3-6]. Enhanced autophagy may
attenuate cardiac hypertrophy [7-9]. In bronchial
epithelial cells, nicotine was reported to be involved
in the regulation of autophagy and emphysema
progression [10, 11]. However, in heart, the role of
nicotine on autophagy and whether nicotine induces
cardiac hypertrophy through autophagy impairment
are unknown. We wondered the effects of nicotine on
autophagy and hypertrophy in NRVMs and the
corresponding mechanisms.
Cilostazol, as a selective inhibitor of
phosphodiesterase-3, has been known for increasing
intracellular cAMP levels [12, 13]. While Bai Y et.al
reported that cilostazol can attenuate superoxide
production and reduce the infarct size in rabbit by
activating CTSB [14]. Furthermore, cilostazol has been
identified to protect rat from Parkinson’s disease
through enhancing autophagy [15]. So we speculated
that cilostazol could relieve the nicotine-induced
autophagy impairment through affecting the CTSB.
CTSB, member of lysosomal proteases family, which
consists of 11 members, is approximately 43 kb in size,
responsible for the degradation of intracellular and
extracellular proteins in the late stage of
autophagy[16, 17]. Yong Jiang et.al reported that
CTSB mediated degradation of Dab2 and induced
autophagy [18]. Recent studies demonstrated that
CTSB participate in many pathological processes,
such as angiogenesis, obesity, diabetes and cancer
[19-21]. However, the variation of CTSB activity, and
the detailed role and mechanism of CTSB in
autophagy impairment mediated cardiomyocytes
hypertrophy remain unclear.
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Oxidative stress is mainly related to the
imbalance of oxidation and anti-oxidation in the body
or cells, resulting in the accumulation of oxides.
Reactive oxygen species (ROS) is one of the main
intermediate oxide, which plays a vital role in various
cardiovascular diseases, such as hypertension,
ischemic heart disease, atherosclerosis, and cardiac
hypertrophy or heart failure [22]. ROS can be cleared
up by autophagy under physiological conditions. It
has been reported that pathological accumulation
ROS can impaired autophagy flux, in turn, and ROS
scavenger can reverse this effect [23, 24]. Although
Bodas M et.al reported that nicotine can induce the
apoptosis and senescence through autophagy flux
impairment in bronchial epithelial cell [10, 25, 26], the
role of nicotine plays on NRVMs remains unclear.
Whether
nicotine
induces
cardiomyocytes
hypertrophy in ROS-dependent autophagy flux
impairment and induced the decreased cathepsin
enzyme activity of lysosome has not been reported
yet.
Mitogen -activated protein kinase (MAPK) is a
group of serine-threonine protein kinases that can be
activated by different extracellular stimuli, such as
cytokines, neurotransmitters, hormones, cell stress
and cell adhesion, which conventionally consists of
ERK, JNK, and p38 [27-29]. Both JNK, also known as
stress-activated protein kinases (SAPKs), and p38
signaling, as the downstream of ROS, participate in
the modulation of autophagy, which attract widely
attention in recent studies. Activated JNK has been
reported can stimulate autophagy and induce the
formation of autophagosome, while its sustained
activation will block the fusion of autophagosome and
lysosome [25, 30-32]. P38 signaling is well known for
its pro-apoptosis effect in most cases [30, 33, 34].
Yingli He et.al reported that LPS inhibited autophagy
initiation and flux through phosphorylation of p38
and inhibiting the binding of ULK1 and ATG13
[35].However, whether p38 involved in the regulation
of late stage of autophagy influx hasn’t been reported.
In the present study, we wonder whether p38 could
also interrupt the fusion of autolysosome and induce
the
autophagy
flux
impairment
through
ROS-dependent activation. And this new sight of
mechanism will provide a brand new point for
modulating autophagy.
The aims of the present study were to determine
the effects of nicotine and cilostazol in
cardiomyocytes hypertrophy and autophagy flux, and
explore the role of CTSB in these processes and the
potential
relationship
between
CTSB
and
nicotine-induced
cardiomyocytes
hypertrophy
through modulating autophagy in NRVMs.
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Materials and methods

obtained by microscope.

