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Atrial natriuretic peptide (ANP), a canonical cardiac hormone, is mainly secreted from atrial myocytes and is involved in the
regulation of body fluid, blood pressure homeostasis, and antioxidants. Cholecystokinin (CCK) is also found in cardiomyocytes
as a novel cardiac hormone and induces multiple cardiovascular regulations. However, the direct role of CCK on the atrial
mechanical dynamics and ANP secretion is unclear. The current study was to investigate the effect of CCK octapeptide (CCK-
8) on the regulation of atrial dynamics and ANP secretion. Experiments were performed in isolated perfused beating rat atria.
ANP was measured using radioimmunoassay. The levels of hydrogen peroxide (H2O2) and arachidonic acid (AA) were
determined using ELISA Kits. The levels of relative proteins and mRNA were detected by Western blot and RT-qPCR. The
results showed that sulfated CCK-8 (CCK-8s) rather than desulfated CCK-8 increased the levels of phosphorylated cytosolic
phospholipase A2 and AA release through activation of CCK receptors. This led to the upregulation of NADPH oxidase 4
(NOX4) expression levels and H2O2 production and played a negative inotropic effect on atrial mechanical dynamics via
activation of ATP-sensitive potassium channels and large-conductance calcium-activated potassium channels. In addition,
CCK-8s-induced NOX4 subsequently upregulated peroxisome proliferator-activated receptor γ (PPARγ) coactivator-1α (PGC-
1α) expression levels through activation of p38 mitogen-activated protein kinase as well as the serine/threonine kinase
signaling, ultimately promoting the secretion of ANP via activation of PPARα and PPARγ. In the presence of the ANP
receptor inhibitor, the CCK-8-induced increase of AA release, H2O2 production, and the upregulation of NOX4 and CAT
expressions was augmented but the SOD expression induced by CCK-8s was repealed. These findings indicate that CCK-8s
promotes the secretion of ANP through activation of NOX4–PGC-1α–PPARα/PPARγ signaling, in which ANP is involved in
resistance for NOX4 expression and ROS production and regulation of SOD expression.

1. Introduction

Atrial natriuretic peptide (ANP), as a cardiac hormone, is syn-
thesized and secreted mainly from atrial myocytes in response
to stretch and other stimuli; it is primarily involved in the
regulation of body fluid volume and blood pressure [1–3]. In
addition, ANP has anti-ischemic [4], anti-inflammatory [5],
antihypertrophic [6], and anticancer [7] properties. Although
very little is known about the relationship between ANP and
reactive oxygen species (ROS) production under physiological
conditions or during the development of cardiovascular

disease, ANP is associated with important antioxidant defense
in cardiomyocytes and vascular cells [5].

Cholecystokinin (CCK) is a classical gut hormone and a
potent stimulator of gallbladder contraction that was found
in extracts of small intestinal mucosa in the 1920s [8, 9].
Subsequently, CCK has also been found in neurons [10],
immune cells [11], kidney cells, and lung cells [12]. Pro-
CCK is processed into several molecular forms such as
CCK-58, CCK-33, CCK-22, CCK-8, and CCK-4; however,
sulfated carboxyl-terminal CCK octapeptide (CCK-8) is the
major biological active fragment of CCK, which retains most
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of the bioactivities of CCK. Two types of receptors for CCK
(CCK1 receptor (CCK1R) and CCK2 receptor (CCK2R)) have
been classified as belonging to the G protein-coupled receptor
superfamily (GPCRs) and its distribution is tissue-dependent
[12–14]. Recently, it has been demonstrated that pro-CCK,
CCK, and its receptors are expressed in mammalian cardio-
myocytes [15, 16]. Studies have shown that CCK has physio-
logical roles in regulating blood pressure [17] and heart rate
[15] and can enhance cardiac contractility [18]. In addition,
CCK can alleviate fibrosis in the noninfarcted regions and
delay the left ventricular remodeling and the progress of heart
failure in left coronary artery ligation induced myocardial
infarction of rats [19]. Nevertheless, the development of post-
infarction heart failure is associated with the upregulation of
CCK levels in relation to cardiac functional parameters and
brain natriuretic peptide levels [20]. Furthermore, mRNA
and protein levels of CCK are increased in the hypertrophic
myocardial tissue of rats, which was positively correlated with
changes in the left ventricular wall thickness [12]. In clinical
studies of heart failure patients, an increase in plasma CCK
is associated with mortality in elderly females [21]. Thus,
CCK signaling induces multiple effects on cardiovascular
physiology and pathophysiology. Still, the direct roles of
CCK on the regulation of atrial mechanical dynamics and
ANP secretion are not yet identified.

Nicotinamide adenine dinucleotide phosphate oxidases
(NOXs), a major enzymatic source of ROS in the cardiovas-
cular system, are activated in specific cardiovascular diseases
[22]. Previously, we have found that NOX4, controlled by
phospholipase A2 (PLA2), is involved in the regulation of
ANP secretion in isolated beating rat atria under hypoxic
conditions [23]. Moreover, it has been confirmed that the
insensitivity of the CCK1R inositol phosphate signaling to
pertussis toxin (PTX) indicates that it couples through the
Gq family of the G proteins, thereby linking with the
PLA2–arachidonic acid (AA) pathway to mediate calcium
oscillation and amylase secretion [24, 25]. In contrast,
CCK2R is coupled to two pathways through PTX-sensitive
and PTX-insensitive G proteins, resulting in the regulation
of AA release by PTX-sensitive G proteins [24, 26] and
mitogen-activated protein kinase (MAPK) signaling path-
ways [24, 27]. Owing to the effect of PLA2–AA signaling
on NOX4 activity and its role in the regulation of atrial
ANP secretion [23, 28], we hypothesize that CCK regulates
ANP secretion through activation of NOX4 via PLA2–AA
signaling. This study is to verify the hypothesis using
CCK-8 in isolated perfused beating rat atria. This study
shows that sulfated CCK-8 (CCK-8s) rather than desulfated
CCK-8 promotes ANP secretion through activation of
NOX4–peroxisome proliferator-activated receptor γ
(PPARγ) coactivator-1α (PGC-1α)–PPARα/PPARγ signal-
ing, in which CCK-8s-induced ANP is involved in the resis-
tance for NOX4 expression and ROS production and
regulation of SOD expression.

2. Materials and Methods

2.1. Preparation of a Perfused Beating Rat Atrium Model In
Vitro. All animal experiments in this study were reviewed

and approved by the Institutional Animal Care and Use
Committee of Yanbian University and were in accordance
with the National Institutes of Health Laboratory Animal
Care Guidelines. Specific pathogen-free (SPF) Sprague-
Dawley (SD) rats (250~300 g, 18 weeks, male) were obtained
from the Laboratory Animal Center of Yanbian University
(laboratory animal use license number: SYXK (Ji) 2020-
0009) for preparation for the beating rat atrial perfusion
model. The environmental temperature for the rats was
about 18°C~26°C, the relative humidity was 40%~70%, the
light cycle was 12 h light/dark, and water was available ad
libitum alongside a standard diet. Sterile normal saline was
used to prepare the pentobarbital sodium solution, and SD
rats were intraperitoneally anesthetized at a dose of 90mg/
kg. Immediate thoracotomy was performed, and the left
atrium of the rat was harvested and fixed on a self-made
beating rat atrial perfusion device. Each rat left atrium was
subjected to atrial electrical stimulation, and a peristaltic
pump was used to infuse HEPES buffer and the reagents
required for the experiment into the atria at a constant rate
of 1.0mL/min. A continuous oxygen supply was maintained
along with an atrial temperature of 36°C. HEPES buffer con-
tained (in mM) 118.0 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2,
25.0 NaHCO3, 10.0 glucose, 10.0 HEPES (pH 7.4 with
NaOH), and 0.1% BSA.

2.2. Experimental Protocols and Treatment Reagents

2.2.1. Experimental Grouping and Treatment Reagents. Rats
were randomized into 18 different groups: (1) control; (2)
CCK-8s (sulfated cholecystokinin octapeptide, 100.0 pM; AS-
200741; Eurogentec, Germany); (3) CCK-8d (desulfated
cholecystokinin octapeptide, 100.0pM; HY-P0196A; Med-
ChemExpress, USA); (4) Loxiglumid (an antagonist of CCK1R,
0.5mM; HY-B2154; MedChemExpress, USA)+CCK-8s
(100.0pM); (5) YM022 (an antagonist of CCK2R, 70.0 pM;
HY-103355; MedChemExpress, USA)+CCK-8s (100.0pM);
(6) U-73122 (an inhibitor of phospholipase C (PLC),
10.0μΜ; HY-13419; MedChemExpress, USA)+CCK-8s
(100.0pM); (7) CAY10650 (an inhibitor of cytosolic phospho-
lipase A2 (cPLA2), 120.0 nM; HY-10801; MedChemExpress,
USA)+CCK-8s (100.0pM); (8) GLX351322 (an inhibitor of
NADPH oxidase 4 (NOX4), 25.0μΜ; HY-100.0111; Med-
ChemExpress, USA)+CCK-8s (100.0pM); (9) GLX351322
(25.0μΜ); (10) Glibenclamide (an inhibitor of ATP-sensitive
potassium (KATP) channel, 0.1mΜ; PHR1287; Sigma-Aldrich,
USA)+CCK-8s (100.0pM); (11) GAL-021 (a blocker of large-
conductance calcium-activated potassium (BKCa), 30.0μΜ;
HY-101422; MedChemExpress, USA)+CCK-8s (100.0pM);
(12) SB239063 (an antagonist of p38 MAPK, 15.0μM; HY-
11068; MedChemExpress, USA)+CCK-8s (100.0pM); (13)
LY294002 (an inhibitor of serine/threonine kinase (Akt),
10.0μΜ; HY-10108; MedChemExpress, USA)+CCK-8s
(100.0 pM); (14) SR-18292 (an antagonist of peroxisome
proliferator-activated receptor γ (PPARγ) coactivator-1α
(PGC-1α), 50.0μΜ; HY-101491; MedChemExpress,
USA)+CCK-8s (100.0pM); (15) GW6471 (an antagonist of
PPARα, 10.0μM; HY-15372; MedChemExpress, USA)
+CCK-8s (100.0pM); (16) GW9662 (an inhibitor of PPARγ,
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0.1μM; HY-16578; MedChemExpress, USA)+CCK-8s
(100.0pM); (17) A71915 (an antagonist of ANP, 0.3μΜ;
SML2908; Sigma-Aldrich, USA)+CCK-8s (100.0pM); (18)
A71915 (0.3μΜ).

2.2.2. Experimental Protocols. Each left atrium was first sta-
bly perfused for 60min, followed by six cycles of reperfusion
according to the experimental group, each cycle for 12min,
as shown in Table 1. To evaluate the effects of CCK-8 on
atrial pulse pressure and ANP secretion, two cycles of con-
trol period were followed by infusion of CCK-8s or CCK-
8d for four cycles. In another series of experiments, one cycle
of the control period was followed by one cycle of treatment
reagents and then CCK-8s for four cycles in the continuous
presence of the treatment reagents. To test the effects of GLX
and A71 on the atrial pulse pressure and ANP secretion, the
control period was followed by five cycles of GLX or A71. All
atria were harvested immediately after the end of perfusion
and cryopreserved at -80°C for subsequent experiments.

2.3. Determination of ANP and Pulse Pressure. As previously
described [23], ANP levels of perfusates were detected using
an Iodine [125I] Atrial Natriuretic Factor Radioimmunoassay
Kit (North Institute of Biological Technology, Beijing,
China). Changes in atrial pulse pressure were recorded using
a multichannel physiological signal acquisition system
(RM6240BD, 1.5Hz, 0.3ms, 35.0V; Chengdu, China) via a
baroreceptor (Statham P23Db; Oxnard, CA, USA).

2.4. ELISA. The levels of hydrogen peroxide (H2O2) and
AA in equal volumes of rat left atrial lysis solutions were
determined using the Rat H2O2 ELISA Kit and Rat AA
ELISA Kit; these kits were purchased from SinoBestBio
(Shanghai, China)

2.5. Western Blot Analysis and Antibodies. Left atria were
lysed and homogenized adequately using RIPA buffer (high)
(R0010, Solarbio Science & Technology; Beijing, China) in an
ice bath. Protein quantification was then performed using an
EnhancedBCAProteinAssayKit (P0009, Beyotime; Shanghai,
China). The samples were subjected to protein denaturation
with 5× sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) loading buffer (ComWin Biotech;
Beijing, China). Denatured samples were electrophoresed in
8%or 15% SDS-PAGEgels at room temperature. After electro-
phoresis, the separated proteins were transferred from the gel
to a polyvinylidene fluoride (PVDF) membrane using the wet
transfer method and transferred for 60min or 90min at 4°C.
The blottedmembranes were blocked with 5% nonfat dry milk
in PBS for 2h at room temperature, followed by incubation
with primary antibodies overnight at 4°C. The next day, after
incubation with secondary antibodies for 2h, the membranes
were washed for 30min and developed using a sensitive ECL
chemiluminescence detection kit (PK10002, Proteintech;
Wuhan, China). The bandswere analyzed grayscale using Ima-
geJ (National Institutes of Health; Bethesda, USA) software,
and the results of the analysis were normalized.

The following antibodies were used in this experiment:
an antibody of CCK1R (DF4914), an antibody of CCK2R
(DF2793), an antibody of phospho-cPLA2 (Ser505)

(AF3329), an antibody of cPLA2 (AF6329), an antibody of
NOX4 (DF6924), an antibody of PGC-1α (AF5395), an anti-
body of phospho-PPARα (Ser12) (AF8392), an antibody of
PPARα (AF5301), an antibody of phospho-PPARγ
(Ser112) (AF3284), an antibody of PPARγ (AF6284), an
antibody of superoxide dismutase (SOD) (AF5144), an
antibody of catalase (CAT) (DF7545), an antibody of gluta-
thione peroxidase (GPX) (DF6701), an antibody of phos-
pho-pan-AKT1/2/3 (Ser473) (AF0016), and an antibody of
pan-AKT1/2/3 (AF6261) were all purchased from Affinity
Biosciences (Jiangsu, China). An antibody of phospho-p38
MAPK (Thr180/Tyr182) polyclonal (28796-1-AP), an anti-
body of p38 MAPK polyclonal (14064-1-AP), and HRP goat
anti-rabbit IgG were all bought from Proteintech (Wuhan,
China). Natriuretic peptide A (NPPA) rabbit pAb
(A14755) and β-actin rabbit mAb (High Dilution)
(AC026) were from ABclonal Technology (Wuhan, China).

2.6. RT-qPCR. In brief, total RNA was extracted from left
atrial tissues using an RNApure Total RNA Kit (RN03,
Aidlab; Beijing, China). The first strand of cDNA was then
synthesized by high-performance reverse transcription using
a SweScript RT I First Strand cDNA Synthesis Kit (G3330,
Servicebio; Wuhan, China). Finally, the real-time quantita-
tive polymerase chain reaction (RT-qPCR) was performed
with 2× SYBR Green qPCR Master Mix (High ROX)
(G3322, Servicebio; Wuhan, China). Results were calculated
using the 2-ΔΔCT relative quantification method and were
normalized. Primer sequences are shown in Table 2.

2.7. Statistical Analysis. Statistical analysis was performed by
one-way ANOVA and two-way ANOVA with Tukey’s mul-
tiple comparison test using GraphPad Prism 9.0 (GraphPad

Table 1: Experimental protocols.

Time
(min) 0 12 24 36 48 60 72
1 group Cont
2 group Cont CCK-8s
3 group Cont CCK-8d
4 group Cont Lo Lo+CCK-8s
5 group Cont YM YM+ CCK-8s
6 group Cont U U+CCK-8s
7 group Cont CAY CAY+CCK-8s
8 group Cont GLX GLX+CCK-8s
9 group Cont GLX
10 group Cont Gli Gli+CCK-8s
11 group Cont GAL GAL+CCK-8s
12 group Cont SB SB+CCK-8s
13 group Cont LY LY+CCK-8s
14 group Cont SR SR+CCK-8s
15 group Cont GW64 GW64+CCK-8s
16 group Cont GW96 GW96+CCK-8s
17 group Cont A71 A71+CCK-8s 
18 group Cont A71

Note: control (Cont); sulfated CCK-8 (CCK-8s); desulfated CCK-8 (CCK-
8d); Loxiglumid (Lo); YM022 (YM); U-73122 (U); CAY10650 (CAY);
GLX351322 (GLX); Glibenclamide (Gli); GAL-021 (GAL); SB239063 (SB);
LY294002 (LY); SR-18292 (SR); GW6471 (GW64); GW9662 (GW96);
A71915 (A71).
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Software; San Diego, USA). All data were normally distrib-
uted (Kolmogorov-Smirnov test) and given as mean ±
standard error of themean (SEM). P < 0:05 was considered
statistically significant.

3. Results

3.1. Effects of CCK-8 on the ANP Secretion and Atrial
Dynamics. To determine the effects of CCK-8 on atrial
dynamics and ANP secretion, CCK-8s and CCK-8d were
used in the experiments. In isolated beating rat atria, the
infusion of CCK-8s significantly increased ANP secretion
and inhibition of atrial pulse pressure (P < 0:001 vs. control
period; Figures 1(a) and 1(b)) in a time-dependent manner.
Meanwhile, CCK-8d obviously inhibited the atrial pulse
pressure (P < 0:001 vs. control period; Figure 1(d)) but did
not affect the ANP secretion (Figure 1(c)). In the presence
of CCK1R and CCK2R antagonists, Loxiglumid and
YM022, the CCK-8s-induced increase of ANP secretion
was abolished completely (P < 0:001 vs. CCK-8s alone
period; Figures 1(e) and 1(g)). The CCK-8s-induced inhibi-
tion of atrial pulse pressure was almost completely blocked
by Loxiglumid (P < 0:001 vs. CCK-8s alone period;
Figure 1(f)) and notably attenuated by YM022 (P < 0:001
vs. CCK-8s alone period; Figure 1(h)). In addition, the
expressions of CCK1R and CCK2R were significantly upreg-
ulated in atrial tissue after infusion of CCK-8s rather than
CCK-8d (P < 0:001 vs. control group; Figures 1(i)–1(k)).
The results indicated that sulfated rather than desulfated
CCK-8 was able to promote ANP secretion through CCK
receptors and has a negative inotropic effect on the mechan-
ical dynamics of isolated perfused beating rat atria.

3.2. Effects of PLC and cPLA2 on CCK-8s-Induced ANP
Secretion. CCK receptors couple Gq proteins to PLC and
PLA2, subsequently leading to downstream signaling
[24–27]. Therefore, to investigate the mechanism by which
CCK-8s promotes ANP secretion, the effects of CCK-8s on
the levels of p-cPLA2 and its role in ANP secretion were
observed. As shown in Figure 2, the levels of p-cPLA2 were
markedly increased in atrial tissue after infusion of CCK-8s
(P < 0:01 vs. control group; Figures 2(a)–2(c)), which were
blocked by pretreatment with antagonists of CCK receptors
(P < 0:01 vs. CCK-8s group; Figures 2(a) and 2(b)) and

U73122, an inhibitor of PLC (P < 0:01 vs. CCK-8s group;
Figures 2(a) and 2(c)). In addition, infusion of the CCK-8s
increased ANP secretion which was also prevented by pre-
treatment with U73122 (P < 0:001 vs. CCK-8s alone period;
Figure 2(d)) and CAY10650, an inhibitor of cPLA2
(P < 0:001 vs. CCK-8s alone period; Figure 2(f)), while
CCK-8s-induced inhibition of pulse pressure was not
affected by U73122 and CAY10650 (Figures 2(e) and 2(g)).
The data suggested that PLC and cPLA2 mediate the process
of CCK-8s-induced increase of atrial ANP secretion.

3.3. Effects of CCK-8s on NOX4 Expression and Its Role in
ANP Secretion. According to the role of CCK-8s on the levels
of p-cPLA2 and the effect of cPLA2 on AA release and
NOX4 activation [29], the levels of AA, NOX4 expression,
and H2O2 production induced by CCK-8s were observed.
Results revealed that the levels of AA were remarkably
increased in atrial tissue after infusion of CCK-8s
(P < 0:001 vs. control group; Figure 3(a)), which were
blocked by pretreatment with antagonists of CCK receptors
and U73122 (P < 0:001 and P < 0:01 vs. CCK-8s group;
Figure 3(a)). In addition, the expression of NOX4 was dra-
matically upregulated in CCK-8s-infused atrial tissue
(P < 0:001 vs. control group; Figures 3(b)–3(d)); this effect
was blocked by antagonists of CCK receptors and
CAY10650 pretreatment (P < 0:001 vs. CCK-8s group;
Figures 3(b)–3(d)). The levels of H2O2 were also markedly
increased in atrial tissue after infusion of CCK-8s
(P < 0:001 vs. control group; Figure 3(e)), which were abol-
ished by pretreatment with antagonists of CCK receptors
(P < 0:001 vs. CCK-8s group; Figure 3(e)). Furthermore, in
the presence of GLX351322, an inhibitor of NOX4, CCK-
8s-induced increase of ANP secretion was not observed
(P < 0:001 vs. CCK-8s alone period; Figure 3(f)), and the
inhibition of atrial pulse pressure was also removed
(P < 0:001 vs. control period and CCK-8s alone period; P
> 0:05 vs. GLX351322 alone period; Figure 3(g)). In the
presence of Glibenclamide, an inhibitor of KATP, the effects
of CCK-8s on atrial ANP secretion and mechanical dynam-
ics were removed (P < 0:001 vs. CCK-8s alone period,
respectively; Figures 3(h) and 3(i)), and a blocker of BKCa,
GAL-021, mimicked the role of Glibenclamide (P < 0:001
vs. CCK-8s alone period, respectively; Figures 3(j) and
3(k)). These results suggested that CCK-8s upregulated the
expression of NOX4 via cPLA2–AA signaling, thereby
increasing the secretion of ANP and exerting a negative ino-
tropic effect on atrial mechanical dynamics, in which KATP
and BKCa were involved.

3.4. Effects of CCK-8s-Induced NOX4 on p38 MAPK and Akt
Expressions. In accordance with the relationship between the
activation of the NOX4-dependent p38 MAPK axis and cell
oxidative damage [30], the effects of CCK-8s-induced NOX4
on the p38 MAPK and Akt protein expression in atrial tissue
after infusion of CCK-8s were observed. The data showed
that CCK-8s notably increased the levels of phosphorylated
p38 (p-p38) MAPK, (P < 0:05 vs. control group;
Figures 4(a) and 4(b)) and phosphorylated Akt (p-Akt)
(P < 0:01 vs. control group; Figures 4(a) and 4(c)), which

Table 2: Primer sequences.

Gene Primer sequence

NPPA
S: 5′-TTCCTCTTCCTGGCCTTTTG-3′

A: 5′-TCTAGCAGGTTCTTGAAATCCATC-3′

PPARα
S: 5′-TCCACAAGTGCCTGTCCGTC-3′

A: 5′-CTTCAGGTAGGCTTCGTGGATT-3′

PPARγ
S: 5′-TTTCAAGGGTGCCAGTTTCG-3′

A: 5′-GGAGGCCAGCATGGTGTAGAT-3′

β-Actin
S: 5′-TGCTATGTTGCCCTAGACTTCG-3′
A: 5′-GTTGGCATAGAGGTCTTTACGG-3′

Note: S: sense primer; A: antisense primer.
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Figure 1: Continued.
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Figure 1: CCK-8 role in ANP secretion and dynamics and its effects on CCK receptor expressions in isolated beating rat atria. (a, c, e, g)
Atrial ANP secretion by radioimmunoassay. (b, d, f, h) Atrial pulse pressure by RM6240BD. (i) The protein expression levels of CCK1R and
CCK2R were detected by Western blot. (j, k) The statistics histograms of Western blot were expressed as band density normalized versus β-
actin. Cont: control; CCK-8s: sulfated CCK-8; CCK-8d: desulfated CCK-8; Lo: Loxiglumid, an antagonist of CCK1 receptor; YM: YM022, an
antagonist of CCK2 receptor. Data were expressed as mean ± SEM. (a–h) n = 6; (i–k) n = 5. ∗∗∗P < 0:001 vs. control period or group;
###P < 0:001 vs. CCK-8s period or group; ns: no significant.
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Figure 2: Continued.
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were eliminated by GLX351322 (P < 0:05 and P < 0:01 vs.
CCK-8s group; Figures 4(a)–4(c)). Moreover, the CCK-8s-
induced ANP secretion was blocked by inhibitors of p38
MAPK and Akt, SB239063, and LY294002 (P < 0:001 vs.
CCK-8s alone period; Figures 4(d) and 4(f)), while the inhi-
bition of atrial pulse pressure induced by CCK-8s was not
notably changed by SB239063 and LY294002 (Figures 4(e)
and 4(g)). These results demonstrated that p38 MAPK and
Akt controlled by NOX4 were involved in the regulation of
CCK-8s-induced ANP secretion.

3.5. Effects of CCK-8s on the Expressions of PGC-1α and
PPARα as well as PPARγ. To investigate the downstream
mechanism that p38 MAPK and Akt regulate the CCK-8s-
induced increase of ANP secretion, effects of CCK-8s on
the expressions of PGC-1α and PPARα as well as PPARγ
were determined. CCK-8s notably upregulated the expres-
sion of PGC-1α (P < 0:001 vs. control group; Figures 5(a)–
5(c)), which was abolished by SB239063 and LY294002
(P < 0:001 and P < 0:01 vs. CCK-8s group respectively;
Figures 5(a)–5(c)). In the presence of SR18292, an antago-
nist of PGC-1α, the CCK-8s-induced increase of ANP
secretion was not observed (P < 0:001 vs. CCK-8s alone
period; Figure 5(d)), while the inhibition of pulse pressure
induced by CCK-8s was augmented (P < 0:001 vs. CCK-8s
alone period; Figure 5(e)).

In addition, CCK-8s noticeably increased the mRNA
levels of PPARα and PPARγ (P < 0:001 vs. control group;
Figures 6(a) and 6(b)), concomitant with upregulation of
p-PPARα and p-PPARγ protein expression levels
(P < 0:001 vs. control group; Figures 6(c)–6(e)). The CCK-
8s-induced increases of PPARα and PPARγ mRNA were
notably inhibited by SR18292 (P < 0:001 vs. CCK-8s group;
Figures 6(a) and 6(b)), and the protein expression levels of
PPARα and PPARγ were also abolished by SR18292

(P < 0:001 vs. CCK-8s group; Figures 6(c)–6(e)). CCK-8s
also enhanced the NPPA mRNA levels (P < 0:001 vs. control
group; Figure 6(f)), which were abrogated by inhibitors of
CCK receptors (P < 0:001 vs. CCK-8s group; Figure 6(f)).
Moreover, inhibitors of PPARα and PPARγ, GW6471 and
GW9662, not only markedly inhibited the effect of CCK-
8s-enhanced mRNA levels of the NPPA (P < 0:001 vs. con-
trol group; P < 0:001 vs. CCK-8s group; Figure 6(f)), but also
abolished the role of CCK-8s on ANP secretion (P < 0:001
vs. CCK-8s alone period; Figures 6(g) and 6(h)). However,
the inhibition of atrial pulse pressure induced by CCK-8s
was not affected by GW6471 and GW9662 (Figures 6(i)
and 6(j)). These results demonstrated that PGC-1α regulated
PPARα and PPARγ were involved in the regulation of CCK-
8s-induced increase of ANP secretion.

3.6. Effects of Endogenous ANP on NOX4, SOD, and CAT
Expressions under CCK-8s Action. To define the effects of
endogens ANP on NOX4, SOD, and CAT protein expres-
sions under CCK-8s action, another series of experiments
were performed with an ANP receptor antagonist. Results
showed that CCK-8s significantly increased SOD and CAT
rather than GPX protein expression levels (P < 0:01 and
P < 0:001 vs. control group; Figures 7(a)–7(d)); these
effects were blocked by inhibitors of CCK receptors and
PPARα as well as PPARγ (P < 0:001 vs. CCK-8s group;
Figures 7(a)–7(c) and 7(e)–7(g)). In the presence of an
antagonist of the ANP receptor, A71915, the CCK-8s-
induced increase of AA release and H2O2 levels were further
augmented (P < 0:05 and P < 0:001 vs. CCK-8s group;
Figures 8(a) and 8(b)). In addition, A71915 further enhanced
the effects of CCK-8s-induced increase of NOX4 and CAT
protein expression levels (P < 0:05 vs. CCK-8s group;
Figures 8(c)–8(e)), but the CCK-8s-induced increase of
SOD protein expression was abolished by A71915 (P < 0:05
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Figure 2: Effects of CCK-8s and PLC on cPLA2 expression and its role in ANP secretion and dynamics in isolated beating rat atria. (a) The
protein expression levels of p-cPLA2 were detected by Western blot. (b, c) The statistics histograms of Western blot were expressed as band
density normalized versus t-cPLA2. (d, f) Atrial ANP secretion by radioimmunoassay. (e, g) Atrial pulse pressure by RM6240BD. Cont:
control; CCK-8s: sulfated CCK-8; Lo: Loxiglumid, an antagonist of CCK1 receptor; YM: YM022, an antagonist of CCK2 receptor; U:
U-73122, an inhibitor of PLC; CAY: CAY10650, an inhibitor of cPLA2. Data were expressed as mean ± SEM. (a–c) n = 5; (d–g) n =
6. ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. control period or group; ##P < 0:01 and ###P < 0:001 vs. CCK-8s period or group.
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Figure 3: Continued.
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Figure 3: Effects of CCK-8s on NOX4 expression and its role in ANP secretion and dynamics in isolated beating rat atria. (a) The level of AA
was tested by the ELISA method. (b) The protein expression levels of NOX4 were detected by Western blot. (c, d) The statistics histograms of
Western blot were expressed as band density normalized versus β-actin. (e) The level of H2O2 was tested by ELISA. (f, h, j) Atrial ANP secretion
by radioimmunoassay. (g, i, k) Atrial pulse pressure by RM6240BD. Cont: control; CCK-8s: sulfated CCK-8; Lo: Loxiglumid, an antagonist of
CCK1 receptor; YM: YM022, an antagonist of CCK2 receptor; U: U-73122, an inhibitor of PLC; CAY: CAY10650, an inhibitor of cPLA2;
GLX: GLX351322, an inhibitor of NOX4; Gli: Glibenclamide, an inhibitor of KATP; GAL: GAL-021, a blocker of BKCa. Data were expressed
as mean ± SEM. (a–e) n = 5; (f–k) n = 6. ∗∗∗P < 0:001 vs. control period or group; ##P < 0:01 and ###P < 0:001 vs. CCK-8s period or group.
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Figure 4: Effects of p38 MAPK and Akt on ANP secretion and dynamics induced by CCK-8s in isolated beating rat atria. (a) The protein
expression levels of p-p38 MAPK and p-Akt were detected by Western blot. (b) The statistics histograms of Western blot were expressed as
band density normalized versus t-p38. (c) The statistics histograms of Western blot were expressed as band density normalized versus t-Akt.
(d, f) Atrial ANP secretion by radioimmunoassay. (e, g) Atrial pulse pressure by RM6240BD. Cont: control; CCK-8s: sulfated CCK-8; GLX:
GLX351322, an inhibitor of NOX4; SB: SB239063, an antagonist of p38 MAPK; LY: LY294002, an inhibitor of Akt. Data were expressed as
mean ± SEM. (a–c) n = 5; (d–g) n = 6. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control period or group; #P < 0:05, ##P < 0:01, and
###P < 0:001 vs. CCK-8s period or group.
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Figure 5: Effects of CCK-8s on PGC-1α expression and its role on ANP secretion and dynamics in isolated beating rat atria. (a) The protein
expression levels of PGC-1α were detected by Western blot. (b, c) The statistics histograms of Western blot were expressed as band density
normalized versus β-actin. (d) Atrial ANP secretion by radioimmunoassay. (e) Atrial pulse pressure by RM6240BD. Cont: control; CCK-8s:
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Figure 6: Continued.
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vs. CCK-8s group; Figures 8(c) and 8(f)). Data showed that
CCK-8s upregulated the expression of SOD and CAT
through activation of PPARα as well as PPARγ. Moreover,
endogenous ANP was involved in the inhibition of NOX4
expression and H2O2 production and the regulation of SOD
activity under the action of CCK-8s.

4. Discussion

NOX4 is one of the enzymatic sources of ROS generation in
the cardiovascular system expressed in the heart [22]. In
addition, the role of PLA2 and AA on the activation of
NOXs has been demonstrated [28]. In our previous study,
we have demonstrated that activated cPLA2 induced by
endothelin-1 was involved in the regulation of hypoxia-
induced ANP secretion through activation of NOX4 and
H2O2 production in isolated beating rats’ atria [23]. The
increased NOX4 activity in response to a high pacing fre-
quency also promoted ANP secretion in rat atria [31]. These
results suggest that NOX4 is one of the regulatory factors for
the secretion of ANP in the atria.

In the current study, CCK-8s rather than CCK-8d signif-
icantly upregulated the expression of CCK1 and CCK2
receptors and increased the levels of p-cPLA2, AA release,
NOX4 relative protein levels, and H2O2 production, con-
comitant with an increase of ANP secretion and inhibition
of mechanical dynamics in isolated beating rat atria. The
CCK-8s-induced increases of p-cPLA2 expression and AA
release were blocked by inhibitors of CCK receptors and
PLC, respectively. Similarly, the CCK-8s-induced upregula-
tion of NOX4 expression and H2O2 production was abol-
ished by antagonists of CCK receptors, and an inhibitor of
cPLA2 also nullified the effect of CCK-8s on NOX4 expres-

sion. Furthermore, CCK-8s-induced promotion of ANP
secretion was blocked by antagonists of CCK receptors, PLC
and cPLA2, respectively, without changes in the inhibition of
atrial mechanical dynamics induced by CCK-8s. Nevertheless,
CCK-8s-induced inhibition of atrial dynamics was abolished
by inhibitors of NOX4, KATP, and BKCa, which was accompa-
nied by blockage of CCK-8s-induced ANP secretion. These
results demonstrated that CCK-8s (but not CCK-8d) triggered
NOX4 activation and increased H2O2 production through
CCK receptor-mediated activation of cPLA2, leading to an
increase in ANP secretion and a negative inotropic action, in
which KATP and BKCa were involved. The results of the
current study are similar to those of the previous studies men-
tioned above and support previous reports that KATP and
BKCa are regulated by H2O2[32–34].

The PGC-1α is a member of the PGC-1 family that reg-
ulates adaptive thermogenesis and mitochondrial function
[35]. PGC-1α can be directly activated by p38 MAPK [36]
and participates in the elimination of ROS in the heart [37,
38]. PPARα and PPARγ, as downstream signal molecules
of PGC-1α, inhibit NOX and ROS generation by enhancing
the activity of SOD as well as CAT, thereby resisting oxida-
tive stress damage [39, 40]. In addition, the promoter region
of the human ANP gene located on the short arm of chro-
mosome 1 contains binding sites for many transcription
factors, including PPARα and PPARγ [41]. Furthermore, it
has been demonstrated that PPARγ is involved in the regu-
lation of ANP secretion in beating rat atria under normoxic
or hypoxic conditions [42–44]. These results suggest that the
changes in PPARα and PPARγ activity are closely related to
the secretion of ANP.

In the current study, CCK-8s obviously increased the
levels of p-p38 MAPK and p-Akt simultaneously with
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Figure 6: Effects of CCK-8s on PPARα as well as PPARγ expression and its role in ANP secretion and dynamics in isolated beating rat atria.
(a, b, f) The mRNA levels of PPARα, PPARγ, and NPPA were tested by RT-qPCR. (c) The protein expression levels of p-PPARα and p-
PPARγ were detected by Western blot. (d) The statistics histograms of Western blot were expressed as band density normalized versus t-
PPARα. (e) The statistics histograms of Western blot were expressed as band density normalized versus t-PPARγ. (g, h) Atrial ANP
secretion by radioimmunoassay. (i, j) Atrial pulse pressure by RM6240BD. Cont: control; CCK-8s: sulfated CCK-8; SR: SR-18292, an
antagonist of PGC-1α; Lo: Loxiglumid, an antagonist of CCK1 receptor; YM: YM022, an antagonist of CCK2 receptor; GW64: GW6471,
an antagonist of PPARα; GW96: GW9662, an inhibitor of PPARγ. Data were expressed as mean ± SEM. (a–f) n = 5; (g–j) n = 6. ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. control period or group; ###P < 0:001 vs. CCK-8s period or group; @@P < 0:01 vs. Lo+CCK-8s
group; &&P < 0:01 vs. YM+CCK-8s group.
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the upregulation of PGC-1α expression. The CCK-8s-
induced increase of p-p38 MAPK and p-Akt levels was
blocked by an inhibitor of NOX4, and the CCK-8s-
induced upregulation of PGC-1α expression was repealed
by inhibitors of p38 MAPK and Akt, respectively. In addi-

tion, CCK-8s also markedly increased PPARα as well as
PPARγ mRNA levels and their phosphorylated protein
expressions, concomitant with the promotion of ANP
secretion. An inhibitor of PGC-1α abolished the CCK-8s-
induced increase of phosphorylated PPARα as well as
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Figure 7: Effects of PPARα and PPARγ on CCK-8s-induced SOD and CAT expressions in isolated beating rat atria. (a) The protein
expression levels of SOD, CAT, and GPX were detected by Western blot. (b–d) The statistics histograms of Western blot were expressed
as band density normalized versus β-actin. (e–g) The bands of SOD and CAT and their statistics histograms. Cont: control; CCK-8s:
sulfated CCK-8; Lo: Loxiglumid, an antagonist of CCK1 receptor; YM: YM022, an antagonist of CCK2 receptor; GW64: GW6471, an
antagonist of PPARα; GW96: GW9662, an inhibitor of PPARγ. Data were expressed as mean ± SEM. (a–g) n = 5. ∗∗P < 0:01 and
∗∗∗P < 0:001 vs. control group; ###P < 0:001 vs. CCK-8s group.
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phosphorylated PPARγ levels by attenuation of PPARα as
well as PPARγ mRNA levels; it also abrogated the CCK-
8s-induced promotion of ANP secretion. Similarly, inhibi-
tors of PPARα as well as PPARγ attenuated the CCK-8s-
induced upregulation of NPPA mRNA levels and repealed
the promotion of ANP secretion induced by CCK-8s. The

current study data indicate that CCK-8s-induced NOX4
upregulates PGC-1α expression through phosphorylation
of p38 MAPK and Akt, leading to the activation of PPARα
as well as PPARγ, thereby promoting the secretion of
ANP. The data is similar to those of the previous studies
mentioned above.
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Figure 8: Effects of endogenous ANP on SOD, CAT, and NOX4 expressions under CCK-8s action in isolated beating rat atria. (a, b) The
levels of AA and H2O2 were tested by ELISA method. (c) The protein expression levels of NOX4, CAT, and SOD were detected by Western
blot. (d–f) The statistics histograms of Western blot were expressed as band density normalized versus β-actin. Cont: control; CCK-8s:
sulfated CCK-8; A71: A71915, an antagonist of ANP receptor. Data were expressed as mean ± SEM. (a–f) n = 5. ∗∗P < 0:01 and ∗∗∗P <
0:001 vs. control group; #P < 0:05, ##P < 0:01, and ###P < 0:001 vs. CCK-8s group; &&&P < 0:001 vs. A71+CCK-8s group.
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SOD, CAT, and GPX are important antioxidant defenses
that protect biological systems from ROS toxicity. The
superoxide anion produced by NOXs can be converted to
H2O2 and O2 by the action of SOD, and the H2O2 is ulti-
mately detoxified into the water by the action of several
enzymes, including CAT and GPX [45]. In the current study,
CCK-8s significantly increased NOX4 expression and H2O2
production concomitant with the upregulation of SOD and
CAT rather than GPX expression; this was abolished by
inhibitors of CCK receptors. The CCK-8s-induced SOD
and CAT expressions were also abolished by antagonists of
PPARα and PPARγ. Based on the effect of CCK-8s on
PPARα and PPARγ activities, it is suggested that the CCK-
8s-induced upregulation of SOD and CAT expressions was
related to the PPAR activation. In addition, in the presence
of an inhibitor of the ANP receptor, the CCK-8-induced
increase of AA release, H2O2 production, and the upregula-
tion of NOX4 as well as CAT expression was dramatically
augmented. These results hint that CCK-8s-induced ANP
is involved, at least in part, in the inhibition of AA release,
NOX4 expression, and H2O2 production. As for the aug-
mentation of CAT expression induced by CCK-8s under
the presence of an inhibitor of the ANP receptor, we consid-
ered that is related to further increase of H2O2 production,
as the CAT can detoxify H2O2 into water depending on
the concentration of H2O2 [45]. Moreover, the inhibitor of
the ANP receptor repealed the CCK-8s-induced expression
of SOD. This means that endogenous ANP has participated
in the regulation of SOD expression. Results of the current
study support previous studies that ANP stimulates antioxi-
dant defense in the cardiovascular system [5] and protects
endplate chondrocytes against H2O2-induced oxidative
stress damage by increasing SOD levels and inhibiting apo-
ptotic factors [46].

In summary, CCK-8s promoted ANP secretion through
the activation of NOX4–PGC-1α–PPARα/PPARγ signaling
and played a negative inotropic effect through the activation
of KATP and BKCa. The CCK-8s-induced endogenous ANP
was involved in resistance for NOX4 expression and ROS
production and regulation of SOD activity. This suggests
that the CCK–ANP signaling is implicated in cardiac physi-
ology and pathophysiology.
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Background. Previous studies have explored the relationship between probiotics and risk of atopic dermatitis among infant;
however, the results are still inconclusive. We aimed to assess the abovementioned association. Methods. PubMed, Web of
Science, Embase, and China National Knowledge Infrastructure were retrieved for association between probiotics and atopic
dermatitis with randomized controlled trials (RCTs) until Nov 20, 2021. The effect size was pooled by using random or fixed
effect models according to the heterogeneity. Stata 12.0 was used for meta-analysis, sensitivity analysis, and bias analysis.
Results. At the end of the screening article, 2575 infants were extracted from 8 trials and finally met the qualification criteria.
In comparison to placebo, probiotics dramatically reduced incidence of childhood atopic dermatitis (RR = 0:86, 95% CI = 0:78
-0.95). However, probiotics did not exhibit benefit over placebo in preventing the development of either IgE-associated infant
AD (RR = 0:98, 95% CI = 0:79-1.22) or sensitive constitution (RR = 0:93, 95% CI = 0:81-1.08). From the results of sensitivity
and publication bias, we found that these results were robust with little publication bias. Conclusion. During the late stages of
pregnancy, women taking probiotics could lower the risk of infantile atopic dermatitis, but not for IgE-associated infant AD or
sensitive constitution. The results could provide evidence for the fibrosis. Future studies are needed to confirm the results.

1. Introduction

Atopic dermatitis (AD) is one of the most common skin dis-
eases in children. It could be divided into different stages:
infant period, childhood period, and youth adult period.
About 60% of patients with AD develop before the age of
1, and 85% develop AD before the age of five [1]. Nearly a
quarter of children with the disease can be delayed into
young adulthood [2]. In the past few decades, the incidence
of the disease in the worldwide has increased significantly
and is now 10-20 percent among infants and children [3].
Mancini et al. proposed in 2013 that the direct national
expenditure on AD treatment in the United States was as
high as 3.8 billion dollars, which costs $167 to $580 per per-
son per year [4].

AD is related to genetic allergic diathesis, often accom-
panied by allergic rhinitis and asthma, and the three dis-
eases are allergic progression, while atopic dermatitis is
often the first symptom [5]. AD patients also have the fol-

lowing characteristics: easy to xenoprotein allergy, serum
immunoglobulin-E (IgE) increased, and blood eosinophils
increased [6]. The main treatment currently involves topical
sugars corticosteroids, antihistamines, and even antibiotics,
while long-term use of drugs can lead to side effects [7]. In
addition, AD symptoms may recur rapidly after the stop of
treatment. Therefore, prevention methods are needed in the
face of recurrent AD. In addition, the association between
AD and fibrosis has been studied for several years; however,
the results between studies are controversial.

Previous studies revealed that gastrointestinal flora
plays an important role in infant atopic dermatitis [8]. It
is showed that the contents of bifidobacteria and lactoba-
cillus decreased in the intestinal tract of AD patients, while
the contents of clostridium increased [9]. All these evi-
dences have indicated that probiotics may have a positive
effect on the prevention and treatment of AD.

Since some researches have explored the effect of probio-
tics on AD, but there is little comprehensive analysis for the
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topic. Therefore, we conducted this research to overall ana-
lyze the effect of probiotics on AD.

2. Methods

2.1. Literature Search Strategy. We searched the randomized
controlled trials from PubMed, Web of Science, Embase, and
China National Knowledge Infrastructure up to Nov 20,
2021, using the following keywords: (1) probiotics, (2) atopic
dermatitis, and (3) clinical effect. The search strategy
involves medical subject headings (mesh) and text words
combined by the Boolean operator “and.”

We will conduct a comprehensive search in multiple
databases, regardless of the language or publication status.
In order to maximize the specificity and sensitivity of the
search, the author should also refer to the list of retrieved
references to find other relevant studies not found through
the search strategy. The literature search was conducted in
accordance with PRISMA.

2.2. Study Selection. We conducted a comprehensive review
of potentially relevant articles to ensure that they met all
inclusion criteria: (1) study design was double-blind, ran-
domized, placebo-controlled trials; (2) the intervention was
probiotics or placebo; (3) mother during gestation and/or

one year after birth received probiotics or placebo; (4) the
outcome was AD or IgE related AD or sensitive constitution;
(5) the full text is available for reference.

Studies were excluded according to the following prede-
termined exclusion criteria: (1) studies on other subjects; (2)
comparison of other interventions; (3) lack of research on
available data; (4) the outcome was the treatment effect,
not the prevention effect; and (5) comments, abstracts, and
reproduction of publications.

For studies with duplicate data from a single database,
we selected the study with the most complete information
on results or the largest sample size.

2.3. Data Collection and Quality Assessment. Two reviewers
extracted detailed information including the titles, abstracts,
and full-text articles of potentially qualified studies and
resolved their differences through discussion. The following
data parameters were extracted: name of main author, pub-
lication year, number of participants in each group, charac-
teristics of drug intervention during follow-up in each
group, and infants’ age in the follow-up time. The Jadad
questionnaire was used to evaluate the effectiveness of qual-
ified randomized controlled trials. Egger’s test and funnel
plot program were used to assess the risk of bias in the study.

559 citations identified from literature search

118 duplicate articles

441 articles reserved for screening

66 potentially relevant articles given detailed
assessment

8 of full-text articles assessed for eligibility

58 articles excluded:
45 were not prevention effect
13 requested data were not reported

301 irrevelant articles exculded based on title or
abstract

46 reviews, news, comments, cross-sectional
studies or conference papers

28 unmatched study exposure

Figure 1: Flow chart for selection of eligible studies.
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2.4. Statistical Analysis. The effect size was pooled by using
random or fixed effect models according to the heterogene-
ity. Heterogeneity of effect size across studies was tested by
I2 statistics (I2 > 50% is considered significant). The random
effect model was used for analysis if P < 0:05 or I2 > 50%, or
else fixed effect model was used to conduct the analysis.
Visual examination of the funnel plot was used to assess
publication bias. Sensitivity analysis was explored by delet-
ing one study in turn to observe the impact of individual
results on the overall analysis. The study was conducted by
using STATA version 12.0. All P values are two tailed, and
we set P < 0:05 as the threshold for significance.

3. Results

3.1. Search Process. The initial search yielded 559 articles
from four databases, including PubMed, Embase, Web of
Science, and CNKI. After the first screening, 441 records
were retained. By screening titles and abstracts, an additional
375 records were excluded because they were review articles,

letters, case reports, comments, or editorials, remaining 66
articles. A total of 58 articles were further excluded for vari-
ous reasons, including different research designs or insuffi-
cient available data. Finally, 8 studies met the inclusion
criteria and were included in this meta-analysis [10–17],
with a total of 2575 infants. The process followed PRISMA
guidelines, including the reasons for excluding the study,
as shown in Figure 1.

3.2. Characteristics of Included Studies. Table 1 lists the main
characteristics of the eight studies. These studies included
2575 patients (1358 patients in the experimental group and
1217 patients in the control group). The sample size ranged
from 115 to 891.

3.3. Results of Meta-analysis

3.3.1. Association between Probiotics and AD. All the eight
studies revealed the association between probiotics and
AD; the overall results showed that the incidence of AD in
the experimental group was lower than that of the control

Table 1: Characteristics of eligible studies.

Author Year Outcome
Number of population

(trial/control)
Events

(trial/control)
Types of probiotics Intervention

Jadad
score

Kalliomäki
et al.

2007
AD, sensitive
constitution

53/62 23/41 ATCC53103

Mother 2~ 4 weeks
before prenatal start to
take; postpartum use
up to 6 months (not
breast milk) feeders, to

give to babies

6

Kuitunen
et al.

2009 AD, related AD 445/446 175/193

ATCC53103 + DSM7061 +
DSM13692 + DSM7076

Starting two to four
weeks before birth,

babies are taken from
birth until 6 months of

age

7

Jensen
et al.

2012
AD, related
AD, sensitive
constitution

62/56 19/9 LAVRI-A1
Babies are taken from
birth until 6 months of

age
7

West et al. 2013
AD, related
AD, sensitive
constitution

59/62 16/19 LF19
Babies take it from 4
months to 13 months

5

Wickens
et al.

2013
AD, sensitive
constitution

309/156 123/156 HN001 + HN019

Mothers take it from
the 35th week until
postpartum for 6

months; babies take it
from birth to 2 years

old

7

Loo et al. 2014
AD, sensitive
constitution

124/121 31/38 BL999 + LPR
Babies are taken from
birth until 6 months of

age
5

Allen et al. 2014 AD 214/222 73/72

CUL61 + CUL08 +
CUL34 + CUL20

Mothers take it from
the 36th week until
birth; babies take it

from birth to 6 months

5

Cabana
et al.

2017 AD 92/92 26/28 LPR
Babies are taken from
birth until 6 months of

age
5
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group (RR = 0:86, 95% confidence interval (0.78, 0.95), P =
0:170, I2 = 32:3% fixed effect model) (Figure 2).

3.3.2. Association between Probiotics and Related AD. Three
studies revealed the association between probiotics and
related AD; the overall results showed that the difference
of incidence of related AD in the experimental group was
not statistically significant from that of the control group
(RR = 0:98, 95% CI (0.79, 1.22), P = 0:353, I2 = 4% fixed
effect model) (Figure 3).

3.3.3. Association between Probiotics and Sensitive
Constitution. Five studies revealed the association between
probiotics and sensitive constitution; the overall results
showed that the difference of incidence of sensitive constitu-
tion in the experimental group was not statistically signifi-
cant from that of the control group (RR = 0:93, 95% CI
(0.81, 1.08), P = 0:619, I2 = 0% fixed effect model) (Figure 4).

3.3.4. Results of Quality Assessment. Jadad assessment tool
was used to assess the quality in the study. All 6 literatures
were analyzed from three aspects of “random grouping
sequence generation method,” “allocation hiding,” and
“blind method,” and all 8 articles were of high quality
(Table 1).

3.4. Results of Sensitivity Analysis and Publication Bias. Sen-
sitivity analysis was used to explore the potential sources of
heterogeneity (Figure S1-S3). Excluding a single study in
turn did not alter the combined RR significantly. Visual
inspection of funnel plots did not identify substantial
asymmetry (Figure S4-S6). No evidence of publication bias
was found by Begg’s and Egger’s test.

4. Discussion

In this study, we found that the incidence of AD in the con-
trol group was higher than that of the probiotics group.
However, the difference of incidence of related AD and sen-
sitive constitution in the experimental group was not statis-
tically significant from that of the control group. The results
of our study may have important clinical practice, which
indicated that probiotics may play a role in the prevention
of AD, though it was not in the related AD and sensitive
constitution.