Reagents

Real-time polymerase chain reaction

Antibodies of LC3 (#12741), phosphor-p38
MAPK (Thr180/Tyr182, #4511), p38MAPK (#8690),
phosphor-JNK (Thr183/Tyr185, #4668), JNK (#9252)
were obtained from Cell Signaling Technology.
Antibody of p62 (PM045) was obtained from Medical
& Biological Laboratories Co., Ltd. Antibodies of
LAMP1 (ab24170) and LAMP2 (ab25631) were
obtained from abcam. Antibody of CTSB (12216-1-AP)
was obtained from Proteintech. Antibody of
pro-CTSB (6679) was obtained from BioVison.
SP600125, SB203580, N-acetyl cysteine were
purchased from Sigma-Aldrich. Cilostazol was
purchased from Selleck.

Cell culture
Primary culture of NRVMs and adenovirus
transfection
NRVMs were prepared as previously described
[36]. Briefly, 1- to 3-day-old wistar rats were
anesthetized with isoflurane and ventricles were
minced and digested in phosphate buffered saline
(PBS) containing 200 U type II collagenase and 0.4%
horse serum for three cycles. The cells were then
centrifuged and suspended in Dulbecco’s modified
Eagle’s medium containing 5% fetal bovine serum
and 8% horse serum. A single 1.5 h pre-plating step
was used to further remove non-cardiomyocytes.
Non-cardiomyocytes attached readily to the bottom of
culture dishes. The unattached myocytes were plated
at 1×105 cells/ml in the same medium as above and
supplemented with 0.1 mM 5-Bromo-2-deoxyUridine
(BrdU). Cells were placed in a serum-free medium for
24 h before experiments. NRVMs identity was
confirmed by morphological examination and by
staining with an anti-sarcomerica-actin antibody.
Most (> 95%) of the cells were identified as NRVMs.
For adenovirus transfection, NRVMs were infected
with
recombinant
adenovirus
coding
for
RFP-GFP-LC3 (2×1010 PFU/ml in stock solution, 1:
5,000 dilution) and incubated for 48 h before
experiments.

Hematoxylin-eosin staining (HE staining)
HE staining was performed to quantify the area
of
cardiomyocytes.
After
the
culture
of
cardiomyocytes, nicotine or vehicle was added to
treat cells for 48h, 4% paraformaldehyde was used to
fix cells for 10 min, washed with PBS for 1 min and
repeated 3 times. Hematoxylin and eosin (H&E)
staining was performed. Dehydrating using graded
ethanol, vitrification by dimethylbenzene and
mounting with neutral gum. Photographs were

RT-PCR was performed as previously described
[36]. The PCR primers sequences used in this study
were as follows: β-actin, 5’-CGTTGACATCCGT
AAAGACC-3’ (forward) and 5’-TAGAGCCACCA
ATCCACACA-3’ (reverse); BNP, 5’-GCTGCTTTGG
GCAGAAGATA-3’ (forward) and 5’-GGAGTCTGC
AGCCAGGAGGT-3’ (reverse); ANP, 5’-GGGGGTAG
GATTGACAGGAT-3’ (forward) and 5’-GGATCTTT
TGCGATCTGCTC-3’ (reverse); β-MHC, 5’-CGCTC
AGTCATGGCGGAT-3’ (forward) and 5’-GCCCCA
AATGCAGCCAT-3’ (reverse); CTSB, 5’-GTTGGGTT
CAGCGAGGACAT-3’ (forward) and 5’-CCAAATG
CCCAACAAGAGCC -3’ (reverse). The PCR reactions
were performed using the following conditions:
denaturation at 95 ℃ (5 min) and 45 cycles for β-actin,
β-MHC, BNP, and ANP consisting of 95 ℃ (10 s), 60
℃ (20 s), and 72 ℃ (30 s). The relative level of each
mRNA was normalized to that of β-actin.

Transmission electron microscope (TEM)
NRVMs were treated with nicotine or PBS for 6h.
Cells in both groups were washed with PBS for three
times. Collected cells with scraper into 1.5 ml tubes,
then centrifuged for 3min at 5000 rpm. Discarded PBS
and fixed with glutaraldehyde. The samples were sent
to transmission electron microscopy. Images were
captured with corresponding system.

Magic Red Cathepsin assay
NRVMs were seeded into 96-plate with black
walls and a clear bottom. Treated cells with nicotine in
different dose (1 nM, 10 nM, 100 nM, 1 μM, 10 μM, 100
μM, 500 μM) or PBS for 12h, Baf A1 or rapamycin
(Rap) was used as controls. PP242, which could
activate enzyme activity of cathepsin B, was used as a
positive control. NAC, SP600125 and SB203580 were
also used to further test the hypothesis. Add 50 μL
DMSO into both CTSB assay to make the 260× stock
solution, then 450 μL diH2O was added to dilute the
solution to 26× staining solution. Incubate the cells
with culture medium with staining solution for 45
min at 37°C. After washing with PBS for 3 times,
analysis the red fluorescence intensity using
fluorescence plate reader with setting the optimal
excitation and emission wavelength tandem of 592
nm and 628 nm, respectively.

Western blotting analysis
Western blotting and quantification of the
abundance of relative proteins were performed as
described previously [37]. Briefly, cells were lysed in
protein lysis buffer (1% SDS, 25 mM Tris–HCl (pH
7.5), 4 mM EDTA, 100 mM NaCl, 1 mM PMSF, 10
http://www.ijbs.com
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mg/ml leupeptin and 10 mg/ml soybean trypsin
inhibitor). The protein concentration of the lysates
was determined using the Coomassie Brilliant Blue
protein assay. Protein extracts (10 - 20 μg) were
loaded on 12% SDS polyacrylamide gels, subjected to
electrophoresis, and transferred to a PVDF
membrane. The membranes were incubated with
anti-Lamp2, anti-LC3, anti-p62, anti-p-p38MAPK
(Thr180/Tyr182),
anti-p38MAPK,
anti-p-JNK
(Thr183/Tyr185), anti-JNK, anti-CTSB, anti-pro-CTSB
or anti-β-actin antibodies (1:1,000 dilution). The
indicated proteins were detected with a horseradish
peroxidase-conjugated IgG. The band intensity was
quantified using Quantity One software (Bio-Rad,
USA) and normalized to β-actin levels.

Intracellular ROS detection
Following nicotine treatment, intracellular ROS
was detected by fluorescence microscope using
dichlorofluorescein diacetate (DCFH-DA) staining.
Briefly, the NRVMs were incubated with 5 mM
DCFH-DA for 30 min at 37 ℃ protecting from light
and then were washed with serum-free medium for
three times. The fluorescence was excited at the
wavelength of 485 nm and the corresponding
emission wavelength was 525 nm.

Statistical analysis
The data are presented as the mean ± SEM. The
statistical analysis of differences between two groups
were assessed with the unpaired t-test, and the
differences among more than three groups were
assessed by one-way analysis of variation (ANOVA)
followed by a Bonferroni’s tests for post hoc analysis
and multiple comparison tests with Prism Software
version 7.0 GraphPad Software, San Diego California
USA). The figures were processed with Adobe
Photoshop software. The mean values were derived
from at least three independent experiments.
Differences with a p < 0.05 were considered
statistically significant.