AD is a chronic inflammatory skin condition associated
with inherited allergic predisposition skin disease; the per-
formance is pruritus, pleomorphic skin lesions, and exudate
tendency, often concurrent asthma and allergic rhinitis.
Studies have found that the allergic constitution of children
in the intestines of E. coli number significantly more than
the children allergic constitution, and allergic constitution
of infants and young children, the intestinal microbial flora
changes prior to the clinical manifestations of allergic dis-
ease speculated that the intestinal engraftment has proper
number of bacteria and may be related to lower the risk of
allergic diseases; improving the intestinal microecological
environment in infants may help prevent allergic diseases
in infants [18]. In addition, other results showed that after
1 year of age, children with eczema had more diversity of
intestinal flora than normal children [19, 20]. The contents
of bifidobacteria and lactobacillus were reduced in the intes-
tines of AD patients. Pike et al. also found that intestinal per-
meability was increased in AD patients [21], which may be
related to changes in intestinal flora. And the elevation of
intestinal permeability may be related to the occurrence of
food allergy. These theoretical evidences may suggest that

Study

ID rr (95% CI) Weight

8.28

44.94

2.12

3.30

25.72

6.46

6.53

2.64

100.00

0.66 (0.46, 0.94)

0.91 (0.78, 1.06)

1.91 (0.94, 3.86)

0.88 (0.50, 1.55)

0.76 (0.62, 0.93)

0.80 (0.53, 1.19)

1.08 (0.72, 1.61)

0.90 (0.48, 1.70)

0.86 (0.78, 0.95)

%

Kalliomaki (2007)

Kuitunen (2009)

Jensen (2012)

West (2013)

Wickens (2013)

Loo (2014)

Allen (2014)

D.Cabana (2017)

.259 1 3.86

Overall (I2 = 32.3%, P = 0.170)

Figure 2: Association between probiotics and AD.
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exogenous supplementation of intestinal probiotics may be
beneficial to the prevention and treatment of AD by chang-
ing the composition of intestinal flora.

The prevention mechanisms of probiotics on AD are
still unknown. Probiotics can stimulate the production of
intestinal IgA and reduce the adhesion of pathogenic bac-
teria and form a tight intercellular connection with intesti-
nal epithelial cells to reduce intestinal permeability [22].
The toll-like receptor plays a role in inducing defensin,
inhibiting the invasion of pathogenic bacteria and reduc-
ing local inflammation [23]. Exposure to specific skin
pathogens can enhance the expression of thymic stromal
lymphopoietin, which can induce the differentiation of
primitive T cells into Th2 cells and Th17 cells, mediating
allergic inflammation of the skin. Probiotics can act on

DC cells and induce the production of regulatory T cells in
mesenteric lymph nodes to migrate to inflammatory sites
and produce IL-10 and TGF-β, thereby inhibiting Th2 and
Th17 cell-mediated allergic reactions and the production of
inflammatory factors and correcting the immune response
to Th2 [24]. In our study, no significant difference was found
in the incidence of IgE-related AD and the proportion of
sensitive constitution between the probiotics group and the
placebo group, suggesting that the probiotics’ prevention
effect on AD may not be mediated by IgE.

A few potential limitations of the present meta-analysis
should also be acknowledged. First, baseline data are incon-
sistent in some literatures. Second, single language, different
types, dosages, dosage forms, and study regions of probiotics
may lead to biased results. Third, only eight studies were

Study

ID

.476 1 2.1

rr (95% CI) Weight

%

 Kalliomäki (2007)

Jensen (2012)

West (2013)

Overall (I2 = 0.0%, P = 0.619)

Loo (2014)

Wickens (2013)

6.76

6.33

43.75

100.00

0.92 (0.53, 1.60)

1.18 (0.67, 2.10)

12.511.18 (0.79, 1.78)

0.85(0.68, 1.05)

0.98 (0.81, 1.08)

30.640.93 (0.72, 1.21)

Figure 4: Association between probiotics and sensitive constitution.

Study
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%

Kuitunen (2009)

Jensen (2012)

West (2013)

Overall (I2 = 4.0%, P = 0.353)

89.59

6.83

3.58

100.00

0.96 (0.76, 1.21)

1.67 (0.72, 3.88)

0.64 (0.20, 2.05)

0.98 (0.79, 1.22)

Figure 3: Association between probiotics and related AD.
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included in the meta-analysis, and the results should be
further confirmed by more studies conducted in different
populations.

5. Conclusion

In conclusion, our meta-analysis shows that probiotics may
have a protective effect on the prevention of AD; the results
of our study provide practical and valuable insights for the
prevention of AD. Additional studies are needed to establish
causality and elucidate the underlying mechanisms.
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The datasets used and analyzed during the current study are
available from the corresponding author upon reasonable
request.
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Diabetes mellitus (DM) is associated with mitochondrial dysfunction and oxidative stress that can lead to diabetic
cardiomyopathy (DCM), which can often remain undetected until late stages of the disease. However, myocardial injury occurs
before the onset of measurable cardiac dysfunction, although its molecular correlates are poorly understood. In this study, we
made a DM rat induced by a high-fat diet combined with low and high doses of streptozotocin (STZ) to emulate pre and early
DCM. RNA-sequencing analysis of ventricular tissue revealed a differential transcriptome profile and abnormal activation of
pathways involved in fatty acid metabolism, oxidative phosphorylation, cardiac structure and function, insulin resistance,
calcium signalling, apoptosis, and TNF signalling. Moreover, using high glucose-treated human induced pluripotent stem cell-
derived cardiomyocytes (iPSC-CM), we recapitulated the cardiac cellular phenotype of DM and identified several molecular
correlates that may promote the development of DCM. In conclusion, we have developed an experimental framework to target
pathways underlying the progression of DCM.

1. Introduction

Diabetes mellitus (DM) is a metabolic disorder that leads to
chronic impairment of the cardiovascular system, kidneys,
peripheral nervous system, and retina [1]. Accumulating
evidence has demonstrated that DM (particularly type 2 dia-
betes, T2DM) adversely affects patient long-term survival
[2]. In particular, T2DM is associated with a higher risk of
cardiovascular disease-related death [3] that is coupled to
diabetic cardiomyopathy (DCM), which is independent of
hypertension, coronary artery disease, or valvular heart dis-

ease [4]. DCM is usually clinically asymptomatic can often
remain undetected until late stages of the disease, although
cardiac functional abnormalities is clearly present during
the early stages of the disease.

Mitochondria supply most of the energy that is essential
for the heartbeat and control basic cellular functions,
including Ca2+ signalling homeostasis, ROS generation,
and apoptotic cell death regulation [5]. In T2DM, both basic
science and clinical studies suggest that cardiac impairment
occurs as a result of dysregulated glucose and lipid metabo-
lism, which leads to increased oxidative stress and the
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activation of multiple signal pathways resulting in myocar-
dial injury [6]. High levels of reactive oxygen species
(ROS) uncouple the mitochondria electron transport chain
(ETC), thereby reducing mitochondrial ATP production.
This eventually triggers mitochondrial permeability transi-
tion pore (mPTP) opening and cardiomyocyte death [7].
Although measures of cardiac performance can be used to
assess subclinical cardiac abnormalities, myocardial injury
occurs early and before the onset of measurable cardiac dys-
function. The extent to which diabetes status may confer the
risk of myocardial injury remains unclear.

The present study was designed to characterize the
underlying molecular correlates associated with cardiac
abnormalities in a rat model of DM. We used whole tran-
scriptome analysis with total RNA sequencing (RNA-Seq)
to capture the effect of changes in gene expression caused
by DM. To test whether these targets could be recapitulated
in an analogue model of cardiac DM, we used high glucose-
treated human induced pluripotent stem cell- (hiPSC-)
derived cardiomyocytes to explore potential therapeutic tar-
get genes that may promote the development of DCM.

2. Materials and Methods

2.1. Rat DM Model Experiments

2.1.1. Animal Preparation. Male Sprague–Dawley rats (250–
300 g) were randomly assigned to 3 groups: control group
(Con, n = 10), low dose group (Low, n = 15), and high dose
group (High, n = 15). The control group was fed with a nor-
mal chow diet consisting of 12% fat, 66% carbohydrates, and
22% protein, and the other two groups were fed with a high-
fat diet consisting of 60% fat, 5% carbohydrates, and 34%
protein, according to the protocol of Mansor et al. [8]. After
2 weeks, the low and high groups received a single intraper-
itoneal injection of STZ (Sigma, Low: 35mg/kg; High:
50mg/kg) [9]. Fasting blood glucose levels were tested once
a week. All experiments were conducted under the National
Institutes of Health Guidelines on the Use of Laboratory
Animal and were approved by the University of Chinese
Academy of Sciences on Animal Care.

Nine weeks after STZ injection, rats fasted overnight and
blood glucose, insulin, triglyceride (TG), total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), lactate
dehydrogenase (LDH), and free fatty acid (FFA) were mea-
sured. An oral glucose tolerance test (OGTT) was performed
as described previously [8]. The homeostasis model assess-
ment estimated insulin resistance (HOMA-IR) was calcu-
lated as (fasting serum glucose × fasting serum insulin/22:5
[10]. The cardiac weight index was used to evaluate the hyper-
trophic response, which was calculated as the heart weight
ðHW, gÞ/body weight ðBW, gÞ as previously described [11].

2.1.2. Real-Time RT-PCR. Hearts from each group were iso-
lated, and total mRNA was extracted with Trizol reagent
(Invitrogen, USA). PrimeScript RT Master Mix kit (Takara
Biotechnoly (Dalian) Co., China) was used to conduct
reverse transcription, then, Fast SYBR Green Master Mix
(Applied Biosystems, USA) was used to perform real-time

RT-PCR (Applied Biosystems, USA). RT-PCR was carried
out in a total volume of 20μl reaction mixture according
to the manufacture’s protocol. Amplifications were carried
out as follows: 95°C for 3min, 40 cycles of 95°C for 15 s,
and 60°C for 45 s. Primers used are listed in Supplementary
Table 1. Gene expression was normalized to GAPDH that
was used as an internal control. Fold changes in gene
expression were measured using the 2-ΔΔCT method.

2.1.3. RNA-Seq and Bioinformatics. RNA-Seq was based on
previous rat studies [12, 13]. Here, total RNA was extracted
from freshly isolated rat left ventricular tissue (4 samples per
group) by using the RNeasy Kit from QIAGEN (Qiagen,
Hilden, Germany) with DNase I treatment used according
to the manufacturer’s protocol. RNA quality and concentra-
tion were tested with Bioanalyzer 2100 (Agilent, CA, USA).
All samples fulfilled the criteria of RNA integrity number
> 7 and concentration > 50 ng/μl. Sequencing libraries were
constructed in Beijing Genomics Institute (Beijing, China)
using a modified protocol similar to the TrueSeq Stranded
Total RNA with RiboZero Kit (Illumina Inc.). RNA
sequence was performed on BGISEQ-500 platform.

SOAPnuke (v1.5.2) was used to filter reads and generate
FASTQ format. Clean reads were aligned to the reference rat
genome using the Bowtie2 (v2.2.5) with default parameters
and calculated gene expression level with RSEM (v1.2.12).
The differentially expressed genes (DEGs) were identified
with more than double fold change, and the corrected P
value is less than or equal to 0.05. In gene ontology (GO)
analysis and pathway analysis, DEGs were classified accord-
ing to official classification with the GO or Kyoto Encyclope-
dia of Genes and Genomes (KEGG) annotation results, and
Phyper (a function of R) was performed on GO and pathway
functional enrichment. The false discovery rate (FDR) was
calculated for each P value with FDR ≤ 0:05 defined as sig-
nificantly enriched. Protein-protein interaction results
obtained from STRING database (v11.5) with default set-
tings. Cytoscape software (v3.8.2) was applied to visualize
the protein interaction relationship network and analyze
hub genes.

2.1.4. Histological Analysis. Hematoxylin–eosin (HE) stain-
ing and Masson’s trichrome staining were conducted as pre-
viously described [14, 15]. Briefly, the excised heart tissues
were embedded in paraffin, cut into 5μm thick serial sec-
tions, and then stained with HE or Masson’s trichrome.
Masson’s trichrome was used to analyze the collagen frac-
tion in the myocardium with cardiomyocytes stained red
and collagen fibers stained blue. The percentage of the total
area covered by collagen was analyzed with Image-Pro Plus
software version 6.0, which calculated as follows: collagen
area/view area × 100.

2.1.5. DHE Staining. Dihydroethidine (DHE) staining was
used to measure the intracellular ROS according to the oxi-
dative fluorescent microtopography, as described recently
[16]. Frozen left ventricular cardiac sections from rats were
stained with 10μmol/L DHE in a dark and humidified
chamber for 30 minutes at 37°C. Omission of DHE was used
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as a negative control. DHE staining was visualized under a
confocal microscope (Olympus FV 1000, Tokyo, Japan),
and images were analyzed with Image-Pro Plus software ver-
sion 6.0. The mean fluorescence intensity of each section was
calculated, and the total section emission signals per field
were averaged for data analysis.

2.1.6. Caspase-3 Expression. Caspase-3 expression in heart
was measured in the heart via immunofluorescence staining.
Briefly, the isolated heart tissues were embedded in a paraf-
fin and cut into 5μm thick serial sections. After dehydrating,
heat-induced antigen retrieval was performed by boiling the
sections in citrate buffer, pH 6.0, in a microwave oven. To
block endogenous peroxidase activity, sections were incu-
bated in a solution of 3% H2O2 for 20min at room temper-
ature. Then, caspase-3 antibody (1:200; Tocris Bioscience)
was incubated overnight at 4°C, followed by detection with
corresponding fluorescent secondary antibodies (Santa Cruz
Biotechnology, CA) for 1 h at 37°C. Nuclei were counter-
stained with DAPI. Samples were examined by a confocal
microscope (Olympus FV 1000).

2.1.7. TUNEL Assay. Terminal deoxy-nucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL, in green) assay
was conducted to detect myocardial apoptosis using an In Situ
Cell Death Detection Kit (Roche, Germany) according to the
manufacturer’s instructions. The index of apoptosis was
expressed as the proportion of TUNEL positive nuclei to
the total number of nuclei (DAPI, in blue) in percentage.

2.1.8. Optical Mapping of Ex Vivo Cardiac Preparations. The
rats were euthanized (isoflurane; 1ml/kg) and heparinized
(120 IU). Hearts were excised and retrogradely perfused
via the aorta with KH solution (in mmol/L: 119 NaCl, 4
KCl, 1.8 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, and
10 glucose; 95% O2/5% CO2) at 10mL/min and 37°C. Dye
loading was transfused by preperfusion with pluronic F127
(20% w/v in DMSO). Rhod2-AM (1mg/ml) was perfused
for 25 minutes at 37°C to perform Ca2+ measurements.
The heart was illuminated by 530 ± 25 nm LED (Mappin-
gLab). The fluorescence light was bandpass filtered (wave-
lengths 511–551 nm) to minimize stray excitation light
reaching the dyes. The emitted fluorescence signal was fil-
tered with a 590nm bandpass filter (bandwidth 35nm), then
imaged by a CMOS camera (OMS-PCIE-2002, Mappin-
gLab). Digital images (150 × 150 pixels) were gathered at a
sampling rate of 0.8 kHz from a 2:2 × 2:2mm field of view.

Optical mapping data were analyzed using a commercially
available software (OMapScope5.7.8, MappingLab). Optical
signals were spatially aligned and processed using a Gaussian
spatial filter (3 × 3 pixels). Local activation time was assigned
based on the maximum departure velocity of the Vm
upstroke. Time to peak was defined as the time from initiation
of Ca2+ to peak fluorescence. CTD90 was calculated.

2.2. Human Induced Pluripotent Stem Cell-Derived
Cardiomyocyte Experiment

2.2.1. hiPSC-CM Differentiation and Maturation. Healthy
hiPSC lines SFC-854 and OX1-19 were cultured in mTeSR

medium on Matrigel-coated plates and were dissociated
using ReLeSR at 90-100% confluency. After 3 passages, the
cells were then transferred onto Matrigel–coated 12 well
plates for differentiation. The hiPSC-CM differentiation
was carried out according to the procedure described in a
previous report [17]. In brief, cells were cultured and
expanded to 90% cell confluence and then treated for 2 days
with 6μmol/L CHIR99201 in differentiation medium (RPMI
medium supplemented with 1% B-27 supplement minus
insulin). On day 3, cells were treated with 2.5 mmol/L
Wnt-C59 to inhibit the Wnt signalling pathway. The purifi-
cation medium was applied on day 11 and 13 by changing of
the medium to no-glucose RPMI with 1% B27 minus insulin
and 5mmol/L sodium lactate. hiPSC-CM maturation was
initiated from day 16 to day 20 with maturation medium
(MM): DMEM containing 5mmol/L glucose supplemented
with 0.4mmol/L oleic acid conjugated to BSA, 50 nmol/L
insulin, 10% fetal calf serum inactive, 1% glutamine, and
1% penicillin–streptomycin (P/S). To achieve a high glucose
environment, hiPSC-CM was treated with 5.5, 11, and
25mmol/L glucose for 2 days.

2.2.2. Cell Area and Nuclear Area Measurement. Cell size
and nuclear size were measured using ImageJ (v1.53n,
NIH, US). iPSCs-CMs were dissociated and replated in
fluorodish, cultured in maturation medium for 2 days, and
incubated with 5.5, 11, and 25mmol/L glucose for 48 hours.
Cells were fixed with 4% formaldehyde, permeabilized with
0.1% Triton, blocked with 6% donkey serum, and then
stained with antibodies against the cytoskeleton protein
troponin-T (ab45932) and α-actinin (sigmaA7811), and
Hoechst for nucleus. Immunofluorescence images of the
same scale were taken using a Leica confocal microscope
(Leica TCS SP5) with a 60× oil immersion objective, which
were then loaded in ImageJ for area measurement. For each
image, all cells were manually selected with the freehand
selection tool of ImageJ for the measurement of cell size,
and nuclei were automatically selected by thresholding the
images of the channel of nuclei.

2.2.3. Glucose Uptake. hiPSC-CMs were seeded on 96-well
plates (3:5 × 104 cells/well), then, cells were treated with
5.5, 11, or 25mmol/L glucose for 2 days. Glucose uptake of
2-deoxyglucose (2DG) was measured in hiPSC-CMs using
a glucose uptake GloTM assay kit (Promega, J1342), and
luminescence intensity (Relative light unit, RLU) was mea-
sured following the manufacturer’s instruction.

2.2.4. Production of Reactive Oxygen Species (ROS). hiPSC-
CMs were seeded in 96-well plates (3:5 × 104 cells/well) and
treated with 5.5, 11, or 25mmol/L glucose for 2 days. ROS
in live hiPSC-CMs were quantitatively assessed using a cellu-
lar ROS assay kit (ab113851, Abcam) according to the man-
ufacturers’ instructions.

2.2.5. ATP Assay of Cell Viability. The amount of ATP in
cells correlated with cell viability was determined by
CellTiter-Glo 2.0 Cell Viability Assay (Promega, USA,
G9242) according to the manufacturer’s protocol. hiPSC-
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CMs were seeded on 96-well plates (3:5 × 104 cells/well),
incubated with 5.5, 11, or 25mmol/L glucose for 2 days.

2.2.6. Intracellular Free Calcium Concentration Measurement.
Intracellular free calcium concentration ([Ca2+]i) using Fura-
2-acetoxymethyl ester (Fura-2/AM) was performed as
described earlier with slight modification [18]. Briefly, cul-
tured hiPSC-CMs were incubated in 5μmol/L Fura-2/AM
for 30min at 37°C. Loaded hiPSC-CMs were imaged with
a QICLICK digital CCD camera (Photometrics) connected
to an OptoLED fluorescence imaging system housed on
an inverted Nikon microscope equipped with a 40× oil
immersion objective. The evoked [Ca2+]i transient was
evaluated by 30-second exposure to 1Hz field stimulation
or FCCP (carbonylcyanide-p-trifluoromethoxyphenylhydra-
zone, 3μmol/L). The ratio of the fluorescence intensity (R)
emitted at 510nm obtained by alternately exciting at 340
and 380nm at each time interval is used to estimate the
changes in intracellular free Ca2+ concentration.

2.2.7. Detection of Mitochondrial Calcium. To measure mito-
chondrial Ca2+ ([Ca2+]m), hiPSC-CMs were loaded with
5μmol/LRhod-2/AM for 25min at 37°C. Rhod-2 has a net
positive charge, which promotes preferential sequestration
in the mitochondria due to potential-driven uptake. FCCP-
induced [Ca2+]m release was assessed by the decline in
Rhod-2/AM fluorescence intensity.

2.2.8. Mitochondrial Membrane Potential Measurement.
Mitochondrial membrane potential (MMP) change was
assessed in hiPSC-CMs using the lipophilic cationic probe
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-car-
bocyanine iodide (JC-1,thermofisher, T3168) following the
manufacturer’s protocol. hiPSC-CMs were cultured at a den-
sity of 3:5 × 105 cells/FluoroDish for 2 days and then treated
with 5.5, 11, or 25mmol/L glucose for a further 2 days. Cells
were incubated with 2μmol/L JC-1 dye for 30min at 37°C.
The green and red fluorescences were measured using an
Airyscan confocal microscope (ZEISS 880). The ratio of
red to green mean fluorescence intensity was quantified
using ImageJ.

2.3. Statistical Analysis. Statistical analyses were performed
using Prism version 9 software (GraphPad Software, La Jolla,
CA). Unpaired t-test or one-way analysis of variance was
used to determine differences between the control and two
treatment groups. The values are presented as the means ±
SE. Statistically significant difference was set at P < 0:05.

3. Results

3.1. Assessment of Cardiac Parameters and Glucose Handling
across Experimental Groups. After 9 weeks of STZ treatment,
the heart rate did not differ among groups (Figure 1(a)). Rats
from the high STZ group exhibited significant higher serum
levels of glucose, insulin, HOMA-IR, TC, TG, and FFA com-
pared with control. In addition, glucose, insulin, HOMA-IR,
TG, and FFA in the high STZ group displayed a significant
difference relative to the low group, and the glucose level
in the low STZ was enhanced when compared to the control

(Figures 1(b)–1(f) and 1(i)). Furthermore, LDL-C and LDH
levels did not differ among groups (Figures 1(g) and 1(h)).
All rats received OGTT. Figure 1(j) displays the serum glu-
cose concentrations after an oral glucose challenge in these
animals. It is apparent that serum glucose concentration in
response to oral glucose was higher in the low and high
STZ groups, which demonstrated that the diabetic model
was successfully established.

3.2. Cardiac Remodelling in Different Experimental Groups.
To determine the degree of cardiac remodelling in diabetic
rats, cardiac weight index and myocardial collagen deposi-
tion were measured. As shown in Figure 2(a), heart weight
was normalized to body weight and did not differ between
the control and low STZ groups, while in the high STZ
group the cardiac weight index was significantly enhanced
relative to control. Increased ANP and BNP gene expression
by qRT-PCR was observed in STZ groups when compared
with controls (Figures 2(b) and 2(c)). HE staining
(Figure 2(d)) revealed an approximately normal microstruc-
ture of cardiomyocytes in the control. In the high STZ
group, cardiomyocytes showed interstitial edema and lym-
phocytic infiltration (marked with red arrow). These abnor-
mal structures were less frequent in the low STZ group.
Masson’s trichrome staining demonstrated that interstitial
collagen deposition was significantly increased in the high
group as compared with the control group, but the low
STZ group did not display increased collagen deposition in
the myocardium (Figures 2(e) and 2(f)).

3.3. RNA-Seq Analysis Revealed a Differential Transcriptome
in DM Rats. Previous studies have identified multiple intra-
cellular pathways involved in the pathogenesis of diabetic
cardiomyopathy [19], but the molecular cues underlying
cardiac damage in DM remain elusive, especially in different
diabetes status. To further investigate the molecular mecha-
nisms behind the progression of diabetic damage, we per-
formed genome-wide RNA-Seq by comparing control, low,
and high STZ treated rats. We observed that 116 genes out
of 37,246 total genes (87 upregulated and 29 downregulated)
were differentially expressed in control vs. low STZ; 253
genes (91 upregulated and 162 downregulated) were differ-
entially expressed in low vs. high STZ; 1189 genes (582
upregulated, and 607 downregulated) were differentially
expressed in control vs. high (Figures 3(a) and 3(b)). Among
these, there are 2 common differentially expressed genes
(DEGs) from 3 comparison groups: Hist2h2aa2, histone
cluster 2 H2A family member A2, which is the core compo-
nent of the nucleosome, enables protein heterodimerization
activity; Decr1, is an enzyme that participates in fatty acid
β-oxidation and metabolism of polyunsaturated fatty
enoyl-CoA esters3. These two common genes can be candi-
dates to be further analyzed and validated as diagnostic
markers to track the process of diabetic cardiomyopathy
(Figure 4(b)). According to Log2-fold change between con-
trol and high STZ groups, the top 50 upregulated and 50
downregulated genes were selected, and the clean reads
value of these genes in the 3 groups are displayed as a
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Figure 1: Continued.
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heatmap (Figure 3(c)), demonstrating the differential gene
expression pattern between the 3 groups.

Based on the GO enrichment, the top 10 GO terms in
biological processes which the DEGs were enriched accord-
ing to the gene count are presented in Figure 3(d). GO anal-
ysis revealed that genes were enriched in “fatty acid beta-
oxidation,” “fatty acid metabolism,” “lipid metabolic pro-
cess,” and “skeletal muscle cell differentiation” from Con
vs. Low; “protein folding,” “negative regulation of transcrip-
tion by RNA polymerase II,” “negative regulation of apopto-
tic process,” and “cellular response to oxygen levels” by
comparing low and high STZ; and “mitochondrial respira-
tory chain complex I assembly,” “oxidation-reduction pro-
cess,” “fatty acid metabolic process,” and “fatty acid beta-
oxidation” from control vs. high STZ. According to the
KEGG pathway classification, we also selected key genes

which related to fatty acid metabolism, oxidative phosphor-
ylation, cardiac structure and function related, insulin resis-
tance, calcium signalling, apoptosis, and TNF pathway
(Figure S1) are significant changed between the control
and high STZ groups. There is also a corresponding trend
in the low STZ group. These results indicate a differential
transcriptomic profile expressed in different stages of dia-
betic cardiomyopathy.

Dysregulation in a protein subnetwork may yield dys-
functional multiple protein subnetworks. We performed
the protein-protein interaction (PPI) analysis to identify
the functional subnetworks of the genes of interest for
KEGG pathways using the web-based visualisation resource
STRING. Nodes encircled in pink, red, blue, yellow, green,
and brown indicate significant genes in pathways involved
oxidative phosphorylation, cardiac muscle contraction,
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Figure 1: Basic parameters of rats in different experimental groups. (a) HR in the three groups. Serum levels of GLU (b), insulin (c), TC (e),
TG (f), LDL-C (g), LDH (h), and FFA (i) in the three groups. (d) Assessment of insulin resistance in the three groups. (j) Mean plasma
glucose concentration in response to an oral glucose challenge. Data are expressed as mean ± SE. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001, ∗∗∗∗
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6 Oxidative Medicine and Cellular Longevity



calcium signalling, fatty acid metabolism, insulin resistance,
apoptosis, and TNF pathway, respectively (Figure 4(a)). All
genes in this network were quantified and ranked by the
clustering coefficient measurement with cytoscape software,
in which the TOP 20 nodes were identified as hub genes
(indicated in bigger icons) and listed at supplement table 2.

To validate the identified genes from control and STZ
treated rats, myocardial tissues were extracted to measure
mRNA levels. Two common DEGs from 3 comparison
groups (Hist2h2aa2 and Decr1) and 7 hub genes from listed

supplement table 2 (Ndufv2, Ndufa5, Cox7c, Calm2, Ddit3,
Scp2, and Prkag1, based on log2FC and Q values in RNA-
Seq analysis) were selected. Only Decr1, Calm2, and Ddit3
were expressed statistical significance when compare with
control group (Figure 4(b)).

3.4. Measurements of Cardiac Oxidative Stress and Apoptosis
in Different Experimental Groups. Based on the results from
RNA-Seq, we verified whether oxidative stress and apoptosis
are altered in different stages of DCM rat models. ROS
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Figure 2: Cardiac remodeling in different experimental groups. (a) Heart weight normalized to body weight. qRT-PCR assay for ANP (b)
and BNP (c) mRNA expression in myocardial tissue. Representative images of HE staining ((d), arrows indicated lymphocytic infiltration;
scale bar, 12.5μm) and Masson’s trichrome staining ((e): red, cardiomyocytes; blue, collagen fibers; scale bar, 50μm). (f) Quantitative
analyses of the positive staining of collagen expression (results are from 3-4 images per group). ∗P < 0:05, ∗∗P < 0:01. Con: control
group; Low: low STZ group; High: high STZ group; HW: heart weight; BW: body weight.
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accumulation is known to play a major role in diabetic com-
plications including diabetic cardiovascular disease. DHE
staining showed that ROS production from the left ventricle
trended upward in both low and high STZ groups and was
significantly enhanced in the low and high STZ treated
groups (Figure 5(a)).

To investigate cardiac apoptosis in diabetic hearts,
caspase-3 immunofluorescence staining and TUNEL assay
were performed. As shown in Figures 5(b) and 5(c), the
high-dose group had a significant higher rate of myocardial
apoptosis on caspase-3, but this did not reach a significant

difference on TUNEL when compared with control. There
was no significant difference between the control and low
STZ groups.

3.5. Optical Mapping of Intracellular Calcium in Different
Experimental Groups. From the RNA-seq analysis, we
detected calcium signalling pathway genes, especially Calm2
and Atp2A2 that were significantly altered in the STZ treated
group. To investigate whether the intracellular calcium
transient was impaired in the pre and early stage of DCM
rats, we performed optical fluorescence mapping using
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Figure 3: RNA-Seq analysis revealed differentially expressed genes (DEGs) in the left ventricle from control, low, and high doses of
streptozotocin-injected high-fat diet rats. (a) The bar graph shows the number of up and downregulated DEGs in Con vs. high is great
than Con vs. low and low vs. high comparison. (b) Venn diagram showing separate and overlapping expression of DEGs when the
control, low, and high groups are compared with each other. Each circle represents a group of gene sets, and the areas superimposed by
different circles represent the intersection of these gene sets. (c) Heatmap expression of the top 50 upregulated and 50 downregulated
DEGs which selected from Con vs. high, and the reads value of these genes in the 3 groups are displayed. (d) The 10 most significantly
(P < 0:05) enriched GO terms in the biological process branch are presented in three groups of comparisons. Con: control group; Low:
low STZ treated group; High: high STZ treated group.
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Figure 4: (a) Analysis of hub genes from protein-protein interaction (PPI) network for the candidate pathways. Nodes encircled in pink,
red, blue, yellow, green, and brown indicate significant genes in pathways involved oxidative phosphorylation, cardiac muscle
contraction, calcium signalling, fatty acid metabolism, insulin resistance, apoptosis, and TNF pathway, respectively. (b) Validation of key
genes in ventricular tissue of rats in control, low and high STZ treatment groups using RT-PCR. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
Compared with control. n = 6 − 7 per group.
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Figure 5: Continued.
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Rhod-2AM on sinus-paced Langendorff-perfused hearts
(Figure 6(a)). The mapping of intracellular calcium tran-
sients at the anterior ventricular wall demonstrated that
the conduction time (Figures 6(c) and 6(e)) and amplitude
(Figure 6(f)) of the intracellular calcium transient did not
significantly change with the intrinsic heart rate. However,
there was a significant prolongation in the 90% calcium
transient duration (CTD90, Figures 6(d) and 6(g)), espe-
cially in the high-dose group during high frequency (5Hz)
stimulation. The reduction of Atp2A2 (ATPase Sarcoplas-
mic/Endoplasmic Reticulum Ca2+ Transporting 2) gene
expression in high STZ group, which is responsible for
calcium uptake into the sarcoplasmic reticulum (SR), may
contribute to prolonging the CTD90.

3.6. Physiological Phenotyping of High Glucose-Treated
Human iPSC-Derived Cardiomyocytes

3.6.1. Cell Size, Glucose Uptake, ROS, and ATP Production
in High Glucose-Treated iPSC-CM. Exposure to high levels
of glucose increased both cell area and nuclear area
(Figures 7(a) and 7(b)). iPSC-CMs of the 25mmol/L glucose
group presented a significant nuclear enlargement compared
to 5.5mmol/L control group, while the increase of nuclear
size of the 11mmol/L group was insignificant. Cell size also
showed a tendency to increase with the elevation of glucose
level, although the difference is less remarkable than nuclear
change. Cellular and nuclear hypertrophies suggest activated
cellular metabolic biosynthesis under the effect of high glu-
cose. The glucose uptake (Figure 7(c)) and ATP production
(Figure 7(e)) displayed significant suppressed; ROS produc-
tion (Figure 7(d)) enhanced in the 25mmol/L glucose group

compared to 5.5mmol/L control group. The glucose uptake
was also reduced in the 11mmol/L glucose group, but did
not detect changes in ROS and ATP.

3.6.2. [Ca2+]i Measurement in hiPSC-CMs. To explore if the
high glucose environment could alter calcium handling in
hiPSC-CMs, we first measured intracellular free calcium
concentration ([Ca2+]i) using ratiometric recordings with
Fura-2/AM. A trace for the calcium transient in response
to 1Hz field stimulation is shown in Figure 8(a). Baseline
ratio was elevated in the 25mmol/L glucose group, while
no change was found from 11mmol/L compared with con-
trol 5.5mmol/L cells (Figure 8(b)). Stimulation evoked
increases in [Ca2+]i were significantly enhanced in both 11
and 25mmol/L glucose groups when compared with
5.5mmol/L control (Figure 8(c)), and the difference between
the 11 and 25mmol/L glucose groups was also remarkable.
These results suggest that high glucose exposure impaired
calcium handling in hiPSC-CMs.

Evoked [Ca2+]i responses are influenced by multiple
factors. To check if the sarco(endo)plasmic reticulum
calcium transport ATPase (SERCA) pump, which is modu-
lated by the protein products of the Atp2a2 gene, a SERCA
pump inhibitor thapsigargin was introduced into the cells
(Figure 8(b)). 1μmol/L thapsigargin showed rapidly
increased [Ca2+]i. This enhancement tended to reduce with
the elevation of glucose level on both peak and plateau mea-
surements, although the difference is less remarkable at the
peak, indicating that impairment of SERCA pump may be
involved in the mechanism of enhanced calcium handling
in high glucose treated hiPSC-CMs.
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Figure 5: Cardiac oxidative stress and apoptosis in different experimental groups. (a) Representative images of DHE staining for myocardial
tissues (red, DHE; blue, DAPI) and the average fluorescence intensity were summarized. (b) Representative images of immunofluorescence
for apoptotic cells (red, caspase-3; blue, DAPI). The apoptotic index was quantified by Image-Pro Plus software. (c) Representative images of
immunofluorescence for apoptotic cells (green, TUNEL; blue, DAPI). The apoptotic index was quantified by Image-Pro Plus software.
Results are from 3-4 images per group. Data are expressed as mean ± SE. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001. Con: control group; Low:
low STZ treated group; High: high STZ treated group. Scale bar, 12.5μm.
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3.6.3. Mitochondrial [Ca2+] and Mitochondrial Membrane
Potential (MMP) Level in hiPSC-CMs. We applied the pro-
ton uncoupler FCCP (3μmol/L) to depolarize the inner
mitochondrial membrane, using Fura2-AM, to monitor the
release of stored mitochondrial Ca2+ (Figures 8(c) and

8(d)) or directly measure mitochondrial Ca2+ content using
the Rhod-2/AM (5μmol/L) which can selectively accumu-
late within mitochondria (Figures 8(c) and 8(e)). The peak
of the [Ca2+]i transient increased in the hiPSC-CMs with
11 or 25mmol/L glucose group when compared with
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Figure 6: Calcium Rhod-2 optical mapping in isolated perfused hearts in different experimental groups. (a) Optical mapping configuration.
(b) Comparison of typical calcium transients averaged over defined regions of interest. (c) Map of calcium transient conduction during 1Hz
stimulation. (d) Map of calcium transient duration at 90% recovery (CTD90) during 1Hz stimulation. Bar charts display the average value of
the calcium transient conduction time (e), amplitude (f), and CTD90 (g) changes of the control, low, and high STZ groups. Data are
expressed as mean ± SE. ∗P < 0:05. Control: control group; Low: low STZ treated group; High: high STZ treated group.
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5.5mmol/L (control) group, but there was no significant dif-
ference between high glucose groups (Figure 8(d)). For
[Ca2+]m (Figure 8(e)), FCCP significantly reduced the mito-

chondrial Ca2+ signal in the 25mmol/L glucose group when
compared with the control, but there was minimal difference
between 11mmol/L and control groups. Interestingly, there
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Figure 7: (a) iPSC-CMs stained positive for cardiac troponin T (cTnT, red), α-actinin (green), and DAPI (blue). Scale bar, 25 μm. (b)
Statistical comparison of nuclear area and cell area among different glucose treatment groups. Comparison of glucose uptake (c), reactive
oxygen species (ROS, (d)), and ATP production (e) among different glucose treatment groups. Data are expressed as mean ± SE. ∗P <
0:05, ∗∗P < 0:01, ∗∗∗∗P < 0:0001.
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Figure 8: Continued.
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was a significant reduction in 25mmol/L in comparison with
the 11mmol/L group. Altogether, these data indicate that
mitochondria play an important role in the modulation of
Ca2+ signalling resulting from a high glucose environment.

To exclude a hyperosmolar effect, we cultured iPSC-CMs
in 5.5mmol/L glucose plus 19.5mmol/L mannitol (high
mannitol group) to achieve the same osmolarity as 25mmol/
L glucose medium. We found no difference in baseline
calcium transient ratios between control (5.5mmol/L glucose,
0:959 ± 0:008, n = 15) and the high mannitol group
(0:935 ± 0:016, n = 9, Figure S2A). After applied FCCP, there
was no significant difference in the peak intracellular calcium
transient between the two groups (6:496 ± 0:183% vs. 8:004

± 0:231%, Figure S2B). These results suggest that hyperosmo-
larity of our culture conditions does not affect intracellular cal-
cium transients in iPSC-CMs.

We used both fluorescence microscopy and quantita-
tive fluorescence measurements to evaluate the MMP
changes in 5.5, 11, or 25mmol/L glucose-treated hiPSC-
CMs (Figure 8(f)). We observed a significant reduction in
mitochondrial membrane polarization as indicated by an
increase in the MitoProbe JC-1 red:green fluorescence ratio
in 25mmol/L glucose-treated hiPSC-CMs, however, we did
not observe any changes in the 11mmol/L glucose group,
suggesting that high glucose affects the MMP. We also per-
formed transmission electron microscopy (TEM) to examine
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Figure 8: Functional phenotyping of high glucose-treated human iPSC-derived cardiomyocytes. (a) Fluorescence ratio profile showing the
intracellular free calcium transients ([Ca2+]i) response to 1Hz field stimulation using Fura-2AM in hiPSC-CMs (left). Measurement of
baseline (middle) and peak (right) [Ca2+]i in hiPSC-CMs with 5.5mmol/L (control), 11 or 25mmol/L glucose treatment. (b) [Ca2+]i
changes in hiPSC-CMs by inhibition of the sarcoplasmic reticulum Ca2+ pump with thapsigargin among the group. Peak and plateau
were expressed as % of ratio changes. (c) Measurement of [Ca2+]i with Fura-2AM (top, black line) and mitochondrial Ca2+ ([Ca2+]m)
using Rhod-2/AM (bottom, red line) after mitochondrial Ca2+ store depletion with FCCP in hiPSC-CMs. (d) The peak evoked [Ca2+]i
after FCCP treatment among the groups. (e) The reduction of [Ca2+]m changes after FCCP treatment among the groups of hiPSC-CMs.
(f) Analysis of mitochondrial membrane potential (MMP) changes using the cationic JC-1 dye as a fluorescent probe in hiPSC-CMs.
The changes were expressed as the ratio of red/green fluorescence intensity (results are analyzed from 6-8 images per group; scale bar,
10μm). Data are expressed as mean ± SE. ∗P < 0:05, ∗∗P < 0:01. ∗∗∗P < 0:001.
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whether there were differences in the ultrastructural features
between 5.5 and 25mmol/L glucose-treated hiPSC-CM.
Myofibrils were well organized into sarcomeres with clearly
aligned Z-lines in both groups, whereas mitochondria and
endoplasmic reticulum (ER) had no morphological changes
(Figure S3).

4. Discussion

In this study, we have successfully established different
stages of DM in a rat model by feeding a high-fat diet com-
bined with different doses of STZ to emulate pre- and early
DCM status. We provide several lines of evidence demon-
strating functional and structural alterations in the myocar-
dium because of metabolic and cellular abnormalities in the
different stages of DM. We showed that Ca2+ signalling
homeostasis, ROS generation, and apoptotic cell death regu-
lation are dysregulated in the early stage of DCM. We used
RNA-Seq to explore a differential transcriptomic profile
and captured the effect of changes in gene expression and
important signalling pathways at different stages of DM.
Moreover, we clarified further underlying molecule corre-
lates by using high glucose-treated iPSC-CM that mimic a
diabetogenic environment.

T2DM is characterized by a metabolic disorder that ele-
vates blood glucose concentration. It is well known that
chronic hyperglycemia has been associated with many
aspects of health in T2DM patients, including severe cardio-
vascular outcomes. The typical clinical features of cardiac
dysfunction associated with T2DM include reduced ventric-
ular compliance and diastolic function, decreased exercise
capacity, as well as increased incidence of cardiac arrhyth-
mias [20]. T2DM patients are identified as a high-risk sub-
group for developing HF. In addition, impaired glucose
tolerance (IGT) has been shown to contribute to poor prog-
nosis and is an independent factor in patients with HF [21].

Although diabetic cardiac dysfunction has been recognized
for many years through a broad range of investigations,
effective strategies for cardiac prevention and treatment
remain elusive.

Accumulating evidence demonstrated that high blood
glucose levels are strongly associated with a greater risk of
cardiac abnormality among T2DM. Patients with poor gly-
cemic control have an increased incidence of cardiovascular
disease and experience worse clinical outcomes [19]. Reaven
et al. reported that participants with T2DM who had inten-
sive glucose control had a lower risk of cardiovascular
events, while there was no evidence of a mortality benefit
with intensive glucose control [22]. Furthermore, some stud-
ies confirmed that there were no substantially beneficial
effects of intensive glycemic control on major cardiovascular
outcomes and all-cause mortality in T2DM patients [23].
These findings suggest that the contribution of intensive glu-
cose control in the reduction of major cardiovascular out-
comes remains an open question.

The onset of cardiac injury occurs early and before the
onset of measurable cardiac dysfunction. More importantly,
effective approaches that can reverse cardiac injury are lim-
ited. The effects of different blood glucose levels on cardiac
injury, and mechanisms underlying such effects are not fully
elucidated. Early detection of the effects of T2DM on the
heart would enable the optimal implementation of effective
therapies that prevent HF development. Therefore, the pur-
pose of the present study was to characterize the underlying
cardiac molecular mechanisms and cardiac abnormalities in
T2DM rats with different diabetes status, which may provide
evidence for optimal timing and strategies of prevention and
treatment.

In this study, we developed T2DM animal model by
high-fat diet combined with STZ injection, as previously
described [9]. The low dose group received a single intraper-
itoneal injection of STZ at 35mg/kg, while the high-dose

Cardiomyopathy progression
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Hyperglycemia FFA and TG
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Pre & Early
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Figure 9: Summary diagram illustrating the potential mechanism of pre and early state of diabetic cardiomyopathy during cardiomyopathy
progression in a diabetic rat model induced by high-fat diet combined with Streptozotocin injection.
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group received a single intraperitoneal injection of STZ at
50mg/kg. Various investigators have used protocols ranging
from a single dose of STZ at 50 to 150mg/kg [24, 25]. We
adopted a relatively low-dose strategy, because this strategy
minimizes the nonspecific toxic effects of high-dose STZ
[14]. After 9 weeks, our results from the present study
showed that rats from the high-dose group exhibited signif-
icant higher levels of fasting glucose, insulin, TC, TG, FFA,
and HOMA-IR compared with the low dose group, while
the insulin, TC, TG, FFA, and HOMA-IR levels did not dif-
fer between the low dose group and the control group. Fur-
thermore, the rats from the low dose group received OGTT,
which confirmed the success of T2DM establishment. It has
been reported that hyperglycemia is associated with an
altered myocardial substrate, which has been hypothesized
to lead to cardiac injury [26].

Interstitial fibrosis is important mechanism underlying
the pathogenesis of cardiac injury, which could aggravate
myocardial stiffness. The degree of cardiac remodelling in
the two T2DM rat models was assessed. In the high STZ
treated group, the cardiac weight index and myocardial col-
lagen deposition were significantly increased when com-
pared with controls. In addition, by RNA-Seq, we also
detected cardiac structure modulated genes such as Myh6,
Tnnt2, Tpm1, Myl3, Tnni3, Ttn, and Tnnc1 were reduced,
Tab1 (TGF-beta activated kinase 1 and MAP3K7-binding
protein 1) which participates fibrotic response was enhanced
in the high STZ dose group (Figure S1). However, these indi-
cators did not find any statistical differences in the low STZ
treated group. Combining the results of basic parameters, we
confirmed that our high and low doses of STZ treated T2DM
models belong to pre and early stage of DCM. We also found
the ANP and BNP mRNA expression of the ventricular tis-
sues enhanced in STZ-treated groups relative to control
(Figures 2(b) and 2(c)). Several lines of evidence have indi-
cated that BNP elevation represents the earliest change of
cardiac injury, preceding the appearance of cardiac remodel-
ling [27]. This is consistent with our findings and further
confirmed cardiac hypertrophy in our T2DM model.

Oxidative stress is one of the major components triggering
cardiac changes in DM. The increase in ROS production may
subsequently induce apoptosis, inflammation, and other path-
ologic changes [28, 29]. The present study showed that ROS
production was enhanced in both low and high-dose group
and was much higher in the high-dose group (Figure 5(a)).
The high-dose STZ group had a higher rate of myocardial
apoptosis with caspase-3 activity (Figure 5(b)). Moreover,
our RNA-Seq results confirmed that the fatty acid metabo-
lism, oxidative phosphorylation, apoptosis, and TNF
pathway-related genes were altered in the high-dose group.
These results indicate that the accumulation of ROS occurs
from the pre to the early onset of DCM. Our work agrees with
the previous report that excess generation of ROS is consid-
ered a central mechanism for T2DM-related cardiac apopto-
sis and remodelling during both the early and late stages of
diabetic cardiomyopathy [30]. We also detected two glucose
transporters, Slc2a4 (Glut4) and Slc2A1 (Glut1) genes
decreased in the high-dose STZ group (Figure S1). This
induced impairment of glucose metabolism, while increased

fatty acid metabolism led to mitochondrial dysfunction,
which together increase ROS production [31]. We validated
some key genes by real-time PCR and found Decr1 (an
enzyme which participates in fatty acid β-oxidation), Calm2
(associated with cardiac arrhythmias), andDdit3 (a proapop-
totic transcription factor) expressed a statistically significant
increase when compare with the control group. These genes
might be therapeutic targets for the treatment of diabetic car-
diomyopathy in the future.

The prevalence and severity of T2DM-induced cardiac
injury warrant a deeper investigation of the mechanisms
and implicating factors. In recent years, the emergence of
iPSC has allowed for the generation of iPSC-CMs, human-
derived cells that can be applied to the in vitro study [32].
In the present study, iPSC-CMs were cultured in physiolog-
ical (5.5mmol/L glucose) or high glucose environment (11
and 25mmol/L glucose) conditions. We demonstrated cellu-
lar and nuclear hypertrophy in the 25mmol/L glucose-
treated iPSC-CM, and the glucose uptake, ROS, and ATP
production were also significantly altered. These findings
were consistent with our DM rat model results. In addition,
mitochondrial membrane potential was significantly
decreased in the 25mmol/L group, which indicated impaired
electron transport and oxidative phosphorylation. Evoked
[Ca2+]i responses are influenced by multiple factors, includ-
ing Ca2+ entry, extrusion across the plasma membrane, Ca2+

uptake and release from internal stores, and endogenous and
exogenous Ca2+ buffering [33, 34]. The present study sug-
gests a central role for mitochondria in impaired calcium
transients, alongside reduced SERCA pump activity result-
ing in slowing of SR Ca2+ reuptake, which could contribute
to high cytosolic calcium, as well as prolonged intracellular
calcium transient duration (CTD90) measured by optical
mapping in the high STZ treated DM rats. Calcium trans-
portation is a fundamental biological process that has critical
effects on cellular metabolism, signalling, and survival [35].

In conclusion, cardiac remodelling, fibrosis, increased
stiffness, and cardiomyocyte loss are all consequences of dys-
regulated glucose and lipid metabolism that triggers oxida-
tive stress as well as mitochondrial dysfunction during the
development of DCM (Figure 9). In this study, we have pro-
filed the different stages of T2DM in a rat model by feeding
high-fat diet combined with difference doses of STZ to emu-
late pre and early DCM status. Moreover, high glucose-
treated iPSC-CM mimics a diabetogenic environment. This
experimental framework may be utilised to investigate path-
ways underlying the progression of DCM.
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Cigarette smoke (CS) is a risk factor for chronic obstructive pulmonary disease. We attempted to investigate fully the possible
effects of CS on kidney cells. We found that the viability of a human kidney proximal tubular epithelial cell line (HK-2 cells)
was decreased after treatment with CS extract (CSE). In particular, the effects of CSE at low concentrations did not change the
expression of apoptosis and necrosis. Furthermore, CSE increased autophagy- and fibrosis-related proteins in HK-2 cells.
Senescence-related proteins and the senescence-associated secretory phenotype (SASP) increased after HK-2 cells were treated
with CSE. In addition, both RNA sequencing and gene set enrichment analysis data revealed that glucose-6-phosphate
dehydrogenase (G6PD) in the reactive oxygen species (ROS) pathway is responsible for the changes in CSE-treated HK-2 cells.
CSE increased G6PD expression and its activity. Moreover, the inhibition of G6PD activity increased senescence in HK-2 cells.
The inhibition of autophagy reinforced senescence in the CSE-treated cells. In a mouse model of CS exposure, CS caused
kidney damage, including tubular injury and glomerulosclerosis. CS increased fibrosis, autophagy, and G6PD expression in
kidney tissue sections. In conclusion, CS induced G6PD expression, autophagy, fibrosis, and senescence in kidney cells. G6PD
has a protective role in CS-induced nephrotoxicity.
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1. Introduction

One of the main causes of death, chronic obstructive pulmo-
nary disease (COPD), occurs in the United States [1] and
worldwide [2]. Clinically, cigarette smoking (CS) is a risk
factor leading to the progress of COPD [3]. Fibroblasts in
the lung play a vital role in repair, regeneration, and lung
homeostasis [4]. Recent studies have indicated that lung
fibroblasts of patients with COPD display a decreased
growth rate [5]. CS reduces the proliferation of lung fibro-
blasts and upregulates pathways related to cellular senes-
cence [5] and the p53 [6], p16, and p21 retinoblastoma
protein pathways [7]. Moreover, CS also induces
senescence-associated secretory phenotype- (SASP-) related
inflammation in human epidermal keratinocytes and skin
[8]. Apoptosis resulting from smoke extract-induced COPD
has been observed in in vitro and in vivo studies [9]. Further-
more, CS, nicotine, and cotinine affect red blood cell hemo-
lysis [10]. Glucose-6-phosphate dehydrogenase (G6PD)
deficiency causes substantial oxidant damage to the erythro-
cyte membrane [11]. A previous study reported that CS [12]
and nicotine [13] increase oxidant stress to red blood cells in
healthy donor volunteers. In addition, CS also induces oxi-
dative stress as a result of reactive oxygen species (ROS) in
the brain [14]. In other cases, ROS have been shown to acti-
vate transforming growth factor β (TGF-β) in the modula-
tion of profibrotic effects [15]. ROS accumulation or
antioxidant depletion occurs could destroy to cellular ele-
ments, containing DNA, RNA, proteins, lipids, and carbohy-
drates [16]. Early reports have shown that heat shock
protein 27 (Hsp27) is a neuroprotective biomarker in ische-
mic stroke [17]. On the other hand, intraperitoneal injection
of recombinant soluble Klotho protein improves the prema-
ture aging-related phenotype in mice with the homozygous
mutated allele [18]. Klotho reduces kidney senescence and
fibrosis [19] by targeting mitochondrial dysfunction in renal
tubular cells [20]. CS extract (CSE) reduces the expression
and secretion of Klotho in alveolar macrophages and airway
epithelial cells in COPD patients [21].