Results
Nicotine stimulation induced autophagy flux
impairment and cardiomyocytes hypertrophy
in NRVMs
To determine the effects of nicotine on
cardiomyocytes
hypertrophy,
NRVMs
were
stimulated with 1, 10, 100, 500 μM nicotine for 48 h. As
shown in figure 1, the cardiomyocytes surface area
(Figure 1A) and cardiac hypertrophy marker, ANP,
BNP and β-MHC expression were significantly
increased after treatment with nicotine (Figure 1B-D).
To investigate whether nicotine induced autophagy
impairment in cardiomyocytes, the morphological
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changes of autophagosomes were observed by
transmission electron microscopy (Figure 2A). A large
number of autophagosomes were observed after the
nicotine treatment compared to the control group,
and the black dots in the control group were
lysosomes. The conjugation of the soluble form of LC3
(LC3-I)
with
phosphatidylethanolamine
and
conversion to a non-soluble autophagosome
associated form (LC3-II) has been generally
considered as a useful sign of autophagy. Thus, we
determined the expression of LC3-II. Bafilomycin A1
(BafA1) and rapamycin (Rap) were used as positive
controls.
After
stimulation
with
different
concentrations of nicotine, LC3-II levels were
markedly increased (Figure 2B). However, the
elevated level of LC3-II due to activation of
autophagy or blockade of autophagy-lysosomes
fusion needed further detection. Thus, we next
examined the expression of p62, which is a selective
substrate of autophagy. As shown in figure 2B,
stimulation with nicotine caused significantly increase
in p62, indicating that impaired autophagy flux in
NRVMs. Moreover, we determined the LC3-II and
p62 levels after combined treatment with bafA1 and
nicotine or nicotine alone in NRVMs. The results
demonstrated that Baf A1 caused significant increase
of LC3-II and p62 in NRVMs. Stimulation of nicotine
combined with Baf A1 has no significant difference
versus BafA1 groups (Figure 2C). These results
suggest that nicotine impaired autophagy flux may
through blocking the late stage of autophagosome
degradation.
To further investigate whether the stage that
autophagosomes fuse with the lysosomes and form of
normal autolysosomes is blocked, the relative
abundance of autophagosomes and autolysosomes
were assessed with adenovirus mediated transfection
of RFP-GFP tandem-tagged LC3 (Figure 2D).
Induction of autophagy leads to punctuate
localization of LC3 on autophagosomes, which
demonstrate both red and green fluorescence, with
subsequent loss of green fluorescent signal on
autophagosome-lysosome fusion and formation of
normal autolysosomes, due to instability of GFP in the
acidic intra-lysosomal environment [24]. As shown in
Figure 2D, NRVMs of control groups demonstrate a
preponderance of autolysosomes (punctate dots that
fluoresce only red, and a few autophagosomes
punctate dots that fluoresce green and red, i.e.
yellow). Treatment with rapamycin stimulates
autophagy with enhanced autophagy flux, as
evidenced by markedly increased abundance of
autolysosomes without a discernible accumulation of
autophagosomes, indicating intact flux. Nicotine
stimulation
resulted
in
accumulation
of
http://www.ijbs.com
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Figure 1. Different concentrations of nicotine treatment caused cardiomyocytes hypertrophy significantly. (A) HE staining was performed to detect the cell area
after stimulation with nicotine, and quantification was analyzed by Image J software. (Scale bar = 20μm) qPCR was performed to determine the cardiac hypertrophy markers, (B)
β-MHC, (C) ANP and (D) BNP. (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).

autophagosomes and near absence of autolysosomes
which was similar to treatment with Baf A1, while the
rapamycin-treated group showed few green and
yellow punctate. Collectively, these data indicated
that nicotine stimulation lead to impaired autophagy
flux in NRVMs. LAMP2, a critical determinant of
autophagosome-lysosome
fusion
[38],
were
significantly decreased after treatment of nicotine,
while LAMP1, which closely tracks lysosome
numbers, kept unchanged (Figure 2E). These results
demonstrated the nicotine impaired autophagy flux in
NRVMs.

Cilostazol alleviate nicotine induced
cardiomyocytes hypertrophy through
restoration of autophagy flux by activation of
CTSB
It has been reported that autophagy flux
impairment plays a vital role in cardiac hypertrophy
[39, 40]. To further explore the inhibitory effect of
nicotine on autophagy, we next test the enzyme’s
activity in lysosome, which was often ignored in the
previous studies. CTSB ubiquitously existing in
lysosome and are the most common enzymes. So we
first analyzed the enzymes activity after the treatment
of nicotine in different concentration for 12 h. As
shown in Figure 3A, CTSB activity was inhibited
significantly after simulation with nicotine, Baf A1.
PP242, which could activate the enzyme activity of
CTSB, was used as positive control [41, 42]. As shown
in figure 3A, CTSB activity was down-regulated by