CSE not only induces oxidative stress but also fibrosis-
related gene expresses in orbital fibroblasts in Graves’
ophthalmopathy patients [22]. Autophagy is an important
and conserved “self-cleansing” pathway [23], and other
studies have shown that fibrosis is often companied by
autophagy [24, 25]. In the kidney, autophagy can protect
the proximal tubule from damage [26] to overcome many
types of kidney injury [27], aging [28], and disease [29].
Autophagy is an essential cellular process that promotes cell
survival by removing protein aggregates during kidney
injury [30]. However, autophagy also promotes cell death
or enhances apoptosis [31]. Therefore, autophagy has two
contrasting outcomes in response to stress [32]. Studies have
shown that CS causes autophagy [33] and accelerates lung
aging via autophagy [34]. CSE-induced autophagy regulates
many cellular processes such as FOXO transcription factors
in human lung adenocarcinoma cells (A549) [35] and
Galectin-3 in endothelial progenitor cells [36]. In addition,
SIRT1 is downregulated by autophagy in senescence and
aging [37]. On the other hand, Hsp27 phosphorylation plays

a crucial role in the activation of G6PD to reduce cerebral
ischemia/reperfusion injury in male Wistar rats [38].
G6PD is a major source of NADPH, which drives many
essential cellular processes including antioxidant pathways
[39] such as the suppression of oxidative stress in cerebral
ischemic male Sprague-Dawley rats [40].

Many diverse diseases may lead to chronic kidney dis-
ease (CKD) via irreversibly impaired formation or dysfunc-
tions of the kidney, such as fibrosis [41]. Recently, a meta-
analysis suggested that CS is an independent risk factor in
the general adult population with CKD [42]. The database
of the Korean genome and epidemiology study also revealed
that the healthy middle-aged adults who smoke have a high
risk of CKD [43]. COPD patients have shown renal function
worsening [44]. Additionally, tobacco CS promotes kidney
injuries related to biochemical changes in male adult Wistar
rats [45]. In this study, we examined the effect of CS on kid-
ney cells in vitro and in vivo. Furthermore, gene set enrich-
ment analysis (GSEA) was performed after HK-2 cells were
treated with CSE. We also observed autophagy, fibrosis,
senescence, and ROS generation after CS treatment.

2. Material and Methods

2.1. Cell Line. HK-2 cells, the proximal tubular epithelial cell
line from human kidney, were obtained from the American
Type Culture Collection (ATCC, Manassas, VA). The cells
were kept in keratinocyte-serum-free medium (K-SFM) with
bovine pituitary extract (BPE) and human recombinant EGF
(Invitrogen, CA), and the cells were incubated at 37°C and
5% CO2. The culture medium was refreshed two or three
times per week. The ATG5KD HK-2 cells were incubated
and maintained in the K-SFM medium with rEGF and
BPE at 37°C with 5% CO2 and cultured every two or three
days. Lentivirus with control shRNA and ATG5 siRNA were
purchased from the National RNAi Core Facility at Acade-
mia Sinica in Taiwan [46].

2.2. Preparation of Cigarette Smoke Extract. CSE solutions
were prepared using a modification of standardized methods
[47]. Three cigarette types (Longlife, Taipei, Taiwan; 11mg
of tar and 0.9mg of nicotine) were subsequently collected
by a liquid impinger device and then mixed with 15ml of
K-SFM. One of the cigarettes was dissolved in 5ml of K-
SFM, which was designated as 100% CSE solution.

2.3. Cell Viability Assay. Cell proliferation was accessed with
sulforhodamine B (SRB, Sigma-Aldrich, St. Louis, MO). HK-
2 cells (5 × 103/well) were plated in 96-well plates and cul-
tured with or without CSE solutions in a 37°C and 5% CO2
incubator overnight. After 24h of incubation at 37°C and
5% CO2, the plates were moved out, washed with PBS twice,
and then fixed with iced 10% trichloroacetic acid (TCA,
Sigma) at 4°C for 1 h. Each well was washed 2 times with
distillation-distillation H2O, and then, 0.1% SRB/1% acetic
acid was incubated for 1 h. The wells were rinsed 2 times
with 1% acetic acid and dried in an oven at 60°C for
20min. In the end, the dye form SRB-positive cells were
redissolved in 20mM Tris buffer (Sigma) for 30min. The
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absorbance was detected at a wavelength of 562nm in an
ELISA reader.

2.4. Flow Cytometry Analysis of Apoptosis and Necrosis. HK-
2 cells were treated with CSE solutions at different doses for
different times. The cells were washed with PBS and col-
lected with Accutase (Innovative Cell Technologies, San
Diego, CA). Apoptosis and necrosis were measured with a
FITC Annexin V/PI apoptosis detection kit according to
the manufacturer’s protocol (BioLegend, San Diego, CA).
The signal was detected with a flow cytometer (BD,
Biosciences).

2.5. Lactate Dehydrogenase Assay. HK-2 cells were collected
and washed in an assay medium. Cells were plated in a 96-
well plate and incubated for 24 h after CSE treatment. The
plate was centrifuged at 250 g for 10min and transferred
100μl/well supernatant into corresponding wells. Cells were
added to a 100μl reaction mixture and incubated for up to
30min at room temperature. The plate was detected the
absorbance at 495nm in an ELISA reader.

2.6. Western Blot Analysis. All collected proteins were added
to sodium dodecyl sulfate (SDS) sample buffer (62.5mM
Tris (pH6.7), 1.25% SDS, 12.5% glycerol, and 2.5% β-
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Figure 1: Cell viability, cell death, and apoptosis-related protein expression after treatment with CSE in HK-2 cells. (a) Cell proliferation was
measured after cells were treated with CSE at concentrations of 0.1, 0.2, 0.4, 0.6, 0.8, and 1% for 24 h. ∗p < 0:05 compared to the control
group. (b) The apoptosis assay of HK-2 cells was performed by flow cytometry after treatment with CSE at concentrations of 0.1, 0.2,
0.4, and 0.6% for 24 h. (c) The apoptosis and necrosis indices of HK-2 cells were measured and diagramed after treatment with CSE at
concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. (d) The LDH assay was performed after treatment with CSE at concentrations of 0.1,
0.2, 0.4, 0.6, 0.8, and 1% for 24 h in HK-2 cells. (e) The expression levels of the apoptosis-related proteins Bax and caspase 3 after
treatment with CSE at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h in HK-2 cells. (f) Bax and cleaved caspase 3 were measured and
diagramed for CSE-treated cells at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h.
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Figure 2: Continued.
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mercaptoethanol). Proteins and the prestained protein
marker (10–315 kDa) (TD-PM10315, BIOTOOLS Co., Ltd.,
Taipei, Taiwan) were loaded into an SDS-PAGE gel. A
PVDF membrane containing transferred proteins was incu-
bated with 5% nonfat milk with primary antibodies anti-
microtubule-associated protein 1A/1B-light chain 3 (LC3)
(Cell Signaling, Beverly, MA), collagen 1 (Proteintech, Rose-
mont IL), autophagy-related 5 (ATG5) (Proteintech), CTGF
(Proteintech), PAI-1 (Cell Signaling), SIRT1 (ABclonal Inc.,
Woburn, MA), caspase-3 (ABclonal Inc.), Hsp27 (ABclonal
Inc.), BAX (ABclonal Inc.), Klotho (Proteintech), p53 (Pro-
teintech), p21(Proteintech), p16 (Proteintech), G6PD (Pro-
teintech), and GAPDH (Proteintech). After the
hybridization process with the abovementioned antibodies
on the PVDF membrane, the membrane was rinsed with
TBS-T for 15min three times. Subsequently, the PVDF
membrane was further treated with anti-mouse (Jackson)
or anti-rabbit (Jackson) secondary antibody for 2 h and
rinsed with TBS-T for 15min over three times. The protein
bands of the PVDF membrane were visible by performing
an enhanced chemiluminescence system (Amersham, Little
Chalfont, United Kingdom).

2.7. RNA Sequencing and Analysis. RNA sequencing used to
characterize and analyze the transcriptome (RNA sequenc-

ing, Tools, Taiwan). Briefly, the purity and quantification
of RNA were detected with SimpliNano™–Biochrom Spec-
trophotometers (Biochrom, MA, USA). The levels of RNA
degradation and integrity were detected by a BiOptic
Qsep100 DNA/RNA Analyzer (BiOptic Inc., Taiwan). The
sequencing library was established with the KAPA mRNA
HyperPrep Kit (KAPA Biosystems, Roche, Basel, Switzer-
land). mRNA was extracted from total RNA with magnetic
oligo-dT beads and incubated at a high temperature in
KAPA buffer that contained magnesium. cDNA was gener-
ated with random hexamer priming. cDNA fragments with
a length of 300~400 bp were selected, and library fragments
were extracted with the KAPA Pure Beads system (KAPA
Biosystems, Roche, Basel, Switzerland). The library was
increased with KAPA HiFi HotStart ReadyMix (KAPA Bio-
systems, Roche, Basel, Switzerland). Finally, the library was
extracted with the KAPA Pure Beads system and qualified
with the Qsep100 DNA/RNA Analyzer (BiOptic Inc). The
library data were detected with high-throughput sequencing
(Illumina NovaSeq 6000 platform), which was transformed
into raw sequenced reads with CASAVA base calling and
then stored in FASTQ format. The FASTQ files were used
with FastQC and MultiQC [48]. The raw paired-end reads
were filtered with Trimmomatic (v0.38) [49]. The obtained
high-quality data were aligned to the reference genome
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Figure 2: Autophagosome-related protein, SIRT1, and fibrosis-related protein expression after HK-2 cells were treated with CSE. (a) The
expression levels of LC3 (green color) were measured in HK-2 cells after treatment with CSE at concentrations of 0.1, 0.2, 0.4, and 0.6%
for 24 h. 4′,6-Diamidino-2-phenylindole (DAPI) (blue color) was used to stain nuclei. Scale bar: 50 μm. (b) Images of LC3-punctuated
cells treated with CSE were graphed and statistically analyzed at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to
the control group. (c) Western blot showing the expression of SIRT1 and the autophagy-related proteins p62, ATG5, and LC3 after CSE
treatment at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. (d) Protein expression of LC3-II, p62, ATG5, and SIRT1 was measured
and diagramed for CSE-treated cells at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group. (e)
The expression levels of the fibrosis-related proteins collagen type 1, PAI-1, and CTGF after treatment with CSE at concentrations of 0.1,
0.2, 0.4, and 0.6% for 24 h. (f) Collagen type 1, PAI-1, and CTGF were measured and diagramed in HK-2 cells after treatment with CSE
at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group.
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Figure 3: Senescence, senescence-related proteins, and senescence-associated secretory phenotype-related inflammation in HK-2 cells after
treatment with CSE. (a) The expression of SAβgal (turquoise color) was detected after treatment with CSE at concentrations of 0.1, 0.2, 0.4,
and 0.6% for 24 h. (b) The results of SAβgal-positive cells were graphed and statistically analyzed after treatment with CSE at concentrations
of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group. (c) The expression of senescence-related proteins Klotho, p53,
p21, and p16 in CSE-treated cells at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. (d) Klotho, p53, p21, and p16 were graphed and
analyzed after cells were treated with CSE at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group.
(e) The results of BrdU-positive cells were graphed and statistically analyzed after treatment with CSE at concentrations of 0.1, 0.2, 0.4,
and 0.6% for 24 h. ∗p < 0:05 compared to the control group. H2O2 served as a positive control. (f) SASP was graphed and statistically
analyzed from RNA sequencing data of CSE-treated HK-2 cells following 24 h. ∗p < 0:05 compared to the control group.
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(e.g., H. sapiens, GRCh38) with HISAT2 software (v2.1.0)
[50, 51]. featureCounts (v1.6.0) was used to count the read
numbers mapped to individual genes [52]. The RNA series
dataset was uploaded to the Gene Expression Omnibus
(Accession: GSE182541). GSEA was analyzed with 1000 per-
mutations to identify enriched biological functions and acti-
vated pathways from the molecular signature database [53]
(MSigDB) (https://www.gsea-msigdb.org/gsea/msigdb).

2.8. Quantitative Polymerase Chain Reaction (Q-PCR). Total
RNA of the kidney will be extracted using the TRIzol reagent
(Invitrogen). Purity and quantification of RNA will be
detected. Complementary DNA (cDNA) will be synthesized
using the Easy Fast RT Kit (TOOLS, Taiwan). Q-PCR will be
detected using SYBR Green (TOOLS, Taiwan). Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) will be used as
an internal control. The 2−ΔΔCt method will be used to calcu-
late the expression changes. All primers are listed as follows:
G6PD, Hsp27, and GAPDH.

2.9. Senescence β-Galactosidase Staining. The cells were
treated with CSE for 24 h, washed, fixed, and cultured in a
37°C/5% CO2 incubator with X-gal chromogenic substrate
at pH5.5 overnight by following the protocol for SA-β-gal

staining (BioVision, Milpitas, CA). The images for β-galac-
tosidase were collected using a digital microscope. The pos-
itive cell intensity was counted in 3 fields of view (>50 cells/
field). Polydatin (MCE, Monmouth Junction, NJ) is an
inhibitor of G6PD activity [54].

2.10. Enzyme-Linked Immunosorbent Assay. The amount of
the NADPH-producing enzyme G6PD was measured using
ELISA kits specific for human G6PD according to the man-
ufacturer’s protocol (Cayman Chemical, Ann Arbor, MI).
The fluorescent product was measured under an excitation
wavelength of 530/540 and an emission wavelength of 585-
595 nm.

2.11. BrdU Cell Proliferation Assay.HK-2 cells were plated in
a 96-well plate and incubated. BrdU was measured using
BrdU Cell Proliferation Assay Kit (BioVision). Briefly, cells
were added 1x 5-bromo-2-deoxyuridine (BrdU) solution
and incubated plate at 37°C. Cells were fixed and denatured.
Cells were hybrid with BrdU detection antibody solution.
Finally, cells were added 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate and measured the absorbance at 650 nm.

Enrichment plot:
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Figure 4: RNA sequencing and gene set enrichment analysis of CSE-treated HK-2 cells. (a) RNA was extracted from HK-2 cells and
sequenced after treatment with or without CSE at a concentration of 0.6%. Upregulation and downregulation of mRNA are presented as
the fold change −0:58 < FC > 0:58. (b) GSEA was used to analyze the pathways of HK-2 cells after treatment with CSE and showed a
normalized enrichment score. (c) The Hallmark reactive oxygen species gene set database of the enrichment plot was used as the gene
set collection for analysis.
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2.12. Cigarette Smoke Exposure of Mouse Model. Eight-week-
old male C57BL/6JNarl mice were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). The
animal protocol was approved by the Animal and Ethics
Review Committee of the Laboratory Animal Center at Tai-
pei Medical University, Taiwan (IACUC: LAC-2017-0231).
Mice were maintained under a light/dark cycle of 12 h/
12 h, and the room temperature was kept at 22 ± 2°C with
relative humidity of 55 ± 10%. The mouse model (n = 5 per
group) was established by exposure to CS for 4 months.
Details of the CS exposure system were reported in a previ-
ous study [55]. Briefly, the system consisted of a CS genera-
tor in a whole-body exposure chamber (TECNIPLAST, VA,
Italy) with a particulate matter monitor. A side stream was
placed into the whole-body exposure chamber at a flow rate
of 15 l/min. Sixteen commercial cigarettes (Longlife) were
combusted for 8 h/day and 5 days/week for 4 months. The
mass concentration of particulate matter of <2.5μm in aero-
dynamic diameter was monitored using a DustTrak monitor
(TSI, Shoreview, MN). The mice were sacrificed by CO2, and
the kidneys were excised and fixed with 10% neutral
formalin.

2.13. Histological Analysis. The kidney tissues were embed-
ded, dehydrated, sectioned into 2μm thick slices slicing a
microtome, and then stained with hematoxylin and eosin
(H&E) (Sigma) for histological analysis. The glomerulo-
sclerosis and tubular injury scores were measured. Details
of the glomerulosclerosis and tubular injury scores are pro-
vided in a previously reported study [56].

2.14. Immunohistochemical (IHC) Staining Analysis. Kidney
sections were maintained in an oven at 60°C. The kidney
sections were sequentially washed with xylene (Sigma),
100% ethanol (Sigma), 95% ethanol, and 75% ethanol.
Finally, the kidney sections soaked in MQ water and boiled
with sodium citrate buffer (0.01M, pH6.0, 1% Tween 20).
The sections then washed with PBS, soaked in 3% H2O2/
methanol, and finally with PBS. UltraVision protein block
buffer was applied to analyze the kidney after treatment with
G6PD (Proteintech), LC3 (MBL) or β-gal (Invitrogen) anti-
body in 3% BSA overnight at 4°C. The sections were washed
with PBS, treated with Trekkie Universal Link for 20min,
and then mixed with poly-HRP reagent for 20min. The
DAB coloring agent was used to stain the sections, followed
by placement in MQ water to terminate the reaction. For the
next step, hematoxylin was also used as a contrast dye for the
second staining assay. In the end, the mounting buffer was
added to the kidney sections, which were covered with a
cover slip. Masson’s trichrome staining was used according
to the protocol (TRM-2-IFU, ScyTek). After the sections
solidified with mounting buffer, the slices were recorded
with Motic Digital Slide Assistant (Motic VM3.0, New York,
NY).

2.15. Statistical Analysis. The results were analyzed by SPSS
(SPSS Software, CA, San Diego) and plotted as the mean ±
standard deviation. The statistical significance between
groups was determined by Student’s t-test. Comparisons of

three or more groups were calculated by ANOVA. Signifi-
cance was confirmed at p < 0:05.

3. Results

3.1. Cell Viability, Cell Death, and Apoptosis-Related Protein
Expression in CSE-Treated HK-2 Cells. The viability of CSE-
treated HK-2 cells was significantly decreased in a
concentration-dependent manner, as shown in Figure 1(a).
After HK-2 cells were treated with CSE at low concentra-
tions of 0.1%, 0.2%, 0.4%, and 0.6%, the cell viability
decreased to 94.6%, 92.8%, 81.3%, and 67.9%, respectively.
Flow cytometry analysis revealed that the CSE-treated cells
at low concentrations of 0.1%, 0.2%, 0.4%, and 0.6% had
no significant differences in either index of apoptosis or
necrosis (Figures 1(b) and 1(c)). In addition, LDH assay
revealed that the necrosis index did not have any significant
differences (Figure 1(d)). Moreover, western blotting analy-
sis showed that low concentrations of CSE did not increase
Bax and cleaved caspase 3 protein expression (Figures 1(e)
and 1(f)).

3.2. Expression of Autophagosome-Related and Fibrosis-
Related Proteins in HK-2 Cells after Treatment with CSE.
The expression levels of LC3 determined by immunofluores-
cence were concentration-dependent (Figure 2(a)). Statisti-
cal analysis also showed that LC3 levels were CSE
concentration-dependent in HK-2 cells (Figure 2(b)).
Approximately 35 ± 2:5% of HK-2 cells expressed LC3

Table 1: The top 20 genes of Hallmark reactive oxygen species
gene set.

Gene FC p value

G6PD 0.979605 6:56E − 76
GCLM 0.960879 3:98E − 50
SOD1 0.952822 2:29E − 67
TXN 0.843715 4:23E − 36
HHEX 0.820415 3:26E − 08
GSR 0.743549 9:59E − 52
PRNP 0.613288 3:58E − 33
PRDX1 0.609423 1:24E − 39
HMOX2 0.551601 1:50E − 15
GCLC 0.545956 8:41E − 12
PRDX6 0.418619 3:87E − 18
SCAF4 0.396722 6:68E − 10
GLRX 0.39422 2:50E − 05
ATOX1 0.370471 0.001248

GLRX2 0.343887 8:97E − 06
GPX3 0.324067 4:18E − 07
SBNO2 0.095644 0.149361

ERCC2 0.071641 0.329135

TXNRD2 0.053783 0.564995

NDUFA6 0.045766 0.533123
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signals after treatment with 0.6% CSE. Furthermore, CSE-
treated HK-2 cells revealed higher expression of the
autophagy-related proteins LC3, p62, ATG5, and SIRT1, as
determined by western blotting (Figure 2(c)). The expres-
sion levels of LC3, p62, ATG5, and SIRT1 were also
concentration-dependent in HK-2 cells after CSE treatment
(Figure 2(d)). On the other hand, HK-2 cells exposed to
CSE exhibited higher expression of the fibrosis-related pro-
teins collagen type 1, PAI-1, and CTGF, as determined by
western blotting (Figure 2(e)). Statistical analysis also
revealed that the levels of collagen type 1, PAI-1, and CTGF

after treatment with CSE in HK-2 cells were also
concentration-dependent (Figure 2(f)).

3.3. Senescence, Senescence-Related Proteins, and Senescence-
Associated Secretory Phenotype-Related Inflammation in
HK-2 Cells after CSE Treatment. Senescence-positive cells
were observed in concentration-dependent manner as deter-
mined by the SAβgal assay as shown in Figure 3(a). Analysis
of SAβgal-positive CSE-treated HK-2 cells also demon-
strated concentration dependence (Figure 3(b)). CSE-
treated HK-2 cells displayed higher expression of the
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Figure 5: The expression profile of heat shock protein 27 and glucose-6-phosphate dehydrogenase, activity of glucose-6-phosphate
dehydrogenase, and senescence-associated β-galactosidase assay with polydatin or ATG shRNA in HK-2 cells after treatment with CSE.
(a) Relative expression in Hsp27 and G6PD mRNA was measured in CSE-treated cells at concentrations of 0.1, 0.2, 0.4, and 0.6% for
24 h. ∗p < 0:05 compared to the control group. (b) The expression of Hsp27 and G6PD in HK-2 cells after treatment with CSE at
concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group. (c) Hsp27 and G6PD expressions were
graphed and analyzed for CSE-treated cells at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to the control group.
(d) The activation of G6PD was detected after CSE treatment at concentrations of 0.1, 0.2, 0.4, and 0.6% for 24 h. ∗p < 0:05 compared to
the control group. (e) The expression of G6PD activation was detected after polydatin treatment at concentrations of 10, 20, 50, and
100μM for 24 h. ∗p < 0:05 compared to the control group. (f) SAβgal expression was detected in cells after treatment with CSE at
concentrations of 0.6% and polydatin at concentrations of 10, 20, 50, and 100μM for 24 h. ∗p<0.05, CSE compared to CSE+polydatin.
(g) The expression of SAβgal was measured after treatment with CSE, control shRNA, and ATG5 shRNA at concentrations of 100μM
for 24 h. ∗p < 0:05 compared to the control group. #p < 0:05, CSE+control shRNA compared to CSE+ATG5 shRNA.
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senescence-related proteins p53, p21, and p16 as determined
by western blotting (Figure 3(c)). A previous study showed
that Klotho reduced kidney senescence and fibrosis [19].
Klotho exhibited lower expression after treatment with
CSE (Figure 3(c)). p53, p21, p16, and Klotho levels in HK-
2 cells treated with CSE were also concentration-dependent
(Figure 3(d)). Senescent cells have inhibited cellular prolifer-
ation [57], which can be detected by BrdU. BrdU-positive
HK-2 cells treated with CSE were also observed to be
concentration-dependent (Figure 3(e)). Furthermore,
SLC3A2, SERPINE2, PRNP, NT5E, MMP10, FLNC, and
SERPINE1 showed higher expression after treatment with
CSE in HK-2 cells, as determined by RNA sequencing
(Figure 3(f)).

3.4. RNA Sequencing, Gene Set Enrichment Analysis, and
Interpretative Phenomenological Analysis in CSE-Treated
HK-2 Cells. The RNA sequencing data after treatment of
HK-2 cells with CSE are shown in Figure 4(a). The most
upregulated gene was MMP3 in CSE-treated cells, while
the most downregulated gene was SEMA5B. In addition,
the data were further analyzed by GSEA (Figure 4(b)). The

results showed higher expression of the ROS pathway in
HK-2 cells after treatment with CSE (Figure 4(b)). The
enrichment plot showed higher enrichment of the ROS
pathway after cells were exposed to CSE (Figure 4(c)). More-
over, ROS-related gene expression is shown in Table 1. The
most upregulated gene was G6PD in HK-2 cells after CSE
treatment as shown in Table 1.

3.5. Expression Profile of Heat Shock Protein 27, Glucose-6-
phosphate Dehydrogenase, and Senescence-Associated β-
Galactosidase Assay Regulation with Autophagy in CSE-
Treated HK-2 Cells. Hsp27 and G6PD were observed to be
concentration-dependently increased, as determined by
real-time polymerase chain reaction (Q-PCR) assay
(Figure 5(a)) and western blotting (Figure 5(b)). The expres-
sion of Hsp27 and G6PD in HK-2 cells after treatment with
CSE was also concentration-dependent (Figure 5(c)). The
G6PD activity after HK-2 cell treatment with CSE was also
concentration-dependent (Figure 5(d)). G6PD activity was
higher in HK-2 cells after CSE treatment at concentrations
of 0.6% and decreased after polydatin treatment at concen-
trations of 10, 20, 50, and 100μM (Figure 5(e)).
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Figure 6: Hematoxylin and eosin staining in kidney samples. Tubular injury, glomerulosclerosis score, and Masson staining after treatment
of mice with CS. (a) C57BL/6 mice were treated with CSE and harvested for 4 months. H&E staining was examined in kidney samples. The
cell nuclei were stained blue by hematoxylin. Both the extracellular matrix and cytoplasm were stained by eosin (pink). Scale bar: 50μm. (b)
Tubular injury and glomerulosclerosis were analyzed in kidneys (N = 5). The data are presented as themeans ± SD. Twenty fields of view per
kidney. ∗p < 0:05 and ∗∗∗p < 0:001 compared to the normal group samples. (c) Kidneys were stained with Masson’s trichrome. Scale bar = 50
μm. Immunohistochemistry for senescence-associated β-galactosidase, autophagy-related proteins, glucose-6-phosphate dehydrogenase,
and kidney samples of after treatment of mice with CSE. (d) C57BL/6 mice were treated with CSE and then harvested after 4 months.
IHC staining of SAβgal was examined in kidney samples. (e) IHC staining of LC3 was examined in kidney samples. (f) IHC staining of
G6PD was examined in kidney samples. Scale bar: 50μm.
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Furthermore, the statistical expression of SAβgal-positive
cells was increased in CSE-treated HK-2 cells, and the
expression increased at concentrations of 20, 50, and
100μM after treatment with polydatin (Figure 5(f)). In addi-
tion, the number of SAβgal-positive cells treated with both
ATG5 shRNA and control shRNA was increased after CSE
exposure compared with that in the control groups
(Figure 5(g)). Moreover, ATG5 shRNA enhanced the num-
ber of CSE-induced SAβgal-positive cells.

3.6. Tubular Injury and Glomerulosclerosis Score Analysis of
Senescence, Senescence-Associated β-Galactosidase,
Autophagy Protein LC3, and Glucose-6-phosphate
Dehydrogenase after treatment of Mice with CS. A mouse
model was established by exposure of mice to CS for 4months.
H&E staining displayed varying degrees of tubular injury and
glomerulosclerosis when comparing the CS-treated group to
the normal group (Figure 6(a)). The tubular injury and glo-
merulosclerosis scores were significantly increased after treat-
ment of mice with CS (Figure 6(b)). The kidney sample also
revealed varying degrees of fibrosis staining with Masson’s tri-
chrome (purple) (Figure 6(c)). IHC staining showed higher
expression of SAβgal, LC3 and G6PD than that of the normal
group at 4 months (Figures 6(d)–6(f)).

4. Discussion

A previous study showed that CS altered cell viability in gingi-
val mesenchymal cells at a concentration of 250μg/ml [58].
The cell viability of mouse embryonic fibroblasts and NIH3T3

cells decreased below 50% after exposure to 400μl of 4% CSE
solution [59]. In addition, the cell viability of human lung
bronchial epithelial cells (BEAS-2B) decreased to 50% after
treatment with 10-20% CSE [60]. Our results showed that cell
viability decreased by over 50% in HK-2 kidney cells after
treatment with CSE (0.8% and 1%) (Figure 1(a)). Early reports
indicated that apoptosis was significantly induced in BEAS-2B
cells by CSE [61]. However, our results showed that low con-
centrations CSE (0.1%-0.6%) did not induce apoptosis in
HK-2 cells (Figures 1(b)–1(e)). A previous study showed that
the CSE-induced autophagy in A549 cells is associated with
many cellular processes [35]. Our results indicated that CSE-
treated HK-2 cells not only induced autophagy but also
induced SIRT1 after CSE (0-0.6%) exposure (Figures 2(a)–
2(d)). Hence, our results indicated that autophagy was regu-
lated by SIRT1, which has been reported in other studies
[62–64].

CSE is a risk factor for the development of lung fibrosis
[65]. Renal fibrosis is involved in various kidney diseases
[66]. Previous studies have demonstrated that through the
autocrine and paracrine stimulation of cells by TGF-β1,
CTGF is released and synthesized, which plays a role in
fibrogenesis [67]. Furthermore, PAI-1 is the major physio-
logic inhibitor of the plasmin-based pericellular cascade
and a causative factor in the fibroproliferative disorders
[68]. The upregulation of CTGF and PAI-1 caused extracel-
lular matrix (ECM) accumulation [69, 70]. In the current
study, CSE exhibited higher expression of the fibrosis-
related proteins including collagen type 1, PAI-1, and CTGF
in HK-2 cells (Figures 2(e) and 2(f)). In in vivo study, the
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Figure 7: Schematic of the putative mechanism illustrating the CSE-induced G6PD, autophagy-related, fibrosis-related, and senescence-
related protein expressions in kidney cells. Kidney cells were induced by CSE via several related pathways that increase the expression of
the fibrosis-related proteins, autophagy-related proteins, and senescence-related proteins in kidney cells. CSE regulates senescence and
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significant accumulation of collagen fibers in the kidney tis-
sues of the CS group (Figure 6(c)). These results indicated
that CS may cause kidney fibrosis. Previous research has
shown that CS induces SASP-related inflammation in
human epidermal keratinocytes and skin [8]. The expression
of fibrosis-related genes is induced in orbital fibroblasts from
patients with Graves’ ophthalmopathy [22]. In addition, pre-
vious study revealed that CS reduced the proliferation of
lung fibroblasts by upregulating signaling pathways such as
cell senescence, p53, and p16-retinoblastoma [5]. The p53
[6], p16, and p21 pathways [7] were related to cellular senes-
cence, including fibrosis accompanied by senescence,
senescence-related proteins, and SASP-related inflammation
(Figures 3(a)–3(f) and Figure 6(d)). Early reports showed
that CSE reduces the expression and secretion of Klotho in
alveolar macrophages and airway epithelial cells in COPD
patients [21]. The present study demonstrated that Klotho
significantly decreased in human kidney cells after the CSE
(0%-0.6%) treatment (Figure 3(c)).

Recently, a meta-analysis suggested that CS is an indepen-
dent risk factor for the general adult population with CKD
[42] and healthy middle-aged adults [43]. In addition, GSEA
revealed that three pathways were involved in CS-treated
BEAS-2B cells, namely, cell matrix adhesion and the TGF-β
receptor signaling pathway, RNA catabolic processes, and
the regulation of cell cycle phase transition, as well as
calcium-mediated signaling and regulation of cell-cell adhe-
sion [71]. Deficiency of G6PD in the erythrocyte membrane
causes substantial oxidant damage [11]. G6PD is a major
source of NADPH that is involved in antioxidant pathways
[39]. Furthermore, GSEA showed that the ROS pathway is
the primary regulator in HK-2 cells after treatment with
CSE. In particular, the expression of G6PD increased in the
ROS-related gene expression pathway after treatment with
CSE (Figures 4(a)–4(c) and Table 1). G6PD and Hsp27 were
highly expressed in CSE-treated HK-2 cells (Figures 5(a)–
5(c)). On the other hand, Hsp27 phosphorylation plays an
important role in the activation of G6PD [38], and the phos-
phorylation of G6PD results in a reduction of NADPH, subse-
quently causing oxidative stress which may lead to metabolic
syndromes [72, 73]. Polydatin is a new inhibitor of G6PD that
can block the pentose phosphate pathway [54]. Our results
showed that polydatin decreased the activity of G6PD in a
dose-dependent manner (Figure 5(e) and Table 1). The
expression of senescence-related factors was increased after
treatment with polydatin in HK-2 cells (Figure 5(f)). These
data showed that G6PD plays an important role in the protec-
tion of kidney cells. A previous study indicated that CS accel-
erated lung aging [34] and kidney injury [74] via autophagy.
Our results showed that CSE induced autophagy
(Figures 2(a)–2(d)). Here, we used ATG5 shRNA to increase
senescence expression in HK-2 cells (Figure 5(g)) and found
that CSE-induced autophagy may inhibit senescence and has
a protective role in kidney cells.

5. Conclusions

We found that CSE induced autophagy, fibrosis, senescence,
and SASP in kidney cells (Figure 7). In contrast, Klotho

expression was decreased in kidney cells after CSE treat-
ment. Furthermore, RNA sequencing and GSEA revealed
that G6PD played an important role in ROS pathway regu-
lation in kidney cells after CSE exposure. G6PD expression
and G6PD activity increased in CSE-treated kidney cells.
In addition, G6PD inhibited senescence in kidney cells. In
an animal model after CS exposure for 4 months, CS caused
tubular injury and glomerulosclerosis and induced fibrosis,
autophagy, and G6PD. In conclusion, CS induced G6PD,
autophagy, fibrosis, and senescence and decreased Klotho
in kidney cells. These findings offer more precise molecular
mechanism of CS and the chance to find potential preven-
tive or therapeutic strategies for CS-related renal injury. In
the current study, we focus on in vitro study and an animal
model. In the future, we hope to utilize clinical data and
samples for validation of the research that we currently per-
form on in vitro and animal models.
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial lung disease of unknown cause which leads to alveolar
epithelial cell apoptosis followed by basement membrane disruption and accumulation of extracellular matrix, destroying the
lung architecture. Oxidative stress is involved in the development of alveolar injury, inflammation, and fibrosis. Oxidative
stress-mediated alveolar epithelial cell (AEC) apoptosis is suggested to be a key process in the pathogenesis of IPF. Therefore,
the present study investigated whether grape seed proanthocyanidin extract (GSPE) could inhibit the development of
pulmonary fibrosis via ameliorating epithelial apoptosis through the inhibition of oxidative stress. We found that GSPE
significantly ameliorated the histological changes and the level of collagen deposition in bleomycin (BLM)-induced lungs.
Moreover, GSPE attenuated lung inflammation by reducing the total number of cells in bronchoalveolar lavage (BAL) fluid
and decreasing the expression of IL-6. We observed that the levels of H2O2 leading to oxidative stress were increased following
BLM instillation, which significantly decreased with GSPE treatment both in vivo and in vitro. These findings showed that
GSPE attenuated BLM-induced epithelial apoptosis in the mouse lung and A549 alveolar epithelial cell through the inhibition
of oxidative stress. Furthermore, GSPE could attenuate mitochondrial-associated cell apoptosis via decreasing the Bax/Bcl-2
ratio. The present study demonstrates that GSPE could ameliorate bleomycin-induced pulmonary fibrosis in mice via
inhibition of epithelial apoptosis through the inhibition of oxidative stress.

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive
interstitial lung disease of unknown cause and is characterized
by scarring of interstitial lung tissue and decline in lung func-

tion, leading eventually to respiratory failure. The prevalence
of IPF is estimated at 13 to 20 cases per 100,000 people per
year with a median survival of 3 to 5 years after diagnosis.
The prognosis of IPF is significantly worse than inmany inter-
stitial lung diseases, and no curable treatments for IPF exist.
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Studies have reported the association between genetic,
infectious, and environmental factors, such as smoking and
pollutants, gastroesophageal reflux disease and aging, and
the development of IPF. The mechanism by which these fac-
tors influence the pathogenesis of IPF is not fully known.
Previously, it has been proposed that IPF is an inflammatory
response that eventually leads to chronic lung injury with
fibrosis. However, it has recently been suggested that pro-
gressive fibrosis involves damage to alveolar epithelial cells
(AECs), activation of fibroblasts followed by abnormal
wound recovery that leads to fibrosis. Alveolar epithelial
damage is the characteristic feature of IPF, in which AEC
injury is a significant initial event [1–3].

The production of reactive oxygen species (ROS) is
increased under conditions such as exposure to air pollut-
ants and cigarette smoke. ROS is generated by activated
macrophages and neutrophils during acute inflammatory
reactions and plays an important role as an antibacterial
and anticancer. However, continuous ROS exposure may
lead to cell damage through the oxidation of DNA, RNA,
carbohydrates, proteins, and lipids. There have been many
studies showing that an imbalance between oxidants and
antioxidants participates in the pathophysiology of IPF and
that ROS causes damage to AECs, resulting ultimately in
apoptosis. Daniil et al. showed that serum oxidative stress
was significantly increased in patients with IPF compared
with healthy controls [4], and there are significant correla-
tions between the levels of systemic oxidative stress and dis-
ease severity in IPF and the levels of dyspnea.

N-Acetylcysteine, an antioxidant drug, was reported to
decrease inflammation and collagen deposition in a mouse
model of bleomycin- (BLM-) induced lung fibrosis [5].
However, beneficial effects of NAC on IPF patients have
not been demonstrated [6]. The different doses of NAC,
the length of time following treatment, or samples from dif-
ferent ethnic origins can be the causes of different results.
Oldham et al. recently reported that the efficacy of NAC
on IPF patients may be associated with genotype character-
istics, suggesting that NAC had a beneficial effect in a
subgroup of IPF patients [7].

Grape seed proanthocyanidin extract (GSPE), a flavo-
noid compound extracted from grape seeds, consists of
catechin and epicatechin that form oligomers or polymers.
GSPE has various pharmacological properties such as anti-
carcinogenic [8], antiallergic [9], anti-inflammatory [10],
antihypertensive [11], and antiviral activities [12]. Further-
more, GSPE is revealed to be a more effective antioxidant
than ascorbic acid and α-tocopherol in vitro and in vivo
[13]. Recent studies on GSPE have also reported that GSPE
prevents amiodarone-induced lung toxicity [14].

BLM is a chemotherapeutic antibiotic that is used as an
anticancer agent but is identified as a profibrotic agent due
to it inducing pulmonary fibrosis as a side effect. The model
of BLM-induced lung fibrosis is extensively used as an ani-
mal model for studying the mechanisms of IPF, as it is easy
to perform and is reproducible. BLM causes pulmonary
injury, inflammation, and subsequent fibrosis, and ROS gen-
erated in response to BLM is involved in the mechanism
driving fibrosis in this model [15].

We investigated whether GSPE attenuates BLM-induced
ROS production and inflammation levels, resulting in allevi-
ation of epithelial cell apoptosis and eventually fibrosis.

2. Materials and Methods

2.1. Animal Experiments. Specific pathogen-free (SPF) 8-
week-old female C57BL/6 mice, weighing between 18 and
20 g, were purchased from Orient Bio Inc. (Daejeon, Korea).
The mice were housed in SPF animal facility and used after 1
week of acclimatization. Experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of
Ulsan University.

After one week of acclimation, the mice were randomly
divided into five groups (n = 6 per group) as follows: after
24 h of inoculation, mice were exposed for 6 days as follows:
Experiment #1, (1) PBS (IT)+PBS (IP) group: mice treated
with normal saline; (2) BLM (IT)+PBS (IP) group: mice
injected with 2mg/kg of BLM (IT) and PBS (IP); (3) PBS
(IT)+GSPE(IP) group: mice injected with PBS (IT) and
90mg/kg of GSPE; (4–6) BLM (IT)+GSPE (IP, 30, 60, and
90mg/kg) group: mice treated with 2mg/kg of BLM and
30, 60, and 90mg/kg of GSPE; Experiment #2, (1) PBS
(IT)+PBS (PO) group: mice treated with normal saline; (2)
BLM (IT)+PBS (PO) group: mice injected with 2mg/kg of
BLM and PBS (PO); (3) PBS (IT)+GSPE (PO) group: mice
injected with PBS (IT) and 100mg/kg of GSPE; (4–6) BLM
(IT)+GSPE (PO, 50, 100, and 150mg/kg) group: mice
treated with 2mg/kg of BLM and 50, 100, and 150mg/kg
of GSPE.

2.2. Reagents and Antibodies. TNF-α, interleukin-1 β (IL-
1β), and IL-6 enzyme-linked immunosorbent assay (ELISA)
kits were purchased from BD Biosciences (Cambridge, MA,
USA). BLM was purchased from Nippon Kayaku Co. (Ltd.,
Tokyo, Japan), and GSPE was obtained from SANOFI Co.
(Paris, France). Antibody against cPARP (ab32064) was pur-
chased from Abcam (Cambridge, MA, USA). Antibodies
against cytokeratin pan (MA5-12231) were obtained from
Invitrogen (San Diego, CA, USA). Secondary antibodies
tagged with Alexafluor 594 (ab150116) and with Alexafluor
488 (ab150077) were purchased from Abcam. Antibodies
against PARP (9532), cleaved caspase-3 (9661), cytochrome
c (11940), Bcl-2 (3498), Bax (2772), and Bak (12105) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). β-Actin (A5441) was purchased from Invitrogen
and used as internal controls. Horseradish peroxidase-
(HRP-) labeled secondary anti-mouse (7076) and anti-
rabbit (7074) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). CM-H2DCFDA and
MitoSOX Red were obtained from Invitrogen (San Diego,
CA, USA). FITC Annexin V Apoptosis Detection Kit I was
purchased from BD Biosciences (San Jose, CA, USA).
Hoechst 33342 and MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) were obtained from Sigma
Chemical (St. Louis, MO, USA). M-MLV reverse transcrip-
tase was obtained from Promega (Madison, WI, USA).
SYBR Green Real-Time PCR Master Mix was obtained from
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Enzynomics (Daejeon, South Korea). QIAzol reagent was
purchased from Qiagen (Hilden, Germany).

2.3. Induction of Lung Injury by BLM. Mice were adminis-
tered a single dose of 2mg/kg BLM (Nippon Kayaku Co.,
Ltd., Tokyo) or saline intratracheally. Intraperitoneal (IP)
or per oral (PO) administration of GSPE was performed
daily starting at day -4 before BLM (day 0) and lasting 5
times weekly for 3 weeks. All mice were sacrificed 21 days
after BLM administration.

2.4. Histological Analysis and Ashcroft Scoring. Lung tissues
were fixed in 4% paraformaldehyde and dehydrated with
graded ethanol. After embedding in paraffin, the sections
(4μm) were prepared and stained with hematoxylin and
eosin (H&E) and Masson’s trichrome (MT). Lung fibrosis
was calculated by semiquantitative analysis of H&E and
MT staining using the Ashcroft scoring system as previously
described [16]. To quantify the severity of interstitial fibrosis
in lung histopathology, each successive field was given a
score ranging from 0 (normal lung) to 8 (total fibrous
obliteration of the field).

2.5. Hydroxyproline Assay. The procedure for quantitation of
lung hydroxyproline was performed as previously described
[17]. Briefly, whole lung tissue was washed in PBS and
hydrolyzed for 18h in 6N HCl at 110°C. The pH was
adjusted to 6.0 with NaOH titration. The samples were
centrifuged, and the pellets were oxidized with chloramine
T for 30 minutes. p-Dimethylaminobenzaldehyde was added
to each sample, and the samples were incubated at 65°C for
15 minutes. The absorbance was measured at 560nm on a
spectrophotometer. Lung hyroxyproline was quantitated
with a standard curve of purified hydroxyproline (Sigma,
St. Louis, MO), and the values were corrected for total lung
wet weight.

2.6. Bronchoalveolar Lavage and Cell Count. On day 7 after
BLM administration, bronchoalveolar lavage fluid (BALF)
was collected by washing of the lung with an initial 800μl
of sterile PBS, followed by eight 500μl PBS washes. The fluid
was centrifuged, and the supernatant of the first BAL was
used for the determination of cytokines. The cell pellet was
resuspended in 1ml of PBS, and the cell number was
counted using a hemocytometer.

2.7. Immunohistochemical Analysis. From paraffin-
embedded lung tissues, 4μm thick sections were prepared
and mounted on glass slides. The sections are deparaffinized
with xylene three times each for 15min and then rehydrated
with decreasing alcohol concentrations (100-70%) for 5min.
The protease-induced antigen retrieval was performed, and
blocking buffer was added. Next, the slides were incubated
overnight at 4°C with anti-PARP p85 fragment polyclonal
antibody (Cell Signaling Technology, Danvers, MA, USA),
followed by incubation with FITC-conjugated Goat Anti-
rabbit IgG secondary antibody (Santa Cruz Biotechnology,
Dallas, Texas, USA), and incubated with anti-pan cytokera-
tin monoclonal antibody PE (Santa Cruz Biotechnology,
Dallas, Texas, USA).

2.8. RNA Isolation, Purification, and Quantitative Real-Time
PCR. Total RNA was extracted from lung tissue samples and
cultured A549 cells using TRIZOL reagent. Then, cDNA was
synthesized from 1μg of total RNA using oligo (dT) primers
and M-MLV reverse transcriptase. Quantitative PCR was
performed using SYBR Green qPCR Master Mix and the
appropriate primers on an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, Carlsbad, CA, USA). The
housekeeping gene 18S rRNA (RPS) was amplified in paral-
lel with the genes of interest. The following primers were
used: Relative expression standardized to RPS was calculated
using the comparative cycle threshold method (2-ΔΔCt). The
primer sequences used were as follows: 5′-GTGCTCGGCTT
CCCGTGCAAC-3′ and 5′-CTCGAA GAGCATGAAGT
TGGGC-3′ (GPX); 5′-CTGCCAAGTGATTGGTGCTTC
TG-3′ and 5′-AATGGTGCGCTTCGG GTCTGAT-3′
(PRDX); 5′-CAAATGCATGCCGACCTTCCAG-3′ and 5′
-GCTGGTTACACTTTTCAGAGCATG-3′ (TRX); 5′-
CAAGGAAGCACATGACCGAGCA-3′ and 5′-CTTGTT
GCGGTCCATTTCCTC-3′ (RPS).

2.9. Measurement of Cytokines. For cytokine measurements,
whole lung tissue was homogenized in 10 volumes (w/v) of
ice-cold PBS containing protease inhibitors. Homogenates
were centrifuged at 12,000 × g at 4°C for 5min, and the
supernatants were collected for analysis. The levels of
TNF-α, IL-1β, and IL-6 were measured by ELISAs according
to the manufacturer’s instructions (R&D Systems).

2.10. Cell Culture. Human alveolar epithelial A549 cells
(KCLB, Seoul, Korea) were grown in RPMI 1640 medium
(Welgene, Daegu, Korea) supplemented with 10% FBS and
1% penicillin-streptomycin solution at 37°C in a humidified
atmosphere with 5% CO2. A549 cells were pretreated with
GSPE (1μg/ml) for 4 h and then stimulated with BLM
(1μg/ml) for an additional 40 h.

2.11. Western Blot Analysis. Lung tissue samples were
homogenized in extraction buffer (50mM Tris-HCl,
pH8.0, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40,
0.01% protease inhibitor mixture). After centrifugation for
20min at 100,000 × g, the supernatants were recovered.
A549 cells were harvested and treated with the extraction
buffer after washing with PBS. Typically, 20μg of protein
per lane was loaded on SDS-PAGE and transferred onto
the nitrocellulose membrane. The membranes were blocked
for 1 h with 5% skim milk in Tris-buffered saline containing
0.05% Tween 20 (TBST) and were incubated overnight at
4°C with primary antibodies against PARP, cleaved PARP,
cleaved caspase-3, cytochrome c, Bax, Bak, Bcl-2, and β-
actin. After washing with TBST, the membrane was incu-
bated for 1 h with HRP-conjugated secondary antibodies
and developed using chemiluminescence HRP substrates.

2.12. Measurement of Reactive Oxygen Species (ROS). Whole
lung tissue was homogenized in ice-cold PBS containing
protease inhibitors. Homogenates were centrifuged, and
the resulting supernatants were used for the assay. H2O2
levels in homogenates were measured using a hydrogen
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peroxide assay kit (Cell BioLabs, San Diego, CA) according
to the manufacturer’s protocol. Briefly, 25μl of sample or
diluted H2O2 standards was added to 96-well plates, mixed
with 25μl of working solution, and incubated for 30min at
room temperature. Absorbance was monitored at 540nm,
and H2O2 concentrations were determined using the
standard curve.

To measure intracellular ROS, A549 cells were pre-
treated with GSPE (1μg/ml) for 4 h and then stimulated
with BLM (1μg/ml) for an additional 24 h. Then, the cells
were rinsed briefly in PBS and incubated with culture
medium containing 5μM CM-H2DCFDA at 37°C for
30min in the dark. Fluorescence was detected by flow
cytometry (FACSCanto II), and the data were analyzed by
FlowJo V10 software (Tree Star Inc., San Carlos, CA).

To perform mitochondrial ROS (mtROS) measure-
ments, A549 cells were pretreated with GSPE (1μg/ml) for
4 h and then stimulated with BLM (1μg/ml) for an
additional 24 h. After treatment, the cells were stained with
MitoSOX Red (5μM) for 30min and then washed three
times with PBS. mtROS was assessed by using flow cytome-
try, and the data were analyzed by FlowJo V10.

2.13. Cell Viability Assay. Cell viability was determined by
MTT assay. A549 cells were seeded in a 96-well plate at 3
× 104 cells per well and were allowed to grow to 80% con-
fluency. The cells were then pretreated with GSPE at various
concentrations (0, 0.5, 1, 5, 10, and 20 μg/ml) for 4 h and
stimulated with or without BLM at different concentrations
(0, 0.5, 1, 10, 20, and 40 μg/ml). Next, the cells were incu-
bated with 0.5 mg/ml of thiazolyl blue tetrazolium bromide
for 3 h. The MTT was removed, and 100 μlL of dimethylfor-
mamide (DMSO) was added. Then, the optical densities of
the samples were read at 540 nm on a spectrophotometer.

2.14. Apoptosis Assay. The A549 cells were harvested,
washed twice with cold PBS, and resuspended in 100μl
annexin binding buffer. The cells were then stained for
15min at RT in the dark with 5μl FITC-conjugated annexin
V and 5μl propidium iodide (PI) using the FITC-Annexin V
Apoptosis Detection Kit (BD Bioscience, Heidelberg, Ger-
many), according to the manufacturer’s instructions, and
analyzed by flow cytometry.

2.15. Statistics. Values are expressed as means ± SEM. Each
series of experiments was repeated at least three times. Since
the sample means are normally distributed, the one-way
ANOVA was used for more than two groups’ comparison,
followed by Bonferroni posttests. The t-test method was
used for a two-group comparison. The statistical analysis
was performed using GraphPad Prism 5 (GraphPad Prism
Software Inc., CA, USA) and SPSS 24.0 (SPSS, Inc., IL,
USA). A p value < 0.05 was considered statistically
significant.

3. Results

3.1. GSPE Attenuated BLM-Induced Lung Fibrosis. To inves-
tigate the effect of GSPE on the pathogenesis of lung fibrosis,
we established a BLM-induced lung fibrosis mouse model

(Figure 1(a)). Mice were treated with GSPE (IP or PO) or
saline from -4 days for 25 days before intratracheal adminis-
tration of BLM to induce lung fibrosis on 0 days. For
histopathological analysis, lung sections were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome
(MT). Interestingly, we observed that peribronchial intersti-
tial infiltration with inflammatory cells and alveolar edema
was increased in the BLM-treated group (Figures 1(a) and
1(b)). However, treatment with GSPE attenuated these
BLM-induced lung lesions (Figure 1(b), left), as shown by
the H&E-stained lung sections. Furthermore, histological
sections stained with Masson’s trichrome showed that
increased interstitial collagen was present in the BLM-
treated group in Figure 1(d). However, administration of
GSPE alleviated the interstitial collagen in the lung induced
by BLM (Figure 1(b), right). In addition, the fibrosis scores
of lung fibrosis in the BLM-treated group were significantly
higher than those in PBS- and GSPE-treated control groups.
In contrast, the Ashcroft scores of lung fibrosis were lower in
both the BLM+IP GSPE and BLM+PO GSPE groups in a
dose-dependent manner compared with the BLM+PBS
group (Figure 1(c).

To assess whether GSPE reduced the level of collagen
deposition in BLM-induced lung, we next measured the lung
hydroxyproline content, a fibrotic marker of deposited colla-
gen on day 21. Consistent with the histopathological results
of Masson’s trichrome staining, we found that the lung
hydroxyproline content was considerably elevated in the
BLM group compared with the PBS-treated control mice.
However, the BLM+IP GSPE group exhibited a marked
reduction of hydroxyproline content compared with the
BLM+PBS group (55.3, 51.9, and 50.4 vs. 62.9μg/ml).
(Figure 1(d)). In addition, to determine the effects of GSPE
on the expression of fibrogenic cytokines, we measured the
expression of TGF-β in the lungs at days 7 and 21 after
BLM instillation. We observed that the protein levels of
TGF-β increased at day 21 but that GSPE treatment sub-
stantially reduced the fibrogenic cytokine at 21 days
(Figure 1(e)). Taken together, these results indicate that
GSPE significantly improves lung fibrosis-triggered BLM.

3.2. GSPE Attenuates BLM-Induced Lung Inflammation. To
evaluate the effect of GSPE on initial lung inflammation
induced by BLM, we determined the total number of cells
in BALF at day 7 of BLM instillation. Consistent with the
H&E staining results, the total number of cells in the
BLM-treated group was significantly higher than in the
PBS-treated control group. However, treatment of BLM-
induced mice with 90mg/kg GSPE dramatically decreased
total cell numbers when compared to the BLM+PBS group
(Figure 2(a)). As expected, the administration of BLM
increased the levels of TNF-α and IL-1β on days 3 and 7
and IL-6 on days 3, 7, and 21. We next measured whether
GSPE reduces the BLM-induced increases in proinflamma-
tory cytokines in the lung tissue. Interestingly, GSPE
significantly attenuated the expression of IL-6 on days 3
and 7 (Figure 1(e)) but had no difference in the levels of
TNF-α and IL-1ß. These data showed that GSPE attenuated
lung inflammation via reducing the numbers of total cells,
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Figure 1: Continued.
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macrophages, neutrophils, and lymphocytes and decreasing
the expression of IL-6 (Figure 2(b)).

3.3. GSPE Attenuates BLM-Induced Oxidative Damage In
Vivo and In Vitro. Previous studies have shown that oxida-
tive stress plays a major role in BLM-induced lung fibrosis.
To evaluate whether GSPE inhibited BLM-induced oxidative
damage in vivo, we measured ROS generation at day 3 of
BLM instillation. The levels of H2O2 were increased by
BLM on day 3 compared to those of the PBS-treated con-
trols. However, the BLM+GSPE group ameliorated the levels
of H2O2 compared to the BLM+vehicle group, suggesting
that GSPE considerably prevented BLM-induced oxidative
stress (Figure 3(a)). Next, to evaluate whether GSPE inhib-
ited BLM-induced oxidative stress in vitro, we measured
ROS generation at day 3 of BLM instillation in A549 cells.
The cells were pretreated with GSPE (1μg/ml) for 4 h and
then stimulated with BLM (1μg/ml) for an additional 24 h.
The production of mitochondrial ROS was detected by
staining with MitoSOX using flow cytometry (Figure 3(b)),
and intracellular ROS levels were detected by staining with
DCF-DA using confocal microscopy (Figure 3(c)) and flow
cytometry (Figure 3(d)). GSPE significantly decreased mito-
chondrial ROS and intracellular ROS production induced
after BLM treatment. Impaired expression of these antioxi-
dants can lead to an overload of ROS. In IPF, changes in

the antioxidant defense system are associated with increased
oxidant production. Therefore, since ROS levels increasing
in response to BLM may be a result of the inhibited expres-
sion of antioxidant enzymes, we measured the mRNA level
of several antioxidant enzymes. Interestingly, BLM
decreased the protein expressions of Peroxiredoxin 2
(PRX2), glutathione peroxidase (GPX), and thioredoxin
(TRX) in lung tissues. However, GSPE treatment restored
the expressions of these genes reduced by BLM, indicating
that these genes contributed to the decreased oxidant burden
(Figure 3(c)).

3.4. GSPE Attenuates BLM-Induced Apoptosis in the Lung
and AECs. Alveolar epithelium, which represents 99% of
the surface area of the lung, is composed of type I and type
II AECs. Apoptosis in the alveolar epithelium (AECs) is
essential in the pathogenesis of lung fibrosis [18]. Therefore,
we investigated whether GSPE has an antiapoptotic effect on
lung epithelial cells. First, we analyzed cleaved PARP-1
(cPARP-1) as a marker for detecting apoptotic cells in lung
tissues using immunohistochemical staining. Colocalization
between cytokeratin and cPARP-1 confirms the apoptotic
status of epithelial cells. Interestingly, double staining for
cytokeratin (red) and cleaved PARP (green) showed that
epithelial apoptosis was not found in the PBS-treated control
group but increased in the BLM+vehicle group at day 7 of

Day 7 Day 21
0

1000

2000

3000

4000

IT PBS + IP PBS
IT PBS + IP GSPE
IT BLM + IP PBS
IT BLM + IP GSPE

⁎

#

TG
F-
𝛽

1 
(𝜌

g/
m

l)

(e)

Figure 1: Grape seed proanthocyanidin extract (GSPE) attenuated bleomycin- (BLM-) induced lung fibrosis. (a) Experimental protocol for
bleomycin-induced pulmonary fibrosis and timetable for drug administration or sampling. Intraperitoneal (IP) or peroral (PO)
administration of GSPE started from day 4 to day 21. Administration of intratracheal (IT) BLM on day 0. Sampling for cytokines, H2O2
and collagen bioassay, immunohistochemistry (IHC), and bronchoalveolar lavage (BAL) at different time points. (b) Representative
photomicrographs of lung pathology in the BLM+PBS group and BLM+GSPE group at 21 days post-BLM. Left shows that lung sections
are stained with hematoxylin–eosin. A marked peribronchial interstitial infiltration of inflammatory cells and alveolar edema are present
in PBS-treated animals. Treatment with GSPE attenuated these pulmonary lesions. Right shows lung sections stained with Masson
trichrome at 21 days post-BLM. BLM caused a significant increase in the interstitial collagen of the lung. The interstitial collagen in the
lung was diminished by treatment with GSPE. Original magnifications, ×40 and ×200. Scale bars, 200 μm and 100μm. (c) Ashcroft
scores in experimental groups. Treatment with GSPE reduced the Ashcroft score in a dose-dependent manner. (d) Hydroxyproline levels
in experimental groups. Treatment with GSPE reduced lung content of hydroxyproline in a dose-dependent manner. (e) Expression of
fibrogenic cytokine, TGF-β1. Intratracheal (IT) administration of BLM-induced increased levels of TGF-β1 on day 21. Compared with
the BLM+PBS treatment group, the level of TGF-β1 was significantly lower in the BLM+GSPE treatment group on day 21. Data are
expressed as the mean ± SEM (n = 4–6 per group) and are representative of three to five independent experiments. #p < 0:01 versus the
IT PBS+IP PBS group. ∗p < 0:05 and ∗∗p < 0:01 versus the IT BLM (bleomycin)+IP PBS group.
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BLM instillation. However, the cleaved PARP-1 expression
increased by BLM administration was significantly
decreased by GSPE in the lung (Figure 4(a)). Next, we
performed the MTT assay for assessing cell viability in lung
epithelial cells. At doses of 0.5, 1, and 5μg/ml, no significant
change in cell viability was observed with GSPE treatment,
while at concentrations of 10 to 20μg/ml, suppression of cell
viability was detected. Moreover, the cell viability decreased
at concentrations higher than 1μg/ml after BLM treatment,
and at 10μg/ml, cell viability was decreased to 15%
(Figure 4(b)). Additionally, BLM increased an increase of
ROS, which leads to oxidative stress and apoptosis in the
lung [19]. To identify the effects of GSPE on BLM-induced
apoptosis, we performed annexin V-FITC/PI staining. The
fraction of annexin V-positive cells decreased dramatically
after GSPE treatment compared with that of BLM adminis-

tration (Figure 4(c)). Next, we performed Hoechst 33342
staining to analyze apoptosis. Positive apoptotic cells show
the characteristic fragmented nuclei. As expected, apoptotic
cells were reduced in the BLM+GSPE group compared to
those in the BLM+vehicle group (Figure 4(d)). These results
indicate that GSPE attenuated BLM-induced epithelial apo-
ptosis in the mouse lung and A549 AECs.

3.5. GSPE Inhibits BLM-Induced Epithelial Cell Apoptosis via
Downregulating of Bax/Bcl-2 Expression. Previous studies
have reported that BLM functions via mitochondria-
dependent apoptotic pathway in response to oxidant injury
[20–22]. Therefore, we also measured the expression of these
proteins associated with mitochondrial apoptosis in BLM-
treated cells. Western blotting analysis showed that BLM
induced the protein expression of cytochrome c, cleaved
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Figure 2: Grape seed proanthocyanidin extract (GSPE) attenuates bleomycin- (BLM-) induced lung inflammation. (a) Total numbers of
cells in bronchoalveolar lavage (BAL) fluid were determined at day 7 of BLM instillation to assess the protective effects of GSPE on
BLM-induced lung inflammation. Intratracheal (IT) administration of BLM increased total cell counts in BALF on day 7. Compared
with the BLM+PBS group, total cell counts in BALF were significantly lower in the BLM+GSPE group on day 7. (b–d) The levels of
TNF-α, IL-1ß, and IL-6 were measured by ELISA in whole lung tissue homogenates. IT administration of BLM induced increased levels
of TNF-α and IL-1ß on days 3 and 7 and IL-6 on days 3, 7, and 21. Compared with the BLM+PBS treatment group, the level of IL-6
was significantly lower in the BLM+GSPE treatment group on days 3 and 7. Treatment with GSPE did not reduce the levels of TNF-α
and IL-1ß. Data are expressed as the mean ± SEM (n = 3–5 per group) and are representative of three independent experiments. ∗∗p <
0:01 and ∗p < 0:05 versus the IT PBS+IP PBS group. ##p < 0:01 and #p < 0:05 versus the IT BLM+IP PBS group. NS: not significant.
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Figure 3: Grape seed proanthocyanidin extract (GSPE) attenuates bleomycin- (BLM-) induced oxidative damage in vivo and in vitro. (a)
The levels of H2O2 were measured in whole lung tissue homogenates on day 3. Intratracheal (IT) administration of BLM increased levels
of H2O2 on day 3. Compared with the BLM+PBS treatment group, the level of H2O2 was significantly lower in the BLM+GSPE
treatment group on day 3. (b, c) A549 cells were pretreated with GSPE (1 μg/ml) for 4 h and then stimulated with BLM (1 μg/ml) for an
additional 24 h. The production of mitochondrial ROS by staining with MitoSOX using flow cytometry was detected. Intracellular ROS
were detected by staining with DCF-DA using confocal microscopy (c) and flow cytometry (d). GSPE significantly decreased intracellular
ROS and mitochondrial ROS production induced after BLM treatment. (e) mRNA levels of several antioxidant enzymes were measured
by qRT-PCR. GSPE treatment restored the mRNA expressions of PRX2, GPX, and TRX reduced by BLM. Scale bar = 20μm. Data are
expressed as the mean ± SEM (n = 3–5 per group) and are representative of three independent experiments. ∗p < 0:05 and ∗∗p < 0:01
versus the PBS+PBS group or nontreated cells.
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Figure 4: Continued.
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caspase-3, and cleaved PARP in lung tissues. However,
GSPE treatment reversed the expression of apoptotic
proteins increased by BLM. BLM exposure causes mitochon-
drial localization of Bax, resulting in the release of
cytochrome c [23]. Bax is associated with mitochondrial-
dependent apoptosis. Interestingly, BLM induced an
increase of Bax and Bak, which were inhibited by GSPE.
Moreover, GSPE restored BLM-mediated Bcl-2 and PARP
levels (Figure 5(a)). We found that GSPE treatment could
also decrease the Bax/Bcl-2 ratio. Next, we used the A549
type II AEC cell line to investigate BLM-induced apoptosis
of lung epithelial cells. Expectedly, we observed that proa-
poptotic proteins including Bax and Bak were increased after
BLM treatment, whereas GSPE restored the expression of
these proteins. In addition, antiapoptotic protein, Bcl-2,
which was decreased by BLM, yet increased after GSPE.
We also found that BLM increased the protein levels of
cPARP, cytochrome c, and cleaved caspase 3, whereas GSPE
suppressed the increase of these proteins induced after BML
treatment. PARP expression induced by BLM was reversed
by GSPE (Figure 5(b)). Taken together, our findings
suggested that GSPE might protect the BLM-mediated apo-
ptosis induced by oxidative stress via downregulating the
Bax/Bcl2 ratio.

4. Discussion

IPF is characterized by a sequence of events starting with
alveolar epithelial microinjuries leading to AEC apoptosis
and basement membrane disruption followed by the forma-
tion of fibroblastic foci and accumulation of extracellular
matrix. This results in the subsequent destruction of the lung
architecture. The prognosis of IPF is significantly worse than
in many interstitial lung diseases, and no effective treatments
for IPF exist. Pirfenidone and nintedanib, as well as cortico-
steroids and other immunosuppressive agents, are used to
treat pulmonary fibrosis. However, these clinical drugs have
limited efficacy and some side effects. Therefore, new and
effective treatments are urgently needed. GSPE, a potent
antioxidant, is more effective than ascorbic acid and vitamin
E and has anti-inflammatory effects [13, 24]. Considering
the antioxidant effects of GSPE and the crucial role of its
in pulmonary fibrosis, we hypothesized that GSPE could
inhibit the development of pulmonary fibrosis via ameliorat-
ing epithelial apoptosis through the inhibition of oxidative
stress. To investigate the effect of GSPE on the pathogenesis
of lung fibrosis, we first established a BLM-induced lung
fibrosis mouse model (Figure 1(a)). H&E, Masson’s tri-
chrome staining, and Ashcroft score assessment showed

V BLM

BLM/GSPEGSPE

(d)

Figure 4: Grape seed proanthocyanidin extract (GSPE) attenuates bleomycin- (BLM-) induced apoptosis in the lung and alveolar epithelial
cells. (a) To investigate the effects of GSPE on BLM-induced alveolar epithelial cell apoptosis on day 7, the slides from paraffin-embedded
lung tissues were incubated overnight at 4°C with anti-PARP p85 fragment polyclonal antibody, followed by incubation with FITC-
conjugated Goat Anti-rabbit IgG secondary antibody, and incubated with anti-pan cytokeratin monoclonal antibody PE. Double staining
for cytokeratin (red) and cleaved PARP (green) showed more epithelial apoptosis in the BLM+PBS group than in the BLM+GSPE group.
Scale bar = 10μm. (b) Lung epithelial A549 cells were treated with GSPE (0–20μg/ml) for 4 h before the addition of BLM (0–40 μg/ml)
for 48 h. Cell viability was measured using the MTT assay. At doses of 0.5, 1, and 5μg/ml, no difference was observed in cell viability
after GSPE treatment. In addition, significant decreases in cell viability were observed at concentrations higher than 1 μg/ml after BLM
treatment; at 10μg/ml, cell viability was decreased to 15%. (c) The cells were then stained for 15min at RT in the dark with 5μl FITC-
conjugated annexin V and 5 μl propidium iodide (PI). GSPE treatment dramatically reduced the fraction of annexin V-positive cells
compared with that of BLM administration. (d) Hoechst 33342 staining was performed to analyze apoptosis. Apoptotic cells (indicated
by arrows) were reduced in the BLM+GSPE group than those in the BLM+vehicle group. Scale bar, 20μm. Data are expressed as the
mean ± SEM (n = 3–5 per group) and are representative of three independent experiments. ∗∗p < 0:01 and ∗∗∗p < 0:001 in comparison
with nontreated cells.
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the inhibitory effect of GSPE on BLM-mediated lung fibrosis
in mice (Figures 1(b) and 1(c)). GSPE also reduced the level
of collagen deposition in BLM-induced lung (Figure 1(d)).
These results show that GSPE exerted protective effects via
alleviating pathological changes in a BLM-induced lung
fibrosis model of mice.

Several studies have reported that oxidative stress was
associated with the development of alveolar injury, inflam-
mation, and fibrosis [25]. Oxidative stress might promote a
fibrotic microenvironment, where fibroblasts were resistant
to the damaging effects of ROS in IPF, but epithelial cells
were relatively more sensitive to oxidative stress [26]. Lung
myofibroblasts are known to secrete hydrogen peroxide,

leading to mediated fibrogenic effects and inducing epithelial
apoptosis [27]. Moreover, neutrophils produce matrix-
degrading enzymes such as neutrophil elastase and release
an excessive amount of ROS that may induce cell and tissue
injury. Modulating oxidative stress might be a powerful way
to prevent the progression of lung fibrosis. Interestingly, a
previous report showed that sivestat, a neutrophil elastase
inhibitor, could ameliorate BLM-induced lung fibrosis [28].
Moreover, deficiency of the antioxidant glutathione (GSH)
in epithelial lining fluid can increase cell susceptibility to
oxidant-mediated injury, which contributes to the initiation
and progression of fibrosis [29]. BLM can cause severe lung
fibrosis in both animals and humans [30–34]. BLM is
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Figure 5: Grape seed proanthocyanidin extract (GSPE) attenuates bleomycin- (BLM-) induced epithelial cell apoptosis via downregulating
of Bax/Bcl-2 expression. (a, b) Expressions of the proteins associated with mitochondrial apoptosis after BLM treatment were detected by
western blotting analysis in lung tissues and A549 cells. The protein levels of PARP, cPARP, cleaved caspase 3, Bax, and Bcl-2 in lung
tissues and PARP, cPARP, cytochrome c, Bak, cleaved caspase 3, Bax, and Bcl-2 in A549 cells were increased after BLM administration.
However, expressions of these proteins were reversed by GSPE treatment and the Bax/Bcl-2 ratio was also decreased. (c) Schematic
diagram of proposed pathways. GSPE has protective effects in BLM-induced lung fibrosis by reducing oxidative stress and reducing AEC
apoptosis in the lung. Data are expressed as the mean ± SEM (n = 3-5 per group) and are representative of three independent
experiments. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 versus the PBS+PBS group or nontreated cells.
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involved in the production of ROS, leading to increased oxi-
dative stress, which results in inflammation and fibrosis [35].
AECs are the main target of oxidative stress-induced lung
injury leading to fibrosis [36]. In the present study, we found
that BLM instillation increased the levels of ROS leading to
oxidative stress in mouse lung tissues. However, GSPE treat-
ment significantly decreased BLM-induced ROS levels.
These results indicate that BLM-induced oxidative stress
can be ameliorated by treatment with GSPE (Figure 3(a)).
In vitro, our results showed that intracellular ROS and mito-
chondrial ROS were significantly increased after BLM
treatment, while BLM-induced ROS were alleviated after
GSPE treatment (Figure 3(b)). We suggested that these ben-
eficial effects are associated with suppressed production of
ROS and inflammation and the prevention of epithelial cell
apoptosis in the lungs.

Cytokines and growth factors are involved in both the
early inflammatory and late fibrotic phases of lung fibrosis.
We examined the effect of GSPE on initial lung inflamma-
tion induced by BLM. Administration of BLM induced the
levels of TNF-α and IL-1ß on days 3 and 7 and IL-6 on days
3, 7, and 21, while GSPE significantly attenuated the expres-
sion of IL-6 on days 3 and 7 but had no difference in the
levels of TNF-α and IL-1ß (Figure 2(b)). IL-6 has been
implicated in the pathogenesis of many inflammatory
disorders of the lung, including IPF, ARDS, and chronic
obstructive pulmonary disease [37, 38]. Saito et al. reported
that in IL6-deficient mice, BLM-induced inflammatory cell
accumulation in the alveolar space, an increase in TGF-β1
and CCL3 expression, and fibrotic changes of the lung after
BLM were attenuated [39]. IL-6 is enhanced in mice and
humans with pulmonary fibrosis [40, 41]. Several genetic
studies revealed the significant association between IL-6
and the development of fibrosis in animals and humans
[37, 42]. In lung fibroblasts obtained from patients with
IPF, IL-6 seems to promote fibroblast proliferation, which
contributes to the development of fibrosis compared with
lung fibroblasts obtained from normal patients [43]. In the
lung, asbestos-induced oxidative stress increased IL-6
expression, triggering both inflammatory and fibrotic pro-
cesses, which was significantly suppressed by antioxidants
including N-acetylcysteine (NAC) [44]. Additionally, we
also observed that GSPE instillation also ameliorated the
total number of cells in BALF increased by BLM instillation
at day 7 (Figure 2(a)). These data indicated that GSPE
exerted protective effects via the downregulation of IL-6 pro-
inflammatory cytokine, as well as by alleviating the number
of inflammatory cells in the BAL fluid.

Apoptosis, the process of programmed cell death, plays
an important role in normal lung homeostasis and the path-
ogenesis of various lung diseases including IPF [45]. AEC
injury is suggested to be a key process in the pathogenesis
of IPF [46, 47]. Repeated injury to the AEC leads to apopto-
sis, followed by aberrant lung repair and fibroblast
activation, resulting in progressive fibrosis. Shulamit et al.
reported that initial bleomycin-induced oxidative stress
causes a direct apoptosis of lung epithelial cells through cas-
pase activation in a murine lung epithelial (MLE) cell line
[19]. In addition, EMT is a pathophysiological process for

an epithelial cell to undergo a conversion to a mesenchymal
phenotype, which may play a significant role in lung fibrosis.
EMT characteristics were detected in bleomycin-treated
A549 cells [48]. BLM induced alveolar epithelial cell apopto-
sis through a mitochondrial-dependent pathway, while other
studies showed that Fas/FasL pathway is involved in BLM-
induced apoptosis and Fas was also overexpressed in
alveolar epithelial cells in lung tissues of human idiopathic
pulmonary fibrosis [49–51]. However, Shulamit et al.
reported that BLM-induced ROS triggered the initial apo-
ptosis in the fibrotic process and subsequent increase of
Fas and FasL level further sensitized cells to Fas-induced
apoptosis [19]. Therefore, the Fas/FasL apoptotic pathway
appears to take place at a later time and seems essential to
clear intra-alveolar granulated tissue [52].

AEC apoptosis is an important early event in BLM-
induced lung fibrosis, and in this model, suppression of
apoptosis ameliorated lung fibrosis [53, 54]. Thus, new
therapies based on the inhibition of apoptosis may prove
advantageous for the treatment of patients with IPF. Oxida-
tive stress is known to mediate poly-ADP-ribose polymerase
1 (PARP-1) activation, triggering mitochondrial dysfunc-
tion, which leads to caspase-independent cell death [55].
PARP-1 is a major substrate of caspases-3, and its cleavage
is a valuable marker of apoptosis [56]. PARP-1 is critical
for cellular processes such as DNA repair and transcription.
In the present study, double staining for cytokeratin (red)
and cleaved PARP (green) showed that in the PBS-treated
control group, epithelial apoptosis was not found but
increased in the BLM+vehicle group on day 7 after BLM
instillation. However, the cleaved PARP-1 expression
increased after BLM administration and was significantly
decreased by GSPE. Moreover, Figures 4(c) and 4(d) show
that GSPE could repress type II AEC apoptosis, as evaluated
by morphological alterations of nuclear by Hoechst 33342
staining and by annexin V-positive cells, suggesting that
GSPE could attenuate BLM-induced apoptosis via amelio-
rating epithelial apoptosis.

Caspases are a family of proteolytic enzymes, which play
an essential role in AEC apoptosis [57]. It is activated
through the intrinsic or extrinsic pathways of apoptotic sig-
naling, ultimately leading to the destruction of the cell. The
extrinsic pathway, the death receptor pathway, links death
receptors such as Fas and tumor necrosis factor (TNF)
receptor 1 and caspase-8 [58], whereas the intrinsic pathway,
the mitochondrial pathway, occurs through stimuli such as
drugs, infectious agents, and ROS [59, 60]. These stimuli
lead to increased expression of proapoptotic proteins includ-
ing Bax and Bak and reduced expression of antiapoptotic
proteins including Bcl-2 and Bcl-xL. With a change in mito-
chondrial membrane potential, cytochrome c is released
from the mitochondria to the cytosol, which induces the
formation of the functional apoptosome, resulting in the
activation of caspase-9 and a cascade of activation events
for the effector caspases-3 [61]. Several studies have shown
that BLM induces ROS-induced mitochondrial cell death
[20–22]. Moreover, Maeyama et al. found that, in the epithe-
lial cells of IPF patients, the levels of caspase-3 were
increased [62]. Consistent with these findings, we also

13Oxidative Medicine and Cellular Longevity



observed an increase in the protein level of caspase-3 in
mouse lung homogenates after BLM instillation, whereas
GSPE suppressed BLM-induced caspase-3 levels. Plataki
et al. also detected Bax induction and Bcl-2 reduction in epi-
thelial cells from IPF patients [63]. Additionally, Bax protein
was increased in epithelial cells, whereas the expression level
of Bcl-2 protein showed no difference in a study of BLM-
induced pulmonary fibrosis in mice [64]. In this study, we
also showed that BLM induced the increase of Bax, which
was inhibited by GSPE. Moreover, GSPE restored the
expression of Bcl-2 (Figures 5(a) and 5(b)), indicating that
GSPE could decrease the Bax/Bcl-2 ratio. Furthermore, we
used the A549 type II AEC cell line to investigate BLM-
induced apoptosis of lung epithelial cells. Expectedly, the
results of western blot indicated that after BLM treatment,
the proapoptotic protein Bax was increased, whereas the
level of the antiapoptotic protein Bcl-2 was decreased. In
contrast, GSPE could reduce these protein levels and
decrease the Bax/Bcl-2 ratio. These data suggest that GSPE
could attenuate mitochondrial-associated cell apoptosis.

In this study, we showed that BLM administration
induced increased protein level of TGF-β1 on day 21. The
level of TGF-β1 was significantly lower in the BLM+GSPE
treatment group compared with the BLM control group.
This result suggested that GSPE could play an antifibrotic
role via reducing TGF-β1. However, we could not confirm
whether the potential anti-fibrotic effect of GSPE on BLM-
induced pulmonary fibrosis animal models was due to the
consequence of reduced oxidative stress or inflammation
or the effect on fibrosis itself. Therefore, further studies
would be needed to determine its contribution to Smad sig-
naling or EMT of lung fibrosis. Besides, more mechanisms of
GSPE on pulmonary fibrosis need to be explored so that
GSPE can be used in clinical settings as a feasible approach
to the treatment of IPF. Nevertheless, this study is the first
to report the therapeutic effects of GSPE on BLM-mediated
lung fibrosis and to elucidate the possible mechanism of
GSPE in BLM-induced lung fibrosis.

In conclusion, we demonstrated that GSPE significantly
ameliorated the histological changes and the level of collagen
deposition in BLM-induced lungs. GSPE inhibited the BLM-
induced IL-6 for early lung fibrosis and TGF-β for late lung
fibrosis. In addition, GSPE significantly decreased the levels
of ROS, and apoptosis was increased by BLM instillation in
lung and epithelial cells. Furthermore, GSPE protected
BLM-induced epithelial cell apoptosis via decreasing the
Bax/Bcl2 ratio in vitro. Taken together, the findings demon-
strate that GSPE can protect against BLM-induced
pulmonary fibrosis in mice by inhibiting epithelial apoptosis
through the inhibition of oxidative stress (Figure 5(c)), sug-
gesting that GSPE may be useful in the treatment of IPF.
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Cardiovascular diseases, also known as circulatory diseases, are diseases of the heart and blood vessels, and its etiology is
hyperlipidemia, thick blood, atherosclerosis, and hypertension. Due to its high prevalence, disability, and mortality, it seriously
threatens human health. According to reports, the incidence of cardiovascular disease is still on the rise. Rhodiola rosea is a
kind of traditional Chinese medicine, which has the effects of antimyocardial ischemia-reperfusion injury, lowering blood fat,
antithrombosis, and antiarrhythmia. Rhodiola rosea has various chemical components, and different chemical elements have
the same pharmacological effects and medicinal values for various cardiovascular diseases. This article reviews the research on
the pharmacological effects of Rhodiola rosea on cardiovascular diseases and provides references for the clinical treatment of
cardiovascular diseases.

1. Introduction

Cardiovascular disease (CVD) is the general term for heart
and vascular diseases, mainly including ischemic heart dis-
ease, cerebrovascular disease, peripheral vascular disease,
and rheumatic heart disease. Cardiovascular disease is a
global epidemic with 80% of the disease burden in low-
income and middle-income countries [1]. The mortality of
cardiovascular disease is increasing. In China, the annual
number of deaths owing to CVD increased from 2.51 million
to 3.97 million between 1990 and 2016; the prevalence rate
of CVD overall increased significantly from 1990 to 2016
by 14.7% [2]. In Europe, CVD causes 49% of mortality,
which is the most important cause of premature mortality
and disability adjusted life years (“DALYS”) in Europe.
Approximately € 192 billion is the cost of annual health care
for CVD in the European Union [3]. CVD has various com-
plex causes and forms of the disease, and it is difficult to
treat, which accounts for the first cause of death in the
world, about 41%. Hypertension, diabetes, dyslipidemia,

obesity, overweight, smoking, and physical inactivity are
important influencing factors of CVD [3, 4]. Rhodiola rosea
is a perennial herb of the Rhodiola family. According to the
Global Biodiversity Information Facility, 136 Rhodiola spe-
cies are recorded. In China, there are 73 Rhodiola species
[5]. As a worldwide plant adaptogen [6], Rhodiola rosea
can improve cardiovascular and cerebrovascular system
functions. The structure of different chemical components
of Rhodiola rosea is different, and its pharmacological effects
and medicinal value for various cardiovascular diseases are
also other. This article reviews the pharmacological effects
of Rhodiola rosea and its active ingredients on cardiovascu-
lar diseases in the past ten years.

2. The Main Ingredients of Rhodiola rosea

The main active ingredients of Rhodiola rosea include sali-
droside (Sal), gallic acid, tyrosol, rosavin, rosaline, etc. The
specific composition of the components is shown in Table 1.
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3. Protective Effects of Rhodiola rosea on
Myocardial Ischemia-Reperfusion
Injury (MIRI)

3.1. Protective Effects on Vascular Endothelial Cells. Vascular
endothelial injury begins in the early stage of reperfusion
and gradually aggravates. In the early phase of reperfusion,
it activates vascular endothelial cells, increases the secretion
of adhesion molecules, promotes the adhesion of leukocytes
to them, and produces reactive oxygen species (ROS), caus-
ing lipid peroxidation, which prevents endothelial cells from
secreting vascular relaxing factors and increases the secre-
tion of vasoconstrictive substances, thereby constricting the
coronary arteries and coagulating platelets, obstructing
coronary blood flow and aggravating myocardial damage.

Studies have shown that salidroside can effectively
improve the vasoconstrictor function of vascular endothe-
lium and promote the angiogenesis of ischemic myocardium
in rats by affecting the expression of vascular endothelial
growth factor (VEGF), promote the angiogenesis of ischemic
myocardium in rats, and protect the myocardial ischemia-
reperfusion injury. Gao and others used salidroside to inter-
vene in the endothelial cell line of a hypoxia model and
tested vascular endothelial cell hypoxia-inducible factor 1α
(HIF-1α), endothelin-1 (ET-1), and vascular endothelial cell
NO synthase (eNOS) gene expression. It is concluded that
salidroside inhibits the gene expression of HIF-1α and ET-
1 and promotes the expression of eNOS, as well as the
expression of vascular endothelial contractile factors. Sali-
droside promotes the expression of vascular endothelial
relaxing factors and improves vascular endothelial function
[14]. Gao et al. [15] investigate the effects of Rhodiola rosea
on angiogenesis and expressions of hypoxia-inducible factor
1alpha (HIF-1α), hypoxia-inducible factor 1beta (HIF-1β),
and vascular endothelial growth factor (VEGF) in the myo-
cardium of rats with acute myocardial infarction (AMI).
They found that Rhodiola rosea may promote angiogenesis
in the myocardium of rats with AMI through elevating the
expressions of HIF-1α, HIF-1β, and VEGF. Rhodiola rosea
increases the expressions of HIF-1α, HIF-1β, and VEGF

during ischemia or hypoxia. Leung et al. [16] study the effect
of salidroside on aortic function in rats and found that sali-
droside is effective in preserving the NO bioavailability and
thus protects against homocysteine-induced impairment of
endothelium-dependent relaxations, mainly through inhibit-
ing the NOX2 expression and ROS production. The relevant
mechanism of action is shown in Figure 1.

3.2. Antioxidative Stress Properties. When myocardial
ischemia-reperfusion occurs, the myocardium will be ische-
mic and hypoxic. Oxygen-free radicals (OFR) will be pro-
duced in the ischemic part. The body’s antioxidant activity
will decrease, and the antioxidant capacity will be insuffi-
cient, causing oxidative stress. The cardiomyocytes are
acidic, and Ca2+ enters the cells to balance the pH, causing
intracellular calcium overload and promoting the strength-
ening of the inflammatory response of white blood cells
and the lack of high-energy phosphate compounds, which
in turn leads to cell damage and even death.

Gupta et al. [17] showed that Rhodiola rosea extracts not
only inhibited malondialdehyde (MDA) and lactate dehy-
drogenase (LDH) in the blood, liver, and muscle of rats
but also increased the activities of reducing glutathione
(GSH) and superoxide dismutase (SOD) in the blood. Thus,
the oxidative capacity of rats during cold (5 degrees C)-hyp-
oxia (428mmHg)-restraint (C-H-R) exposure (C-H-R)
exposure and poststress recovery can be improved, and the
membrane permeability can be maintained. As shown in
Figure 2, salidroside can significantly reduce the activity of
CK and LDH in the serum of rats after MIRI and reduce
the levels of tumor necrosis factor-α (TNF-α), interleukin-
1β (IL-β), and interleukin-6 (IL-6) in cells [18]. In terms
of pathology, the administration of salidroside can attenuate
the overall degree of myocardial pathology, the infiltration of
inflammatory cells, and the local focal necrosis.

3.3. Interference of Cardiomyocyte Apoptosis. Countless stud-
ies have shown the association and or causation between the
apoptotic loss of myocytes and the progression of heart dis-
eases, including heart failure, in human and animal models

Table 1: Components of Rhodiola rosea.

Category Effective composition Reference

Ketones Quercetin, kaempferol, anthocyanin, isoquercitrin, rutin, flavonoid glycoside, cinnamic alcohol glycoside [7]

Phenyl alkyl
glycosides

Tyrosol, salidroside, rosavin, phenol glycosides...
[8]

[9–11]

Coumarins Coumarin, 7-hydroxycoumarin [10, 11]

Organic acids Gallic acid, myristic acid, ursolic acid, butyric acid [12]

Polysaccharides Arabinose, glucose, mannose, galactose, rhamnose [10, 11]

Amino acids
Threonine, valine, leucine, isoleucine, lysine, tryptophan, phenylalanine, glycine, histidine, methionine,

tyrosine, cysteine, aspartic acid, valine, proline, serine, glutamic acid, arginine
[13]

Vitamins Vitamin A, vitamin C, vitamin D, vitamin E, vitamin B1 [11]

Inorganic
elements

K, Na, Mg, Ba, Al, Ca, Cu, Fe, Zn, Sn, Mo, Mn, Cr, P, Ni, V [12, 13]

Others Starch, protein, fat, tannin [9]
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[19, 20]. Generally, there are three ways to affect cell apopto-
sis: mitochondrial pathway, endoplasmic reticulum signaling
pathway, and death receptor pathway.

Zhong et al. [21] confirmed the protective effect of sali-
droside on mitochondrial damage from the four aspects,
including cardiomyocyte apoptosis rate, mitochondrial
membrane potential, degree of mitochondrial division, and

cytochrome C (Cyto-C) expression in mitochondria. The
expression level of Cyto-C in mitochondria is related to the
opening degree of mitochondrial membrane permeable
pores. Proteins related to apoptosis include the B-cell
lymphoma-2 gene (Bcl-2) family, namely, the antiapoptotic
protein Bcl-2 and the proapoptotic protein Bcl-2-associated
X (Bax). Besides that, it also includes the death receptor-
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Figure 1: Mechanism of salidroside improving the diastolic and systolic function of vascular endothelium in myocardial ischemia-
reperfusion injury model. Salidroside promotes the expression of eNOS by inhibiting HIF-1α and ET-1 produced during tissue hypoxia
and improving the vasoconstriction function of vascular endothelium.
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Figure 2: Mechanism of salidroside on antioxidative stress after myocardial ischemia and reperfusion. Salidroside can inhibit LDH, CK,
AST, and the infiltration of inflammatory cells, promoting the expression of SOD against oxidative stress.
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mediated apoptosis pathway initiator Fas, the key initiation
factor caspase-8, caspase-3, caspase-9, mitochondrial-
mediated apoptosis pathway initiator Cyto-C, and so on.
Multiple studies have shown that salidroside can inhibit
the release of Cyto-C from mitochondria to the cytoplasm
by promoting the expression of Bcl-2 protein, inhibiting
the expression of Bax protein, and subsequently inhibiting
a series of downstream caspase-3 and caspase-9 protein
activities and realize the inhibitory effect on cardiomyocyte
apoptosis [22–24]. The PI3K-Akt signal transduction path-
way is important to protect cardiomyocytes. When PI3K is
activated, it will form phosphorylated inositol phospholipid
product PIP3 and then activate downstream substances to
cause the expression of signal factors such as the Bcl-2 fam-
ily and glycogen synthase kinase (GSK-3β) [25–28]. Several
studies have shown that the phosphorylation of GSK-3β and
Akt in cells, after salidroside treatment, is significantly
enhanced and which is significantly reduced after the
administration of PI3K inhibitors, so it can be proved that
salidroside can activate the PI3K/Akt pathway followed by
the upregulation of p-Akt and p-GSK-3β, and protects myo-
cardial cells to achieve protection against myocardial
ischemia-reperfusion injury [29]. In addition, Sun et al.
[30] used the MIRI-treated H9C2 rat cardiomyocyte model
to check the influence of tyrosol on the levels of ROS, heat
shock protein 70 (Hsp70), extracellular signal-regulated
kinase (EPK), c-Jun amino-terminal kinase (JNK), Bcl-2,
Bax, and caspase-8. It is known that the cardioprotective
effect of tyrosol is related to the reduction of ROS; the inhi-
bition of EPK, JNK, and caspase-8 activation; the increase of
Hsp70; and the ratio of Bcl-2/Bax. The relative mechanism is
shown in Figure 3.

3.4. Protective Effects on Mitochondrial Damage. Mitochon-
dria is essential for maintaining cardiac homeostasis by
providing the major energy required for cardiac excitation-
contraction coupling and controlling the intracellular and
death pathways [31]. Mitochondrial damage extension sug-
gested as a critical factor for determining myocardial injury
under MIRI toward progression to heart failure [32, 33].
MIRI could significantly increase mitochondrial permeabil-
ity and which resulted in dissipation of electron and proton
gradients, dysregulation of mitochondrial calcium homeo-
stasis, and release of superoxide to cause myocardial cell
death [34, 35]. One previous study suggested that salidroside
could attenuate MIRI-induced myocardial apoptosis via pre-
serving mitochondrial transmembrane potential and
enhancing Bcl-2/Bax ratio [21]. Furthermore, Zhuang and
his colleagues checked the effect of salidroside on vascular
smooth muscle cell (VSMC) proliferation, ROS generation,
and mitochondrial dynamics under the challenge of high
glucose. They found that salidroside could inhibit VSMC
proliferation, dynamin-related protein 1 (Drp1) expression,
and mitochondrial ROS level, while upregulate Mitofusin 2
(Mfn2) expression [36]. These results suggested that
salidroside might play its therapeutic effect on diabetic car-
diomyopathy via maintaining mitochondrial dynamic
homeostasis and regulating oxidative stress. In addition,
the protective effect of salidroside on diabetic cardiomyopa-

thy is partially associated with the activation of mitochon-
drial SIRT3, AMPK/Akt, and PGC-1α/TFAM and
subsequent improving mitochondrial biogenesis and its
function [37]. These findings suggest that salidroside
exhibits potential to be a promising drug for preventing
and treating ischemic and diabetic myocardial diseases
through the prevention of mitochondrial damage and its
function (Figure 4).

4. Resisting Myocardial Fibrosis and Heart
Failure (HF)

Chen et al. [38] found that Sal might protect against myocar-
dial fibrosis in mice with myocardial infarction (MI) by
decreasing the expressions of TNF-α, TGF-β1, IL-1β, and
Bax and increasing Bcl-2, VEGF, Akt, and eNOS. In
addition, some research also found that Sal significantly
upregulated the expression of HO-1 and improved the car-
diac dysfunction myocardial hypertrophy and myocardial
fibrosis induced by diabetes in mice [39]. The Renin-
angiotensin-aldosterone system (RAAS) is involved in the
occurrence and development of heart failure and is one of
the main factors affecting ventricular remodeling. As shown
in Figure 5, Wu et al. [40] found that salidroside might pre-
vent cardiac function and ventricular remodeling in rats
with heart failure by inhibiting the activation of the RAAS
system in HF. In addition, the ethanol extract of Rhodiola
rosea was also reported to increase the expression of perox-
isome proliferator-activated receptor (PPAR), to enhance
the cardiac output of diabetic heart failure rats, and to
increase the myocardial contractility to combat heart failure
[41]. Hsiao et al. [42] found that Rhodiola rosea can inhibit
the expression of IL-17 and its downstream target genes,
thereby reducing the levels of fibrosis and apoptosis and
inhibiting ventricular arrhythmia.

4.1. Hypolipidemic Function. The clinical manifestation of
hyperlipidemia is high blood lipid levels, often accompanied
by various of complications. The leading diagnostic indica-
tors are total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) [43]. As shown in
Figure 6, Shin et al. [44] used the ethanol extract of Rhodiola
rosea angustifolia to gavage a high-fat mouse model, and the
results showed that it can significantly reduce the content of
TC, TG, and LDL-C and increase the content of HDL-C in
the hyperlipidemia model mice. Simultaneously, it can
increase the activity of GSH-Px and SOD and reduce the
content of malondialdehyde (MDA). It shows that the etha-
nol extract of Rhodiola rosea angustifolia can reduce blood
fat by affecting the absorption, transportation, and the anti-
oxidation of cholesterol. Wang [45] found that Rhodiola
rosea extract can effectively reduce the body weight (BW)
of rats and improve blood sugar (FBG), blood pressure
(BP), and dyslipidemia in rats. The expression of liver perox-
isome proliferator-activated receptors (PPAR-α mRNA,
PPAR-γ mRNA) in the Rhodiola group was significantly
increased because PPAR-γ is closely related to fatty differen-
tiated cells, lipid metabolism, glucose metabolism, and
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inflammation. Therefore, the effect of Rhodiola rosea
extracts on protection against glucose and lipid metabolism
disorders may be related to the activation of PPAR-α and
PPAR-γ receptors.

4.2. The Protective Effect on Thrombosis. There are mainly
three well-known causative factors of thrombosis: (1) Vascu-
lar endothelial injury triggers coagulation factors and colla-
gen in the connective tissue and blood to promote
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Mitochondrial
fission
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proliferation

TFAMSal
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Figure 4: Mechanisms of salidroside on inhibiting VSCM proliferation via promoting mitochondria biogenesis and interfering with
mitochondrial fission. Salidroside can promote PGC-1α, TFAM, and Mnf2 and inhibit Drp1 to inhibit VSCM proliferation.
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Figure 3: Mechanism of salidroside and tyrosol on cardiomyocyte apoptosis pathway. Salidroside can inhibit the release of Cyto-C from
mitochondria to the cytoplasm by promoting the expression of Bcl-2 and Bax and subsequently inhibiting a series of downstream
caspase-3 and caspase-9 protein activities from inhibiting cardiomyocyte apoptosis. Moreover, salidroside can activate the PI3K/Akt
pathway followed by the upregulation of p-Akt and p-GSK-3β and protects myocardial cells to achieve protection against myocardial
ischemia-reperfusion injury.

5Oxidative Medicine and Cellular Longevity



coagulation, causing platelets to adhere to the thrombus. (2)
The blood flow is slow and stagnated due to the change
of the vascular state, and the endothelial cells die due
to hypoxia. (3) The hypercoagulable state of blood easily
forms a thrombus.

Zhang et al. [46] used the in vitro thrombosis method
and established a blood stasis rat model to observe the effects
of salidroside on coagulation-related indicators such as the
length of the in vitro thrombus, dry and wet weight, and

blood viscosity. After the treatment of salidroside, thrombus
length was significantly shortened; dry weight and wet
weight were reduced considerably; hematocrit, high shear
viscosity, and the low shear viscosity of the blood were
inhibited considerably; and platelet aggregation rate was sig-
nificantly reduced. It shows that salidroside has a significant
inhibitory effect on the formation of in vitro thrombosis,
improves blood rheology, and can prolong the clotting time.
Liu and Jiang [47] used the Dazhu Rhodiola Rosea Capsule

Hyperlipidemia
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Figure 6: Hypolipidemic mechanism of salidroside. The ethanol extract of Rhodiola rosea angustifolia can reduce blood fat by affecting the
absorption, transportation, antioxidation of cholesterol, and the activation of PPAR-α and PPAR-γ receptors.
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Figure 5: Salidroside participates in the mechanism of resisting heart failure by inhibiting the RAAS system.
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to treat patients with unstable angina pectoris and reached
the same conclusion. However, there was no significant dif-
ference in the results in mouse body weight, four items of
coagulation, red blood cells, white blood cells, platelet count
(PLT), and in mean platelet volume (MPV) detected by Liu
(P > 0:05). It is suggested that the effect of salidroside and
antithrombosis may not be directly related to the coagula-
tion system. He also counted the bleeding time of tail dock-
ing and proved that salidroside could prolong bleeding time.
Carrageenan is a kind of polysaccharide with a strong
inflammatory effect. Subcutaneous or intraperitoneal injec-
tion of carrageenan can cause thrombus formation in the tail
of mice, which is more intuitive for evaluating antithrom-
botic drugs. Liu used the intraperitoneal injection of carra-
geenan to construct thrombosis mouse model and
measured the black tail rate and length. He injected salidro-
side (20mg/kg) into the mouse intraperitoneally and then
measured tail bleeding time, arterial thrombus, and venous
thrombosis. These results showed that salidroside has the
effect of preventing thrombosis.

As shown in Figure 7, Wei et al. [48] studied human and
mouse platelets by treating with salidroside. Salidroside
inhibits thrombin or CRP-induced platelet aggregation and
adenosine triphosphate release but does not affect the
expression of P-selectin and glycoproteins (GP). The plate-
lets treated with salidroside have reduced spreading on
fibrinogen and collagen and reduced clot retraction. The
phosphorylation of proto-oncogene (c-Src), skin tyrosine
kinase (Syk), and phospholipase Cγ2 (PLCγ2) was reduced.
In thrombin-stimulated platelets, salidroside inhibits the
phosphorylation of AKT (T308/S473) and glycogen synthase
kinase 3β (GSK3β). The addition of the GSK3β inhibitor
reversed the inhibitory effect of salidroside on platelet aggre-
gation and clot retraction. In short, salidroside inhibits plate-
let function and thrombosis through the interference of the
AKT/GSK3β signaling pathway. It suggests that salidroside
may be a new type of therapeutic drug for treating thrombo-
sis and cardiovascular diseases.

4.3. Antiarrhythmic Effect. Arrhythmia is a common cardio-
vascular disease, which is very harmful and may lead to sud-
den death. By studying the molecular mechanism and
electrophysiological properties of salidroside in inhibiting
atrial fibrillation, Liu et al. [49] detected the monophasic
action potential, histology, ion channels, and PI3K/AKT/
eNOS. Rhodiola rosea can stabilize the ion pumps and cal-
cium channels on the cell membrane, rebuild the atrial
potential of rabbits with heart failure, reduce atrial fibrosis,
inhibit atrial fibrillation, and eliminate ectopic rhythm. The
beneficial electrogenic effects of Rhodiola rosea may be
related to voltage-gated potassium channel proteins (Kv1.4,
Kv1.5, Kv4.3, KvLQT1) and calcium channel proteins
(Cav1.2), and myocardial sarcoplasmic reticulum Ca2+-
ATP Enzyme 2a (SERCA2a) is involved in the activation of
PI3K/AKT channels. As shown in Figure 8, Hsiao et al.
[42] used Rhodiola rosea, and Sal treatment in HF left ven-
tricle in rabbit and found that (1) the levels of WBC and
CD4 T cells were decreased; (2) the expression of IL-17
and its downstream target genes, IL-6, TNF-α, IL-1β, IL-8,

and CCL20, was reduced; (3) the level of NLRP3 inflamma-
some was decreased; (4) fibrosis and collagen production
were significantly downregulated; (5) p38 MAPK and
ERK1/2 phosphorylation were attenuated; (6) the inducibil-
ity of VA was decreased; and (7) the levels of Kir2.1, Nav1.5,
NCX, PLB, SERCA2a, and RyR were upregulated. RC inhib-
ited the expression of IL-17 and its downstream target genes
mediated by activation of several MAPKs, which decreased
the levels of fibrosis and apoptosis and suppressed VA.
Rhodiola rosea reduces ventricular arrhythmias by inhibit-
ing IL-17 activation and MAPK signaling in the rabbit.

4.4. Adjuvant Treatment of Hypertension. Persistent
abnormal blood vessel function can lead to worsening
hypertension and target organ damage. In spontaneously
hypertensive male rats, Lee et al. [50] recorded the systolic
blood pressure (SBP) and heart rate of male spontaneously
hypertensive rats by the tail-cuff method and measured the
plasma β-endorphin content by enzyme-linked immunosor-
bent assay. They found that the water extract of Rhodiola
rosea could induce the release of β-endorphin and reduce
the systolic blood pressure of spontaneously hypertensive
rats. Rhodiola rosea water extract can induce β-endorphins
in spontaneously hypertensive rats to reduce systolic blood
pressure (SBP). Long-term salidroside intervention therapy
can attenuate blood pressure by dilating resistance blood
vessels and volume blood vessels and vascular dysfunction,
as well as inhibiting vascular remodeling [51, 52].

Essential hypertension is not only caused by hemody-
namic disorders and is also associated with blood lipid
metabolism. Yang et al. [53] elaborated on the mechanism
of Rhodiola rosea on left ventricular remodeling in hyper-
tensive rats; that is, AngII played an essential role in left
ventricular remodeling and participated in the synthesis
and release of aldosterone (ALD). ALD can interact with
fibroblast cells. The mineralocorticoid receptor in the plasma
regulates the synthesis of type I and type III collagen.

PLT

Thrombin
Coagulation system

activation

Gather

Cγ2
c-Srcsyk

GSK3β

Fibrinogen
Collagen

Thrombosis

Sal

Figure 7: Antithrombotic mechanism of salidroside on AKT/
GSK3β signaling pathway. Salidroside can inhibit the expression
of syk, c-Src, PLCγ2, GSK3β, and platelet aggregation from
inhibiting thrombosis.
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Rhodiola rosea can inhibit the synthesis of AngII and ALD,
thereby promoting left ventricular remodeling.

4.5. Protective Effect on Hyperglycemia. High blood sugar can
easily lead to coronary atherosclerosis, leading to cardiovas-
cular diseases such as coronary heart disease. Therefore,
improving blood sugar can effectively inhibit cardiovascular
illness. As shown in Figure 9, research has found that sali-
droside can regulate the level of blood glucose and insulin
in patients with diabetes and cerebral infarction [54–60].
Salidroside induces the phosphorylation of adenylate-
activated kinase (AMPK) and PI3K/AKT and increases
GSK3β in hepatocytes in a dose-dependent manner. AMPK
activation inhibits the expression of phosphoenolpyruvate
carboxy kinase (PEPCK) and glucose-6-phosphatase
(G6PD), leading to the phosphorylation of acetyl CoA,
reducing lipid accumulation in peripheral tissues, and affect-
ing insulin metabolism in multiple ways. In isolated mito-
chondria, salidroside can inhibit respiratory chain complex
1, disrupt the oxidation/phosphorylation coupling, and
depolarize the mitochondrial membrane potential. Eventu-
ally, the body’s internal AMP/ATP ratio temporarily
increases, thereby significantly reducing blood sugar and
serum insulin levels. At this level, it can alleviate insulin resis-
tance and play an antidiabetic effect [59]. The polysaccharides
in Rhodiola rosea extract have a two-way regulating effect on
blood sugar. It can inhibit the increase of liver glycogen caused
by glucose, enhance the decomposition of liver glycogen
caused by alloxan and epinephrine, and reduce the hypergly-
cemia caused by epinephrine. It can also improve hypoglyce-
mia caused by insulin [61]. The hypoglycemic effect of
Rhodiola rosea polysaccharide may be due to the reduction
of pancreatic tissue damage, improvement of pancreatic tissue
morphology, and increased insulin secretion [62, 63]. Besides,
many documents show that Rhodiola rosea polysaccharides
cannot lower blood sugar after being absorbed through the

gastrointestinal tract. However, intramuscular, intraperito-
neal, and intravenous injection of Rhodiola rosea polysaccha-
ride can produce significant hypoglycemic effects.