nicotine in dose-dependent way, while cilostazol act
as an activator of CTSB rescued this effect
dramatically (Figure 3B). So we wonder whether
nicotine affect CTSB activity through decreasing its
abundance. qPCR result demonstrated that nicotine
had no effect on CTSB’s mRNA level at different
concentration (Figure 3C). Unexpectedly, western blot
showed significantly increase of CTSB upon nicotine
treatment in a dose-dependent way. While treated
with nicotine at higher concentration, the protein level
of pro-CTSB was also increased. Pre-treatment of
cilostazol or PP242 slightly decreased the protein
abundance of CTSB, but had no statistical difference
versus control group (Figure 3D). Thus, nicotine
involved in the regulation of autophagy influx may
through decreased activity of CTSB, not its
abundance. By pretreatment with cilostazol,
autophagy marker LC3-II and the substrate p62 were
significantly decreased, but the protein level of CTSB
kept unchanged (Figure 4A-B). At the same time,
transfection with recombinant adenovirus coding for
RFP-GFP-LC3 showed that cilostazol could
ameliorate nicotine induced impaired autophagy
influx, while, Baf A1, can aggregate the accumulation
of green and yellow fluorescence (Figure 4C). Next,
we detected the effects of nicotine and cilostazol
induced autophagy variation on cardiomyocytes
hypertrophy by testing the RNA levels of ANP, BNP
and β-MHC. Our results showed that the autophagy
inhibitor bafA1 could aggravate nicotine caused
cardiomyocytes hypertrophy, while cilostazol, which
http://www.ijbs.com
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can restore autophagy flux, alleviated nicotine
induced cardiomyocytes hypertrophy significantly
(Figure 4D-F). However, mRNA levels of CTSB were
not changed under stimulation of nicotine at 100 μM
(Figure 4G). Collectively, these results demonstrated
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that cilostazol could alleviate nicotine induced
cardiomyocytes hypertrophy mainly through restored
autophagy flux mainly by activation of CTSB, not its
abundance.

Figure 2. Nicotine induced autophagy impairment in NRVMs. (A) Transmission electron microscope (TEM) was used to determine the effect of nicotine on autophagy
flux, and (Scale bar=2 μm) (B) Western blot was also performed to determine the autophagy marker LC3-II and its specific substrate p62 expression, BafA1 (100 nM) and Rap
(10 μM) were used as negative and positive control respectively. (C) The effects on autophagy flux after combined treatment of nicotine with bafA1. (D) ADV-RFP-GFP-LC3
transfection was used to detect the nicotine-induced autophagy impairment. Representative immunofluorescence images of NRVMs expressing RFP-GFP-LC3 and treated with
nicotine (100 μM), Rap, BafA1 or vehicle control for 24 hours. Representative of n = 3 experiments. (Scale bar, 20 μm) (E)The key determinant of autophagosome-lysosome
fusion LAMP2 and lysosome marker LAMP1 were tested by Western blot. (****, p < 0.0001;***, p < 0.001; **, p < 0.01; *, p < 0.05 n = 3).
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Figure 3. Nicotine modulate the CTSB enzyme activity of lysosome through autophagy impairment, which reversed by cilostazol. (A) Nicotine treatment
decreased the enzyme activity of CTSB in dose-dependent manner, Rap, PP242 and Baf A1 were chosen as controls, and cilostazol could relieve this effect (B). mRNA level of
CTSB kept unchanged after the nicotine treatment (C), while the protein level of CTSB and, pro-CTSB showed increase under nicotine stimulation (D). (****, p < 0.0001; ***,
p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).