4.6. Antiaging Effect of Rhodiola rosea on Cardiac Diseases.
Aging is recognized as an independent risk factor for the
development of cardiovascular diseases such as atherosclero-
sis and heart failure. The fundamental mechanism of aging
is the accumulation of senescent cells and which appears to
play a crucial role in the process of cardiovascular disease
through the secretion of senescence-associated secretory
phenotype (SASP) [64]. SASP is a trigger of chronic inflam-
mation, oxidative stress, and decreased nitric oxide resulting
in age-associated cardiovascular damage [64, 65]. Recently,
growing evidence showed that the epigenetics also exhibited
an important role in the chronic inflammation, cellular
senescence, and oncogenesis [66–68]. Several studies showed
the beneficial effects of Rhodiola rosea on lifespan extension
in numerous model organisms, such as fruit flies [69],
worms [70], and yeast [71] without interfering with daily
food intake and fecundity. One previous study clearly dem-
onstrated that salidroside could slow down the process of
human umbilical vein cell senescence by regulating the cell
cycle in an atherosclerosis model to clarify the relationship
between endothelial cell senescence and atherosclerosis
[72]. Sun and his colleagues declared that the possible mech-
anism is that salidroside might promote the phosphorylation
of retinoblastoma protein (Rb) by downregulating the
expression of p16, p21, and p66, thus triggering the cell cycle
from G0/G1 phase to S phase [72]. In addition, more recent
study showed that salidroside could prevent endothelial cell
senescence by establishing hyperhomocysteine (HHcy)
mouse model through downregulating CD68 and intercellu-
lar adhesion molecule 1 (ICAM1) to reduce the activity of
senescence-related protein- (SA-) β-gal. Conversely, salidro-
side can enhance Sirt3 in aorta-derived endothelial cells to
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sal
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IL-1TNF-α
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Figure 8: The mechanism for the protective effects of RC in ventricular arrhythmia. RC inhibits cardiac fibrosis by inhibiting the expression
of IL-6, TNF-α, IL-1β, and IL-8 from achieving the purpose of interfering arrhythmia.
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prevent them from premature senescence [73]. Overall,
these findings strongly demonstrate that the active compo-
nent of Rhodiola rosea can protect against cardiac diseases
through the amelioration of cellular senescence and which
provides a novel therapy for the treatment of diverse cardio-
myopathy (Figure 10).

4.7. Anti-inflammatory Effect of Salidroside on Cardiac
Diseases. Inflammation plays an important role in both
chronic disease and cardiovascular disease, and low-grade
inflammation can result in intracellular and mitochondrial
oxidative stress that is associated with most cardiovascular
disease, representing a cardiovascular risk factor that can
be targeted by pharmacological treatment [74, 75]. In the

MIRI model, salidroside could attenuated the proinflamma-
tory cytokines including tumor necrosis factor-α (TNF-α),
interleukin- (IL-) 1β, and IL-6 in serum by inhibiting
TLR4/NF-κB signaling pathway, and that could ameliorate
cell apoptosis and the heart failure assessed by histopatholo-
gical examination and TUNEL assay [24]. In addition, Zhu
and his colleagues also investigated the protective effect of
salidroside on isoproterenol- (ISO-) induced myocardial
ischemia. They found that salidroside could increase SOD
activity and decrease NOX4, NF-κB p65, and AP-1 expres-
sion in the heart. These results revealed that salidroside
might be a potential treatment for ischemic heart disease
through attenuating the inflammatory response [18]. Taken
together, inflammation is undoubtedly relative to the devel-
opment of cardiovascular diseases, while salidroside pos-
sessed a strong anti-inflammatory effect and which might
be a potential for treating chronic cardiac diseases such as
MIRI and heart failure (Figure 11).

p21/p16

Sal

Rb

β-gal

Endothelial cell
senescence

Atherosclerosis

P

Figure 10: Salidroside protects against atherosclerosis (AS) by
attenuating cellular senescence. Salidroside can inhibit the
expression of P21 and P16 to promote the cell cycle from G0/G1
phase to S phase and upregulated β-gal, so that inhibits AS.
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Figure 11: The anti-inflammatory effect of salidroside on
preventing cardiovascular disease. Salidroside downregulating the
expression of IL-6, IL-1, and TNF-α by inhibiting NF-κB
signaling pathway, thus protecting against myocardial infarction
and heart failure.
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Figure 9: Mechanism of salidroside improving blood glucose. Rosea inhibits PEPCK and G6PD by activating AMPK, leading to reduced
phosphorylation of CoA to reduce lipid accumulation, and Sal also reduces lipid accumulation in peripheral tissues by increasing
phosphorylation of GSK3β.
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Table 2: Pharmacological effects of Rhodiola rosea.

Drugs Dose Animal Model/disease Result Reference

Sal 300μM
Endothelial cell

strain
Hypoxia model HIF-1α, EF1mRNA ↓, eNOSmRNA ↑ [14]

Sal 20/40/kg/d Wistar rat
Acute myocardial
infarction model

HIF-1α, HIF-1β, and VEGF ↑ [15]

Sal 100/300 μM
Endothelial

cells
Endothelial dysfunction NOX2, ROS ↓, p-eNOS ↑ [16]

Sal 20/40mg/kg/d SD rat Myocardial ischemia
CK-MB, LDH, TNF-α, IL-6, Nox2, Nox 4,

NF-κBP65, P-NF-κBP65, AP1 ↓ [18]

Sal 9.5mg/kg/2 d Rabbit HF
IL-6, TNF-α, IL-1β, IL-8, CCL20, NLRP3, IL-

17 ↓, Kir2.1, Nav1.5, NCX, PLB ↑ [42]

Sal 80mg/kg/d Male C57 mice
DOX-induced
cardiotoxicity

Bax, Bax/Bcl-2, caspase-3 ↓, Bcl-2 ↑ [51]

Sal 600mg/d
Breast cancer

patients

Early left ventricular
regional systolic
dysfunction

ROS ↓, SR peak ↑ [52]

Sal
0/50/100mg/

kg/d
C57BL/6J mice Diabetes PGC-1α ↓, TFAM ↓, SIRT3 ↑ [37]

Sal
6/12/24mg/

kg/d
SD male rat Heart failure model

LVEDD, LVESD, CL, LVMI, CVF, PVCA,
hydroxyproline, RAAS ↓, LVEF, LVFS ↑ [40]

Sal 40mg/kg/d Male rats MIRI model
TNF-α, IL-1β and IL-6, caspase-3, caspase-9

↓, Bcl-2/Bax ↑ [24]

Sal 0.3/0.5mM VSMCs VSMC proliferation Drp1 ↓, Mnf2 ↑ [36]

Sal 20mg/kg/d Human/mice Platelet
Platelet aggregation rate ↓, ATP ↓, C-Src,

Syk, plcr2 phosphorylation ↓ [48]

Sal 12mg/kg/d
apoE(-/-) male

mice
Atherosclerotic plaque AMP/ATP ↓ [26]

Sal
50/100/

200mg/kg/d
Wistar male rat

Goto-Kakizaki (GK) rat
model of diabetes

Blood glucose, blood pressure, CaL channel ↓ [55]

Sal 40mg/kg/d Wistar rat
Goto-Kakizaki (GK) rat

model of diabetes
Ach ↑, eNOS ↓ [54]

Sal 270mg/kg/d Rabbit Heart failure model
Atrial fibrosis induction rate ↓, PI3K-
AKTmRNA ↑, Kv1.4,1.5,4.3, KvLQT1,

Cav1.2 ↑
[49]

Sal
25/50/100mg/

kg/d
Male mice Type 2 diabetes model

PEPCK, glucose-6-phosphatase ↓, AMPK
and PI3K/Akt, GSK3β ↑ [59]

Sal 50mg/kg/d C57BL/6J mice High fat model
Blood glucose, IL-1α, IL-1β, IL-6 ↓, p-Akt,

GSK3β ↓ [58]

Sal 500μM EA.hy926 cells
Lipid oxidation and AS

therapy models
Rb ↓ from G0/G1 phase to S phase [72]

Sal 50mg/kg/d
Male BABLc

mice
HHcy mouse model P16 ↓, p21 ↓, ICAM1 ↓, (SA)-β-gal ↓ [73]

Dazhu Rhodiola
Rosea Capsules

75mg/kg/d
STZ-diabetic

rats
Type-1 diabetes-like

model
β-Endorphin, GLUT 4 ↑, blood glucose,

PEPCK ↓ [60]

Rhodiola rosea 100mg/kg/d
Human

cardiomyocyte
strain

Oxidative stress injury
model

LDH, CK, AST ↓, GSH, MDA, SOD ↑ [17]

Rhodiola-ethanol
extract

0.8 g/L
STZ-diabetic

rats
Heart failure PPAR-δ ↑ [41]

Rhodiola-water
extract

0.8 g/L
Wistar-Kyoto
(WKY) rats

Spontaneously
hypertensive rats model

β-Endorphin ↓, CIX1 ↑, SBP ↓ [50]

Tyrosol
0.1/0.25/
0.5mM

Rat H9c2 rat cardiomyocytes
Caspase-3, cleaved caspase-8, ROS, EPK,

JNK ↓, Bcl-2/Bax, Hsp70 ↑ [30]
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5. Conclusion

As a worldwide plant adaptogen, Rhodiola rosea is wide-
spread throughout the world. Rhodiola rosea has significant
pharmacological effects in the treatment of cardiovascular
diseases. As a natural drug, Rhodiola rosea has been applied
in clinical practice with little toxicity and side effects. In this
paper, many experts and scholars at home and abroad have
done a great deal of in-depth research and discussion on the
improvement and treatment of cardiovascular diseases by
Rhodiola rosea in recent ten years and found that (1) the
effective medicinal ingredients of Rhodiola rosea are mainly
phenyl alkyl glycosides (salidroside, tyrosol) and polysaccha-
rides. The effective elements of Rhodiola rosea have not been
fully explored, and there are still many healing mechanisms
that are not clear, which still need to be studied. (2) Rhodiola
has the function of multitarget and multipathway in the
protection of MIRI; salidroside inhibits the expression of
vascular endothelial contractile factor and promotes the
expression of vascular endothelial relaxation factor by
inhibiting the gene expression of HIF-1α, ET-1, and NOS.
Rhodiola rosea inhibited the synthesis of AngII and ALD
and promoted left ventricular remodeling. Inhibited the syn-
thesis of AngII and ALD and promoted the left ventricular
remodeling. In heart failure, salidroside can inhibit protein
phosphorylation in PI3K/AKT/GSK3β pathway and protein
expression of collagen-I (Col-I) and profilin-I (profilin-I) in
cardiac tissue of heart failure rats, thus reducing the level of
cardiac fibrosis and heart failure. (3) There are internal rela-
tions among different pathways acted by Rhodiola rosea. For
example, Rhodiola can reduce the level of AngII, thereby
reducing the level of myocardial fibrosis and heart failure.
At the same time, fibrosis and myocardial remodeling can
also cause changes in ion channels. (4) The improvement
mechanism of Rhodiola on cardiovascular diseases mainly
focuses on the PI3K/Akt pathway. In the protection of MIRI,
salidroside can activate PI3K/Akt pathway, upregulate the
protein expression of P-Akt and P-GSK-3 β, and protect
myocardial cells from achieving the protective effect on
myocardial ischemia-reperfusion injury. In antiheart failure,
salidroside can inhibit the protein phosphorylation level of
PI3K/AKT/GSK3β pathway and inhibit the protein expres-
sion of Col-I and profilin-I in heart failure rats after acute
myocardial infarction (AMI), thus reducing the level of
myocardial fibrosis and heart failure. (5) In the antiarrhyth-
mia effect, the beneficial electrophysiological effects of
Rhodiola rosea may be related to voltage-gated potassium
channel proteins (Kv1.4, Kv1.5, Kv4.3, KvLQT1) and cal-
cium ion channel proteins (Cav1.2); myocardial sarcoplas-
mic reticulum Ca2+ ATPase 2A (SERCA2a) is associated
with activation of the PI3K/AKT channel.

In summary as shown in Table 2, Rhodiola rosea and its
active ingredients can protect against myocardial ischemia,
hypoxia, hypolipidemic, antithrombotic, hemodynamics,
vascular function. It can be used to treat common diseases
of the cardiovascular system such as coronary heart disease,
hypertension, angina pectoris, myocardial infarction, heart
failure, and arrhythmia. Although the components of
Rhodiola rosea described in articles are not the same, the

chemical constituents and effective ingredients contained
in the rhizomes of different varieties of Rhodiola rosea are
the same. Clinically, Rhodiola rosea has been used in fewer
treatments for diseases, and there are still many dark areas
in the research of Rhodiola rosea.
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DAYS: Disability adjusted life years
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ROS: Reactive oxygen species
VEGF: Vascular endothelial growth factor
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HIF-1β: Hypoxia-inducible factor 1beta
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TNF-α: Tumor necrosis factor-α
IL-β: Interleukin-1β
IL-6: Interleukin-6
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Bcl-2: B-cell lymphoma-2
Bax: Bcl-2-associated X
GSK-3β: Glycogen synthase kinase
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EPK: Extracellular signal-regulated kinase
JNK: c-Jun amino-terminal kinase
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PPAR: Peroxisome proliferator-activated receptor
TC: Total cholesterol
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LDL-C: Low-density lipoprotein cholesterol
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MDA: Malondialdehyde
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Drp1: Dynamin-related protein 1
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SASP: Senescence-associated secretory phenotype
Rb: Retinoblastoma protein
HHcy: Hyperhomocysteine
ICAM1: Intercellular adhesion molecule 1
TNF-α: Tumor necrosis factor-α
IL: Interleukin
ISO: Isoproterenol
PGC-1α: Peroxisome proliferator-activated receptor-γ
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Chronic kidney disease (CKD) and cardiovascular disease are known to be linked, and the involvement of indoxyl sulfate (IS), a
type of uremic toxin, has been suggested as one of the causes. It is known that IS induces vascular dysfunction through
overproduction of reactive oxygen species (ROS). On the other hand, the involvement of IS in the vascular dysfunction
associated with acute kidney injury (AKI) is not fully understood. Therefore, we investigated this issue using the thoracic aorta
of rats with ischemic AKI. Ischemic AKI was induced by occlusion of the left renal artery and vein for 45min, followed by
reperfusion 2 weeks after contralateral nephrectomy. One day after reperfusion, there was marked deterioration in renal
function evidenced by an increase in plasma creatinine. Furthermore, blood IS levels increased markedly due to worsening
renal function. Seven days and 28 days after reperfusion, blood IS levels decreased with the improvement in renal function. Of
note, acetylcholine-induced vasorelaxation deteriorated over time after reperfusion, contradicting the recovery of renal
function. In addition, 28 days after reperfusion, we observed a significant increase in ROS production in the vascular tissue.
Next, we administered AST-120, a spherical adsorbent charcoal, after reperfusion to assess whether the vascular endothelial
dysfunction associated with the ischemic AKI was due to a temporary increase in blood IS levels. AST-120 reduced the
temporary increase in blood IS levels after reperfusion without influencing renal function, but did not restore the impaired
vascular reactivity. Thus, in ischemic AKI, we confirmed that the vascular endothelial function of the thoracic aorta is
impaired even after the recovery of kidney injury, probably with excessive ROS production. IS, which increases from ischemia
to early after reperfusion, may not be a major contributor to the vascular dysfunction associated with ischemic AKI.

1. Introduction

Ischemia/reperfusion (I/R) is one of the leading causes of
acute kidney injury (AKI), with a high morbidity and mortal-
ity in hospitalized patients [1]. In addition to there being no
established treatment for AKI, a major medical problem is
that after AKI develops, it progresses to chronic kidney dis-
ease (CKD) and end-stage renal disease. Although many

studies have been conducted on the mechanism of transition
to CKD after the onset of AKI, it is not fully understood
[2, 3].

Decreased vascular endothelial function leads to the
development of not only renal damage but also cardiovascu-
lar disease [4]. In this regard, vascular endothelial
dysfunction is known to be caused by AKI [5, 6]. AKI is
accompanied by reactive oxygen species (ROS)
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overproduction [7], and increased ROS production is con-
sidered to lead to the inactivation and/or reduction of
endothelium-derived relaxing factors, such as nitric oxide
(NO) and endothelium-derived hyperpolarizing factor,
resulting in vascular endothelial dysfunction [8]. Of note,
vascular endothelial dysfunction associated with AKI is
caused not only in the primary lesion [5] but also in distant
sites [6], which is thought to create a vicious cycle of multi-
ple organ injury. It is also possible that vascular endothelial
dysfunction after the onset of AKI plays a role in the subse-
quent progression to CKD.

We reported that indoxyl sulfate (IS), a uremic toxin that
accumulates during the progression of renal failure, pro-
motes the generation of excess ROS in the thoracic aorta of
normal rats and inactivates NO, leading to vascular dysfunc-
tion [9]. Of note, the administration of spherical adsorbent
charcoal AST-120 to CKD model rats reduced blood IS
levels and improved vascular endothelial function [10].
Thus, there is strong evidence and support for the involve-
ment of IS in endothelial dysfunction in renal injury. In
AKI, the blood IS concentration increases with a decline in
renal function [11]. However, it is unclear whether IS is
involved in the vascular endothelial dysfunction associated
with AKI. In this study, we evaluated changes in vascular
endothelial dysfunction and IS levels over time in ischemic
AKI. Furthermore, AST-120 was administered from the
onset of AKI to evaluate the contribution of IS on vascular
endothelial dysfunction.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley rats (10 weeks of age,
Japan SLC, Shizuoka, Japan) were used. Rats were housed
in a light-controlled room with a 12 hr light/dark cycle and
allowed ad libitum access to food and water. This study
involving animals was approved by the Experimental Ani-
mal Committee at the Faculty of Pharmacy, Osaka Medical
and Pharmaceutical University (permission code: 5, permis-
sion date: 31 March 2018).

2.2. Experimental Procedure. Experimental protocols are
shown in Figure 1. At 8 weeks of age, the right kidney was
resected through a small flank incision under anesthesia. In
an experiment to examine vascular endothelial function after
ischemic AKI, these animals were divided into two groups:
(1) sham-operated control without ischemia and (2) ische-
mic AKI by renal I/R. In order to induce ischemic AKI,
the left kidney was exposed through a small flank incision.
The left renal artery and vein were occluded with a Schwartz
microserrefine. After 45min, the microserrefine was
removed, and reperfusion was visually confirmed. In sham-
operated control rats, the left kidneys were treated in the
same manner as those in the ischemic AKI group except
for the ischemia treatment. All rats were placed in metabolic
cages 1, 7, and 28 days after reperfusion, and urine was col-
lected for 5 hr. After collection of urine, rats were injected
with heparin (1000U/kg, i.v.), and blood samples were
drawn from the abdominal aorta. The collected blood and
urine were used to measure renal function parameters and

IS concentrations. The thoracic aorta was then removed
and used for measurements of vascular function and super-
oxide anion (O2

-) production. Rats with vascular function
measurements at 7 and 28 days after reperfusion were con-
firmed to have developed AKI by collecting blood samples
from the jugular vein 1 day after reperfusion and checking
the deterioration of renal function. The same procedure
was performed in the sham group.

In separate experiments, to clarify the relationship
between IS and vascular endothelial function in AKI, AST-
120 (Kremezin, Kureha Corporation, Japan, 2.5 g/kg, p.o.)
was administered 3, 6, and 24 hr after reperfusion. The steps
for creating ischemic AKI are described above and Figure 1.
Blood and urine samples were collected 1, 7, and 28 days
after reperfusion, and on day 28, the thoracic aorta was
removed, and vascular function was measured. The collected
blood and urine were used to measure renal function param-
eters and IS concentrations.

2.3. Analytical Procedure. The plasma used for measurement
was collected by centrifugation of the collected blood.
Plasma and urinary creatinine were measured by the Jaffe
method, and creatinine clearance was calculated.

IS concentrations in plasma and urine were measured by
high-performance liquid chromatography (HPLC)-fluores-
cence, as previously reported [12]. Briefly, a 125μL aliquot
of diluted plasma and urine was added directly to 450μL
of acetonitrile. After centrifugation at 10,000 rpm for
15min, the supernatant was assayed by HPLC. The HPLC
system consisted of a pump L-2130 (Hitachi, Tokyo, Japan)
and FL detector L-2485 (Hitachi, Tokyo, Japan). A COSMO-
SIL PBr Packed Column 4.6 mml.D.∗250mm (Nacalai Tes-
que Inc., Ltd., Kyoto, Japan) was used for the stationary
phase. The mobile phase consisted of acetate buffer
(0.02M, pH4.5)/acetonitrile. The flow rate was 1mL/min.
IS was detected using a fluorescence monitor. The excita-
tion/emission wavelengths were 280/375 nm.

2.4. Vascular Function Study. Macrovascular dysfunction is
well known to be coupled with cardiovascular diseases [13,
14]; therefore, we focused on the aorta in this study. The
thoracic aortas of sham and ischemic AKI rats were isolated,
and the connective and adipose tissues were carefully
removed to make approximately 2mm aortic ring segments.
Each ring was suspended in an organ bath (10mL) contain-
ing Krebs Ringer bicarbonate solution with the following
composition (mM): NaCl 118.5, KCl 4.7, MgSO4 1.2, CaCl2
2.5, NaHCO3 25, glucose 10, and KH2PO4 1.2. The solution
was bubbled with 5% CO2 and 95% O2 (37

°C). The changes
in vascular tone tension in response to vasoactive substances
were continuously recorded by a polygraph system (RM
6000, Nihon Kohden, Tokyo, Japan) via an isometric force
transducer (TB-612T, Nihon Kohden). All aortic rings were
precontracted with phenylephrine (Phe, 10-6 M). After
reaching a plateau, each vasodilator (ACh [10-9 M -10-5

M)], sodium nitroprusside (SNP) [10-9 M -10-5 M]), was
applied in cumulative concentrations. The vasorelaxation
responses to vasodilators were presented as a percent relax-
ation of Phe-induced precontraction.
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2.5. Measurement of O2
- Production in Vascular Tissues. The

method for producing the aortic ring was the same as
described above. Levels of O2·- in the aortic ring were mea-
sured by measuring lucigenin-enhanced chemiluminescence
using a luminometer (Lumat 3, Belthold Technologies,
Schwarzwald, Germany). The aortic ring was placed in a test
tube containing Krebs-HEPES buffer (99.01mM NaCl,
4.69mM KCl, 1.87mM CaCl2, 1.2mM MgSO4, 1.03mM
K2HPO4, 25mM Na-HEPES and 11.1mM glucose, pH7.4,
37°C), which were bubbled with a 5% CO2 and 95% O2 gas
mixture. Thereafter, lucigenin (5μM) was added to the test
tube in a luminometer. The O2·- production level was
expressed in relative light units (RLU)/min/mg dry tissue
weight. The luminescence in the absence of an aortic ring
was used as the background and subtracted from the mea-
sured value.

2.6. Histological Examination of the Thoracic Aorta. The
thoracic aorta was immersed in phosphate-buffered 10% for-
malin and embedded in paraffin. The sample was cut at 3μm
and stained with hematoxylin-eosin.

2.7. Drugs. ACh and SNP were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Formaldehyde, lucigenin,
and phenylephrine were purchased from Nacalai Tesque
Inc., Ltd., (Kyoto, Japan). Heparin was purchased from the
NIPRO Corporation (Osaka, Japan).

2.8. Statistical Analysis. All data represent the mean ± SEM.
The unpaired Student’s t-test was used for two-group com-
parisons, and a one-way analysis of variance (ANOVA)
followed by Dunnett’s tests was used for multiple compari-
sons (three groups). The least squares regression analysis
was used to evaluate the relationships between variables.
Differences were considered significant at P < 0:05.

3. Results

3.1. Renal Function after I/R. Renal I/R treatment caused a
significant increase in plasma creatinine (Figure 2(a)) and
decrease in creatinine clearance (Figure 2(b)) at 1 day after
reperfusion. Thereafter, these parameters improved over
time, and at 28 days after reperfusion, renal function was
similar to that of the sham-operated rats.

3.2. Vascular Reactivity to ACh in the Thoracic Aorta 1, 7,
and 28 Days after Reperfusion. The results after 1 day of
reperfusion are shown in Figure 3(a). There was no influence
of I/R treatment on the vasorelaxant response to ACh. How-
ever, as shown in Figures 3(b) and 3(c), there was a signifi-
cant decrease in vascular reactivity to ACh with I/R
treatment compared with the sham group at 7 and 28 days
after reperfusion. In particular, the decrease was more
marked 28 days after reperfusion. Throughout the period,
the sham group had slightly augmented reactivity to ACh
over time after surgery, but the AKI group had attenuated
reactivity.

3.3. Vascular Reactivity to SNP in the Thoracic Aorta 28 Days
after Reperfusion. Next, we assessed endothelium-
independent vascular function 28 days after reperfusion
using SNP, an NO donor. As shown in Figure 4, I/R treat-
ment reduced the vascular reactivity to SNP.

3.4. O2
- Production in the Thoracic Aorta 28 Days after

Reperfusion. Next, we used the thoracic aorta 28 days after
reperfusion to examine O2

- production in the vascular tissue.
As shown in Figure 5, there was a marked increase in O2

-

production in the thoracic aorta of rats with ischemic AKI.

3.5. Effects of AST-120 Administration on Renal Function
after I/R. Similar to the results above, the renal I/R treatment
caused the marked deterioration of renal function 1 day after

1st experiment

2nd experiment

Sham

AKI

0 1 7 28 (day)

Sham
AKI

AKI + AST-120

Sham-operated
Ischemia
Collecting plasma and
urine

Collecting plasma and
urine, sacrifice
AST-120 oral
administration

Figure 1: Schematic diagram depicting the experimental protocols. AKI: acute kidney injury.
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reperfusion, followed by recovery over time. In addition,
AST-120 administration did not cause significant changes
in plasma creatinine (Figure 6(a)) and creatinine clearance
(Figure 6(b)) at any time point after reperfusion.

3.6. Effects of AST-120 Administration on IS Concentration
in Plasma and Urine after I/R. In the ischemic AKI group,

the blood IS concentration markedly increased
(Figure 7(a)), whereas the urinary IS concentration
decreased (Figure 7(b)) compared with the sham group at
1 day after reperfusion; IS excretion into urine was likely
suppressed by the marked deterioration of renal function.
Seven and 28 days after reperfusion, the blood IS concentra-
tion decreased along with the recovery of renal function, and
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mean ± S:E:M: Sham-1 day, n = 5; sham-7 days, n = 5; sham-28 days, n = 6; AKI-1 day, n = 8; AKI-7 days, n = 10; AKI-28 days, n = 8. ∗∗
P < 0:01, compared with sham. AKI: acute kidney injury.
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Figure 3: Vascular reactivity to ACh in the thoracic aorta (a) 1 day, (b) 7 days, and (c) 28 days after reperfusion. Each point and bar
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the urinary IS concentration slightly increased. On the other
hand, AST-120 reduced IS concentrations in blood and
urine at 1 and 7 days after reperfusion; although, the plasma
levels 28 days after reperfusion were comparable regardless
of AST-120 administration.

3.7. Effects of AST-120 Administration on Decreased
Vascular Reactivity to ACh in the Thoracic Aorta
Associated with AKI. A significant decrease in the ACh-
induced vasorelaxation response was observed in the tho-
racic aorta 28 days after reperfusion compared with the
sham group. In addition, AST-120 administration did not
improve vascular endothelial dysfunction after the onset of
AKI (Figure 8).

3.8. Effects of AST-120 Administration on Increased O2
-

Production in the Thoracic Aorta Associated with AKI. The
thoracic aorta 28 days after reperfusion exhibited significant
O2

- production compared with the sham group. In addition,
AST-120 administration did not reduce the O2

- overproduc-
tion associated with I/R (Figure 9).

3.9. Association between Plasma IS Levels and Vascular
Reactivity to ACh and O2

- Production in the Thoracic
Aorta. We examined the association between blood IS levels
1 day after reperfusion and vascular endothelial function
and O2

- production 28 days after reperfusion. Regression
analyses considering the presence of I/R revealed that the
plasma concentration of IS is not associated with the vasor-
elaxing efficacy of ACh at 10-7 M, a concentration close to
the half maximal effective concentration. Similarly, there
was no association between the IS levels and O2

- production
(Table 1).

3.10. Histological Changes in the Thoracic Aorta 28 Days
after Reperfusion. Since vascular reactivity to ACh in the
thoracic aorta 28 days after reperfusion was markedly atten-
uated, we examined whether histological changes were pres-
ent in the thoracic aorta. However, no histological
differences in the vascular endothelium or smooth muscle
were observed among all groups (Figure 10).

4. Discussion

AKI causes remote organ damage due to abnormal interor-
gan communication between the kidneys and other organs
(brain, lungs, heart, liver, intestines, etc.) caused by the tem-
porary or long-term accumulation of uremic toxins, electro-
lyte imbalance, and excessive fluid retention [15, 16]. In
particular, the crosstalk between the kidneys and the heart
is known as cardiorenal syndrome and has been the subject
of numerous studies. As an example of cardiorenal syn-
drome, epidemiological studies demonstrated that the inci-
dence of cardiovascular disease, such as heart failure and
myocardial infarction, increases after the onset of AKI
[17]. It is known that vascular endothelial dysfunction asso-
ciated with renal injury is not only involved in the develop-
ment and progression of cardiovascular disease but is also a
risk factor for albuminuria and the progression of renal dis-
order [18]. Therefore, we first evaluated the endothelial
function of the thoracic aorta, a large vessel, over time after
the onset of AKI.

An important finding in this study was that although the
endothelial function of the thoracic aorta was normal at the
time when renal function declined due to I/R, endothelial
dysfunction progressed thereafter in contrast to the recovery
of renal function. However, no histological changes in the
thoracic aorta were observed at 28 day after reperfusion.
Changes in renal function in the ischemic AKI model are
known to be markedly worse immediately after reperfusion,
followed by recovery over time [19]. The present ischemic
AKI model exhibited a similar tendency in renal function.
Both renal arteries and blood vessels distal from the kidney
were previously assessed regarding the relationship between
AKI and vascular function. Renal arteries after AKI were
reported to induce excessive vasoconstriction by adenosine,
endothelin, and prostaglandins, in addition to NO trapping
by the overproduction of oxidative stress due to promotion
of the renin-angiotensin-aldosterone system [20]. Further-
more, the renal arcuate artery of rats subjected to 60min
of bilateral renal ischemia had markedly reduced
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responsiveness to ACh at 1 hr after reperfusion [21]. Regard-
ing the thoracic aorta, in the ischemic AKI model with
60min of renal ischemia (45min of ischemia in this experi-
ment), there was a significant decrease in responsiveness to
ACh and a slight decrease in responsiveness to SNP at 5 days
after reperfusion [22]. Thus, in the kidney, which is the pri-
mary site of AKI, vascular endothelial dysfunction occurs
early after reperfusion; on the other hand, in the remote ves-
sels (i.e., thoracic aorta), endothelial dysfunction occurs in
the same manner; although, the time of occurrence is later
than in the primary site.

ROS, such as O2
-, are highly involved in the development

and progression of diseases [23]. In vascular tissues in par-
ticular, O2

- reacts with NO, resulting in the inactivation of
NO [24]. The overproduction of O2

- after renal I/R has been
reported to occur not only in renal tissue but also in remote
vessels. As an example, excessive O2

- production occurred in
the gracilis artery 5 weeks after the onset of AKI, and O2

-

levels were normalized by administration of the NADPH
oxidase inhibitor apocynin [25]. This supports this study,
in which O2

- production increased in vessels distal to the
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kidneys after the onset of AKI despite the recovery of renal
function. Thus, excessive O2

- production in vascular tissue
may play a role in the loss of vascular endothelial function
in a remote lesion that occurs after AKI.

The influence of IS on vascular tissue has been reported
in many studies. For example, we previously reported that IS
causes vascular endothelial dysfunction by trapping NO
through O2

- production induced by the activation of
NADPH oxidase [9]. Furthermore, the responsiveness of
the thoracic aorta to ACh was significantly attenuated in
the 5/6 nephrectomized CKD model with a marked increase
in the serum IS concentration. In addition, the administra-
tion of AST-120 significantly improved the responsiveness
to ACh by suppressing the serum IS concentration [10]. In
the ischemic AKI model we used in this study, blood IS
levels increased markedly with the decline in renal function
1 day after reperfusion and then slightly decreased along
with the recovery of renal function. Therefore, we hypothe-
sized that a transient increase in IS after I/R is involved in
the endothelial dysfunction associated with AKI and investi-
gated the effects of AST-120. AST-120 can suppress blood IS
levels by adsorbing indole, a precursor of IS, in the intestine
[26]. IS is known to function in the progression of renal
injury, and administration of AST-120 before ischemia was
reported to prevent the development of ischemic AKI [11];
administration before ischemia is not suitable for assessing
the impact of IS itself. In addition, in that study, AST-120

administration at 3, 6, and 24 hr after reperfusion resulted
in a significant decrease in blood IS concentration without
improvement in renal function. Referencing this study, we
also administered AST-120 at 3, 6, and 24 hr after reperfu-
sion. In this experiment, similar to the previous study,
AST-120 administration markedly reduced the blood IS con-
centration. However, vascular endothelial function did not
improve 28 days after reperfusion even though the increase
in blood IS concentration early after reperfusion was sup-
pressed by AST-120. Furthermore, there was no association
between blood IS levels 1 day after reperfusion and respon-
siveness to ACh or O2

- production 28 days after reperfusion.
Taken together, the contribution of the temporarily
increased IS to the decline in endothelial function of the tho-
racic aorta associated with ischemic AKI may not be great.

In this study, AST-120 administration after reperfusion
significantly suppressed the increase in plasma IS level asso-
ciated with I/R treatment, but it was not restored to the
sham level. Importantly, even if AST-120 is administered
prior to ischemia, the serum IS levels are different from
those in the sham group [11, 27]. AST-120 is a spherical
adsorbent and therefore cannot eliminate IS that is present
in the blood before ischemia or at the onset of reperfusion.
Thus, it is difficult to suppress the increase in plasma IS
levels associated with AKI unless AST-120 is administered
long before ischemia. On the other hand, AST-120 adminis-
tration after reperfusion was reported to improve cardiac
dysfunction associated with AKI without reversing the
serum IS level to that in the sham group [28]. Therefore,
we hypothesized that vascular endothelial dysfunction can
be improved without completely normalizing the plasma IS
level. In addition, as mentioned above, administration of
AST-120 to CKD model rats markedly improved vascular
endothelial dysfunction, but the serum IS level was report-
edly only suppressed by approximately 56% and remained
higher than that in sham rats [10]. In our studies, the plasma
IS level 1 day after reperfusion was suppressed by approxi-
mately 62% by AST-120 administration, which is similar to
the degree of suppression reported in [10], but vascular
endothelial function was not improved. Taken together, the
contribution of IS to vascular endothelial dysfunction may
be considerably different between the early or temporary
increase in IS in ischemic AKI and the chronic increase in
CKD.

Excessive inflammatory response has been focused on as
one of the causes of distant organ damage after AKI [29].
Abnormal promotion of the inflammatory cascade after the
onset of AKI was reported to markedly increase plasma IL-
6, leading to lung damage and other problems [30]. Of note,
the administration of CNI-1493, which inhibits the release of
macrophage-derived inflammatory cytokines, ameliorated
the increased vascular permeability of pulmonary arteries
that occurs after the onset of AKI without affecting renal
function [31]. In addition, as activated neutrophils produce
excessive amounts of ROS at the site of inflammation [30],
it is possible that the excessive inflammatory response after
AKI played a role in the vascular endothelial dysfunction
accompanied by increased O2

- production at the site distal
from the kidney. The relationship between inflammatory
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- production in the thoracic
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P < 0:01, compared with AKI. AKI: acute kidney injury; RLU:
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Table 1: Summary of the least squares regression analysis for
significant relationships in vascular dysfunction and O2

-

overproduction.

Variable
Reactivity to ACh O2

- production
t value P value t value P value

(Intercept) 22.38 <0.001 3.738 0.002

IS level -1.068 0.301 0.581 0.571

I/R (+/-) -2.959 0.009 3.929 0.002

R2 0.578 0.744

Adjusted R2 0.528 0.705
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response and vascular dysfunction after AKI should be
investigated in the future.

There are three limitations in this study. The first is that
we administered AST-120 only early phase after reperfusion.
The second limitation is that we were unable to address
whether there is a threshold level for IS to cause vascular
endothelial dysfunction. The third limitation is that we have
not evaluated the association of IS with vascular endothelial
dysfunction in other ischemic AKI models, including the
bilateral renal I/R model and unilateral renal I/R model with
delayed contralateral nephrectomy. These issues need to be
considered in the future.

5. Conclusions

In summary, impaired renal function due to AKI recovered
over time; however, the endothelial function of the thoracic
aorta deteriorated from the time when renal function shifted
toward recovery. In addition, administration of the spherical
adsorbent AST-120 early after reperfusion was ineffective
against the vascular dysfunction associated with ischemic
AKI, suggesting the possibility that the temporarily
increased IS is not a major contributor. Moreover, it is
important to examine whether the impaired vascular endo-
thelial function in large vessels after ischemic AKI plays a
role in the development of cardiovascular diseases and the
transition to CKD.
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Background. Heart failure is characterized by activation of the renin-angiotensin-aldosterone system, which is involved in the
regulation of cardiac hypertrophy and hypertension. Recently, we reported that Hdac8 inhibition alleviates isoproterenol-induced
and angiotensin II-induced cardiac hypertrophy or hypertension in mice. Here, the effect and regulatory mechanisms of the Hdac8
selective inhibitor PCI34051 on pressure overload-induced heart failure were examined. Methods and Results. At week 6
posttransverse aortic constriction (TAC), mice were administered with PCI34051 (3, 10, or 30mg/kg bodyweight/day) for 2 weeks.
The therapeutic effects of PCI34051 on TAC-induced cardiac and lung hypertrophy were determined by examining the heart
weight-to-bodyweight and lung weight-to-bodyweight ratios and the cross-sectional cardiomyocyte area. Echocardiography
analysis revealed that PCI34051 mitigated TAC-induced decreased ejection fraction and fractional shortening. Additionally, the
expression of Hdac8 was upregulated in the cardiac and pulmonary tissues of TAC mice. The expression levels of Ace1 and Agtr1
were upregulated, whereas those of Ace2 and Agtr2 were downregulated in TAC mice. PCI34051 treatment or Hdac8 knockdown
alleviated inflammation as evidenced by Rela downregulation and Nfkbia upregulation in mice, as well as in cardiomyocytes, but
not in cardiac fibroblasts. Hdac8 overexpression-induced Rela pathway activation was downregulated in Ace1 knockdown cells.
Picrosirius red staining, real-time polymerase chain reaction, and western blotting analyses revealed that PCI34051 alleviated
fibrosis and downregulated fibrosis-related genes. Moreover, PCI34051 or Hdac8 knockdown in rat cardiac fibroblasts alleviated
cardiac fibrosis through the Tgfb1-Smad2/3 pathway. The results of overexpression and knockdown experiments revealed that
Hdac8 and Ace1 promote inflammation and fibrosis. Conclusions. Treatment with PCI34051 enhanced cardiac and lung functions
in the TAC-induced heart failure mouse model. These data suggest that HDAC8 is a potential novel therapeutic target for heart
failure accompanied by pathological lung diseases.

1. Introduction

The prevalence, mortality, and morbidity rates of heart failure,
a multifactorial disease accompanied by structural and func-
tional damages to the tissues [1, 2], are increasing annually
worldwide, including the United States of America (USA)
[3–5]. Heart failure is often accompanied by fibrosis, which
is the tissue response to inflammation. Previous studies have
reported that the levels of inflammatory cytokines, such as
tumor necrosis factor-alpha (TNFα), interleukin-1 beta

(IL-1β), and interleukin-6 (IL-6) are upregulated in patients
with heart failure [6, 7] and in the transverse aortic constric-
tion- (TAC-) induced heart failure mouse model [8]. Heart
failure promotes the neurohormonal activation of the sympa-
thetic nervous system and the renin-angiotensin-aldosterone
system (RAAS), which plays a critical role in the regulation
of cardiovascular processes [9, 10]. Angiotensin II, a key
molecule in the RAAS, regulates cardiac contractility and
promotes adverse remodeling in heart failure [11]. ACE1 cat-
alyzes the conversion of angiotensin I into angiotensin II,
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while ACE2 catalyzes the conversion of angiotensin II into
angiotensin (1–7) or angiotensin I to angiotensin (1–9), lead-
ing to cardioprotective effects on heart failure [12, 13]. ACE2
is also expressed in the lung vascular endothelial cells and con-
sequently protects against acute lung failure [14, 15]. In mice,
Ace2 deficiency leads to early cardiac hypertrophy [16],
whereas Ace1 overexpression promotes atrial enlargement
[17]. Therefore, the neurohormonal blockade using ACE
inhibitors, angiotensin receptor blockers, and beta-blockers
mitigates heart failure-induced cardiac remodeling [18, 19].

Recent studies have reported that histone deacetylases
(HDACs) regulate gene expression. HDACs are classified
into four classes. Class I HDACs comprise HDAC1,
HDAC2, HDAC3, and HDAC8. Among class I HDACs,
HDAC2 has been best characterized for its role in the mod-
ulation of cardiac hypertrophy [20, 21]. For example, the
enzymatic activity but not the expression of HDAC2
promotes cardiac hypertrophy [22]. HDAC inhibitors,
including trichostatin A and SK-7041, hypertrophy and
heart failure [23–25]. HDAC3 increases postnatal cardiac
myocyte proliferation but is not involved in cardiac hypertro-
phy [26]. Recently, we had reported that PCI34051, an
HDAC8 selective inhibitor, mitigates angiotensin II-induced
hypertension and isoproterenol-induced cardiac hypertrophy
[27, 28]. Previous studies have demonstrated that HDAC8
regulates cardiac hypertrophy through the AKT/GSK3β
pathway [29]. However, the role of HDAC8 in heart failure
has not been elucidated. In contrast to class I HDACs, class
II HDACs, such as HDAC5 and HDAC9, suppress cardiac
hypertrophy [30].

This study demonstrated that pharmacological inhibition
or downregulation of Hdac8 mitigates heart failure-related
pathologies, including cardiac hypertrophy, pulmonary
congestion, fibrosis, and inflammation in vivo (TAC-induced
heart failure mouse model) and in vitro. The results of
in vitro studies demonstrated that PCI34051 treatment or
Hdac8 or Ace1 knockdown modulated inflammatory and
fibrotic responses to transforming growth factor-beta 1
(TGF-β1) or TNFα stimulation. This is the first study to
demonstrate the role of HDAC8 in the pathogenesis of
heart failure.

2. Materials and Methods

2.1. Reagents. PCI34051 (10444) was purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). Anti-
Actb (sc-47778), anti-Nppb (sc-271185), anti-Acta2 (sc-
130617), anti-Ace1 (sc-20791), anti-Ace2 (sc-390851), and
anti-Tgfb1 (sc-146) antibodies were obtained from Santa
Cruz Biotechnology (Dallas, TX, USA). Anti-phospho-
Smad2/3 (8828), anti-Smad2/3 (3102), anti-Rela (8242),
and anti-Nfkbia (4812) antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-Nppa and
anti-Hdac8 (ab187139) antibodies were purchased from
GeneTex (GTX109255; Irvine, CA, USA) and Abcam
(Cambridge, UK), respectively. Anti-Fn1 (MA5-11981) and
anti-Ccl2 (PA5-34505) antibodies were purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA).

2.2. Establishment of the TAC-Induced Heart Failure Mouse
Model. All animal experiments were approved by the Ani-
mal Experimental Committee of Chonnam National Univer-
sity Medical School (CNUH IACUC-18023) and conducted
according to the Guide for the Care and Use of Laboratory
Animals (US National Institutes of Health Publications, 8th

edition, 2011). Male ICR mice (Orient, South Korea) aged
6 weeks were maintained in a 12 h light/dark cycle under
specific pathogen-free conditions. The mouse skin was disin-
fected with ethyl alcohol, and the mice were anesthetized by
intraperitoneally injecting a mixture of ketamine (120mg/kg
bodyweight) and xylazine (6.2mg/kg body weight). The
anesthetized mice were fixed on the transparent board in a
supine position and connected to a small animal ventilator
through laryngotracheal intubation. The lung characteristics
of the mice were as follows: tidal volume, 0.1–0.3mL and
respiratory rate, 125–150 breaths/min. The aortic arch was
exposed, and the thymus was removed. The transverse aortic
arch was tied with a 7-0 silk suture between the brachioce-
phalic and left common carotid arteries using an overlaying
27G needle. The constriction needle was carefully removed,
the chest and skin incision wounds were closed using a 4-0
silk suture, and the ventilator was disconnected. Mice were
placed on warm pads until they woke up after surgery. The
sham group underwent the same surgical procedure without
aortic banding. The animals were randomized into the fol-
lowing six groups (5–6 mice per group): sham+vehicle,
sham+PCI34051 (10mg/kg bodyweight/day), TAC+vehicle,
TAC+PCI34051 (3mg/kg bodyweight/day), TAC
+PCI34051 (10mg/kg bodyweight/day), and TAC
+PCI34051 (30mg/kg bodyweight/day). PCI34051 was
intraperitoneally administered daily for 2 weeks. All ani-
mals were sacrificed using CO2.

2.3. Echocardiography. To evaluate the left ventricular
functions, echocardiography was performed using a Vivid
S5 echocardiography system (GE Healthcare, Chicago, IL,
USA) equipped with a 13MHz linear array transducer as
described previously [28]. Before cardiac function measure-
ments, mice were anesthetized by intraperitoneally adminis-
tering tribromoethanol (Avertin; 114mg/kg bodyweight).
M-mode (2-D guided) images and parameters were acquired
from the long-axis view of the left ventricle at the level of the
papillary muscles.

2.4. Histological Analysis and Picrosirius Red Staining.
Mouse cardiac tissues were fixed with 3.7% paraformalde-
hyde and embedded in paraffin. The paraffin-embedded tis-
sues were cut into 4μm thick sections. The sections were
deparaffinized with xylene, rehydrated in a graded alcohol
series, and subjected to hematoxylin and eosin (H&E) stain-
ing to measure the size of cardiomyocytes in the myocardial
tissue [31]. Quantification of cell size was performed using
the NIS Elements software (Nikon Eclipse 80i microscope,
Tokyo, Japan).

Picrosirius red (Abcam) staining was performed to eval-
uate cardiac fibrosis. The rehydrated cardiac tissues were
stained with Picrosirius red solution for 1 h. The samples
were quickly washed twice with 0.5% acetic acid solution
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and rinsed with absolute alcohol for 1min. The sections
were mounted with Canada balsam and imaged using a
microscope (Nikon, Tokyo, Japan) at 400x magnification.

2.5. Isolation and Cell Culture of Primary Neonatal Cardiac
Fibroblasts. Cardiac fibroblasts were isolated from rat neona-
tal hearts (15 pups) [32]. Briefly, the atrium was removed,
finely chopped using scissors, and digested with 0.1% colla-
genase II in 1× ADS buffer (116mM NaCl, 20mM HEPES,
10mM NaH2PO4, 5.5mM glucose, 5mM KCl, and 0.8mM
MgSO4) at 37

°C and 120 rpm on a shaker for 2 h. The cells
were neutralized using fetal bovine serum (FBS, final con-
centration 10%) and centrifuged at 1200 rpm for 3min.
Fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and 1× antibiotic-
antimycotic solution at 37°C in an incubator. Passage 2
fibroblasts were used for the experiments. Cardiac fibroblasts
were pretreated with TGF-β1 (10ng/mL) for 1 h and cul-
tured in the presence of vehicle (0.1% dimethyl sulfoxide
(DMSO)) or PCI34051 (10μM) for 8 h. To investigate the
roles of Hdac8 or Ace1 in fibrosis, fibroblasts were trans-
fected with control short-interfering RNAs (si-RNAs) or
siRNAs against Hdac8 (si-Hdac8) or si-Ace1 and incubated
with TGF-β1 (10 ng/mL) for 9 h.

2.6. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Total RNAs were isolated from the cardiac tis-
sues using TRIzol reagent (Invitrogen/Life Technologies,
Carlsbad, CA, USA). The RNA concentration was deter-
mined by measuring the absorbances of the sample at wave-
lengths of 260 and 280nm. The isolated RNA (1μg) was
reverse-transcribed into complementary DNA using TOP-
script RT DryMIX (Enzynomics, Daejeon, South Korea).
qRT-PCR analysis was performed using the SYBR Green
PCR kit and specific primers. The relative mRNA levels were
determined using the 2−ΔΔCt method. The sequence of
primers used in qRT-PCR analysis is shown in Supplemen-
tary Table 1.

2.7. Western Blotting. Total proteins were isolated from the
cardiac and pulmonary tissues using a radioimmunoprecipi-
tation assay buffer as described previously [28]. The protein
concentration was measured using the bicinchoninic protein
assay kit. Equal amounts of proteins were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The resolved proteins were transferred to a polyvinylidene
difluoride membrane (pore size: 0.45μm; Merk Millipore,
MA, USA). The membrane was blocked with 5% skim milk
in Tris-buffered saline containing Tween-20 (TBST) (20mM
Tris, 200mM NaCl, and 0.04% Tween 20) for 1 h at 25°C
and probed with the primary antibodies (1 : 1000) overnight
at 4°C. Next, the membrane was washed thrice with TBST
for 5min and incubated with the anti-rabbit or anti-mouse
horseradish peroxidase-conjugated secondary antibodies
(1 : 3000) for 1 h at 25°C. Immunoreactive signals were
detected using Immobilon western blotting detection
reagents (EMD Millipore, Billerica, MA, USA). The intensi-
ties of the protein bands were quantified using ImageJ soft-
ware (https://imagej.net/).

2.8. Transfection. To overexpress Hdac8, H9c2 cells were
transfected with 1.6μg of pCMV-HA-myc or pCMV-
Hdac8-HA-myc plasmids for 2 days using Lipofectamine
and PLUS reagents, following the manufacturer’s instruc-
tions. Additionally, the H9c2 cells were transfected with
1.6μg of pCMV6-SPORT6 or pCMV6-SPORT6-Ace1 plasmids
for 2 days to overexpress Ace1. The pCMV6-SPORT6-Ace1
clone was obtained from the Korea Human Gene Bank,
Medical Genomics Research Center, KRIBB, Korea.

To knockdown Hdac8 or Ace1, H9c2 cells were
transfected with 100nM control siRNAs (cat no. SN-1003,
Bioneer, Daejeon, South Korea), si-Hdac8 (cat no. L-096589-
02-0005, Dharmacon, Lafayette, CO, USA), or si-Ace1
(product name 24310, Bioneer) using RNAiMAX reagent.

The siRNA sequences were as follows: control sense, 5′-
CCU ACG CCA AUU UCG U-3′ and control antisense, 5′-
ACG AAA UUG GUG GCG UAG G-3′; si-Ace1 #1, 5′-CUC
AGU AAU GAA GCC UAC A-3′; si-Ace1 #2, 5′-CAU UUG
ACG UGA GCA ACU U-3′; si-Ace1 #3, 5′-ACA AAC CCA
ACC UCG AUG U-3′; si-Hdac8 #1: 5′-UAG AAU AUG
GAC UAG GUU A-3′; si-Hdac8 #2, 5′-GAU CCA AUG
UGC UCC UUU A-3′; si-Hdac8 #3, 5′-CAG CAU AUG
GUC CUG AUU A-3′; and si-Hdac8 #4: 5′-CAG AAG GGA
UAU UUG ACU A-3′.

2.9. Nuclear and Cytoplasmic Protein Extraction. H9c2 cells
pretreated with TNFα (50 ng/mL) for 1 h were incubated
with vehicle (0.1% DMSO) or PCI34051 (10μM) for 5 h.
The cytoplasmic extracts were prepared using the hypotonic
lysis buffer (10mM HEPES (pH7.9), 10mM KCl, 10mM
EDTA, 1mM dithiothreitol (DTT), 0.4% IGEPAL, and 1×
protease inhibitor). The extracts were incubated on ice for
10min on a rocker and centrifuged at 13000 rpm and 4°C
for 5min. The supernatant was stored as cytoplasmic
extracts. The nuclear pellets were resuspended in a high salt
buffer (10mM HEPES [pH7.9], 400mM NaCl, 1mM
EDTA, 1mM DTT, and 1× protease inhibitor) and incu-
bated on a rotating shaker on ice for 2 h. The samples were
centrifuged at 13000 rpm and 4°C for 5min to obtain the
nuclear extracts.

2.10. Statistical Analysis. All data are represented as mean
± standard error. The means of two groups were compared
using Student’s t-test, whereas those of three or more groups
were compared using one-way analysis of variance, followed
by a Bonferroni multiple comparison test. Differences were
considered significant at P < 0:05. All statistical analyses
were performed using GraphPad Prism version 8.0.2
(GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. PCI34051 Alleviates Cardiac Hypertrophy and Restores
Cardiac Function in the TAC-Induced Heart Failure Mouse
Model. Cardiac hypertrophy is often accompanied by
hypertension and heart failure [33, 34]. We investigated the
effects of different concentrations of PCI34051 (3, 10, and
30mg/kg bodyweight/day), an HDAC8 selective inhibitor,
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on concomitant cardiac hypertrophy using the TAC-induced
heart failure mouse model. The timeline of the experiments
is shown in Figure 1(a). The heart size in the TAC group
was markedly higher than that in the sham group. Treatment
with PCI34051 at a dose of 10mg/kg bodyweight/day did not
affect the heart weight-to-bodyweight (HW/BW) ratio in the
sham group. In contrast, all three doses of PCI34051 signifi-
cantly mitigated the TAC-induced enhanced HW/BW ratio.
The HW/BW ratio in the group treated with PCI34051 at a
dose of 30mg/kg bodyweight/day was lower than that in the
groups treated with PCI34051 at doses of 3 and 10mg/kg
bodyweight/day (Figure 1(b)).

Next, the size of cardiomyocytes in the H&E-stained car-
diac tissues was examined. The cross-sectional area was not
significantly different between the vehicle-treated sham and
PCI34051-treated sham groups. However, PCI34051 dose
dependently decreased the cross-sectional area of cardiomyo-
cytes in the TAC-treated groups (Figures 1(c) and 1(d)).
Furthermore, qRT-PCR (Figures 1(e) and 1(f)) and western
blotting (Figures 1(g)–1(i)) analyses revealed that the mRNA
and protein expression levels of the cardiac hypertrophic
markers Nppa and Nppb in the TAC+PCI34051 (3, 10, or
30mg/kg bodyweight/day) groups were downregulated when
compared with those in the untreated TAC group.

Next, the effect of PCI34051 on cardiac function was
evaluated using echocardiography. At week 6 post-TAC, the
lumen of the left ventricle was enlarged, the left ventricle wall
was thickened, and the cardiac function was significantly
reduced (Supplementary Figure 1). Left ventricular internal
dimension end-systolic (LVIDs) and left ventricular internal
dimension end-diastolic (LVIDd) were not affected in the
sham groups after 8 weeks (6 weeks of TAC+2 weeks of
PCI34051 at a dose of 10mg/kg/day). However, the
administration of PCI34051 dose dependently mitigated
TAC-induced enhanced LVIDs and LVIDd (Figures 1(j) –
1(l)). The effect of PCI34051 at a dose of 30mg/kg
bodyweight/day was higher than that of PCI34051 at doses
of 3 and 10mg/kg bodyweight/day. Fractional shortening
(FS) and ejection fraction (EF) were significantly decreased
in the TAC groups. However, PCI34051 dose dependently
increased FS and EF (Figures 1(m) and 1(n)).

3.2. PCI34051 Regulates RAAS Genes in TAC Mice. Heart
failure is characterized by neurohormonal activation [35,
36]. In this study, we investigated the effects of PCI34051
on the RAAS by evaluating the mRNA expression levels of
Ace1, Ace2, Agtr1, and Agtr2 in cardiac and pulmonary
tissues. PCI34051 dose dependently mitigated the TAC-
induced upregulation of Ace1 mRNA levels (Figure 2(a))
and downregulation of Ace2 mRNA levels in cardiac tissues
(Figure 2(b)). Similar Ace1 and Ace2 expression patterns
were observed in the pulmonary tissues (Figures 2(c) and
2(d)). The expression levels of Ace1 were downregulated in
cardiac tissues in the sham group. However, TAC markedly
upregulated the levels of Ace1, which was markedly miti-
gated upon PCI34051 treatment. PCI34051 mitigated the
TAC-induced downregulation of Ace2 levels in cardiac tis-
sues (Figures 2(e)–2(g)). Similar Ace1 and Ace2 expression
patterns were observed in pulmonary tissues (Figures 2(h)–

2(j)). qRT-PCR analysis revealed that PCI34051 mitigated
the TAC-induced upregulation of Agtr1mRNA levels in car-
diac and pulmonary tissues. In contrast, PCI34051 mitigated
the TAC-induced downregulation of Agtr2 mRNA levels
(Figures 2(k)–2(n)).

3.3. PCI34051 Downregulates the Expression of Hdac8 and
Inflammatory Markers in TAC Mice. Previous studies have
reported that HDAC8 is involved in the induction of cardiac
hypertrophy [28, 29].We hypothesized that heart failure could
also be alleviated through HDAC8 inhibition. To verify this
hypothesis, mRNA levels of class I HDACs (Hdac1, Hdac2,
Hdac3, and Hdac8) were determined in TAC mice. TAC did
not affect the cardiac and pulmonary levels of Hdac1, Hdac2,
and Hdac3 (Supplementary Figure 2). However, TAC
significantly upregulated the cardiac Hdac8 mRNA levels.
PCI34051 dose dependently mitigated the TAC-induced
upregulation of cardiac Hdac8 mRNA levels (Figure 3(a)).
The upregulated levels of inflammatory biomarkers are
reported to contribute to heart failure [37]. Therefore, the
effect of PCI34051 on inflammatory marker expression was
examined. PCI34051 dose dependently mitigated the TAC-
induced upregulation of cardiac Il1b, Ccl2, and Rela mRNA
levels (Figures 3(b)–3(d)). Additionally, PCI34051 mitigated
the TAC-induced downregulation of cardiac Nfkbia mRNA
levels (Figure 3(e)). The effects of TAC and PCI34051 on the
expression patterns of Hdac8 and inflammation-related
genes in the cardiac tissues were similar to those in the
pulmonary tissues (Figures 3(f)–3(j)). Western blotting
analysis revealed that PCI34051 dose dependently mitigated
the TAC-induced upregulation of Hdac8, Ccl2, and Rela in
cardiac and pulmonary tissues, which was consistent with
the qRT-PCR analysis results (Figures 3(k)–3(t)). PCI34051
mitigated the TAC-induced downregulation of Nfkbia
(Figures 3(o) and 3(t)).

3.4. PCI34051 Suppresses Cardiac Fibrosis in TAC Mice.
Previous studies have reported that interstitial cardiac
fibrosis leads to the development of heart failure [38]. The
therapeutic effect of PCI34051 on cardiac fibrosis was exam-
ined using Picrosirius red staining, qRT-PCR, and western
blotting analyses. As shown in Figures 4(a) nad 4(b), TAC
promoted collagen deposition in the perivascular and inter-
stitial regions of the heart. PCI34051 dose dependently
decreased TAC-induced collagen accumulation. The cardiac
expression levels of the fibrosis-related genes Col1a1, Fn1,
Acta2, and Tgfb1 in the TAC group were upregulated com-
pared with those in the sham group. Treatment with
PCI34051 significantly downregulated the expression of
these genes (Figures 4(c)–4(f)). The results of western blot-
ting analysis were consistent with those of qRT-PCR analysis
(Figures 4(g)–4(j)). TGF-β1/Smad2/3 signaling is reported
to induce fibrotic gene expression [39]. Hence, the levels of
phosphorylated Smad2/3 were examined. Treatment with
PCI34051 mitigated the TAC-induced upregulation of
cardiac p-Smad2/3 levels (Figures 4(g) and 4(k)).

3.5. PCI34051 Alleviates Pulmonary Congestion and Fibrosis
in TAC Mice. Heart failure promotes pathological lung
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Figure 1: PCI34051 alleviates cardiac hypertrophy and left ventricular dysfunction in transverse aortic constriction- (TAC-) induced heart
failure. (a) Schematic diagram of the TAC-induced heart failure mouse model and the PCI34051 treatment schedule. TAC promoted heart
failure in mice. At week 6 post-TAC, mice were administered with vehicle or PCI34051 for 2 weeks as described in Materials and Methods.
(b) Heart weight-to-bodyweight (HW/BW) ratio (n = 5–6 mice per group; A) and representative images (B) of heart from the sham+vehicle,
sham+PCI34051 (10mg/kg bodyweight/day), TAC+vehicle, and TAC+PCI34051 (3, 10, or 30mg/kg bodyweight/day) groups. (c)
Representative images of mouse cardiac tissues stained with hematoxylin and eosin (n = 5–6 mice per group). Scale bar = 50μm. (d)
Quantification of cardiomyocyte cross-sectional area of samples described in (b). (e, f) mRNA levels of Nppa and Nppb were determined
using quantitative real-time polymerase chain reaction and normalized to those of Gapdh. (g) Nppa and Nppb levels in the cardiac
tissues of mice described in (b). Representative western blot images. (h, i) Quantification of Nppa and Nppb levels. (j–n) Representative
M-mode echocardiograms and parameters in mice. Quantification of left ventricular internal dimension end-systolic (LVIDs) and left
ventricular internal dimension end-diastolic (LVIDd), fractional shortening (FS), and ejection fraction (EF) (n = 5–6 mice per group).
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Figure 2: Continued.
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remodeling [40]. The effect of PCI34051 on TAC-induced
lung remodeling was examined using histological, qRT-
PCR, and western blotting analyses. The LW/BW ratio in
the TAC group was higher than that in the sham group.
PCI34051 significantly and dose dependently mitigated the
TAC-induced enhanced LW/BW ratio (Figure 5(a)). H&E
staining of pulmonary tissues revealed that the alveolar
spaces were not significantly different between the
vehicle-treated sham and PCI34051-treated sham groups.
PCI34051 mitigated the TAC-induced decreased alveolar
spaces (Figure 5(b)). Next, pulmonary fibrosis was evaluated
using Picrosirius red staining. Treatment with PCI34051

dose dependently mitigated TAC-induced pulmonary
fibrosis (Figurse 5(c) and 5(d)). To further characterize pul-
monary fibrosis, the expression levels of fibrosis-related
markers were examined using qRT-PCR and western
blotting analyses. PCI34051 significantly mitigated the
TAC-induced upregulation of Col1a1, Fn1, Acta2, and Tgfb1
mRNA levels (Figures 5(e)–5(h)). The pulmonary levels of
Fn1, Acta2, Tgfb1, and phosphorylated Smad2/3 in the
TAC group were upregulated compared with those in the
sham group. However, PCI34051 mitigated the TAC-
induced upregulation of Fn1, Acta2, Tgfb1, and phosphory-
lated Smad2/3 in the pulmonary tissues (Figures 5(i)–5(m)).
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Figure 2: PCI34051 regulates renin-angiotensin system-related genes in the cardiac and pulmonary tissues of transverse aortic constriction
(TAC) mice. (a–d) Cardiac and pulmonary mRNA levels of Ace1 and Ace2 in the sham+vehicle, sham+PCI34051 (10mg/kg bodyweight/day),
TAC+vehicle, and TAC+PCI34051 (3, 10, or 30mg/kg bodyweight/day) groups (n = 5–6) were examined using quantitative real-time
polymerase chain reaction (qRT-PCR). (e) Representative western blot images of Ace1 and Ace2 in cardiac tissues. (f, g) Quantification of
Ace1 and Ace2 levels (n = 5–6). (h) Representative western blot images of Ace1 and Ace2 in the pulmonary tissues. (i, j) Quantification of
Ace1 and Ace2 levels (n = 5–6). (k–n) Cardiac and pulmonary mRNA levels of Agtr1 and Agtr2 were determined using qRT-PCR and
normalized to those of Gapdh (n = 5–6).
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Figure 3: Continued.
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3.6. Knockdown of Hdac8 or Ace1 Suppresses TGF-β1-
Mediated Fibrosis in Primary Rat Cardiac Fibroblasts. Heart
failure is often accompanied by fibrosis, a process character-
ized by excess production of extracellular matrix in activated
fibroblasts [41, 42]. To examine the role of HDAC8 in the
regulation of fibrosis in vitro, primary rat cardiac fibroblasts
were incubated with PCI34051 in the presence or absence of
TGF-β1. PCI34051 significantly mitigated the TGF-β1-
induced upregulation of Hdac8 mRNA levels (Figure 6(a)).
Additionally, PCI34051 mitigated the TGF-β1-induced
upregulation of the fibrosis-related genes Col1a1, Fn1, and
Acta2 (Figures 6(b)–6(d)). TGF-β1 treatment upregulated
the expression of Tgfb1 (Figure 6(e)). The results of western
blotting analysis were consistent with those of qRT-PCR
analysis (Figure 6(f)–6(j)). Furthermore, PCI34051 miti-
gated the TGF-β1-induced upregulation of phosphorylated
Smad2/3 levels (Figures 6(f) and 6(k)).

To determine whether TGF-β1-induced fibrosis was
dependent on HDAC8, we transfected H9c2 cells with si-
Hdac8. Transfection with si-Hdac8 markedly downregulated
the endogenous Hdac8 mRNA levels (Figure 6(l)) and miti-
gated the TGF-β1-induced upregulation of Fn1, Acta2, Tgfb1
(Figures 6(m)–6(o)), and Ace1 mRNA levels (Figure 6(p)).
The results of the western blotting analysis were consistent
with those of qRT-PCR analysis (Figures 6(q)–6(v)). Further-
more, transfection with si-Hdac8 mitigated the TGF-β1-

induced upregulation of phosphorylated Smad2/3 levels
(Figures 6(q) and 6(w)).

Next, the role of ACE1 in fibrosis was investigated by
downregulating Ace1 expression using siRNAs. Transfection
with si-Ace1 markedly downregulated the endogenous Ace1
mRNA levels, whereas treatment with TGF-β1 upregulated
the Ace1 mRNA levels in rat cardiac fibroblasts (Supplemen-
tary Figure 3A). Additionally, transfection with si-Ace1
mitigated the TGF-β1-induced upregulation of Hdac8, Fn1,
Acta2, and Tgfb1 mRNA levels (Supplementary Figure 3B–
E). The results of western blotting analysis were consistent
with those of qRT-PCR analysis (Supplementary Figure 3F–
K). Furthermore, transfection with si-Ace1 significantly
downregulated the levels of phosphorylated Smad2/3 in
TGF-β1-stimulated fibroblasts (Supplementary Figure 3F
and L).

3.7. Cardiac Inflammation Is Regulated through the Hdac8-
Ace1-Rela-Nfkbia Axis. To elucidate the regulatory mecha-
nisms of PCI34051, the role of Hdac8 and Ace1 in
inflammation was examined. H9c2 cardiomyocytes were
transfected with pCMV or pCMV-Hdac8 constructs. Hdac8
overexpression upregulated Hdac8 and Ace1 mRNA levels
and downregulated Ace2 mRNA levels. The NF-κB signaling
pathway is reported to play a key role in various inflamma-
tory diseases [43]. Hdac8 overexpression significantly
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Figure 3: PCI34051 downregulates the expression of Hdac8 and inflammation-related genes in transverse aortic constriction (TAC) mice.
(a–j) Cardiac and pulmonary mRNA levels of Hdac8, Il1b, Ccl2, Rela, and Nfkbia in the sham+vehicle, sham+PCI34051 (10mg/kg
bodyweight/day), TAC+vehicle, and TAC+PCI34051 (3, 10, or 30mg/kg bodyweight/day) groups were determined using quantitative
real-time polymerase chain reaction. (k) Cardiac expression levels of Hdac8, Ccl2, Rela, and Nfkbia; representative western blot images
are shown. Actb was used as a loading control. (l–o) Quantification of Hdac8, Ccl2, Rela, and Nfkbia levels (n = 5–6 per group). (p)
Pulmonary expression levels of Hdac8, Ccl2, Rela, and Nfkbia; representative western blot images. Actb was used as a loading control.
(q–t) Quantification of Hdac8, Ccl2, Rela, and Nfkbia levels (n = 5–6 per group).
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Figure 4: Continued.
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upregulated Rela mRNA levels and downregulated Nfkbia
mRNA levels (Figure 7(a)). Next, the expression of Hdac8
was knocked down using siRNA. Transfection with si-
Hdac8 markedly decreased endogenous Hdac8 mRNA levels
but did not affect Ace1 and Ace2 mRNA levels. Additionally,
transfection with si-Hdac8 downregulated Rela mRNA
levels and upregulated Nfkbia mRNA levels (Figure 7(b)).
To investigate the role of Ace1, the cells were transfected
with pCMV6 or pCMV6-Ace1 constructs. Ace1 overexpres-
sion upregulated endogenous Ace1 levels and downregu-
lated Ace2 levels. However, Ace1 overexpression did not
affect Hdac8 levels. Additionally, Ace1 overexpression sig-
nificantly upregulated Rela levels and downregulated Nfkbia
levels (Figures 7(c) and 7(d)). Meanwhile, Ace1 knockdown

downregulated endogenous Ace1 mRNA levels and upregu-
lated Ace2 mRNA levels. However, Ace1 knockdown did
not affect Hdac8 mRNA levels but significantly upregulated
Nfkbia mRNA levels (Figure 7(e)). To evaluate the effect of
Hdac8 knockdown on isoproterenol-induced inflammation,
H9c2 cardiomyocytes were transfected with control siRNA
or si-Hdac8 and treated with isoproterenol. Transfection
with si-Hdac8 did not affect Ace1 and Ace2 mRNA levels.
Additionally, si-Hdac8 mitigated the isoproterenol-induced
upregulation of Ace1 mRNA levels and downregulation
of Ace2 mRNA levels (Supplementary Figure 4A–B).
Furthermore, si-Hdac8 mitigated the isoproterenol-induced
upregulation of Rela mRNA levels and downregulation of
Nfkbia mRNA levels (Figures 7(f) and 7(g)). Next, the role
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Figure 4: PCI34051 alleviates cardiac fibrosis in transverse aortic constriction (TAC) mice through the TGF-β1-Smad2/3 pathway. (a, b)
Picrosirius red staining of mouse cardiac tissues; representative images and quantification are shown. Scale bar = 50μm. The expression
levels of the fibrosis marker genes Col1a1 (c), Fn1 (d), Acta2 (e), and Tgfb1 (f) were determined using quantitative real-time polymerase
chain reaction (n = 5–6 per group). (g) The cardiac expression levels of Fn1, Acta2, Tgfb1, p-Smad2/3, and Smad2/3 were analyzed using
western blotting. Actb was used as a loading control. Representative blots are shown. (h–k) Quantification of Fn1, Acta2, Tgfb1, and
p-Smad2/3 to Smad2/3 (n = 5–6 per group).
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of ACE1 in HDAC8-mediated inflammation response was
examined. H9c2 cells were transfected with pCMV-Hdac8
construct and si-Ace1. Transfection with si-Ace1 did not
affect Hdac8 levels, which suggested that Ace1 is a
downstream gene of Hdac8. Hdac8 overexpression mitigated
si-Ace1-induced upregulation of Ace2. Furthermore, si-Ace1
mitigated Hdac8 overexpression-induced Rela upregulation
and Nfkbia downregulation (Figures 7(h) and 7(i)). To
analyze the association between HDAC8 and inflammation,
H9c2 cells were incubated with PCI34051 in the presence or
absence of TNFα. The localization of NF-κB (nuclear vs.
cytoplasmic) was evaluated. Treatment with TNF-α did not
affect the localization of Ace1 and Hdac8, which were
localized in the nuclear fraction. PCI34051 mitigated the
TNF-α-induced upregulation of nuclear Rela levels and
downregulation of cytosolic Nfkbia levels (Figures 7(j) and
7(k)). These findings indicate that PCI34051 exerts
cardioprotective effects through the downregulation of the
NF-κB signaling pathway.

4. Discussion

In this study, we found that the selective HDAC8 inhibitor
(PCI34051) alleviated pathological heart and lung condi-
tions, mitigated cardiac dysfunction, and suppressed inflam-
mation and fibrosis in TAC mice through the Hdac8-Ace1
axis (Figure 8).

The cardiac and pulmonary expression levels of Hdac8
but not those of other class I HDACs (HDAC1, HDAC2,
and HDAC3) were upregulated in TAC mice. This suggested
a distinct role of HDAC8 in the regulation of heart failure.
The expression levels of Ace1 and Agtr1 were upregulated,
whereas those of Ace2 and Agtr2 were downregulated in
the cardiac and pulmonary tissues of TAC mice. Treatment
with PCI34051 mitigated the TAC-induced changes in the
expression levels of these genes, which suggested that
HDAC8 promoted the activation of RAAS during heart

failure. Hdac8 overexpression upregulated Ace1 and Agtr1
levels and downregulated Ace2 and Agtr2 levels in cardio-
myocytes (Figure 7(a) and Supplementary Figure 5).
Previous studies have reported that RAAS is activated in
patients with heart failure [44]. However, the direct roles of
RAAS components in the pathogenesis of heart failure are
unclear. This study demonstrated that overexpression of
Ace1 and Hdac8 upregulated the expression of inflammatory
markers in cardiomyocytes, which was mitigated upon Ace1
knockdown. ACE1 and ACE2 are reported to play an
important role in inflammation [45, 46]. Therefore, the
expression levels of Ace1 and Ace2 were examined in the
TAC-induced mouse model. Overexpression of Hdac8 or
Ace1 downregulated Ace2 levels, which suggested that
Hdac8 is a novel negative regulator of Ace2 expression.

Recently, we reported that PCI34051 attenuates
catecholamine-induced cardiac hypertrophy [28]. In this
study, PCI34051 dose dependently alleviated cardiac hyper-
trophy and downregulated the expression of hypertrophy-
specific genes (Nppa and Nppb) in the cardiac tissues of
TAC mice. The TAC mouse model is characterized by
decreased systolic function and development of heart failure
with reduced EF [47]. PCI34051 regulated cardiac remodel-
ing (increased the size of the left ventricular lumen) and
consequently improved cardiac function. Heart failure is
usually accompanied by cardiac hypertrophy. The role of
HDAC2, which is the best characterized HDAC, in cardiac
hypertrophy has been previously reported [20–22, 48, 49].
For example, SK-7041, a highly selective inhibitor of
HDAC1 and HDAC2, alleviated cardiac hypertrophy in the
rat TAC model [23]. Although HDAC2 and HDAC8
promote cardiac hypertrophy, the underlying mechanisms
may vary. The enzymatic activity of HDAC2 was reported
to be critical for the development of cardiac hypertrophy
[21], whereas upregulation of HDAC8 expression was criti-
cal for promoting cardiac hypertrophy. Moreover, cardiac
Hdac2 and Hdac8 expression levels are upregulated during
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Figure 5: PCI34051 alleviates pulmonary congestion and fibrosis in transverse aortic constriction (TAC) mice. (a) The ratio of lung weight-
to-bodyweight (LW/BW) in the sham+vehicle, sham+PCI34051 (10mg/kg bodyweight/day), TAC+vehicle, and TAC+PCI34051 (3, 10, or
30mg/kg bodyweight/day) groups (n = 5–6 per group) was determined. Representative images of mouse lungs (B). (b) Representative
images of pulmonary tissues stained with hematoxylin and eosin. Scale bar = 50μm. (c) Representative images of pulmonary tissues
stained with Picrosirius red. Scale bar = 50 μm. (d) Pulmonary fibrosis was quantified using ImageJ software. (e–h) The mRNA levels of
Col1a1, Fn1, Acta2, and Tgfb1 were evaluated using quantitative real-time polymerase chain reaction (n = 5–6 per group). (i–m)
Representative western blots and quantification of Fn1, Acta2, Tgfb1, p-Smad2/3, and Smad2/3 levels in the pulmonary tissues (n = 5–6
per group).
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Figure 6: PCI34051 or Hdac8 knockdown mitigates TGF-β1-induced fibrosis in rat cardiac fibroblasts. (a–e) Rat cardiac fibroblasts were
pre-treated with TGF–β1 (10 ng/mL) for 1 h and cultured in the presence of vehicle or PCI34051 (10 μM) for 8 h. mRNA levels of
Hdac8, Col1a1, Fn1, Acta2, and Tgfb1 were evaluated using quantitative real-time polymerase chain reaction (qRT-PCR) (n = 4–6 per
group). (f–k) Representative immunoblots and quantification of Hdac8, Fn1, Acta2, Tgfb1, p-Smad2/3, and Smad2/3 levels in rat cardiac
fibroblasts (n = 6 per group). Actb was used as a loading control. (l–p) Rat cardiac fibroblasts were transfected with control or short-
interfering RNA against Hdac8 and treated with TGF-β1 (10 ng/mL) for 9 h. The mRNA levels of Hdac8, Fn1, Acta2, Tgfb1, and Ace1
were determined using qRT-PCR (n = 5 per group). (q–w) Representative immunoblots and quantification of Hdac8, Ace1, Fn1, Acta2,
Tgfb1, p-Smad2/3, and Smad2/3 levels in rat cardiac fibroblasts (n = 4 per group). Actb was used as a loading control.

19Oxidative Medicine and Cellular Longevity



– +
0

1

2

3

4

pCMV-Hdac8

m
RN

A
/G

a
p
d
h

p < 0.0001

p < 0.0001

p < 0.0001

p < 0.0001

p < 0.0001

Hdac8

– +
Ace1

– +
Ace2

– +
Rela

– +
Nfkbia

(a)

0.0

0.5

1.0

1.5

si-Hdac8

m
RN

A
/G

a
p
d
h

p < 0.0001
p = 0.3729 p = 0.3165 p = 0.0382 p < 0.0001

– +
Hdac8

– +
Ace1

– +
Ace2

– +
Rela

– +
Nfkbia

(b)

Actb 43 kDa

Ace1 195 kDa

90 kDaAce2

Nfkbia 39 kDa

pCMV6

Rela 65 kDa

Hdac8 45 kDa

pCMV6-Ace1

(c)

0.0

0.5

1.0

1.5

2.0

2.5

pCMV6-Ace1

Pr
ot

ei
n/

Ac
tb

p < 0.0001

p < 0.0001
p = 0.8679

p < 0.0001

p < 0.0001

– +
Ace1

– +
Ace2

– +
Hdac8

– +
Rela

– +
Nfkbia

(d)

0.0

0.5

1.0

1.5

2.0

siAce1

p < 0.0001

p < 0.0001

p < 0.0001
p = 0.5968 p = 0.1231

– +
Ace1

– +
Ace2

– +
Hdac8

– +
Rela

– +
Nfkbia

m
RN

A
/G

a
p
d
h

(e)

0.0

0.5

1.0

1.5

2.0

2.5

ISO
 si-Hdac8 –

–
–
+

+
–

+
+

p > 0.9999

p < 0.0001
p < 0.0001

R
el
a

 m
RN

A
/G

a
p
d
h

(f)

ISO
 si-Hdac8 –

–
–
+

+
–

+
+

0.0

0.5

1.0

1.5

p > 0.9999
p < 0.0001

p < 0.0001

N
f
k
bi
a

m
RN

A
/G

a
p
d
h

(g)

Figure 7: Continued.

20 Oxidative Medicine and Cellular Longevity



Actb 43 kDa

Ace1 195 kDa

90 kDaAce2

Nfkbia 39 kDa

Hdac8

pCMV-Hdac8
si-Ace1

45 kDa

Rela 65 kDa

–
–

–
–

+
–

+
–

+
+

+
+

(h)

0

1

2

3

pCMV-Hdac8

si-Ace1
–
–

+
–

+
+

Pr
ot

ei
n/

Ac
tb

p
 <

 0
.0

00
1

p
 =

 0
.9

30
3

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 =

 0
.0

00
7

p
 <

 0
.0

00
1

p
 =

 0
.0

00
2

p
 <

 0
.0

00
1

Hdac8

–
–

+
–

+
+

Ace1

–
–

+
–

+
+

Ace2

–
–

+
–

+
+

Rela

–
–

+
–

+
+

Nfkbia

(i)

TNF±
PCI

–
–

+
–

+
+

–
–

+
–

+
+

Nuc Cyto

Ace1

Hdac8

Rela

Nfkbia

Actb 43 kDa

195 kDa

39 kDa

65 kDa

45 kDa

LmnB 67 kDa

(j)

0

2

4

6

TNF𝛼
PCI

–
–

+
–

+
+

Pr
ot

ei
n/

Lm
nB

 o
r A

ct
b

p
 <

 0
.0

00
1

p
 <

 0
.0

00
8

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

p
 <

 0
.0

00
1

Ace1

–
–

+
–

+
+

Hdac8

–
–

+
–

+
+

Rela

–
–

+
–

+
+

Nfkbia

(k)

Figure 7: PCI34051 and Hdac8 or Ace1 knockdown regulate Rela and Nfkbia expression in cardiomyocytes. (a) mRNA levels of Hdac8,
Ace1, Ace2, Rela, and Nfkbia in H9c2 cells transfected with pCMV vector or pCMV-Hdac8 were evaluated using quantitative real-time
polymerase chain reaction (qRT-PCR) (n = 6 per group). (b) mRNA levels of Hdac8, Ace1, Ace2, Rela, and Nfkbia in H9c2 cells
transfected with control short-interfering RNA (siRNA) or siRNA against Hdac8 (si-Hdac8) were evaluated using qRT-PCR (n = 12 per
group). (c, d) Representative immunoblots and quantification of Ace1, Ace2, Hdac8, Rela, and Nfkbia levels in pCMV6-Ace1-transfected
H9c2 cells (n = 6 per group). Actb was used as a loading control. (e) mRNA levels of Ace1, Ace2, Hdac8, Rela, and Nfkbia in H9c2 cells
transfected with control siRNA or si-Ace1 were evaluated using qRT-PCR (n = 12 per group). (f, g) The mRNA levels of Rela and Nfkbia
in H9c2 cells transfected with control siRNA or si-Hdac8 and treated with isoproterenol (10 μM) for 9 h were measured using qRT-PCR
(n = 6 per group). (h, i) The expression levels of Hdac8, Ace1, Ace2, Rela, and Nfkbia in H9c2 cells transfected with pCMV or pCMV-
Hdac8 and control siRNA or si-Ace1; representative immunoblots and quantification of protein levels are shown (n = 6 per group). Actb
was used as a loading control. (j, k) H9c2 cells were incubated with TNFα (50 ng/mL) for 1 h and cultured in the presence of vehicle or
PCI34051 (10 μM) for 5 h. The nuclear and cytoplasmic fractions were obtained as described in Materials and Methods. Representative
western blots and quantification of protein levels (n = 4 per group). Actb and LmnB were used as loading controls for the cytoplasmic
and nuclear fractions, respectively.
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cardiac remodeling in renovascular hypertensive rats [50].
One study reported that the expression levels of HDAC1,
HDAC2, and HDAC8 were upregulated in patients with idi-
opathic pulmonary arterial hypertension [51]. Zhang et al.
reported that calcium calmodulin kinase II promoted car-
diac dysfunction by activating HDAC1 and HDAC3 [52].
However, these results are not consistent with some previous
studies, which reported that HDAC3 is involved in postnatal
cardiac myocyte proliferation and not cardiac hypertrophy
[26]. The findings of this study suggested that sustained
upregulation of Hdac8 mRNA and protein levels has a
critical role in the transition from cardiac hypertrophy to
heart failure.

Next, the expression levels of inflammation-related genes
in the cardiac and pulmonary tissues of TAC mice were
examined. TAC upregulated Rela levels and downregulated
Nfkbia levels. Treatment with PCI34051 mitigated Rela
upregulation and Nfkbia downregulation in vivo and
in vitro. Additionally, PCI34051 mitigated the TNFα-induced
nuclear localization of Rela, Ace1, and Hdac8 and downregu-
lation of Nfkbia in the cytosol of cardiomyocytes. These
findings indicate that PCI34051 exerts inhibitory effects on
inflammatory signaling. Interestingly, the expression levels of
Rela and Nfkbia were not affected in TGF-β1-stimulated
cardiac fibroblasts (Supplementary Figure 6). Previously,
we had demonstrated that PCI34051 downregulated the
expression of inflammatory markers and adhesion molecules
in hypertension [27]. WK2-16, an HDAC8 inhibitor, is
reported to alleviate neuroinflammation both in vivo and
in vitro [53]. CCL2, an inflammatory cytokine, plays an
important role in the pathogenesis of heart failure [54]. In
this study, PCI34051 mitigated the heart failure-induced
upregulation of Ccl2.

Furthermore, the results of Picrosirius red staining
revealed that PCI34051 dose dependently mitigated TAC-

induced fibrosis in the mouse cardiac and pulmonary tis-
sues. This indicated that HDAC8 is a potential novel thera-
peutic target for fibrosis. TGF-β1, a fibrogenic growth factor,
upregulated the expression of Hdac8 and fibrosis-related
genes. The expression levels of Tgfb1 and phosphorylated
Smad2/3 were upregulated in TAC mice and TGF-β1-treated
cardiac fibroblasts. The antifibrotic effect of PCI34051 or
Hdac8 knockdown was potentially mediated through inhibi-
tion of the TGF-β1-Smad2/3 pathway. Interestingly, TGF-
β1-induced fibrosis was dependent on Ace1. The expression
levels of Fn1 and Acta2 were downregulated in TGF-β1-
treated Ace1 knockdown cardiac fibroblasts (Supplementary
Figure 3). Moreover, the mRNA and protein levels of Ace1
were markedly upregulated in cardiac and pulmonary tissues
of TAC mice. These observations suggest that the activation
of RAAS contributed to pressure overload-induced fibrosis.
The findings of this study are consistent with those in
previous reports, which reported that ACE1 was upregulated
and ACE2 was downregulated in bleomycin-induced lung
fibrosis [55].

Cardiomyocytes were treated with actinomycin D, a
transcription inhibitor, to elucidate the mechanisms under-
lying Hdac8 overexpression-mediated upregulation of Ace1
and Rela, downregulation of Ace2 and Nfkbia, and regula-
tion of inflammation and fibrosis. Actinomycin D mitigated
Hdac8 overexpression-induced upregulation of Ace1 and
Rela. This indicated that Hdac8 upregulated the expression
levels of Ace1 and Rela at the transcript level (Supplemen-
tary Figure 7).

5. Conclusions

This study demonstrated that the HDAC8 selective inhibitor
PCI34051 alleviated cardiac hypertrophy, pulmonary con-
gestion, inflammation, and fibrosis, which resulted in
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Figure 8: Suppression of HDAC8 attenuates fibrosis, inflammation, cardiac dysfunction, and pulmonary congestion in heart failure.
Schematic diagram depicting the Hdac8 selective inhibitor- (PCI34051-) mediated or Hdac8 short-interfering RNA-mediated inhibition
of transverse aortic constriction- (TAC-) induced heart failure. TAC-mediated pressure overload upregulates the expression of Hdac8
and Ace1 and downregulates the expression of Ace2 in the heart and lungs. In cardiomyocytes, overexpression of Hdac8 upregulates the
expression of Ace1 and downregulates the expression of Ace2. PCI34051 treatment or Hdac8 knockdown mitigates TGF-β1-induced
upregulation of p-Smad2/3, Col1a1, Fn1, and Acta2 in vitro. PCI34051 regulates the TNFα-mediated or Ace1 overexpression-mediated
expression of Rela and Nfkbia. PCI34051 alleviates cardiac hypertrophy and dysfunction, inflammation, fibrosis, and pulmonary
congestion in heart failure.
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improved cardiac functions in the pressure overload-
induced heart failure mouse model. Among class I HDACs,
only Hdac8 was upregulated in the cardiac and pulmonary
tissues of the heart failure mouse model. Additionally, this
study demonstrated that Hdac8 and Ace1 are involved in
the proinflammatory Rela pathway and the fibrosis-related
TGF-β1-Smad2/3 pathway. Thus, HDAC8 is a potential
novel therapeutic target for heart failure.

6. Limitations of the Study

Here, we showed that the selective HDAC8 inhibitor
PCI34051 alleviated heart failure. However, the inhibitory
effects of PCI34051 on other types of HDACs cannot be
ruled out. Therefore, future studies must confirm the thera-
peutic effects of PCI34051 on heart failure using the Hdac8
knockout mouse model. Additionally, we used the cardio-
myocyte cell line to determine the effects of Hdac8 or Ace1
overexpression on the expression of inflammation-related
genes. HDAC8 regulates cardiac hypertrophy through the
AKT/GSK3β pathway, which was not investigated in this
study. Furthermore, this study used the H9c2 cell line to
investigate the mechanisms of TGF-β1-induced fibrosis. In
contrast to primary cardiomyocytes, the H9c2 cells are not
beating cells. However, the hypertrophic responses of H9c2
cells are similar to those of primary cardiomyocytes.

Data Availability

The data used to support the findings of this study are
included within the supplementary information file.

Conflicts of Interest

All authors declare no conflicts of interest.

Authors’ Contributions

TZ performed the experiments, including TAC surgery,
echocardiography, qRT-PCR, western blotting, and histolog-
ical analysis. HJK conceived and designed the study and pre-
pared the manuscript. SJK and MHJ supplied the reagents
and proofread the manuscript. All authors have read and
approved the final manuscript.

Acknowledgments

This study was supported by the Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education (NRF-
2021R1I1A3045431).

Supplementary Materials

Supplementary Figure 1: echocardiography parameters in
mice at week 6 posttransverse aortic constriction (TAC).
(A) Echocardiography parameters in mice belonging to the
sham and TAC groups at week 6 post-TAC. Quantification
of (A) left ventricular internal diameter end-systole (LVIDs,
mm), (B) left ventricular internal diameter end-diastole

(LVIDd, mm), (C) interventricular septum (IVSd, mm),
(D) left ventricular posterior wall thickness (LVPWd, mm),
(E) fractional shortening (FS, %), and (F) ejection fraction
(EF, %), (n = 5–6). Data are presented as mean ± standard
error and analyzed using one-way analysis of variance,
followed by Bonferroni post hoc test. Supplementary Figure
2: cardiac and pulmonary mRNA expression levels of class I
histone deacetylases (HDACs) in transverse aortic constric-
tion (TAC) mice. The cardiac (A–C) and pulmonary (D–F)
mRNA levels of Hdac1, Hdac2, and Hdac3 in the sham,
TAC, and TAC+PCI34051 (3, 10, or 30mg/kg bodyweight/
day) groups were examined using quantitative real-time poly-
merase chain reaction. The expression levels of target genes
were normalized to those of Gapdh. Data are presented as
mean ± standard error and analyzed using one-way analysis
of variance, followed by Bonferroni post hoc test. Supplemen-
tary Figure 3: Ace1 knockdown downregulates the expression
of fibrosis-related genes in primary rat cardiac fibroblasts.
(A–E) Rat cardiac fibroblasts transfected with control or
short-interfering RNAs against Ace1 (si-Ace1) were incubated
with TGF-β1. The mRNA levels of Ace1, Hdac8, Fn1, Acta2,
and Tgfb1 were determined using quantitative real-time poly-
merase chain reaction. (F–L) Representative blots and quanti-
fication of Ace1, Hdac8, Fn1, Acta2, Tgfb1, p-Smad2/3, and
Smad2/3 levels in the cardiac tissues. Actb was used as a load-
ing control. Data are presented as mean ± standard error and
analyzed using one-way analysis of variance, followed by
Bonferroni post hoc test. Supplementary Figure 4: Hdac8
knockdown regulates Ace1 and Ace2 mRNA levels in
isoproterenol-treated H9c2 cells. (A, B) H9c2 cells transfected
with control or short-interfering RNAs against Hdac8 (si-
Hdac8) were incubated with isoproterenol. The mRNA levels
of Ace1 and Ace2 were determined using quantitative real-
time polymerase chain reaction. The expression levels of target
genes were normalized to those of Gapdh. Data are presented
asmean ± standard error and analyzed using one-way analysis
of variance, followed by Bonferroni post hoc test. Supplemen-
tary Figure 5: Hdac8 overexpression upregulates Agtr1 and
downregulates Agtr2 in H9c2 cells. (A, B) H9c2 cells were
transfected with an empty vector or a pCMV-Hdac8 construct.
The mRNA levels of Agtr1 and Agtr2 were determined using
quantitative real-time polymerase chain reaction. Supplemen-
tary Figure 6: PCI34051 treatment or Hdac8 and Ace1
knockdown did not affect the expression of Rela and Nfkbia
in rat cardiac fibroblasts. (A–B) Rat cardiac fibroblasts were
treated with vehicle or PCI34051 in the presence or absence
of TGF-β1. The mRNA levels of Rela and Nfkbia were deter-
mined using quantitative real-time polymerase chain reaction
(qRT-PCR). (C–D) Rat cardiac fibroblasts transfected with
control or short-interfering RNAs against Hdac8 (si-Hdac8)
were treated with TGF-β1. The mRNA levels of Rela and
Nfkbia were determined using qRT-PCR. (E–F) Rat cardiac
fibroblasts transfected with control or si-Ace1 were treated
with TGF-β1. The mRNA levels of Rela and Nfkbia were
determined using qRT-PCR. Data are presented as the mean
± standard error and analyzed using one-way analysis of var-
iance, followed by Bonferroni post hoc test. Supplementary
Figure 7: Hdac8 upregulated the expression of Ace1 and Rela
at the transcript level. (A−E)H9c2 cells transfected with vector
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or pCMV-Hdac8 were treated with actinomycin D (2.5μg/mL)
for 6h. The mRNA levels of Hdac8, Ace1, Ace2, Rela, and
Nfkbia were determined using quantitative real-time polymer-
ase chain reaction. Data are presented as mean ± standard
error and analyzed using one-way analysis of variance,
followed by Bonferroni post hoc test. Supplementary Table 1:
primers for the RT-PCR. (Supplementary Materials)
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Aim. The study is aimed at verifying miR-154-5p and Smurf1 combination in glomerular mesangial cells regulating TGFβ1/
Smad3 pathway-related protein ubiquitination in the model of diabetic rats renal tissues, primary mesangial cells, and cell
lines. Methods. The diabetic SD rat model and high-glucose-cultured primary mesangial cells and cell lines were established.
miR-154-5p mimic and inhibitor, Smurf1 siRNA, and TGF β 1/Smad3 inhibitor (SB431542) were pretreated to make the
TGFβ1/Smad3 pathway and ubiquitin changes. Fluorescence in situ hybridization was used for the miR-154-5p renal
localization; molecular biological detection was adopted for cell proliferation, renal function, urine protein, and pathway
proteins. After bioinformatics predicted binding sites, luciferase and Co-IP were used to detect miRNA and protein binding.
Results. miR-154-5p was significantly increased and mainly concentrated in the glomerular of renal cortex in well-established
diabetic rat renal tissues. Rno-miR-154-5p combined Rno-Smurf1 3′ UTR, while Smurf1 combined Smad3 directly.
Meanwhile, miR-154-5p regulates TGFβ1/Smad3-mediated cell proliferation via Smurf1 ubiquitination. Conclusion. miR-154-
5p regulates the TGFβ1/Smads pathway through Smurf1 ubiquitination and promotes the fibrosis process of diabetic kidney
disease.

1. Introduction

Diabetic kidney disease (DKD), formerly known as diabetic
nephropathy (DN), is one of the most common chronic
microvascular complications of diabetes mellitus, leading
to end-stage renal disease (ESRD) [1], involving various
renal sections mainly of glomerulus [2], and regarding uri-
nary albumin to creatinine ratio (UACR) as one of the effec-
tive noninvasive detection methods [3–5]. The TGFβ1/
Smads pathway is a classic DKD way to regulate the prolif-
eration and fibrosis of mesangial cells [6, 7]. MicroRNA
(miRNA) is a kind of noncoding RNA with the length of
18-25 highly conserved nucleic acids of which miR-154 is
located in the miRNA-rich region of the 14q32 single-
stranded chromosome in mammals [8], with one of the
mature, miR-154-5p, indicating significant correlation with
urine protein and fibrotic factors of diabetic patients in our

previous studies [9, 10]. However, the specific mechanism
of miR-154-5p regulating DKD has not been studied. There-
fore, the purpose of this study is to detect the expression of
miR-154-5p in various models in vitro and in vivo on the
basis of the successful establishment of diabetic rat model
in previous studies [11, 12], and to explore the specific
molecular mechanism of miR-154-5p regulating DKD in
glomerular mesangial cells through bioinformatics predic-
tion and verification.

2. Materials and Methods

2.1. Reagents. All the reagents were listed in Table 1. The
siRNAs targeting Smurf1, miR-154-5p mimics, inhibitors,
and plasmid vectors using psiCHECK 2.0 Vector System
for the construction of target gene 3′ UTR, as well as their
corresponding negative controls, were designed and
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synthesized by GenePharma, Shanghai, China. These
reagents were transfected into cells using Lipofectamine™
2000 Transfection Reagent (Invitrogen, USA) according to
the manufacturer’s instructions. The TGF β 1/Smad3 path-
way inhibitor, SB431542 (#14775, 10nmol/l) was used to
pretreat target cells as described in previous studies [13].
After the transfection and pretreatment, cells were collected
and stored in liquid nitrogen for the follow-up experiments.

2.2. Animal Modeling. Sprague-Dawley (SD) rats (SPF grade,
7 weeks old, 180-220 g, purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd.), were fed with free
water and food at a constant temperature (23 ± 2°C) and
humidity (50-60%), with a day/night cycle of 12/12 h. The
experiments were conducted from 9:00 a.m. to 11:00 a.m.
daily to prevent circadian rhythm from influencing the
results. All experimental protocols for animals have been
approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of China Medical University (Approval
No. 2021115).

Rats were randomly assigned after one week adaptive
feeding as the diabetic nephropathy group (DN, n = 10 rats):
fed with continuous high-fat diet (D12492, energy ratios of
fat, carbohydrate, and protein as 60 : 20 : 20 kcal%, total
energy of 5.24 kcal/gm, Research Diets, USA) and multiple
injections with a low dose of streptozotocin (STZ, 35mg/
kg, cold 0.1m sodium citrate buffer pH4.5, S0130, Sigma-
Aldrich, USA) after 8 weeks high-fat diet induction and
the normal control group (NC, n = 10 rats): fed with control
diet (D12450J, energy ratios of fat, carbohydrate, and protein
as 10 : 20 : 20 kcal%, total energy of 3.85 kcal/gm, Research
Diets, USA) and multiple injections with sodium citrate
buffer as placebo. The specific modeling methods refer to
our previous studies [11, 12].

2.3. Biochemical Detection. The intraperitoneal glucose toler-
ance test (IPGTT) and insulin release test (IRT) were per-
formed for the detection of rat blood glucose and insulin
levels. After 12-16 h starvation, rats were intraperitoneally
injected with 2 g/kg glucose, and blood glucose testing strips

Table 1: Information of reagents.

Names Information

Treatment

Rno-miR-154-5p mimic forward 5′ - UAG GUU AUC CGU GUU GCC UUC G -3′, GenePharma

Rno-miR-154-5p mimic reverse 5′ - AAG GCA ACA CGG AUA ACC UAU U -3′, GenePharma

Rno-miR-154-5p inhibitor 5′ - CGA AGG CAA CAC GGA UAA CCU A -3′, GenePharma

Rno-miR-negative control 5′ - CAG UAC UUU UGU GUA GUA CAA -3′, GenePharma

Smurf1 siRNA forward sequence 5′ - CAU AUC GCC AGA UCA UGA ATT -3′, GenePharma

Smurf1 siRNA reverse sequence 5′ - UUC AUG AUC UGG CGA UAU GTT -3′, GenePharma

Negative control siRNA forward 5′ - UUC UCC GAA CGU GUC ACG UTT -3′, GenePharma

Negative control siRNA reverse 5′ - ACG UGA CAC GUU CGG AGA ATT -3′, GenePharma

TGFβ1/Smad3 inhibitor, SB431542 #14775, 10 nM for 24 h, dissolved in DMSO, Cell Signaling Technology

Detection

Rno-miR-154-5p probe 5′-FAM-CGA AGG CAA CAC GGA TAA CCT A-FAM-3′ for FISH, GenePharma

Rno-miR-154-5p primer forward 5′ - CTG CCG TAG GTT ATC CGT G -3′, GenePharma

Rno-miR-154-5p primer reverse 5′ - AGA GCA GGG TCC GAG GAT -3′, GenePharma

U6 primer forward 5′ - CTC GCT TCG GCA GCA CA -3′, GenePharma

U6 primer reverse 5′ - AAC GCT TCA CGA ATT TGC GT -3′, GenePharma

TGFβ1 primary antibody Rabbit monoclonal antibody, ab215715, 44 kDa, 1 : 1000 for WB. Abcam

Smad3 primary antibody Rabbit antibody, #9523, 52 kDa, 1 : 1000 for WB, 1 : 100 for IP, Cell Signaling Technology

pSmad3 primary antibody Rabbit antibody, #9520, 52 kDa, 1 : 1000 for WB, Cell Signaling Technology

Smurf1 primary antibody
Mouse monoclonal antibody, sc-100616, 86 kDa, 1 : 200 for WB, 2 μg/100 μg total

protein for IP, Santa Cruz Biotechnology

Ubiquitin primary antibody Rabbit antibody, #3933, full bands, 1 : 1000 for WB, Cell Signaling Technology

β-Actin primary antibody Rabbit antibody, #4970, 45 kDa, 1 : 1000 for WB, Cell Signaling Technology

IgG primary antibody Rabbit antibody isotype control, #3900, for IP, Cell Signaling Technology

IgG primary antibody Mouse antibody isotype control, #5415, for IP, Cell Signaling Technology

DAPI For nucleus, #4083, for IF, Cell Signaling Technology

Anti-rabbit IgG Anti-rabbit, #3678, for WB, Cell Signaling Technology

Anti-mouse IgG-HRP secondary antibody Anti-mouse, #7076, for WB, Cell Signaling Technology

Anti-rabbit IgG-HRP secondary antibody Anti-rabbit, #7074, for WB, Cell Signaling Technology

2 Oxidative Medicine and Cellular Longevity



(OneTouch® Ultra, LIFESCAN, USA) were used for the
detection of rat blood samples at 0, 5, 10, 30, 60, and
120min, respectively. The enzyme-linked immunosorbent
assay (ELISA) was used to measure rat insulin levels with
the rat insulin ELISA kit (INS, CSB-E05070r, CUSABIO,
USA). Homeostatic model of insulin resistance index
(HOMA-IR) and insulin sensitivity index (ISI) were used
to evaluate the insulin resistance and sensitivity, and Graph-
Pad software was used to calculate the area under curve of
glucose and insulin. When the metabolic cages were con-
ducted, urine samples were collected and levels of urinary
albumin with the rat microalbuminuria ELISA kit (MAU/
ALB, CSB-E12991r, CUSABIO, USA) were detected. Chemi-
luminescence was used to detect creatinine (Cr) and blood
urea nitrogen (BUN). Urinary albumin/creatine ratio
(UACR, MAU/Cr ratio) is used for the detection of urinary
protein.

2.4. Glomerular Isolation and Primary Mesangial Cell
Culturing. Rat glomerulars were isolated from 2-3 rat renal
tissues by dissecting renal cortex and medulla, digested with
collagenase IV, subjected to serial sieving by cell strainer (70
and 100 μ m, BD Falcon), and rinsed with Hanks’ balanced
salt solution (Thermo Scientific™). Then, the glomerular was
cultured with 10% FBS DMEM (Gibco™) supplemented
with 100U/ml penicillin-0.1mg/ml streptomycin (Gibco™)
or stored for subsequent experiments. Primary mesangial
cells (PMCs) climbed out of the glomerular after 2-3 days
of culturing and were first passaged after 5-7 days and then
were cultured with the normal culturing process. Cells in
their 3rd to 4th generation at a ratio of 2 × 105 viable cells/
well in 6-well culture plates were used for subsequent exper-
iments [14].

2.5. Primary Proximal Tubular Epithelial Cell Culturing.
Mouse primary proximal tubular epithelial cells (PPTCs)
were extracted from renal tissues of 4-6 mice by dissecting
renal cortex as well as inner and outer medulla according
to the previous literature [15]. Then, the cortex and outer
medulla were digested with collagenase IV, subjected to
serial sieving by cell strainer (40 μ m, BD Falcon), rinsed
with Hanks’ balanced salt solution (Thermo Scientific™),
layered with Percoll® (Sigma-Aldrich), and cultured with
10% FBS DMEM/F12 (Gibco™) supplemented with
insulin-transferrin-sodium selenite media supplement
(Sigma-Aldrich), 1mM hydrocortisone (MedChemEx-
press®), 50mM vitamin C (MedChemExpress®), and
100U/ml penicillin-0.1mg/ml streptomycin (Gibco™). Cells
at a ratio of 2 × 105 viable cells/well in 6-well culture plates
were used for subsequent experiments.

2.6. Cell Line Culturing and Treatment. Rat mesangial cells
(RMCs, CRL-2573™) and 293T cells (293T/17 or HEK
293T/17, CRL-1126™) were purchased from American Type
Culture Collection (ATCC®) and cultured with Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS, North American Source, Gibco) at
37°C with saturated humidity in 5% CO2 atmosphere. Cells
in their 5th to 9th generation of logarithmic growth phase

were inoculated into 25 cm2 culture flasks at a ratio of 1 ×
106/flask or 6-well tissue culture plates of 5 × 105/well. After
synchronization via starvation in Opti-MEM (Gibco, USA)
for 24 h and confluency reached 70-80%, cells were cultured
with normal glucose (NG, 5.5mmol/l D-glucose), high man-
nitol (HM, 5.5mmol/l D-glucose and 24.5mmol/l manni-
tol), and high glucose (HG, 30mmol/l D-glucose),
respectively, for 24 h and were collected and stored at
-196°C for the follow-up experiments.