Figure 4. Cilostazol relieved cardiomyocytes hypertrophy through improving autophagy flow. Pre-treatment of cilostazol markedly decreased the marker of
autophagy flux, which shown by western blot (A), while the protein level of CTSB kept unchanged. Quantitative analysis was performed by Graphpad prism (B). RFP-GFP-LC3
transfection was also used to test the effect of cilostazol (C) (Scale bar=20 μm). Cardiac hypertrophy marker, (D-F) ANP, BNP, β-MHC and (G) cathepsin B level were
determined by qPCR (****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).
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Figure 5. Excess ROS production contributed to nicotine induced autophagy impairment and cardiomyocytes hypertrophy through activation of
p38MAPK and JNK and cilostazol decreased ROS level elevated by nicotine. (A) ROS levels were determined by using DCFH-DA probe, NAC decreased ROS
significantly as positive control (Scale bar=20μm). (B) NAC pretreatment inhibited effects of nicotine on autophagy. Quantitative analysis of (C) LC3-II and (D) p62 in figure B.
(E) Real-time PCR-based quantitation of cardiac hypertrophy markers. (F) Cilostazol pretreatment inhibited nicotine induced ROS accumulation (Scale bar=20 μm) (****, p <
0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).

Excess ROS generation contributed to
nicotine induced autophagy impairment and
cardiomyocytes hypertrophy and cilostazol
decreased ROS level elevated by nicotine
To investigate whether reactive oxygen species
(ROS) plays a role in the induction of autophagy
impairment by nicotine, DCFH-DA, a fluorescent
probe, was used to examine cellular ROS levels. As
expected, NRVMs treated with nicotine showed a
remarkable enhancement in fluorescence intensity
compared to the untreated control group, and NAC
was selected as an positive control, which decreased
ROS
accumulation
obviously
(Figure
5A).
N-acetyl-L-cysteine (NAC) is a usual anti-oxidant.
Pre-incubation with NAC (0.5 mmol/l) markedly
inhibited nicotine-induced autophagy impairment. As
shown in figure 5B-D, autophagy marker LC3-II and
the specific substrate p62 levels were down-regulated
after pretreatment with NAC in NRVMs, and
meanwhile cardiomyocytes hypertrophy were
alleviated as indicated by decreased levels of ANP,
BNP and β-MHC expression (Figure 5E). It has been
reported autophagy can eliminate accumulated ROS
through chaperone-mediated autophagy [43]. Thus,
we next detected the role of cilostazol on elimination
of excessive ROS induced by nicotine. Just as our
speculation, cilostazol could reduce the ROS

production stimulated by nicotine (Figure 5F). Taken
together, nicotine induced overproduction of ROS
contributed to cardiomyocytes hypertrophy and
autophagy in NRVMs, while cilostazol could
counteract the influence of nicotine.

ROS-dependent p38MAPK and JNK activation
was associated to nicotine induced autophagy
impairment and cardiomyocytes hypertrophy
JNK and p38MAPK, belonging to MAPK
signaling pathway, are two important effectors at the
downstream of ROS and also involved in the
regulation of cardiac hypertrophy and autophagy. We
next examined the activation of those two kinases. As
shown
in
supplementary
Fig.
S1
A-C,
phosphorylation of p38MAPK and JNK levels were
elevated significantly under stimulation of different
concentration of nicotine, indicating the participation
of those two kinases in the signal transduction of
nicotine. To further determine whether these two
kinases were associated with ROS levels, we
examined the phosphorylation levels of JNK and
p38MAPK in NRVMs pretreated with NAC. The
results showed that JNK and p38MAPK activation
stimulated by nicotine were inhibited by NAC,
suggesting the JNK and p38MAPK activation were
dependent on ROS generation (supplementary Fig.
S1D-F).
http://www.ijbs.com
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Figure 6. P38MAPK and JNK were responsible for nicotine induced autophagy impairment and caused cardiomyocytes hypertrophy. (A) JNK activation and
the expression of autophagy related proteins decreased after pretreatment with the specific inhibitor of JNK SP600125. (B) P38MAPK phosphorylation, LC3-II and p62 protein
levels were reduced after treatment with p38MAPK specific inhibitor SB203580. Autophagy flux impairment (C) were also reversed by NAC, SP100625 and SB203580. (Scale
bar=20 μm) The specific inhibitor of (D) JNK and (E) p38MAPK pretreatment reversed nicotine induced cardiomyocytes hypertrophy and increased the CTSB activity (F). (****,
p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).
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Figure 7. Cilostazol depressed the activation of p38MAPK and JNK signal. Cilostazol pre-treatment significantly inhibited the phosphorylation of p38MAPK and JNK
(A-C). (***, p < 0.001; **, p < 0.01; *, p < 0.05, n = 3).

By using specific inhibitors, we further
determined whether nicotine induced autophagy
impairment and cardiomyocytes hypertrophy
through JNK and p38MAPK activation. As shown in
figure 6, pretreatment with JNK inhibitor SP600125
and p38MAPK inhibitor SB203580, could significantly
recovered nicotine induced autophagy impairment in
NRVMs, evidenced by decreased LC3-II and p62
levels (Figure 6A-B). ADV-RFP-GFP tandem-tagged
LC3 transfection showed the effect of these inhibitors’
effect on autophagy flux, and all of these three
inhibitors could reverse the impaired autophagy flux
(Figure 6C), which indicated the correlation between
p38/JNK and autophagy flux. Furthermore, those
specific inhibitors also inhibited cardiomyocytes
hypertrophy caused by nicotine (Figure 6D-E). After
the pretreatment of NAC, SB203580 or SP600125,
nicotine induced decrease of CTSB activity was
restored distinctly (Figure 6F), suggesting that the
regulatory role of ROS/p38MAPK/JNK pathway on
the enzymes’ activity in lysosome. ROS level in
NRVMs significantly declined after the pretreatment
of NAC, SP600125 or SB203580, which was shown in
supplementary Fig. S2.

Cilostazol decreased the phosphorylation of
p38/JNK signaling in feedback.

Figure 8. The schematic diagram of cilostazol’s modulation on
nicotine-induced
autophagy
impairment
and
cardiomyocytes
hypertrophy through CTSB/ROS/p38MAPK/JNK pathway. Nicotine
activates ROS/p38/JNK signaling and decreases the CTSB activity, which inhibits the
fusion of autophagosome and lysosome. Just as the dashed green line showed, a
negative feedback exists between ROS and autophagy flux impairment: ROS impairs
the fusion of autophagosome and lysosome, and the impaired autophagy flux lead to
the ROS accumulation. The nicotine-induced impaired autophagy flux leads to
cardiomyocytes hypertrophy in NRVMs. Cilostazol rescues the nicotine-induced
ROS accumulation, then dephosphorylates p38/JNK, alleviates autophagy impairment
through stimulating CTSB activity and improves cardiomyocytes hypertrophy
ultimately.

Cilostazol, which could activate CTSB, was used
to pretreat NRVMs. Just as our data showed, it could
alleviate the nicotine-induced ROS accumulation,
which reflected by the green fluorescence in figure 5F.
And the activation of p38/JNK was also reversed by
cilostazol (Figure 7A-C). These results showed that
cilostazol could rescue the nicotine-induced ROS
accumulation and p38/JNK phosphorylation.