2.7. Luciferase Reporter Assay. After using 293T validation,
RMCs were inoculated into 24-well plates of 5 × 105 cells/
well beforehand and cotransfected with miR-154-5p mimic,
inhibitor, pmirGLO-Smurf1-3′ UTR-WT or pmirGLO-
Smurf1-3′ UTR-MUT reporter plasmids accordingly. After
24 h posttransfection, cells were lysed using passive lysis
buffer (Promega) and the luciferase activity was measured
with the Dual-Luciferase Reporter Assay System (Promega)
and normalized to Renilla luciferase activity, respectively.
Experiments were performed in triplicate.

2.8. Fluorescence In Situ Hybridization (FISH). FISH assays
were performed using fluorescent in situ hybridization kit
(Servicebio, China) according to the protocol. FAM-
double-labeled miR-154-5p probe were designed and syn-
thesized by Servicebio (China). Tissues were first fixed in
4% formaldehyde for 15min, then permeabilized in PBS
containing 0.5% Triton X-100 at 4°C for 30min, and prehy-
bridized at 37°C for 30min in prehybridization solution.
After that, probes were added in the hybridization solution
and incubated with the tissue sections at 37°C overnight in
the dark. The next day, the tissue sections were counter-
stained with DAPI for nuclear and imaged and then mea-
sured by a digital microscope application, CaseViewer
(3DHISTECH Ltd.), for supporting histopathological diag-
nostic workflow and the microscope examination process
in bioscience.

2.9. miRNA Real-Time PCR Assay. The miRcute miRNA Iso-
lation Kit (DP501, Tiangen Biotech) was used for the isola-
tion of miRNA and miRcute miRNA First-Strand cDNA
Synthesis Kit (KR201, Tiangen Biotech) for the reverse tran-
scription from miRNA into cDNA. The reverse transcrip-
tional reaction process was 26°C for 20min, 42°C for
40min, and 85°C for 10min holding. The miRcute miRNA
qPCR Detection Kit (SYBR Green, FP401, Tiangen Biotech)
was used to amplify the PCR reaction via Thermal Cycler
Dice Real Time System (TaKaRa). The primer sequences of
rno-miR-154-5p (designed and synthesized by Gene-
Pharma) were shown in Table 1. The PCR reaction system
was 20μl containing 2μl cDNA with the response proce-
dures: after initial degeneration at 95°C for 3min, degenera-
tion at 95°C for 12 s, annealing at 62°C for 40 s, and
extension at 72°C for 30 s with 40 circles. The CT value
was read for dissolution curve analysis with U6 snRNA
(Tiangen Biotech) for internal standardization, while 2-ΔΔCT

method was used to calculate the relative expression.
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2.10. Co-immunoprecipitation. The EZ Magna RNA immu-
noprecipitation Kit (Millipore, USA) was used following
the guidelines. Briefly, RMCs were lysed in RIP lysis buffer.
Magnetic beads were preincubated with antibodies for
30min at room temperature and the cell lysates were immu-
noprecipitated with beads for 6 h at 4°C. Then, protein was
purified and detected by western blotting. Antibody infor-
mation of Smurf1 and Smad3 is listed in Table 1.

2.11. Western Blotting. Protein samples were extracted with
the lysis buffer containing the protease inhibitor, while total
protein content was determined by the Pierce™ BCA Protein
Assay Kit (Thermo Scientific™, USA). The SDS-PAGE elec-
trophoresis was conducted after protein denaturation, and
then, bands were transferred onto PVDF membranes
according to a certain time. The membrane was blocked by
5% bovine serum albumin (BSA, Sigma Aldrich, USA) for
2 h and incubated with the corresponding concentration of
primary antibodies (shown in Table 1) at 4°C overnight.
After incubation of secondary antibodies at room tempera-
ture for 2 h, the Pierce™ ECL Western Blotting Substrate
was used for membrane imaging via the imaging system
(MicroChemi 4.2, Israel) with the detection of grey values
by ImageJ 1.52i Java 1.8.0_172 (64-bit, National Institutes
of Health, USA).

2.12. Cell Proliferation Assay. Cell samples were digested by
trypsin and made into cell suspension. Appropriate cell den-
sity (5 × 103-2 × 104 cells/well) was inoculated on a 96-well
plate for 24-72 h. Cell Counting Kit-8 (CCK-8, DOJINDO,
Japan) Cell Proliferation and Cytotoxicity Assay Kit (Roche,
USA) were used after cell adherence. CCK-8 detection solu-
tions were added to 96-well plate for 2-4 h, while the absor-
bance of CCK-8 was read at 450nm and 630nm as reference
by a full wavelength microarray (BioTek Power Wave XS).

2.13. Bioinformatics Analysis. Potential target mRNAs of
miR-154-5p were predicted by the computer algorithm
RNA22 V2 (https://cm.jefferson.edu/rna22/Interactive/).
The mature miRNA sequences used by RNA22 V2 were
downloaded from miRBase (http://www.mirbase.org/). Pro-
tein interaction analysis was performed using inBio_Map
(v2016_09_12), IntAct Molecular Interaction Database,
and STRING (version 11.0). All protein information was
extracted from UniProtKB/Swiss-Prot database, and UbPred
software was used to randomly predict the potential ubiqui-
tination sites of proteins in the forest model. UbiBrowser
and NetPath/NetSlim databases were used to verify ubiqui-
tin ligase recognition characteristics and to locate known
ubiquitin binding sites.

2.14. Statistical Analysis. The experiment was repeated more
than three times under the same experimental conditions,
and obtained data were statistically analyzed by SPSS 20.0
software. After testing each variable of normal distribution,
normal distribution of measurement data was expressed
with mean ± standard deviation (�x ± s), while nonnormal
distribution data with median (interquartile range). Stu-
dents’ t-test (between two groups) and one-way analysis of
variance (ANOVA, among three or more groups) were used

for the comparison followed by multiple comparison using
the least square method t-test for homogeneity of variance
and Tamhane’s T2 test for heterogeneity of variance. P <
0:05 was considered of statistically significance with two
tails.

3. Results

3.1. Changes of miR-154-5p and Pathway in Animal Models.
We successfully established the diabetic rat model induced
by high-fat diet and STZ based on previous studies. Phys-
iological indexes indicated that the IPGTT overall level
curve, HbA1c, area under curve of glucose, and HOMA-
IR significantly increased, while the area under curve of
insulin, area under curve of insulin/glucose ratio, and ISI
significantly decreased, but the IRT curve does not appear
to have an obvious peak in the DN group. In addition,
DBP and SBP had no significant changes, excluding the
influence of blood pressure. Renal function (BUN and
Cr) and urinary protein (UACR) were significantly
increased (Figure 1).

FISH results showed that the relative expression of miR-
154-5p was significantly increased, and the localization of
miR-154-5p was mainly concentrated in the renal cortex of
well-established diabetic rat renal tissues. The enlarged
graph showed that the expression of miR-154-5p was signif-
icantly enriched in the glomerular region (Figure 2(a)). To
verify the results of the localization experiment, we per-
formed fine anatomy of renal tissue. Real-time PCR results
showed that the levels of the total renal tissues and cortex
were significantly increased, while there were no significant
changes in the inner and outer medulla (Figure 2(b)). The
microdissection of the cortex and outer and inner medullary
was seen in Figure 2(c). The results of the both experiments
were consistent, indicating highly expression of miR-154-5p
in the glomerulus. Moreover, pathway proteins (TGFβ1 and
pSmad3/Smad3) were significantly increased in the diabetic
renal tissues (Figure 2(d)).

3.2. Changes of miR-154-5p and Pathway in Primary Cell
and Cell Lines. We successfully isolated rat glomerulus
(Figure 3(a)), and on the basis of successful culturing PMCs
and PPTCs (Figure 3(b)), it was found that the expression of
miR-154-5p in PMCs was significantly increased under
high-glucose culturing, while with no changes in PPTCs
(Figure 3(c)). Further study on the expression of miR-154-
5p showed that the relative expression of miR-154-5p in
mesangial cell lines, RMCs, under high-glucose culturing
also showed a time-dependent increase and tended to be sta-
ble after high-glucose culturing for 24 h (Figure 3(d)). Com-
pared with the NG group, the area under curve of CCK-8
OD at 450 nm and the levels of fibrotic factors in the NG
group were significantly increased (Figures 3(e) and 3(f)).
In addition, there were no significant changes in the above
results of the HM group, excluding the effect of osmotic
pressure. TGFβ1 and pSmad3/Smad3 were both signifi-
cantly increased in successfully established RMCs with a
high-glucose culture (Figure 3(g)).
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3.3. The Role of miR-154-5p Regulating the TGFβ1/Smads
Pathway. After the construction of the miR-154-5p mimic
and inhibitor transfection, the expression of miR-154-5p
proved that the transfection model was successfully con-
structed (Figure 4(a)). TGFβ1 and pSmad3/Smad3 were sig-
nificantly increased, and CCK-8 showed abnormal
proliferation in normal- and high-glucose-cultured RMCs
with the miR-154-5p mimic treatment. On the contrary,
TGFβ1 and pSmad3/Smad3 were significantly decreased in
RMCs treated with the miR-154-5p inhibitor, and cell prolif-
eration was decreased (Figures 4(b)–4(d)).

3.4. Verification of miR-154-5p Target Gene, Smurf1. To fur-
ther investigate the function of miR-154-5p, we used the
RNA22 V2 computer algorithm to predict the target genes
of human and rat miR-154-5p, and the mature miRNA

sequences were downloaded from miRBase. The results of
bioinformatics analysis showed that there was a target gene,
Smurf1, binding with miR-154-5p in humans and rats with
multiple binding sites (Figure S1), suggesting that humans
and rats had highly similar binding patterns. Changes of
Smurf1 were observed in renal tissues of diabetic rats and
in vitro models cultured with high glucose (Figures 5(a)
and 5(b)). After that, miR-154-5p inhibitor, Smurf1 siRNA
and TGFβ1/Smads pathway inhibitor were pretreated into
RMCs cultured with high glucose, respectively. Levels of
ubiquitin-related molecule, Smurf1, were significantly
decreased in the Smurf1 siRNA group and significantly
increased in the miR-154-5p inhibitor group. Smurf1 in
the TGFβ1/Smads pathway inhibitor group was reduced
compared with the miR-154-5p inhibitor group. The
expression of TGFβ1 and pSmad3/Smad3 was significantly
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Figure 1: Physiological indexes in diabetic rats. Time-dependent curve in intraperitoneal glucose tolerance test (a) and insulin release test
(b), HbA1c levels (c), area under curve of blood glucose (d left) and insulin (d right), area under curve ratio of insulin to blood glucose (e),
HOMA-IR and ISI (f), DBP/SBP (g), renal function (h), and UACR (i). NC: normal control, DN: diabetic nephropathy. ∗vs. NC, P < 0:05.
n = 10 rats/group.
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Figure 2: Expression of miR-154-5p in renal tissues. FISH detection for miR-154-5p localization in the kidney; significant enrichment of
miR-154-5p in the cortical region of diabetic rats, in particular, glomerular (a). miR-154-5p in the cortex, outer medullary, inner
medullary, and total kidney; homogenized semiquantified according to the NC group in the renal cortex (b). Microanatomy of the
kidney (c). Protein levels in the whole kidney (d). NC: normal control; DN: diabetic nephropathy. Yellow circles indicate the glomerular.
∗vs. NC, P < 0:05; ns: vs. NC, P > 0:05. n = 6 samples/group.
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Figure 3: Continued.

7Oxidative Medicine and Cellular Longevity



decreased in the miR-154-5p inhibitor and TGFβ1/Smads
pathway inhibitor groups and significantly increased in the
Smurf1 siRNA group (Figure 5(c)).

3.5. Smurf1 Regulates Ubiquitination through Smad3. As a
member of HECT family with E3 ubiquitin ligases, Smurf1 is
a key enzyme that determines substrate specificity in the
ubiquitin-modifying pathway. It can recognize ubiquitinated
protein substrates and selectively regulate the degradation pro-
cess of effector molecules Smads ubiquitination. The mecha-
nism was seen in Figure S2A. Based on the analysis of known
ubiquitination binding sites in the NetPath/NetSlim database,
it was found that the known ubiquitination binding sites for
Smurf1 were RhoA, Smad7, and TRI (Figure S2B). Smurf1
interacts with TGFβ1 receptors, Smads, RhoA, Smurf2, and
other Smurf1 proteins in inBio_Map (v2016_09_12) and
IntAct Molecular Int analysis (Figure S3A). UbiBrowser
database verified ubiquitin ligase recognition characteristics
and found that Smurf1 had high ubiquitin binding ability to
Smad2, Smad3, Smad4, and Smurf2, respectively (Figure S3B),
and Smad3 had potential sites for binding to the C2 and
HECT regions of Smurf1 (MH1: position 31-131, length 101;
MH2: position 226-403, length 178), suggesting that Smurf1
and Smad3 may have a potential ubiquitination binding
mode. Moreover, Smurf1 and Smad3 structures of humans
and rats collected from the UniProtKB/Swiss-Prot database
were compared. Sequence alignment results showed that the
corresponding sequences in C2 and HECT regions of Smurf1
as well as the MH1 and MH2 regions of Smad3 were exactly
the same in humans and rats (Figure S3C), indicating highly
similar binding patterns in both humans and rats.

To verify the regulatory and binding effects of Smurf1
and Smad3, RMCs were treated with Smurf1 siRNA and
TGFβ1/Smad3 inhibitor, SB431542. Smad3 was found to
restore Smurf1-induced pSmad3/Smad3 and ubiquitin
expression (Figure 6(b)) as well as the abnormal cell prolifer-
ation detected by CCK-8 (Figure 6(a)). In addition, Co-IP
validation found direct binding sites between Smurf1 and
Smad3 (Figure 6(c)).

3.6. miR-154-5p Influences Smurf1-Mediated Ubiquitination
of Smad3. To further verify the regulation and binding of
miR-154-5p and Smurf1, RMCs were pretreated with the
miR-154-5p inhibitor and Smurf1 siRNA, and the detection
found that Smurf1 can reverse the regulation of miR-154-5p
on pSmad3/Smad3 and ubiquitin expressions (Figures 7(a)
and 7(c)) as well as the abnormal cell proliferation detected
by CCK-8 (Figure 7(b)). In addition, Rno-miR-154-5p and
Rno-Smurf1 3′ UTR were able to bind directly in the predic-
tive analysis, and luciferase validation showed that Rno-
miR-154-5p and Rno-Smurf1 3′ UTR produced direct bind-
ing (Figure 7(d)).

4. Discussion

Type 2 diabetes mellitus (T2DM) is a long-term metabolic
disorder characterized by hyperglycemia, insulin resistance,
and relative deficiency of insulin [16]. Diabetic kidney dis-
ease (DKD) is one of the most common chronic microvascu-
lar complications of T2DM, which can lead to end-stage
renal disease (ESRD) and even renal failure [1, 17, 18] and
increased death caused by cardiovascular events [19], which
bring heavy economic burden to the society and family. The
characteristic clinical manifestation of DKD is continuous
and has slow development of proteinuria. In clinical prac-
tice, in addition to invasive renal biopsy as the gold standard
for diagnosis, noninvasive urinary albumin to creatinine
ratio (UACR) and glomerular filter rate detection are also
used as the basis for diagnosis and classification [3–5].
DKD lesions can involve all parts of the kidney, including
abnormal proliferation of glomerular mesangial cells, thick-
ening of basement membrane, glomerular sclerosis, and
podocyte loss in early stage, while renal tubular basement
membrane thickening, tubular atrophy, renal interstitial
inflammatory infiltration, and renal interstitial fibrosis were
observed in the later stage [2]. Among them, abnormal pro-
liferation of mesangial cells, renal interstitial fibrosis, and
podocyte injury are important pathological processes of
fibrosis, which run through the whole process of DKD
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Figure 3: Expression of miR-154-5p in primary cells and cell lines. Rat glomerular isolation (a). Morphology extraction of primary
mesangial cells (PMCs) and primary proximal tubular cells (PPTCs, b) with scale bar 50 μm. miR-154-5p in high-glucose-cultured PMCs
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mannitol; HG: high glucose. ∗vs. NC, P < 0:05. n = 6 samples/group.
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disease, and have become an important biomarker to evalu-
ate the progress of DKD.

Fibrosis is the core of highmorbidity and mortality associ-
ated with DKD, and its production is mainly the result of mul-
tiple factors such as high glomerular filtration, increased
advanced glycation end products, and reactive oxygen species,
as well as the activation of renin-angiotensin-aldosterone sys-
tem. Abnormal proliferation of rat mesangial cells (RMCs) is
an important pathological change in the early stage of DKD
fibrosis, and RMCs cultured in high glucose are a classic model
for the study of DKD [20, 21]. The intracellular molecular

pathways are believed related to mesangial cell proliferation
and fibrosis including the activation of renin-angiotensin sys-
tem, transforming growth factor β1 (TGFβ1), monocyte che-
motactic protein-1, connective tissue growth factor (CTGF),
and fibronectin (FN), etc. [22–25], which can effectively assess
the extent of renal injury and timely guide the clinical treat-
ment of DKD [26–29].

MicroRNAs (miRNAs) are highly conserved noncoding
RNAs with a length of 18-25 nucleic acids that regulate gene
expression through incomplete complementary base sequences
at the 3′ terminal untranslated region (UTR) of the target
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Figure 4: The role of miR-154-5p regulating the TGFβ1/Smads pathway. Levels of miR-154-5p (a), CCK-8 cell proliferation (b), and protein
expression levels (c, d) in RMCs with miR-154-5p mimic and inhibitor. NG: normal glucose; NG+ or - : normal glucose with mimic or
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mRNA, thereby influencing multiple cellular processes ranging
from growth and development to disease generation. Studies
have shown that multiple families of miRNA clusters are
involved in the pathogenesis of DKD, such as let-7 family,
miR-21, and miR-377, which are involved in the proliferation
and apoptosis of mesangial cells under the condition of high
glucose, while miR-34a-5p, miR-184, and miR-1915-5p are
associated with renal tubulointerstitial fibrosis [30, 31]. Our
previous studies found that compared with the normal control
group, serummiR-154-5p expression in type 2 diabetic patients

was significantly increased and positively correlated with
UACR, HbA1c, and fibrosis factors (CTGF, VEGF, FN and
TGFβ1) [9, 10], indicating that human circulating miR-154-
5p was closely related to renal fibrosis. This is the first time that
miR-154-5p has been found to be associated with DKD fibrosis
so far, suggesting that miR-154-5p in circulating blood may be
potentially associated with blood glucose and proteinuria regu-
lating the process of DKD glomerular fibrosis. In the high-fat
diet and STZ-induced diabetic rats, FISH and PCR were used
to detect the expression of miR-154-5p, and the results
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11Oxidative Medicine and Cellular Longevity



IP

Input IgG Smad3

Smad3

Smurf1

IB

IP
Input IgG Smurf1

Smad3

Smurf1

IB

(c)

Figure 6: Smurf1 regulates ubiquitination through Smad3. CCK-8 cell proliferation (a) and related protein Smurf1, pSmad3/Smad3, and
ubiquitin concentration (b). Co-IP verification for the combination of Smurf1 and Smad3 (c) after pretreatment with Smurf1 siRNA and
TGFβ1/Smad3 inhibitor, SB431542. ∗vs. Group 1, P < 0:05; #vs. Group 2, P < 0:05; &vs. Group 3, P < 0:05. n = 6 samples/group.

0

1

2

3

4

5

m
iR

-1
54

-5
p 

(fo
ld

 ch
an

ge
)

miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

Groups

&

#

⁎ ⁎

(a)

2.0

2.2

2.4

2.6

2.8

3.0

miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

Groups

# &

#

8 h 24 h 48 h 72 h
0.0

0.5

1.0

1.5

Time (min)

⁎

⁎

C
ell

 co
un

tin
g 

Ki
t-8

 (O
D

 4
50

 n
m

)

A
re

a u
nd

er
 cu

rv
e

of
 O

D
 4

50
 n

m

(b)

Figure 7: Continued.

12 Oxidative Medicine and Cellular Longevity



miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

0.0

0.5

1.0

1.5

miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

miR-154-5p inhibitor
Smurf1 siRNA

–
–

+
–

–
+

+
+

Groups

Groups

Groups

#&

#

0.0

0.5

1.0

1.5

pS
m

ad
3/

Sm
ad

3 # &

#

0.0

0.1

0.2

0.3

0.4

0.5
#

# &

Smurf1

pSmad3

Smad3

Ubiquitin

45 kDa

52 kDa

52 kDa

86 kDa

⁎

⁎

⁎

⁎

⁎

⁎Sm
ur

f1
/𝛽

-a
ct

in
U

bi
qu

iti
n/
𝛽

-a
ct

in

⁎

𝛽-actin

Full
bands

(c)

miR-154-5p inhibitor

Rno-miR-154-5p

Rno-SMURF1

Smurf1 3‘ UTR Mutant
–
–

+
–

–
+

+
+

0.0

0.4

0.8

1.2

Fi
re

fly
/R

en
ill

a

Groups

⁎

(d)

Figure 7: miR-154-5p influences Smurf1-mediated ubiquitination of Smad3. miRNA expression (a); CCK-8 cell proliferation (b); related
protein Smurf1, pSmad3/Smad3, and ubiquitin concentration (c); luciferase verification for the binding of rno-miR-154-5p and rno-
Smurf1 3′ UTR (d) after pretreatment with miR-154-5p inhibitor and Smurf1 siRNA. ∗vs. Group 1, P < 0:05; #vs. Group 2, P < 0:05; &vs.
Group 3, P < 0:05. n = 6 samples/group.

13Oxidative Medicine and Cellular Longevity



consistently showed that miR-154-5p was highly expressed in
the glomerular rather than proximal tubules of the cortex
region. The glomerulus is also an important structure involved
in the filtration of urinary protein, which is consistent with the
results of our clinical trials.

The specific mechanism of DKD producing urine protein
is thought to be related to early pathological changes of the
abnormal proliferation in glomerular mesangial cells. Thus,
the classic model of RMCs under high-glucose cultivation is
adopted to explore DKD [20]. On the basis of our previous
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successful culturing RMCs [11, 12], we also successfully iso-
lated the primary rat glomerular mesangial cells. Results by
repeated detection of miR-154-5p showed that the expression
of miR-154-5p was significantly decreased in both primary
cells and cell lines pretreated by high-glucose culturing, and
the cell proliferation activity was abnormally increased, which
was consistent with the results in vivo, suggesting that miR-
154-5p may be involved in the changes of glomerular mesan-
gial cells in the early stage of DKD.

The important pathophysiological change of DKD is glo-
merular fibrosis, and the TGFβ1 pathway is one of the main
pathways regulating the proliferation and fibrosis of mesangial
cells. TGFβ1 binds to its membrane receptor, TGFβ receptor 1
(TRI), and activates another receptor, TRII. TRII phosphory-
lates Smad2 and Smad3 in cells to form heteropolymer with
Smad4. After nucleation, this complex binds to transcriptional
coactivators or coinhibitors, thereby regulating the transcrip-
tion of downstream target genes. In contrast, Smad7 binds to
TRI and TRII and inhibits phosphorylation of Smad2 and
Smad3, which in turn inhibits the TGFβ1 pathway transmis-
sion. Smads are involved in the pathological process of the
TGFβ1 pathway in mesangial cell proliferation and fibrosis
through both positive and negative regulatory effects [6, 7].
TGFβ1 and pSmad3/Smad3 were significantly elevated in
the diabetic animal model established in this study, which also
suggested that the glomerular fibrosis of DKD was closely
related to the TGFβ1/Smads pathway.

miR-154 is located on themiRNA-rich region in the single-
stranded chromosome of mammalian 14q32 [8], and the 5′
arm of the precursor miR-154 (sequence: 5′-UAG GUU
AUC CGU GUU GCC UUC G-3, mature to form miR-154-
5p) has been demonstrated to be controlled by a 200kb differ-
ential methylation region (DMR) in the Dlk1-Gtl2 (rodents)/
Dlk-Dio3 (human) structural domain upstream of miRNA
clusters [32–34]. Previous studies have confirmed that miR-
154-5p is associated with the fibrosis mechanism of several dis-
eases [35–38]. The transcription factor binding analysis
showed that miR-154 is rich in Smad3 binding elements (SBEs)
that mediate the TGFβ1 pathway during the growth and devel-
opment stage [35, 39, 40], suggesting that miR-154 may be
involved in the TGFβ1/Smad3 signaling pathway.

To investigate the relationship between miR-154-5p and
the TGFβ1/Smads pathway, we treated RMCs with high glu-
cose, miR-154-5p mimic, and inhibitor, respectively. The
results showed that miR-154-5p could change the protein
levels in the TGF β 1/Smads pathway and cell proliferation
activity in RMCs. Moreover, in order to explore the regula-
tory mechanism of miR-154-5p involved renal fibrosis, we
predicted the target genes of miR-154-5p indicating binding
sites between human and rat miR-154-5p sequences and
Smad ubiquitination regulatory factor 1 (Smurf1), suggest-
ing that Smurf1 could bind with human and rat miR-154-
5p. To verify the target genes of miR-154-5p, we detected
the levels of ubiquitin-related molecule, Smurf1 in the suc-
cessfully established models, and found that the expression
was significantly decreased in diabetic rat renal tissues and
high-glucose-cultured RMCs in vivo and in vitro.

As a member of HECT family, the E3 ubiquitin ligase,
Smurf1, is a key enzyme that determines substrate specificity

in the ubiquitin-modifying pathway. It can recognize ubiqui-
tinated protein substrates and selectively regulate the ubiqui-
tinated degradation process of effector molecules, Smads
[41, 42]. The known ubiquitination binding sites were ana-
lyzed using the NetPath/NetSlim database, finding that
RhoA, Smad7, and TRI were known ubiquitin binding sites
of Smurf1. Protein interaction analysis showed that Smurf1
could interact with multiple Smads in the TGF β 1 pathway.
By the comparison of Smurf1 and Smad3 structures in
humans and rats, Smurf1 and Smad3 had high ubiquitina-
tion binding ability and similar binding mode with Smad3.
The bioinformatics analysis provided the possibility for the
binding research of both. It has been reported that Smurf1
participates in the fibrosis of DKD and obstructive nephrop-
athy by inducing the apoptosis of glomerular mesangial cells
[43] and regulating the epithelial-mesenchymal transition
(EMT) induced by TGFβ [44–46]. These results suggest that
Smurf1 may regulate the TGF β 1/Smads pathway and par-
ticipate in mesangial cell fibrosis, suggesting that Smurf1
may directly regulate Smad3 ubiquitination in a new way.

Rescue and luciferase experiments were used to prove the
regulatory effect of miR-154-5p and Smurf1 directly and indi-
rectly. Results showed that regulating miR-154-5p could save
the abnormal proliferation and fibrosis of RMCs caused by
Smurf1 regulating Smad3 ubiquitination, and miR-154-5p
could bind to the Smurf1 3′ UTR. Meanwhile, rescue and
Co-IP experiments were used to verify the regulation of
Smurf1 and Smad3 ubiquitination directly and indirectly,
indicating that regulation of Smurf1 could also rescue the
abnormal proliferation and fibrosis of RMCs caused by Smad3
ubiquitination and that Smurf1 and Smad3 could also be
directly combined. All the above experiments proved that
miR-154-5p could regulate the levels of Smad3 by combining
with Smurf1, thereby regulating the abnormal proliferation
and fibrosis of glomerular mesangial cells and affecting the
generation of proteinuria in the early DKD stage.

In conclusion, miR-154-5p can affect proliferation in
glomerular mesangial cells via E3 ubiquitin ligase, Smurf1,
regulating TGFβ1/Smads pathway, thus affecting renal
fibrosis of DKD. Hopefully, the inhibitor of miR-154-5p is
expected to become a potential way for the DKD treatment.
The possible mechanism is shown in Figure 8.
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Supplementary Materials

Supplementary 1. Figure S1: target gene prediction of miR-
154-5p. Above, prediction results of RNA22 V2 on the tar-
get gene (hsa_SMURF1) of miR-154-5p (hsa_miR_154_
5p) in human. Below, prediction results of RNA22 V2
on the target gene (rno_SMURF1) of miR-154-5p (rno_
miR_154_5p) in rats.

Supplementary 2. Figure S2: schematic diagram of Smurf1
ubiquitination. Schematic diagram of Smurf1 as E3 ubiquiti-
nation ligase for substrate recognition (A). Ub: ubiquitin,
E1-E3: ubiquitin ligase; analysis of known ubiquitination
binding sites (B).

Supplementary 3. Figure S3: prediction of protein interac-
tions and ubiquitinated binding sites. Protein interaction
analysis (A), the UbiBrowser database for verification of
the ubiquitin ligase recognition characteristics (B), Smurf1
with high ubiquitin binding ability with Smad2, Smad3,
Smad4, and Smurf2 (marked in red); human and rat Smurf1
and Smad3 sequence alignment (C); light red for the
anchored alignment area, and blue for the initiation and ter-
mination sites amino acid sequences.
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Discoidin domain-containing receptor 2 (DDR2) has been suggested to be involved in atherosclerotic progression, but its
pathological role remains unknown. Using immunochemical staining, we located and compared the expression of DDR2 in the
atherosclerotic plaques of humans and various animal models. Then, siRNA was applied to knock down the expression of
DDR2 in vascular smooth muscle cells (VSMCs), and the migration, proliferation, and collagen Ι-induced expression of matrix
metalloproteinases (MMPs) were evaluated. We found that an abundance of DDR2 was present in the atherosclerotic plaques
of humans and various animal models and was distributed around fatty and necrotic cores. After incubation of oxidized low-
density lipoprotein (ox-LDL), DDR2 was upregulated in VSMCs in response to such a proatherosclerotic condition. Next, we
found that decreased DDR2 expression in VSMCs inhibited the migration, proliferation, and collagen Ι-induced expression of
matrix metalloproteinases (MMPs). Moreover, we found that DDR2 is strongly associated with the protein expression and
activity of MMP-2, suggesting that DDR2 might play a role in the etiology of unstable plaques. Considering that DDR2 is
present in the atherosclerotic plaques of humans and is associated with collagen Ι-induced secretion of MMP-2, the clinical
role of DDR2 in cardiovascular disease should be elucidated in further experiments.

1. Introduction

Cardiovascular disease (CVD) is a major cause of death in
the world. Atherosclerosis has been known as the common
pathological basis for CVD [1]. Atherosclerotic plaque rup-
ture primarily causes clinical events such as myocardial
infarction, stroke, and thrombogenesis. Regarding previous
studies, researchers suggest that the balance of macrophages
and vascular smooth muscle cells (VSMCs) in the athero-
sclerotic plaque is a crucial factor for plaque stability. Briefly,
as a result of macrophage proliferation in plaques, these

inflammatory cells release many matrix metalloproteinases
(MMPs) to effectively degrade extracellular matrix (ECM),
such as collagens and elastin, resulting in plaque destabiliza-
tion or rupture; conversely, VSMCs synthesize ECM to keep
the plaque stable [2]. Despite the fact that VSMCs contribute
to plaque stabilization, these cells may also promote plaque
rupture by secreting MMPs during the phenotypic transition
of VSMCs from the contractile to the synthetic state [3].
However, it is unknown what causes VSMCs to induce pro-
duction of MMPs instead of synthesizing ECM. Notably, the
major component of ECM is collagens, which account for
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approximately 60% of the total protein in atherosclerotic
plaques [4]. These collagens not only constitute atheroscle-
rotic plaques but also affect cell proliferation, migration,
and adhesion via collagen receptors [4]. Among these colla-
gen receptors, Discoidin domain-containing receptor 2
(DDR2) is regarded as a subgroup of tyrosine-kinase recep-
tors, which is activated by natural ligands including collagen
of types I, II, III, and X and is responsible for the communi-
cation and link between collagens and the cells [5]. DDR2 is
present in various tissues, including vascular tissue and is
implicated in the regulation of cell metabolism, differentia-
tion, and growth. Interestingly, activation of DDR2 can
induce production of MMPs, and therefore, DDR2 is recog-
nized as playing a very important role in fibrosis and cancer
[6]. Considering that DDR2 is found in VSMCs, an interest-
ing question arises as to whether DDR2 also affects plaque
stability via mediating MMP expression in VSMCs [7, 8].
Consequently, we designed this study to elucidate the path-
ological role of DDR2 in atherosclerosis.

2. Materials and Methods

2.1. Atherosclerotic Specimens and Histological Staining.
Japanese white rabbits were treated by a cholesterol-rich diet
containing 0.3% cholesterol and 3% corn oil for 6 or 16
weeks to induce atherosclerosis (n = 3, respectively), and
then, rabbits were euthanized by using pentobarbital sodium
at each time point. The aortic arch of each rabbit was cut
into 10 cross sections (4μm) [9]. Male ApoE–/– mice were
euthanized by cervical dislocation. Segments of heart tissue
crossing the ascending aorta and aortic sinus from male
ApoE–/– mice (n = 4) were embedded within OCT, and
serial sections (8μm thick) were made as previously
described [10]. Hematoxylin and eosin (H&E), oil red O,
and Masson’s trichrome stains were performed according
to the protocols as previously described [11, 12]. Moreover,
sections were performed with immunohistochemical stain-
ing against DDR2 in mouse (1 : 200; Abcam, Cambridge,
UK; CST, Beverly, MA, USA) human and rabbit (1 : 200;
Santa Cruz Biotechnology, Inc, Dallas, TX, USA), RAM11
of macrophages (1 : 200; Dako, CA, USA), and α-actin of
SMC (1 : 200; Thermo Fisher Scientific, CA, USA) as previ-
ously described [11].

Human carotid plaques were collected from patients
who received endarterectomy at Zhengzhou Central Hospi-
tal. Informed consents were obtained from all patients
enrolled in the study, and all experiments were imple-
mented in accordance with the guidelines and regulations
set by the Ethics Committee of Xi’an Medical University
(Permit No. XYJZS-201609027-1). Japanese white rabbits,
SD rats, and ApoE–/– mice were purchased from the labora-
tory animal center at Xi’an Jiaotong University (Xi’an,
China). All animal experiments were performed in the ani-
mal facility of Institute of Basic and Translational Medicine
at Xi’an Medical University. The animal experiments were
strictly following the guidelines of animal experiment in
Xi’an Medical University, which was adapted from the
Guide for the Care and Use of Laboratory Animals (NIH;
Bethesda, MD, USA; NIH Publication No. 85-23, revised
2011). The Laboratory Animal Administration Committee
of Xi’an Medical University approved all animal experi-
ments (Institutional Animal Care and Use Committee; Per-
mit No. XYJZS-201608012-2).

2.2. VSMC Culture. VSMCs were obtained from the aortas
of male SD rats (200-300 g) as previously described [13].
Cells were used in the experiments from passages 3 to 6.
Before the initiation of each experiment, an additional incu-
bation of serum-free DMEM for 24h renders cells to be
quiescent. Then, cells were exposed to oxidized low-density
lipoprotein (ox-LDL) (0, 25, 50, and 100mg/L; Yiyuan Bio-
technologies, Guangzhou, China) for 24h to simulate the
proatherosclerotic condition. To activate DDR2, cells were
incubated with collagen Ι (Sigma-Aldrich) for 48h. To study
the inhibition of signaling pathways, cells were treated with
inhibitors for 30min. SP600125 (20μmol/L; Calbiochem) is
an inhibitor for JNK (c-Jun N-terminal kinase), and
SB203580 (10μmol/L; Calbiochem) is an inhibitor for p38
MAPK (mitogen-activated protein kinase), and PD98059
(20μmol/L; Calbiochem) is an inhibitor for MEK (MAPK/
ERK (extracellular-signal-regulated kinase) kinase). The
doses of the inhibitors were referenced by the previous stud-
ies [14, 15]. Then, cells were exposed to ox-LDL (100mg/L).

2.3. siRNA Interference. Small interfering RNA (siRNA) was
used to knock down DDR2 expression in VSMCs as previ-
ously described [16]. Referencing a previous study, siRNA

Table 1: Primers were used for real-time PCR.

Gene Forward (5′-3′) Reverse (5′–3′)
DDR2 GATCATGTTTGAATTTGACCGA GCACTGGGGTTCACATC

MMP-2 TTGACCAGAACACCATCG GGTCCAGGTCAGGTGTGT

MMP-3 GCTGTGTGCTCATCCTACC TGACAACAGGGCTACTGTC

MMP-8 AGGAATGCCACTATGATTG CAAGAAATCACCAGAGTCG

MMP-9 ACAGCGAGACACTAAAGGC GGCAAGTCTTCGGTGTAGC

MMP-12 GCTGGTTCGGTTGTTAGG GTAGTTACACCCTGAGCATAC

MMP-13 ACTCAAATGGTCCCAAAC TATCAGCAGTGCCATCAT

MMP-14 GTACCCACACACAACGCT TTATCTGGAACACCACAGC

GAPDH TACCCACGGCAAGTTCAACG CACCAGCATCACCCCATTTG
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sequences were synthesized by a commercial company (sense
strand, 5′- GAUGAUAGCAACACUCGGAUU-3′; anti-
sense strand, 5′-UCCGAGUGUUGCUAUCAUCUU-3′;
RiboBio, Guangzhou, China) [17]. siN05815122147 (Ribo-
Bio, Guangzhou, China) was used as a universal negative
control. Transfection was performed with X-tremeGENE
siRNA Transfection Reagent (Roche) and accorded to the
manufacturer’s instructions. Briefly, the cells were rinsed
twice with phosphate-buffered saline (PBS) to reduce back-
ground interference. DDR2 siRNA with various doses (400
and 800ng; approximately 40 and 80pmol) were transfected
into VSMCs for 6 h, and were then treated with ox-LDL

(100mg/L). The cells were collected to examine the DDR2
expression or to be performed by migration and prolifera-
tion assay.

2.4. Migration and Proliferation Assay. The migration of
VSMCs was assessed by using the transwell permeable
support insert (Corning, Lowell, MA, USA) as previously
described [18]. After incubation of siRNA for 24 h without
FBS, VSMCs were seeded on Matrigel (5mg/mL; BD Biosci-
ences, San Diego, CA, USA) of the upper compartment, and
DMEM supplemented with 10% FBS was added into the
lower compartment. Cells were cultured for another 24h

F M
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IgG Control
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Figure 1: DDR2 in human carotid atherosclerotic plaque. Hematoxylin and eosin (H&E; 10x); Masson’s trichrome stain (MTS; 10x);
immunohistochemical staining against DDR2 (10x); rabbit IgG isotype control (10x). The area in the box is displayed as a high-power
field in (b) (40x). NC: necrotic core; FC: fatty core; F: fibrous cap; M: middle membrane.
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and then detected by crystal violet staining. Five different
high-power fields per well were photographed. The posi-
tively stained VSMCs were counted by an observer blinded
to the treatment protocol.

The proliferation of VSMCs was assessed by the wound-
healing assay as previously described [19]. Briefly, after 24 h
of siRNA treatment, a 10-l pipette tip was used to scrap an
artificial wound in the monolayer across the bottom of the
dish. After extensive washing, medium containing 10%
FBS was removed, and cells started to migrate for the appro-
priate time in a 37°C incubation chamber with 5% CO2. At
various time points, images were obtained with a Nikon
TE2000 Inverted Microscope. Meanwhile, some representa-
tive dishes were performed by immunofluorescence against
α-actin of SMC (1 : 200; Thermo Fisher Scientific, CA,
USA) with Alexa Fluor 488 (1 : 200; Thermo Fisher Scien-
tific, CA, USA). The remaining open area of the wound
was quantified by using ImageJ as previously described, with
some modifications [20].

2.5. RNA Extraction and Real-Time PCR. Total RNA was
extracted from the aorta and VSMCs. Real-time PCR was
performed as previously described [21, 22]. The sequences
of the primers are listed in Table 1.

2.6. Protein Extraction and Western Blotting Analysis. Total
protein was extracted from the aorta of rabbits and VSMCs

as previously described [22]. The primary antibodies were
against rabbit’s DDR2 (1 : 500; Santa Cruz Biotechnology,
Santa Cruz, CA), rat’s DDR2 (1 : 500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA; CST, Beverly, MA, USA), MMP-2
(1 : 500; Abcam, Cambridge, MA), TIMP-1 (1 : 500; Abcam,
Cambridge, MA), TIMP-2 (1 : 500; Abcam, Cambridge,
MA), p-ERK1/2 (1 : 1000; CST, Beverly, MA, USA), and
GAPDH (1 : 1000; Santa Cruz Biotechnology, Santa Cruz,
CA). Western blotting analysis was applied as previously
described, and relative protein expression was measured by
ImageJ with gel analysis [22].

2.7. Zymography. The supernatants along with the total pro-
tein were extracted from cultured VSMCs. Under nonreduc-
ing conditions, the equal amounts of sample protein were
analyzed by SDS-PAGE in gelatin-containing acrylamide
gels (2mg/mL gelatin and 7.5% polyacrylamide) as previ-
ously described [23].

2.8. Statistical Analysis. All data are expressed as the mean
± SE. Two groups of comparisons were used by Student’s
t-test. Multiple groups of comparisons were performed by
using one-way ANOVA with the Bonferroni test. P < 0:05
was considered statistically significant. The statistical calcu-
lations were performed by using SPSS 19.0 software (IBM
Corp., Armonk, NY, USA).

16wks

6wks MTS SMC DDR2M

(a)

DDR2

(b)

Figure 2: DDR2 in atherosclerotic plaques of animal models. Comparison of DDR2 expression and collagen distribution in atherosclerotic
plaques of the HCD-induced rabbit model (a). Serial paraffin sections of aortic lesions were stained with Masson’s trichrome stain (MTS)
and immunohistochemical staining against α-smooth muscle actin (SMC), macrophages (Mϕ), and DDR2 (a) (bar = 200μm).
Atherosclerotic plaques of the apoE knockout mouse model and immunohistochemical staining against DDR2 (b) (bar = 100 μm). The
area in the box is displayed as a high-power field on the right side (bar = 50 μm).
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3. Results

3.1. DDRs Are Present in Atherosclerotic Lesions of Human
Being. To examine whether DDR2 was present in atheroscle-
rotic lesions, we used immunohistochemistry staining to
identify DDR2 from human tissue to various animal species.
Interestingly, we found expression of DDR2 in human
carotid atherosclerotic plaques (Figure 1). Combined with
the section with MST, we found that DDR2 distributes
densely around the fatty cores of human carotid atheroscle-
rotic plaques, and these positive stains were also adjacent to
the fibrous cap and the middle membrane (Figure 1).

3.2. DDRs Are Present in Atherosclerotic Lesions of Animal
Models. By using a rabbit model, we attempted to investigate
the relationship between DDR2 expression and atheroscle-
rotic progression. We found that DDR2 presented in the
early and middle atherosclerotic lesions of rabbits, and this
receptor was located in a similar position (Figure 2(a)). In
the early-stage lesion, the majority of DDR2 was deposited
along the lower edge of the lesion (Figure 2(a)). In the
middle-stage lesion, DDR2 was diffusely distributed in the
lesion and was deposited on the surface of the lesion
(Figure 2(a)). DDR2 neither apparently overlapped with
the cytoplasm of macrophages nor fully overlapped with
VSMCs (Figure 2(a)). To compare MTS with DDR2 stain-
ing, indicating DDR2 expression and distribution might
tend to localize around collagen fibers (Figure 2(a)). To fur-
ther confirm the above results, we also used immunohisto-

chemistry staining to identify DDR2 in atherosclerotic
lesions of ApoE-/-mice (Figure 2(b)). As Figure 2(b) shows,
DDR2 was also found in atherosclerotic lesions of mice.

3.3. ox-LDL Upregulates DDR2 in VSMCs via the MAPK
Pathway. Considering that DDR2 was abundant in athero-
sclerotic lesions, we questioned whether DDR2 expression
was associated with atherosclerotic development. To com-
pare the protein expression of DDR2, we found that there
was no significant difference between the early and middle
lesions (Figure 3(a)). Next, we also questioned what caused
the upregulation of DDR2 in atherosclerotic lesions. Consid-
ering ox-LDL as a key atherogenic factor, we incubated the
various concentrations of ox-LDL with VSMCs for 48 h.
We found that 100mg/mL of ox-LDL significantly increased
DDR2 expression in VSMCs (Figure 3(b)).

Next, we also investigated which pathway may be
involved in ox-LDL-induced DDR2 expression. By using
inhibitors against the MAPK pathway, we found that block-
ing JNK, p48, and ERK1/2 in VSMCs could neutralize ox-
LDL-induced DDR2 expression, suggesting that the MAPK
pathway might be responsible for the ox-LDL-induced
upregulation of DDR2 (Figure 3(c)).

3.4. DDR2 Affects the Migration of VSMCs. As reported in a
previous study, a specific siRNA against DDR2 was applied
to suppress DDR2 protein expression. First, we used various
doses of siRNA to knock down DDR2 expression in VSMCs.
We found that 800 ng of siRNA could efficiently inhibit ox-
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Figure 3: Protein expression of DDR2 in the aorta and VSMCs. Immunoblot analysis and quantification of DDR2 in aortas of HCD-
induced atherosclerotic rabbits ((a); n = 4) and VSMCs that were incubated with various concentrations of 0, 25, 50, and 100mg/L ox-
LDL (b). Data are expressed as the mean ± standard error. ∗P < 0:05 and ∗∗P < 0:01 vs. the 0mg group; ##P < 0:01 100mg vs. the 25mg
group. Effect of MAPK inhibitors on ox-LDL-induced DDR2 expression (c). VSMCs were preincubated with inhibitors for 30min and
then treated with 100 ng/mL ox-LDL for 24 h in the presence of inhibitors (SP600125, SB203580, and PD98059 against JNK, MEK, and
p38 MAPK, respectively). Data are expressed as the mean ± standard error. ∗P < 0:05 and ∗∗P < 0:01 vs. the ox-LDL group.

5Oxidative Medicine and Cellular Longevity



LDL-induced DDR2 expression, which was quantified and
confirmed with real-time PCR (Figure 4(a)). Next, to test
whether inhibition of DDR2 in SMCs affected its migration,
the transwell assay was performed after incubation of siRNA
with VSMCs for 48 h (0, 200, 400, and 800 ng of siRNA,
respectively). We found that 400 and 800 ng of siRNA
reduced cell migration, indicating that the migration activity
of VSMCs was inhibited by DDR2 reduction (Figure 4(b)).
To confirm this result, we also used a wound healing assay
to check the migration of VSMCs. As Figure 4(c) shows,

we found that a decrease in DDR2 expression indeed inhib-
ited the migration of VSMCs.

3.5. DDR2 Affects the mRNA Expression of MMPs in VSMCs.
The invasion of VSMCs is determined by its collagenase
secretion; thus, we examined whether MMP expression was
reduced by DDR2 deficiency. First, we incubated collagen I
with VSMCs for 48h, and MMP (MMP-2, MMP-3, MMP-
8, MMP-9, MMP-12, MMP-13, and MMP-14) expression
was quantified by real-time PCR. Interestingly, we found
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Figure 4: Effect of knockdown of DDR2 on the migration and proliferation of VSMCs. After 400 and 800 ng of siRNA treatments, DDR2
expression in VSMCs was analyzed and quantified by western blotting and real-time PCR (a). Migration and proliferation were assessed by
transwell analysis (b) and wound healing assay (c). Data are expressed as the mean ± standard error. ∗P < 0:05 and ∗∗P < 0:01 vs. the
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that collagen I could upregulate MMP-2, MMP-3, MMP-9,
and MMP-14 (Figure 5(a)). Next, we used 800ng of siRNA
to knock down DDR2 expression before collagen I incuba-
tion. As a result of mRNA quantification by real-time PCR,
inhibition of DDR2 reversed the effect of collagen I on
expression of MMPs and suppressed the mRNA expression
of MMP-2, MMP-3, MMP-9, and MMP-13 (Figure 5(b)).
In addition, we failed to find the mRNA expression of
MMP-12 in VSMCS.

3.6. DDR2 Affects the Activity and Expression of MMP-2 in
VSMCs. Considering that collagen I-induced mRNA expres-
sion of MMP-2 is dramatically suppressed after DDR2 defi-
ciency, we next examined whether the inhibition of DDR2
affected the activity of MMP-2. As a result of zymography,
MMP-2 activity was increased by collagen I incubation but
was decreased by 800ng of siRNA against DDR2 expression,
and almost no MMP-2 activity was found without collagen I
incubation before siRNA interference (Figure 6(a)). How-
ever, we did not find any bands of MMP-9 in the same
zymography gel. To study whether deceased activity of
MMP-2 was attributed to MMP-2 protein, we next examined
MMP-2 protein expression via western blotting. Indeed, we
found that MMP-2 production was decreased in the presence
of siRNA against DDR2 expression (Figure 6(b)). Next,
TIMP-1 and TIMP-2 were studied and quantified by western
blotting, and the result showed that there was no significant
difference between the two groups (Figure 6(c)). To further
study the underlying mechanism, we also examined the
ERK signaling according to previous report [6]. After inhibi-
tion of DDR2 by siRNA, phosphorylation of ERK1/2 was
reduced (Figure 6(d)).

4. Discussion

Atherosclerotic plaque rupture is a serious problem for
patients with cardiovascular disease, often causing unstable
angina, myocardial infarction, and sudden coronary death
[24]. However, how the atherosclerotic plaque becomes
vulnerable remains unknown. The question remains as to
why ECM tends to degrade in these unstable plaques. Nota-
bly, ECM not only constitutes atherosclerotic plaques but
also activates collagen receptors to regulate the surrounding
cells [25]. As a collagen receptor, DDR2 is involved with var-
ious diseases such as fibrotic diseases, arthritis, cancer, and
atherosclerosis [5].

In the current study, we found that DDR2 was present
in atherosclerotic plaques of various animal models, but
DDR2 immunoreactivity did not totally overlap with mac-
rophages and VSMCs. As previously described, DDR2 is
highly expressed in VSMCs and also found in activated
endothelial cells [26]. Based our observation, DDR2 expres-
sion is inclined to localize around collagens and fibrous
caps. More importantly, for the first time, we have reported
that DDR2 is highly expressed in carotid atherosclerotic pla-
ques of human and is distributing around the fatty core of
atherosclerosis and overlapping with collagen fibers. Com-
bined to these findings, DDR2 expression in the specific
regions of atherosclerotic plaque may be somehow upregu-
lated by collagen or other proatherosclerotic factors, and
the underlying mechanism needs to be addressed by the fur-
ther studies. Given that ox-LDL is mainly a proatherosclero-
tic factor and abundant to the fat core, a question arises of
whether ox-LDL can induce the expression of DDR2. Inter-
estingly, the current research proves that ox-LDL can induce
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Figure 5: Effect of knockdown of DDR2 on mRNA expression of MMPs in VSMCs. Collagen I-induced MMP expression was assessed by
real-time PCR (a). After siRNA treatment, collagen I-induced MMP expression was assessed by real-time PCR (b). Data are expressed as
the mean ± standard error. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the collagen I-treated group or collagen I combined with siRNA-
treated group.
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upregulation of DDR2 in a dose-dependent manner,
whereas such upregulation is neutralized by the inhibition
of JNK, MAPK48, and ERK, showing that the MAPK path-
way may be involved with ox-LDL-induced DDR2 expres-
sion. In the vasculature, SMCs not only are responsible for
the secretion of collagen fibers but also express collagen
receptors to interact with ECM, regulating their own prolif-
eration, differentiation, and migration [27]. Accordingly, we
speculate that DDR2 may affect the physiological functions
of VSMCs, especially when these cells are stimulated by
proatherosclerotic factors. As shown in our results, VSMCs
with downregulation of DDR2 display reduced differentia-
tion and migration. Considering that VSMC infiltration in
intima is a vital process of atherogenesis, DDR2 could be a
mediator to regulate atherosclerotic progression [3]. Nota-
bly, given that this depends on the secretion of MMPs,
another question has been raised as to whether DDR2 also
regulates MMPs [28]. Indeed, MMPs can almost determine
the fate of atherosclerotic plaques because MMP-mediated
breakdown of ECM is a typical feature of an unstable plaque
[29]. In pathological conditions, excessive ECM also stimu-
lates VSMCs to degrade ECM as a negative feedback regula-
tion. As a natural ligand against DDRs, collagen I can
activate DDR2 in VSMCs to produce MMPs for the degra-

dation of ECM [30]. We observed that collagen I indeed
promotes VSMCs to produce various types of MMPs, espe-
cially MMP-2 and MMP-3. However, collagen I-induced
expression of MMPs can be completely neutralized by
knockdown of DDR2, suggesting that DDR2 plays a pivotal
role in the degradation of ECM. Of note, since MMP-2
expression is dramatically affected by the knockdown of
DDR2, a causal relationship between DDR2 and MMP-2 is
shown in the current study. Increased MMPs do not neces-
sarily have enzymatic activity because MMPs are not only
initially synthesized as inactive state of zymogens but are
also inhibited by specific endogenous inhibitors such as
metalloproteinases [31]. Thus, only if DDR2 mediates the
activity of MMPs can this collagen receptor be made sure
to be involved with vulnerable plaques. Interestingly,
decreased DDR2 indeed also inhibits the protein expression
and activity of MMP-2, indicating that the effect of MMP-2
in VSMCs may proceed via collagen I-activated DDR2.
With regard to the previous studies, a mechanism is sug-
gested that collagen I causes the expression and phosphory-
lation of DDR2 and finally upregulates MMP-2 expression
via ERK1/2 signaling [6, 32]. Accordingly, we have con-
firmed that phosphorylation of ERK1/2 is suppressed by
inhibition of DDR2 in VSMCs, indicating that ERK1/2
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Figure 6: Effect of knockdown of DDR2 on the activity and expression of MMP-2 in VSMCs. The activity of MMP-2 was assessed by
zymography (a). DDR2 protein expression was analyzed and quantified by western blotting (b). TIMP-1 and TIMP-2 were detected and
quantified by western blotting (c). p-ERK1/2 protein expression was analyzed and quantified by western blotting (d). Data are expressed
as the mean ± standard error. ∗P < 0:05 vs. the scramble RNA-treated group.
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may be involved with expression and activity of MMP-2. Of
note, this result needs to be proven by more experiments.
Moreover, we did not find pro-MMP-2, pro-MMP-9, and
MMP-9 in the zymography, which did not exclude the pos-
sible regulation of activated DDR2 to other MMPs.