Discussion
In the present study, we demonstrate for the first
time that cilostazol could alleviate nicotine induced
cardiomyocytes hypertrophy through restoration of
autophagy flux by CTSB/ROS/p38/JNK feedback
http://www.ijbs.com
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loop (Figure 8). Firstly, our results showed that
nicotine, which was the most addictive component of
cigarette, could induced cardiomyocytes hypertrophy
and impaired autophagy flux. Nicotine has been
reported to be involved in pathological mechanism of
various diseases, such as emphysema, hypertension
and atherosclerosis [44, 45]. However, some studies
have suggested existence of smoker’s paradox, stating
that the outcomes in smokers who have developed
coronary artery disease, may be neutral or better than
nonsmokers[46]. While other studies considered that
smoking is associated with adverse clinical outcomes
in patients undergoing revascularization with PCI or
CABG [47]. The existence of smoker’s paradox is still
controversial and potential mechanisms have not
been explained. Therefore, the effects of nicotine on
cardiovascular system, which is the most addictive
component of cigarette, still need further
investigation. Recently, the effects of nicotine on
cardiac hypertrophy aroused widespread attention.
However, there is very few report on this aspect. The
role and molecular mechanism are still need further
investigation. In the present study, we show that
nicotine could induce autophagy impairment and
hypertrophy in NRVMs. Upon stimulation with
cilostazol, which could activate CTSB and restore
autophagy flux, significantly attenuate nicotine
induced
cardiomyocytes
hypertrophy.
While
treatment with bafA1, which is an autophagy flux
blocker, could induce cardiomyocytes hypertrophy.
These results indicated that the intact autophagy flux
is crucial in avoiding hypertrophy of NRVMs.
Pathological autophagy induction is critical to
the development of various diseases such as
neurodegenerative disease, aging, and also cardiovascular diseases including cardiac hypertrophy.
However, the molecular mechanism of autophagy
flux impairment is unclear, and very few studies
focused on flux of autophagy. In the present study,
we showed that nicotine caused autophagy flux
impairment through decreasing activity of CTSB and
elevated intracellular ROS level, and subsequent
activation of ROS-dependent p38MAPK and JNK
pathway. Furthermore, our results showed that
pretreatment with ROS scavenger NAC could
improve the activity of CTSB inhibited by nicotine,
and restored autophagy flux impaired by nicotine.
CTSB activity decline, which probably the main direct
reason of waste organelles and proteins’ accumulation
in ROS mediate autophagy flux impairment. These
results may provide novel potential interpretation for
ROS related autophagy flux impairment caused by
multiple factors in some pathological conditions.
P38MAPK and JNK are two important signaling
pathway at the downstream of ROS. It has been

2011
reported that p38MAPK and JNK were involved in
the regulation of cardiac hypertrophy after stimulus
of angiotensin II or retinoic acid [48, 49]. However,
whether these two signals related with nicotine
induced autophagy impairment and cardiomyocytes
hypertrophy is unknown. Recent study showed that
JNK activation by nitrobenzoxadiazoles leads
to late-stage autophagy inhibition, suggesting the role
of JNK in autophagy [50]. However, whether
p38MAPK pathway is responsible for nicotine
induced autophagy impairment is unclear yet. Our
results showed that JNK as well as p38MAPK were
activated after nicotine stimulation. Pretreatment with
specific inhibitors of p38MAPK or JNK, could cancel
the effects of nicotine on autophagy and
cardiomyocytes hypertrophy as evidence by
decreased expression of LC3-II and p62 as well as the
cardiac hypertrophy biomarkers ANP, BNP and β
-MHC. These results suggest that p38 or JNK
activation was responsible for autophagy impairment
in the late stage caused by nicotine, which may
providing new proofs of p38 and JNK signaling
pathway in clarifying the mechanism of autophagy.
Importantly, we firstly found that the activity of
CTSB decreased after nicotine stimulation, while the
mRNA level had no obvious change, and its relative
protein level increased in concentration-dependent
manner.
However,
someone
reported
that
CTSB-deficiency attenuate overload-induced cardiac
remodeling, which seems contradict to our result. In
this report, they focused on the expression level of
CTSB, not the enzyme activity. Therefore, we
suspected that CTSB activity, which participates in
substrate degradation at the late stage of autophagy,
is more important than expression level in autophagy
regulation. Cilostazol could relieve the nicotineinduced autophagy impairment and cardiomyocytes
hypertrophy. Moreover, CTSB activity was also
modulated by ROS generation and p38/JNK signaling
in turn, pre-treatment of cilostazol alleviated the ROS
stacking and p38/JNK activation. Thus, CTSB, ROS,
p38/JNK formed a feedback loop, which was critical
for
the
regulation
in
autophagy-related
cardiomyocytes hypertrophy induced by nicotine.
These findings revealed the potential link between
CTSB and ROS/p38/JNK signaling. However, there
are some limitations in our study. Our research focus
on the nicotine effect on cardiomyocytes in vitro,
more detailed evidence and animal experiments need
to be explored in the future to support the conclusion.
Collectively, our results demonstrated that
cilostazol
could
relieve
nicotine
induced
cardiomyocytes hypertrophy through restoration of
autophagy flux by CTSB/ROS/p38MAPK/JNK
pathway, which may provide new sight for the
http://www.ijbs.com
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molecular
mechanism
of
cardiomyocytes hypertrophy.
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