In conclusion, we found high expression of DDR2 in
atherosclerotic plaques of human and various animal models,
and DDR2 in VSMCs was involved with collagen I-induced
secretion of MMP-2, suggesting that the clinical role of
DDR2 in cardiovascular disease should be elucidated in fur-
ther experiments. Owing to the proatherosclerotic condition,
an abundance of DDR2 is present in the atherosclerotic pla-
ques of humans and various animal models; furthermore,
excessive ECM such as collagen I may also activate DDR2 to
produce MMP-2 for the degradation of ECM, which is ulti-
mately involved in the ethology of unstable atherosclerotic
plaques. Once this mechanism is clarified, DDR2may become
a novel target for developing new therapeutic strategy for the
control of unstable atherosclerotic plaques.
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Postoperative peritoneal adhesions are considered the major complication following abdominal surgeries. The primary clinical
complications of peritoneal adhesion are intestinal obstruction, infertility, pelvic pain, and postoperative mortality. In this study,
regarding the anti-inflammatory and antioxidant activities of Crocus sativus, we aimed to evaluate the effects of Crocus sativus
on the prevention of postsurgical-induced peritoneal adhesion. Male Wistar-Albino rats were used to investigate the preventive
effects of C. sativus extract (0.5%, 0.25% and 0.125% w/v) against postsurgical-induced peritoneal adhesion compared to
pirfenidone (PFD, 7.5% w/v). We also investigated the protective effects of PFD (100 μg/ml) and C. sativus extract (100, 200,
and 400μg/ml) in TGF-β1-induced fibrotic macrophage polarization. The levels of cell proliferation and oxidative,
antioxidative, inflammatory and anti-inflammatory, fibrosis, and angiogenesis biomarkers were evaluated both in vivo and
in vitro models. C. sativus extract ameliorates postoperational-induced peritoneal adhesion development by attenuating
oxidative stress [malondialdehyde (MDA)]; inflammatory mediators [interleukin- (IL-) 6, tumour necrosis factor- (TNF-) α, and
prostaglandin E2 (PGE2)]; fibrosis [transforming growth factor- (TGF-) β1, IL-4, and plasminogen activator inhibitor (PAI)];
and angiogenesis [vascular endothelial growth factor (VEGF)] markers, while propagating antioxidant [glutathione (GSH)],
anti-inflammatory (IL-10), and fibrinolytic [tissue plasminogen activator (tPA)] markers and tPA/PAI ratio. In a cellular model,
we revealed that the extract, without any toxicity, regulated the levels of cell proliferation and inflammatory (TNF-α),
angiogenesis (VEGF), anti-inflammatory (IL-10), M1 [inducible nitric oxide synthase (iNOS)] and M2 [arginase-1 (Arg 1)]
biomarkers, and iNOS/Arg-1 ratio towards antifibrotic M1 phenotype of macrophage, in a concentration-dependent manner.
Taken together, the current study indicated that C. sativus reduces peritoneal adhesion formation by modulating the
macrophage polarization from M2 towards M1 cells.
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1. Introduction

Postoperative peritoneal adhesions are considered the major
complication after abdominal surgery. Peritoneal adhesion is
an abnormal connective tissue that occurs between two
tissues that have been damaged during the surgery [1, 2].
The peritoneum gets harmed and forms a temporary matrix
during the surgery. After several hours, this provisional
matrix becomes a clot, which can be destroyed by various
factors such as macrophages and fibrinolysin enzymes.

Following the clot formation after 72 hours, the fibro-
blasts of the underlying tissues migrate into the clot and pro-
vide a field for forming sticky tissue [3, 4]. It has been
emphasised that inflammation, free radicals, hypoxia, coagu-
lation, and fibrinolysis are the main pathophysiological rea-
sons responsible for forming peritoneal adhesion [2, 5].

Plasminogen activator (PA) is a protease that converts
plasminogen into plasmin and prevents mesothelial cell
adhesion [3]. Numerous inflammatory cytokines are released
following the peritoneal injury, such as interferon-gamma
(IFN-γ), interleukin-4 (IL-4), IL-10, IL-6, tumour necrosis
factor-alpha (TNF-α), and prostaglandin E2 (PGE-2) [6–9].
These inflammatory cytokines play an essential role in the
development of peritoneal adhesion. Transforming growth
factor-beta (TGF-β) is expressed by adhesion fibroblasts
and mesothelial cells, which lead to adhesion formation and
fibrosis [7, 10]. Additionally, vascular endothelial growth fac-
tor (VEGF) is another important marker in angiogenesis,
wound healing, and adhesion formation [2, 11].

The surgical technique is the first method for adhesion
treatment; however, it is insufficient alone [12]. Other thera-
peutic approaches have been studied, such as barrier therapy
[13, 14] and gene therapy [15]. However, there is still no
approved method for the treatment or prevention of adhe-
sion, although a high prevalence of postoperative adhesions.

Crocus sativus (C. sativus), popularly named C. sativus,
is a small plant belonging to Iridaceae. Crocin, crocetin,
and safranal are the major ingredients of C. sativus [16].
Several pharmacological properties of C. sativus have been
reported, including the antioxidant [17, 18], anticancer,
anti-inflammatory [19, 20], anti-ischemia, and cardiopro-
tective [21, 22] effects.

To our knowledge, there is no study evaluating the pro-
tective effects of C. sativus extract on preventing postopera-
tive intra-abdominal adhesions. Therefore, in the present
study, we aimed to determine the anti-inflammatory and
antioxidant effects of Crocus sativus on the formation and
prevention of postoperative abdominal adhesions in a rat
model of peritoneal adhesion.

2. Material and Methods

2.1. Drugs and Chemicals. Ethanol, methanol, acetonitrile,
formic acid, dimethyl sulfoxide, ammonium chloride, HCl,
and dexamethasone were purchased from Sigma®, USA.
Ketamine and xylazine were obtained from ChemiDarou®,
Iran. The injectable normal saline serum was also prepared
from Samen®, Iran. Furthermore, enzyme-linked immuno-
sorbent assay (ELISA) kits of IL-4, IL-10, IL-6, TNF-α,

PGE2, TGF-β, tissue plasminogen activator (tPA), and plas-
minogen activator inhibitor (PAI) and VEGF were pur-
chased from Bender Med®, Germany. Dulbecco’s modified
Eagle’s medium/F12 (DMEM/F12) culture media, fetal
bovine serum (FBS), penicillin plus streptomycin (pen/
strep), dimethyl sulfoxide (DMSO), and other chemicals
used were of cell culture and analytical grade from Sigma-
Aldrich (St. Louis, MO, USA). Recombinant mouse TGF-
β1 (5231LC) was obtained from Cell Signaling Technology,
Inc. The levels of malondialdehyde (MDA) as an oxidative
marker and glutathione (GSH) as an antioxidative marker
were measured using commercially available biochemistry
kits (ZellBio®, Germany).

2.2. Preparation of C. sativus Extract. C. sativus was prepared
from C. sativus farms of Qaen (33°43′33.02″N 59°11′21.65″
E, South Khorasan, Iran) and identified by the herbarium of
Ferdowsi University of Mashhad (herbarium No. 293-0303-
1). The 70% v/v hydroethanolic extract of C. sativus was pre-
pared using the maceration method as described previously
[23]. Briefly, 10 g of its ground petal stigma was incubated
with 400ml of 70% v/v ethanol in a macerated extractor
for 72h. The prepared extract was dried in a rotatory evap-
orator and stored at -20°C until use.

2.3. High-Performance Liquid Chromatography- (HPLC-)
Mass Spectrometry (MS) Apparatus and the Extracted
Analysis. The LC-MS analysis was performed in an AB
SCIEX QTRAP (Shimadzu) liquid chromatography coupled
with a triple quadrupole Mass Spectrometer. Liquid chroma-
tography separation was performed on a Supelco C18
(15mm × 2:1mm × 3 μm) column. MS analysis was carried
out in both negative and positive modes of ionisation to
monitor as many ions as possible and to ensure that the
most significant number of metabolites extracted from the
C. sativus sample was detected. The analysis was done at a
flow rate of 0.2ml/min. The gradient analysis started with
100% of 0.4% aqueous formic acid, isocratic conditions were
maintained for 1min, and then a 14min linear gradient to
40% acetonitrile with 0.4% formic acid was applied. From
14 to 35min, the acidified acetonitrile was increased to
100%, followed by 5min of 100% acidified acetonitrile and
5min at the start conditions to reequilibrate the column.
The mass spectra were acquired in a range of 100 to 1500
within the 45 minutes scan time. Mass feature extraction of
the acquired LC-MS data and maximum detection of peaks
was done using the MZmine analysis software package,
version 2.3.

2.4. In Vivo Study

2.4.1. Animals. Seventy male Wistar-Albino rats weighing
250 ± 15 g (six weeks old) were purchased from the animal
laboratory unit of Faculty of Medicine, Mashhad University
of Medical Sciences, Mashhad, Iran. Rats were housed in sep-
arated standard cages and ventilated room with a 12/12 h
natural light-dark cycle, 60 ± 3% humidity, and temperature
of 21 ± 2°C. They had free access to food and taped water
before and during the experiments. More appropriate
hygiene was provided with continuous cleaning and removal
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of faeces and spilt feeds from cages daily. All animals received
human care in compliance with institutional guidelines.

2.4.2. Surgical Procedure. The ethical committee approved all
animal-related procedures based on the guidelines of animal
experiments in Mashhad University of Medical Sciences (eth-
ical approved code http://IR.MUMS.fm.REC.1395.950309,
Approval Date: 2017-03-01). The surgical method was accom-
plished as previously described [2, 24, 25]. In summary,
animals received 100mg/kg of ketamine and 10mg/kg of xyla-
zine intraperitoneally (i.p.) for anaesthesia. Following the
skin’s shaving and disinfection with alcohol and iodine solu-
tion, a three-centimeter incision was carefully done to reach
the abdominal cavity. For intra-abdominal adhesion induction
in rats, the peritoneal abrasion method was performed as one
side of the middle abdominal incision was gently abraded
using a soft sterilised paper polisher until the cecum provided
an opaque presentation with fine petechiae. Afterwards, the
peritoneum and the injured area were washed by 2ml of the
extract or vehicle. After the intervention, the cecum was
returned to the abdomen and abdomen wall then closed with
4-0 poly-gelatine suture. The procedure lasted to a maximum
of 10 minutes. After surgery, rats were kept in their cages in
the recovery room for seven days. All treatments were done
by lavage in the abraded and whole surgical zone with a
2ml syringe. Furthermore, all rats received a single dose of
antibiotic cefazolin (300mg/kg intramuscularly; i.m.) imme-
diately after ending the surgery to prevent possible wound
infection [26–28].

2.4.3. Experimental Groups. Seventy male Wistar rats were
randomly divided into seven groups containing ten animals
and grouped as follows:

(1) Group 1: normal—rats received neither surgical nor
intervention procedures.

(2) Group 2: control—rats received surgical and perito-
neal adhesion procedures without treatment.

(3) Group 3: vehicle—rats received surgical and perito-
neal adhesion procedures and were treated with
2ml of the vehicle (the vehicle was sterilised distilled
water containing 5% v/v of tween 80 [2]).

(4) Group 4: pirfenidone (PFD)—rats received surgical
and peritoneal adhesion procedures and were treated
with 2ml of the 7.5% w/v of PFD (approximately

600mg/kg or 150mg/animal [29–31]), as positive
control and the antifibrotic agent [29–31].

(5) Groups 5, 6, and 7: C. sativus extracts (S)—rats
received surgical and peritoneal adhesion procedures
and were treated with 2ml of either 0.125% w/v, 0.
25% w/v, or 0.5% w/v of the extract (approximately
12.5, 25, and 50mg/kg, respectively); the concentra-
tions were chosen based on our preliminarily
experiment.

2.4.4. Assessment of the Macroscopic Adhesion Grade. On the
seventh day after the surgery, rats underwent a second lapa-
rotomy. Thereafter, two independent researchers blind to
the protocol assessed the adhesion grading using the score
published by Nair et al. [32] (Table 1). Additionally, cecum
and peritoneal lavage fluid were collected for the measure-
ment of inflammatory, fibrotic, and oxidative biomarkers.

2.4.5. Histological Assessment. In the current experiment,
paraffin-embedded histological sections were stained by
Masson’s trichrome staining to assess the extent and distri-
bution of fibrosis in rats’ peritoneal tissue as described in
previous studies [33–35]. In this regard, after removing
formalin and washing with distilled water three times, the
tissues were transferred to different alcohol concentrations
(50-100%) for some minutes. Tissue sections were observed
with magnifications of 4x, 20x, and 40x using a Nikon E-
1000 microscope (Japan) under bright-field optics.

2.4.6. Evaluation of Oxidative Parameters. The levels of
MDA, as an oxidative marker, and GSH, as an antioxidative
marker, were measured in the peritoneal fluid using bio-
chemistry kits (ZellBio®, Germany) according to the manu-
facturer’s manuals [36, 37].

2.4.7. Assessment of Inflammatory and Anti-Inflammatory
Biomarkers. The levels of TNF-α, IL-6, and PGE2, as inflam-
matory markers, and IL-4 and IL-10, as anti-inflammatory
markers, were evaluated in peritoneal lavage fluid by ELISA
kits (Bender Med®, Germany) according to the manufactur-
er’s instruction [38, 39].

2.4.8. Evaluation of Fibrosis and Angiogenesis Biomarkers
and Tissue Plasminogen Activator (tPA) and Plasminogen
Activator Inhibitor (PAI). According to the manufacturer’s
instruction, the concentrations of fibrosis biomarkers
(TGF-β) and angiogenesis marker (VEGF) of peritoneal
fluid specimens were assessed by the relevant ELISA kits.

Table 1: Adhesion score categories according to Nair et al. [32].

Grades Description of adhesive bands

0 The complete absence of adhesions

1 A single band of adhesion, between viscera or from viscera to the abdominal wall

2 Two bands, either between viscera or from viscera to the abdominal wall

3
More than two bands, between viscera or viscera to the abdominal wall or whole intestines forming a mass without being adherent

to the abdominal wall

4 Viscera directly adherent to the abdominal wall, irrespective of number and extent of adhesive bands
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Additionally, according to the manufacturer’s instruction,
the levels of tPA, which digests fibrin substrates, and PAI
were also evaluated in peritoneal lavage fluid by ELISA kits.
Subsequently, the tPA/PAI ratio was calculated by dividing
the level of tPA by PAI level. The levels of cytokines were
reported as pg/mg protein.

2.5. In Vitro Study

2.5.1. Cell Culture Condition. Murine macrophage cell line,
RAW 264.7, was purchased from Pasture Institute, Tehran,

Iran. The cells were cultured in DMEM/F12 enriched with
10% v/v foetal bovine serum (FBS), 100 IU/ml penicillin,
and 100μg/ml streptomycin at 37°C in a humidified atmo-
sphere with 5% v/v CO2 [40].

2.5.2. Proliferation Assay. To investigate that C. sativus
extract had no cytotoxicity and inhibitory effects on RAW
264.7 cells, the cells were cultured at a density of 3 × 103
cells/well in 96-flat well plates and incubated overnight
[40]. Thereafter, the cells were incubated with different

Table 2: Peak assignment of metabolites in the hydroethanol extract of C. sativus (Crocus sativus L.) using LC-MS in the negative mode.

Peak no. Compound identification tR (min) [M-1] (m/z) Ref.

1 4-(α-D-glucopyranosyl)-2,6,6-trimethyl-1-cyclohexene-1-carboxaldehyde (picrocrocin) 35.3 375.2 [76]

2 Crocetin di-(β-D-gentibiosyl) ester 37.0 975.3 [77]

3 Crocetin (β-D-glucosyl)-(β-D-neapolitanosyl) ester 40.4 975.0 [77]

4 Crocin E 40.4 489.4 [76]

5 Crocetin 37.2 327.3 [78]

6 Dimethyl crocetin 28.8 355.3 [78]

7 Quercetin 3-orutinosylrhamnoside 29.4 755.7 [77]

8 Quercetin 3-O-rutinoside 29.8 609.6 [77]

9 Isorhamnetin-3-orutinosylrhamnoside 35.8 769.5 [78]

10 Narcissin 42.1 623.8 [78]

11 Nepetalic acid 35.2 183.1 [79]

12 Geranic acid 30.6 167.0 [79]

13 Dihydrojasmonic acid, methyl ester 32.7 225.0 [79]

14 Kaempferol 3-glucoside 3.1 447.8 [77]

15 Angoluvarin 16.5 483.42 [79]

16 Isococculidine 5.1 284.6 [79]

17 4-Apiosyl-glucoside 1.1 593.3 [79]

Table 3: Peak assignment of metabolites in the hydroethanol extract of C. sativus (Crocus sativus L.) using LC-MS in the positive mode.

Peak no. Compound identification tR (min) [M+1] (m/z) Ref.

1 Cinnamyl isovalerate 35.0 219.12 [79]

2 Crocin E 36.0 491.7 [78]

3 Crocetin 44.1 329.4 [78]

4 Isorhamnetin-3-O-β-D-glucopyranoside 38.0 479.7 [78]

5 Kaempferol 3-sophoroside-7-glucoside 42.8 772.2 [79]

6 Crocusatin 9.6 185.4 [80]

7 Taxifolin 7-O-hexoside 24.2 466.3 [80]

8 Kaempferol 3-O-hexoside-7-O-(acetyl)-hexoside 25.7 653.1 [80]

9 Sinapic acid 32.8 224.8 [80]

10 Adenosine 38.0 268.0 [80]

11 Tamarixetin 3-O-bihexoside 36.2 641.1 [80]

12 Rhamnetin 30.8 317.1 [79]

13 Naringenin 33.3 273.3 [79]

14 Tamarixetin O-kaempferol biflavonoid hexoside 23.1 747.1 [78, 80]

15 Karatavigenin B 24.3 569.3 [79]

16 Anhalonidine 28.0 224.1 [79]

17 Baicalein 30.9 271.2 [79]

18 4,6,8-Megastigmatriene 31.7 177.7 [79]
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concentrations of C. sativus extract (100, 200, and 400μg/ml,
according to the preliminary evaluation), PFD (100μg/ml, as
a positive control group, [41]), or vehicle (contained 0.1%
dimethyl sulfoxide, DMSO) for 48 h, at 37°C and 5% v/v
CO2.

In another set of experiments, we assessed the effects of
different concentrations of C. sativus extract (100, 200, and
400μg/ml, according to the preliminary evaluation), PFD
(100μg/ml, as a positive control group, [41]), or vehicle
(contained 0.1% dimethyl sulfoxide, DMSO) in the presence
of recombinant mouse TGF-β1 stimulation (20ng/ml [42])
on cell proliferation. In this regard, the cells (3 × 103) were
incubated with the extract, PFD, vehicle, or medium for
24 h and then coincubated with TGF-β1 (20ng/ml [42])
for another 24 h, at 37°C and 5% v/v CO2. Afterwards, cell
proliferation was also assessed by the MTT method.

Finally, cell proliferation was assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) method. Briefly, 10μl of MTT solution with a final
concentration of 5mg/ml was appended to each well to be
incubated for 3 h. After discarding the medium culture
(DMEM/F12), 100μl of DMSO was used to dissolve the
formed formazan crystals. The absorption of the 96-flat
wells plate was recorded by ELISA reader (Awareness Inc.,
USA) at 570nm and 620nm [40, 43].

2.5.3. Assessment of Secretory Cytokines Levels and
Intracellular Levels of iNOS and Arg-1. According to the

manufacturer’s instructions, the anti-inflammatory (IL-10)
levels and inflammatory cytokine (TNF-α) and angiogenesis
factor (VEGF) were measured by the ELISA-based method.
The cells were cultured in 6-well plates (2 × 106 cells/each
well) and incubated with different concentrations of C. sati-
vus extract (100, 200, and 400μg/ml, according to the pre-
liminary evaluation), PFD (100μg/ml, as a positive control
group, [41]), or vehicle (contained 0.1% dimethyl sulfoxide,
DMSO) in the presence of recombinant mouse TGF-β1
stimulation (20 ng/ml, providing M2 phenotype cells [42])
for 24 h and then coincubated with TGF-β1 (20ng/ml
[42]) for another 24 h, at 37°C in a 5% v/v CO2 incubator.
Finally, the supernatants were collected to measure the levels
of cytokines. The levels of cytokines were reported as pg/mg
protein. Moreover, the cells were collected and lysed using a
lysis buffer and then homogenised (DIAX 100, Heidolph,
Schwabach, Germany) on the cold water (0-4°C) for 2–
3min along with vortexing (every 30 sec). The samples were
centrifuged at 12,000 g for 10min at 4°C, and 50μl of super-
natants had then undergone an assessment. The levels of
iNOS and Arg-1 were reported as ng/mg protein.

2.6. Statistical Analysis. Data were analysed using GraphPad
Prism (version 6.01) software and presented according to
the nature of parametric or nonparametric as the means ±
SEM or median ± interquartile range, respectively. P values
≤ 0.001, 0.01, and 0.05 were statistically considered signifi-
cant. For parametric data, one-way ANOVA was performed
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Figure 1: (a) The total ion chromatogram of C. sativus (Crocus sativus L.) using LC-MS in the positive mode. (b) The total ion
chromatogram of C. sativus (Crocus sativus L.) using LC-MS in the negative mode. (c) Chromatogram of 4-(α-D-glucopyranosyl)-2, 6,6-
trimethyl-1-cyclohexene-1-carboxaldehyde (picrocrocin), and corresponding mass adduct, [M-H], at m/z 375.2. (d) Chromatogram of
dihydrojasmonic acid, methyl ester, and corresponding mass adduct, [M-H], at m/z 225.0. (e) Chromatogram of dihydrojasmonic acid,
methyl ester and corresponding mass adduct, [M-H], at m/z 225.0. (f) Chromatogram of naringenin and corresponding mass adduct, [M
+H], at m/z 273.3. (g) Chromatogram of Kaempferol 3-sophoroside-7-glucoside and corresponding mass adduct, [M+H], at m/z 772.2.
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Figure 2: Continued.
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with the following Tukey’s Kramer post hoc test. However,
for nonparametric data (adhesion score), the Kruskal-
Wallis test was done following Dunn’s multiple compari-
sons posttest. The data and statistical analysis comply with
the recommendations on experimental design, analysis
[44], and data sharing and preclinical pharmacology presen-
tation [45, 46].

3. Results

3.1. LC-MS Analysis and Characterisation of C. sativus L.
Extract. Collectively, 35 compounds (in ESI+ and ESI−)
were identified in the hydroethanolic extract of C. sativus
L., including flavonoids and crocins (crocin and its deriva-
tives). Data concerning the identification of the compounds
are shown in Tables 2 and 3. The total ion chromatograms of
C. sativus L. extract in both ESI+ and ESI−modes are shown
in Figures 1(a) and 1(b), respectively. The MS spectral data
were compared with the reported compounds in some previ-
ous literature. Figures 1(a)–1(f) are examples of extracted
ion chromatograms from the total ion chromatogram and
its related mass. Some flavonoids, including quercetin 3-oru-

tinosylrhamnoside, quercetin 3-O-rutinoside, Kaempferol 3-
glucoside, tamarixetin 3-O-bihexoside, rhamnetin, and nar-
ingenin, were detected in C. sativus L. extract. Apocarote-
noids, including crocin, crocetin, and their derivatives,
apart from imparting colours to C. sativus, also have antiox-
idant properties (40).

3.2. In Vivo Results

3.2.1. The Effect of C. sativus and PFD on Adhesion Score.
The adhesion scores in both the control and vehicle groups
were increased compared to those in the normal group
(P < 0:001 for both cases, Figures 2(a)–2(c)). Treatment with
PFD (7.5% w/v, P < 0:01) and C. sativus (0.25% w/v, P <
0:01, and 0.5% w/v, P < 0:001) significantly attenuated the
levels of adhesion score compared to the control group
(Figure 2(a)). The frequencies of adhesion score are indi-
cated in Figure 2(b) according to the Nair et al. scoring sys-
tem. Figure 2(c) shows the samples of the adhesion band in
each group.

3.2.2. The Effects of PO Extract on Histopathological
Alteration of Peritoneal Fibrosis. Our histopathological
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Figure 2: The effects of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on adhesion score (a) and
frequencies of scoring (b) following postoperational-induced peritoneal adhesion. (c) The images of adhesion bands in different groups.
(d) The effects of different doses of C. sativus extract on adhesion formation and collagen deposition by histopathological evaluation
using Masson’s trichrome staining; blue colour intensities (marked with white stars) represent fibrosis and collagen deposition. Data
were presented as the median ± interquartile range (IQR) (n = 10). ∗∗∗P < 0:001 and ∗∗P < 0:01 compared to the control group.
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results showed the levels of tissue fibrosis and collagen depo-
sition (blue colour) in both the vehicle and control groups
(Figure 2(d)). On the contrary, the blue colour’s intensities
were notably lower in all doses of the extract groups and
PFD as a positive control than the control group
(Figure 2(d)).

3.2.3. The Effect of C. sativus and PFD on Anti-Inflammatory
Biomarkers. Following the peritoneal adhesion induction,
the levels of IL-4 and IL-10 were markedly increased in the
control group compared to the normal group (P < 0:001
for both cases, Figures 3(a) and 3(b)). The level of IL-4 was
notably diminished by treatment with either all concentra-
tions of C. sativus (0.125% w/v, P < 0:05, 0.25% w/v, P <
0:001, and 0.5% w/v, P < 0:001, Figure 3(a)) or PFD (7.5%
w/v, P < 0:001, Figure 3(a)) compared to the control group.
The extract of C. sativus (0.5% w/v, P < 0:01, Figure 3(a))
significantly reduced IL-4 level in peritoneal lavage fluid
than that in the PFD-treated group (7.5% w/v). Both PFD
(7.5% w/v, P < 0:001, Figure 3(b)) and C. sativus (0.5% w/v,
P < 0:001, Figure 3(b)) considerably increased the level of
IL-10 in peritoneal lavage fluid.

3.2.4. The Effect of C. sativus and PFD on the Levels of tPA,
PAI, and tPA/PAI Ratio. The levels of tPA (P < 0:05,
Figure 4(b)) and tPA/PAI ratio (P < 0:001, Figure 4(c)) were
diminished, but PAI level (P < 0:001, Figure 4(a)) was
increased in the control group compared to the normal
group. Treatment with C. sativus (0.125%w/v, P < 0:05,
0.5%w/v, P < 0:001, and 0.25%w/v, P < 0:001) and PFD
(7.5%w/v, P < 0:001) significantly increased the tPA level
in a concentration-dependent manner (Figure 4(b)). Treat-
ment with a high concentration of C. sativus (0.5% w/v)
and PFD (7.5% w/v) markedly decreased PAI level
(P < 0:01 for both cases, Figure 4(a)) and significantly
increased tPA/PAI ratio (P < 0:001 for both cases,
Figure 4(c)) in the peritoneal lavage fluid compared to the
control group.

3.2.5. The Effect of C. sativus and PFD on Fibrotic (TGF-β1)
and Angiogenesis (VEGF) Parameters. The levels of TGF-β1
(P < 0:001, Figure 5(a)) and VEGF (P < 0:001, Figure 5(a))
were significantly increased in the control group compared
to the normal group. Two higher concentrations of C.
sativus (0.25% w/v, P < 0:001, and 0.5% w/v, P < 0:001)
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Figure 3: The effect of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on IL-4 (a) and IL-10 (b) levels
following the postoperational-induced peritoneal adhesion. Data were presented as the mean ± SEM (n = 8). +++P < 0:001 compared to the
normal group, ∗∗∗P < 0:001 compared to the control group, and ###P < 0:001 and ##P < 0:01 compared to the PFD group. The lines represent
a significant difference between the three C. sativus groups.
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Figure 4: The effect of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on PIA (a), tPA (b), and tPA/
PAI ratio (c) levels following post-operational-induced peritoneal adhesion. Data were presented as the mean ± SEM (n = 8). +++P < 0:001
and P < 0:01 compared to the normal group, ∗∗∗P < 0:001 to∗P < 0:05 compared to the control group, and ###P < 0:001 to #P < 0:05
compared to the PFD group. The lines represent a significant difference between the three C. sativus groups.
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Figure 5: The effect of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on TGF-β1 (a) and VEGF (b)
levels following postoperational-induced peritoneal adhesion. Data were presented as themean ± SEM (n = 8). +++P < 0:001 compared to the
normal group, ∗∗∗P < 0:001 compared to the control group, and ###P < 0:001 compared to the PFD group. The lines represent a significant
difference between the three C. sativus groups.
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and PFD (7.5% w/v, P < 0:001) significantly reduced the
concentration of TGF-β1 compared to the control group
(Figure 5(a)). However, the level of VEGF was significantly
decreased by administration of either C. sativus (0.5% w/v,
P < 0:001) or PFD (7.5% w/v, P < 0:001), compared to the
control group (Figure 5(b)).

3.2.6. The Effect of C. sativus and PFD on Inflammatory
Parameters (TNF-α, IL-6, and PGE2). All inflammatory
parameters (TNF-α, IL-6, and PGE2) were increased in the
control group compared to the normal group (P < 0:001
for all cases, Figures 6(a)–6(c)). All three concentrations of
C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v)
decreased IL-6 (P < 0:001-0.05 for all cases, Figure 6(b))
and PGE2 (P < 0:001 for all cases, Figure 6(c)) levels. More-
over, C. sativus (0.25, 0.5% w/v) and PFD were diminished
TNF-α concentration compared to the control group in peri-
toneal lavage fluid (P < 0:001 for all cases, Figure 6(c)).

3.2.7. The Effect of C. sativus and PFD on MDA and GSH.
The concentrations of MDA (P < 0:001, Figure 7(a)) and

GSH (P < 0:001, Figure 7(b)) were significantly increased
and decreased in the control group compared to the normal
group, respectively. The levels of MDA and GSH, respec-
tively, diminished and increased following treatment with
C. sativus (0.25, 0.5%w/v) and PFD (7.5%w/v) in compari-
son to the control group in peritoneal lavage fluid
(P < 0:001 for all cases, Figures 7(a) and 7(b)).

3.3. In Vitro Results

3.3.1. The Effect of C. sativus Extract and PFD on Cell
Proliferation. In the absence of TGF-β1 stimulation, no sig-
nificant changes were found in cell proliferation between
the groups treated with vehicle, C. sativus extract (100,
200, and 400μg/ml) and PFD (100μg/ml) and the control
group (Figure 8(a)). In the presence of TGF-β1 stimulation
(20 ng/ml), the levels of cell proliferation were significantly
increased in both vehicle-treated and TGF-β1 groups com-
pared to the respected control group (P < 0:001 for both
cases, Figure 8(b)). Pretreatment with C. sativus extract
(200 and 400μg/ml) and PFD (100μg/ml) significantly
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Figure 6: The effect of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on TNF-α (a), IL-6 (b), and
PGE2 (c) levels following postoperational-induced peritoneal adhesion. Data were presented as the mean ± SEM (n = 8). +++P < 0:001
compared to the normal group, ∗∗∗P < 0:001 and∗P < 0:05 compared to the control group, and ###P < 0:001 and ##P < 0:01 compared to
the PFD group.
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decreased the level of cell proliferation compared to the
TGF-β1-treated alone group (P < 0:001 for all cases,
Figure 8(b)). The potential protective effects of C. sativus
extract (100 and 200μg/ml) were lower than those of PFD
(100μg/ml) on decreasing the TGF-β1-induced cell hyper-
proliferation (P < 0:001 for both case, Figure 8(b)).

3.3.2. The Effect of C. sativus Extract and PFD on TNF-α, IL-
10, and VEGF. In the presence of TGF-β1 stimulation
(20ng/ml), the TNF-α level had no considerable changes
in both the TGF-β1 and vehicle groups compared to the
control group (Figure 9(a)). In contrast, IL-10 (P < 0:001
for both cases, Figure 9(b)) and VEGF (P < 0:001 for both
cases, Figure 9(c)) levels were significantly increased in
TGF-β1 and vehicle groups compared to the control group.
Premedication with PFD (100μg/ml) enhanced the TNF-α

level, but it had no statistically significant difference com-
pared to the TGF-β1 group (P = 0:0729, Figure 9(b)).
Pretreatment with C. sativus extract (200 and 400μg/ml)
significantly increased TNF-α (P < 0:05 and P < 0:001,
respectively, Figure 9(a)) level and notably decreased VGEF
(P < 0:001 for both cases, Figure 9(c)) level compared to the
TGF-β1 group. However, pretreatment with a high concen-
tration of C. sativus extract (400μg/ml) significantly
increased IL-10 level compared to the TGF-β1 group
(P < 0:001, Figure 9(c)).

3.3.3. The Effect of C. sativus Extract and PFD on Protein
Levels of iNOS and Arg-1 and iNOS/Arg-1 Ratio. In the pres-
ence of TGF-β1 stimulation (20ng/ml), iNOS level
(P < 0:001, Figure 10(a)) and iNOS/Arg-1 ratio (P < 0:001,
Figure 10(c)) were significantly diminished, but Arg-1 level
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Figure 7: The effect of different concentrations of C. sativus (0.125, 0.25, and 0.5% w/v) and PFD (7.5% w/v) on MDA (a) and GSH (b)
levels following postoperational-induced peritoneal adhesion. Data were presented as the mean ± SEM (n = 8). +++P < 0:001 and +P < 0:05
compared to the normal group, ∗∗∗P < 0:001 compared to the control group, and ###P < 0:001 and ##P < 0:01 compared to the PFD
group. The lines represent a significant difference between the three C. sativus groups. The lines represent a significant difference
between the two groups shown.
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Figure 8: The effects of C. sativus extract (100, 200, and 400 μg/ml) and PFD (100 μg/ml) on proliferation level of RAW 264.7 macrophage
cells. Cell proliferation without stimulation (a) and cell proliferation with TGF-β stimulation (20 ng/ml) (b). Data were presented as the
mean ± SEM (n = 6). +++P < 0:001, compared with the control group; ∗∗∗P < 0:001, compared with the TGF-β1 group; ###P < 0:001,
compared with PFD group. The lines represent a significant difference between the two groups shown.
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(P < 0:001, Figure 10(b)) was meaningfully increased in the
TGF-β1 and vehicle groups compared to the control group.
Pretreatment with C. sativus extract (200μg/ml, P < 0:01,
and 400μg/ml, P < 0:001) and PFD (100μg/ml, P < 0:001)
significantly increased iNOS level (Figure 10(a)) compared
to the TGF-β1 group. On the contrary, C. sativus extract
(200μg/ml, P < 0:05, and 400μg/ml, P < 0:001) and PFD
(100μg/ml, P < 0:001) significantly reduced Arg-1 level
(Figure 10(b)) in comparison to the TGF-β1 group. Our
results indicated that the highest concentration of C. sativus
extract (400μg/ml, P < 0:05) and PFD (100μg/ml, P <
0:001) could increase the iNOS/Arg-1 ratio compared to
the TGF-β1 group (Figure 10(c)).

4. Discussion

The present study evaluated the protective effects of
hydroethanolic extract of C. sativus stigma against
postoperational-induced peritoneal adhesion in a rat model.
As a result, the current study demonstrated that C. sativus
extract ameliorates postoperational-induced peritoneal adhe-
sion development through attenuating oxidative stress

(MDA), inflammatory mediators (IL-6, TNF-α, and PGE2),
and fibrosis (TGF-β1, IL-4, and PAI) and angiogenesis
(VEGF) markers, while propagating antioxidant (GSH),
anti-inflammatory (IL-10), and fibrinolytic (tPA) markers
and tPA/PAI ratio. Moreover, we assessed the protective
and antifibrotic effects of the extract against TGF-β1-induced
fibrosis in RAW 264.7 murine macrophage cell line. Briefly,
we revealed that the extract, without any toxicity, modulated
the levels of cell proliferation and inflammatory (TNF-α),
angiogenesis (VEGF), anti-inflammatory (IL-10), M1
(iNOS), and M2 (Arg-1) biomarkers and iNOS/Arg-1 ratio
towards antifibrotic M1 phenotype of macrophage, in a
concentration-dependent manner.

Numerous models have been suggested to evaluate post-
operative peritoneal adhesion, including uterine horn dam-
age, bacterial infection, and scarping model [47, 48]. In the
current study, we used the scraping model due to the most
similarity between the adhesion development by this model
and abdominopelvic surgery [49, 50]. Furthermore, we
scored the adhesions from zero to four using the Nair et al.
and adhesion scheme scoring methods [25, 32, 50]. Our
macroscopic data revealed that the adhesion score was
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Figure 9: Effects of C. sativus extract (100, 200, and 400μg/ml) and PFD (100 μg/ml) on the mRNA expression levels of proinflammatory
factors of RAW 264.7 macrophage cells, including TNF-α (a), IL-10 (b), and VEGF (c) in the presence of TGF-β stimulation (20 ng/ml).
Data were presented as the mean ± SEM (n = 6). +++P < 0:001, compared with the control group; ∗∗∗P < 0:001 and ∗P < 0:05 compared
with the TGF-β1 group; ###P < 0:001 to #P < 0:05 compared with the PFD group. PFD was increased TNF-α level, but it had no
significant difference compared to the TGF-β1 group (P = 0:0729).
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significantly increased in the control group, while C. sativus
(0.25 and 0.5% w/v) concentration-dependently reduced the
adhesion formation following postoperational-induced peri-
toneal adhesion in the rat. Our previous study also reported
that the adhesion score is enhanced in the control group that
received postoperative-induced peritoneal adhesion and
decreased following the interventions, such as propolis,
honey, and Rosmarinus officinalis treatments [2, 24, 25, 32].

In the present study, we used pirfenidone (PFD), a well-
known antifibrotic medicine, as a positive control. We
showed that PFD (7.5% w/v) provided a significant decre-
ment in adhesion score, MDA, TNF-α, PGE2, IL-6, IL-4,
TGF-β, VEGF, and PAI levels, while making a significant
increment in GSH, IL-10, and tPA levels as well as tPA/
PAI ratio following postoperational-induced adhesion in
the rat. Moreover, following the TGF-β1 stimulation, our
cellular results also revealed that PFD (100μg/ml) signifi-
cantly reduced the levels of cell proliferation, VEGF, and
Arg-1 but notably enhanced IL-10, iNOS, and iNOS/Arg-
1 ratio (M1/M2 marker) and polarized the macrophage
from fibrotic phenotype towards antifibrotic M1 cells. Fol-
lowing our results, Bayhan et al. indicated that oral
administration of PFD (500mg/kg po~6.25% w/v) for

two weeks significantly reduced adhesions grade and the
protein concentrations and mRNA expression levels of
matrix metallopeptidase-9 (MMP-9), tissue inhibitor of
metalloproteinase-1 (TIMP-1), tumour necrosis factor-
alpha (TNF-α), and TGF-β1 [29]. Similarly, Ozbilgin and
coworkers reported the protective effects of PFD (150mg/
animal~2ml of 7.5% w/v) against peritoneal adhesion. In
fact, they showed that PFD as the same concentration which
used in our study (2ml of 7.5% w/v) significantly diminished
the peritoneal adhesion by decreasing the Th2 lymphocytes
as fibrotic cells and increasing the Th1 lymphocytes as antifi-
brotic cells [31]. Moreover, in 2016, Hasdemir et al. also sup-
ported that intraperitoneal administration of PFD (150mg/
animal ip~2ml of 7.5% w/v) significantly abolished adhesion
scores, fibrosis, and vascular proliferation as well as the pro-
tein concentrations of IL-17 and TGF-β1 [30]. Intriguingly,
in the cellular model of adhesion, PFD at 100μg/ml repro-
grammed the IL-4/IL-13-induced M2 fibrotic macrophages
and polarized towards M1 cells by decreasing the levels of
TGF-β1, collagen type one, and related markers, including
YM-1 and CD206 and transferrin receptors [41]. Collec-
tively, these studies can support the results of the positive
control PFD used in the current study.
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Figure 10: Effects of C. sativus extract (100, 200, and 400 μg/ml) and PFD (100 μg/ml) on the iNOS and Arg-1 levels iNOS/Arg-1 ratio of
RAW 264.7 macrophage cells. (a) iNOS, (b) Arg-1, and (c) iNOS/Arg-1 ratio in the presence of TGF-β stimulation (20 ng/ml). Data were
presented as the mean ± SEM (n = 6). +++P < 0:001, compared with the control group; ∗∗∗P < 0:001 and ∗P < 0:05 compared with the TGF-
β1 group;

###P < 0:001 and ##P < 0:01 compared with the PFD group.
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It has been demonstrated that oxidative stress is one of
the major factors responsible for adhesion development.
Activated oxygen and nitrogen species stimulate fibroblastic
cells’ growth in damaged areas and lead to fibrosis forma-
tion [51, 52]. Therefore, we investigated MDA levels as an
oxidative agent and GSH as antioxidative factors. We found
that C. sativus extract (0.25-0.5% w/v~25 and 50mg/kg)
meaningfully reduces MDA level and enhances GSH level
following postoperational-induced peritoneal adhesion in a
concentration-dependent manner. In line with our results,
Ghadrdoost et al. determined that C. sativus extract
(30mg/kg) and crocin (15 and 30mg/kg) diminish lipid
peroxidation by reducing the MDA level. Simultaneously,
the extract and its active constituent augmented total anti-
oxidant activity, glutathione peroxidase, glutathione reduc-
tase, and superoxide dismutase activities following the
oxidative stress and spatial learning and memory deficits
induced by chronic stress in rats [53].

Additionally, it has been demonstrated that C. sativus
aqueous extract (10, 20, and 40mg/kg) mitigated MDA
and nitric oxide levels, while it appended the levels of GSH
and catalase and SOD activities following streptozotocin-
induced diabetes in rats [54]. Akbari and coworkers figured
out that C. sativus extract (40mg/kg) attenuates MDA and
IL-6 levels and propagates GSH level as well as glutathione
peroxidase activity in exercised rats [55]. In one study, C.
sativus stigmas and high-quality byproducts (petals
+anthers-CTA) extracts (25μg/ml) provided a significant
decrement in ROS and lactate dehydrogenase levels in
human colon cancer (HCT116) cell lines following hydro-
gen peroxide-induced oxidative stress. Moreover, CST and
CTA alleviated MDA levels in rat colon specimens chal-
lenged with E. coli lipopolysaccharide [56]. Crocin, one
of the major active constituents of C. sativus, decreased
MDA and xanthine oxidase while it increased GSH levels
in streptozotocin-induced diabetic rats [57]. These studies
may endorse our results regarding the antioxidant effects
of C. sativus extract.

Inflammation and inflammatory cytokines are consid-
ered one of the most critical factors responsible for postoper-
ative adhesion formation. In damaged tissue, macrophages
secret IL-6 and TNF-α, which cause coagulation and the
formation of fibrin layers that extend adhesion [3]. By con-
trast, IL-10 as an anti-inflammatory cytokine inhibits the
secretion of pro-inflammatory cytokines, such as IL-8, IL-6,
and TNF-α, and plasminogen activator enzymes and pre-
vents tissue damage [53]. Therefore, we measured the effects
of C. sativus on the levels of TNF-α, IL-6, IFN-γ, and PGE2 as
inflammatory cytokines and IL-4 and IL-10 concentrations
as anti-inflammatory cytokines. Our results revealed that C.
sativus extract (0.25-0.5% w/v) concentration-dependently
reduces the levels of TNF-α, IFN-γ, PGE2, IL-6, and IL-4,
while making a significant increment in IL-10 level following
postoperational-induced adhesion in the rat. In line with our
animal results, we observed that the level of IL-10 was
increased following the TGF-β1 stimulation in the macro-
phage cell line. However, the level of TNF-α as an inflamma-
tory cytokine was propagated at higher concentrations of the
extract. In fact, this phenomenon was in contrast to the anti-

inflammatory effects of the C. sativus extract observed in the
animal section. It can be justified that TGF-β1 slightly
reduces the TNF-α and leads to provide fibrotic macrophages
(M2 cells), which produce higher levels of fibrotic and angio-
genesis factors, as shown in our results of Figures 9 and 10.
Indeed, by TGF-β1 stimulation, the macrophage phenotypes
were polarized towards M2 cells by decreasing the level of
increasing the level of Arg-1 as a marker of M2 cells and
iNOS as a marker of M1 macrophage cells and iNOS/Arg-1
ratio (M1/M2 ratio). It justifies that the extract provides no
inflammatory state but modulates the macrophage polariza-
tion towards nonfibrotic phenotypes that secrets higher
TNF-α levels. Moreover, we assessed the level of IL-10 as sup-
portive data, which endorse our vision on the direct effects of
the extract on macrophage polarization and increasing the
TNF-α level.

Christodoulou et al. demonstrated that Crocus sativus L.
aqueous extract (30, 60, and 90mg/kg/day) reduces IL-6,
TNF-α, monocyte chemoattractant protein-1, matrix metal-
loproteinase- (MMP-) 2, MMP-3, and MMP-9 levels, and
MMP/TIMP-2 ratio in diabetic atherosclerotic C57BL/6J
wild-type mice [58]. In another study, Crocus sativus (20,
40, and 80mg/kg) diminished IL-4 and NO levels, while it
enhanced IFN-γ and IFN-γ/IL-4 ratio levels in ovalbumin-
sensitised guinea pigs [59]. Faridi and coworkers suggested
that hydroalcoholic extract of C. sativus (500mg/kg) miti-
gates IFN-γ and IL-17 and augments IL-10 levels following
streptozocin-induced autoimmune diabetes in C57BL/6
mice [60]. However, the levels of the extract were consider-
ably higher than what we investigated in our study. Addi-
tionally, Hemshekhar et al. reported that crocin (10 and
20mg/kg), one of the major active constituents of C. sativus,
alleviates MMP-13, MMP-3, MMP-9, TNF-α, IL-1β, NF-κB,
IL-6, COX-2, PGE2, and ROS levels following Freund’s com-
plete adjuvant- (FCA-) induced arthritis in rats [61]. In
another study, crocin (100 and 200ppm~1 and 2% w/v)
made a significant decrement in the levels of mRNA expres-
sion of TNF-α, IL-1β, IL-6, IFN-γ, NF-κB, COX-2, and
iNOS and propagated Nrf2 mRNA expression in the colo-
rectal mucosa following dextran sodium sulfate-induced
colitis [62]. These studies may support our results regarding
the anti-inflammatory properties of C. sativus extract.

The previous human and animal studies indicated that
the levels of TGF-β are significantly increased in the perito-
neal adhesions [2, 24, 50]. TGF-β is a suppressive and
fibrotic cytokine that controls reproduction, differentiation,
cell apoptosis, and wound healing. The active form of
TGF-β increases the secretion of the extracellular matrix,
leading to the formation of adhesion [3, 63]. Vascular endo-
thelial growth factor (VEGF) is another growth factor and
potent mitogen for endothelial cells and a vital angiogenesis
factor, which is essential for wound healing and adhesion
formation [2, 24, 50]. In fact, VEGF production is stimulated
by lactate in macrophages, and lactate accumulation plays a
critical role in adhesion development [2, 3, 24, 50]. It has
been emphasised that the anti-VEGF monoclonal antibody
decreases the postoperational peritoneal adhesion in mice
[64]. The current study results figured out that C. sativus
extract (0.25-0.5% w/v~25 and 50mg/kg) provided a
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significant and concentration-dependent decrement in TGF-
β and VEGF levels following the postoperational peritoneal
adhesion. Interestingly, our in vitro study found that VEGF
level was also meaningfully abrogated by C. sativus extract in
a concentration-dependent manner.

In line with our results, Alemzadeh and Oryan investi-
gated that C. sativus extract (20% w/w; topically) diminishes
the expression of IL-1β and TGF-β1 and improves wound
healing following the burn wounds in rats [65]. Additionally,
crocin (20mg/kg) mitigated TGF-β, NF-κB, and IL-6
expression levels following streptozocin-induced diabetic
nephropathy in rats [66]. Algandaby also showed that crocin
(25 and 100mg/kg) attenuates the expression of TGF-β,
alpha-smooth muscle actin (α-SMA) and collagen 1-α, NF-
κB, COX-2, IL-1β, and TNF-α following thioacetamide-
induced liver fibrosis in mice [67]. Kermani and coworkers
demonstrated that C. sativus (100mg/day) reduces VEGF,
IL-2, and IL-1β while enhancing IL-10 levels compared to
the placebo group in metabolic syndrome patients [68]. Fur-
thermore, C. sativus aqueous extract (400 and 800μg/ml)
attenuated the expression levels of VEGF-A and VEGF-2
in the MCF-7 cell line and prevented angiogenesis [69].
Additionally, crocin (25mg/kg) mitigated VEGF, IL-6,
IFN-γ, and TNF-α levels in a mouse model of endometriosis
[70]. In another study, crocin (250 and 500μg/kg) attenu-
ated VEGF, MMP-2, and MMP-9 expressions and TNF-α
and IL-6 levels while it elevated IL-10 level in melanoma
metastatic model in C57BL/6 mice [71]. These studies may
endorse our animal and cellular results regarding the antifi-
brotic and antiangiogenesis effects of the extract.

Tissue plasminogen activator (tPA) is classified as a
serine protease that prevents the progression of mesothelial
cell adhesion by inhibiting plasminogen transformation to

plasmin. In low tPA level condition, fibrin masses form a
clot attacked by fibroblasts, collagens, and other proteins
that lead to adhesion formation [72]. Plasminogen activator
inhibitor (PAI), which is present in plasma, inhibits the tPA.
Increasing the PAI level and decreasing the tPA level and
tPA/PAI ratio are considered adhesion development causes
[3, 73]. In one study, Atta and coworkers found lower
TGF-β1 and PAI and higher tPA levels in the group with a
lower rate of postoperative adhesion formation in rats [74].
Therefore, we determined the levels of TPA, PAI and the
ratio of TPA/PAI. We found that C. sativus (0.25-0.5% w/v
~25 and 50mg/kg) mitigates PAI level and propagates tPA
and TPA/PAI ratio levels in a concentration-dependent
manner following the postoperational induced peritoneal
adhesion. Tsantarliotou and coworkers suggested that crocin
at both low and high doses (10 and 100mg/kg) could dimin-
ish PAI-1 levels in the liver and brain tissue following
lipopolysaccharide-induced thrombosis in rats [75].

5. Conclusion

In summary, our results revealed that C. sativus could
prevent postoperative peritoneal adhesion through attenuat-
ing adhesion score, oxidative stress, inflammatory cytokines,
fibrosis, and angiogenesis markers, while propagating
antioxidant and anti-inflammatory markers and tPA
(Figure 11). Moreover, the current study indicated that C.
sativus reduces peritoneal adhesion formation by modulat-
ing the macrophage polarization from M2 towards M1 cells
(Figure 11). It could be concluded that C. sativus may be the
right candidate for preventing postoperative peritoneal
adhesion.
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Figure 11: Preventive effects of C. sativus extract against postsurgical-induced peritoneal adhesion.
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