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Abstract

Myocardial ischemia/reperfusion injury (I/RI) and ventricular remodeling are the critical pathological basis of heart fail-
ure. Danlou tablet (Dan) is a kind of Chinese patent medicine used in angina pectoris treatment in China. However, it
remains unclear whether and how Dan could protect against cardiac remodeling after myocardial I/RI. In this study, both
preventive and therapeutic administration of Dan attenuated ventricular remodeling and cardiac dysfunction at 3 weeks
after myocardial I/RI. Dan inhibited Bax/Bcl2 ratio and Caspase3 cleavage in heart tissues and also inhibited apoptosis of
human AC16 cells and neonatal rat cardiomyocytes stressed by oxygen and glucose deprivation/reperfusion. Mechanisti-
cally, Dan inhibited myocardial apoptosis through phosphorylating AKT and FoxO3a, thereby inhibiting downstream BIM
and PUMA expressions. Collectively, these results demonstrate that Dan treatment is effective to protect against cardiac
remodeling and dysfunction after myocardial I/RI and provide theoretical basis for its cardioprotection and clinical applica-
tion in treating ischemic cardiac diseases.
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Introduction

Editor-in-Chief Enrique Lara-Pezzi oversaw the review of this article

Lin Li, Weitong Qi, and Yujiao Zhu contributed equally to this Myocardial ischemia/reperfusion injury (I/RI) refers to
work. the pathological process of progressive aggravation of the

ischemic myocardium, although the normal perfusion of the
ischemic myocardium can be restored after the partial or
complete acute occlusion of the coronary artery [1]. Myocar-
dial I/RI is a complex process involving several associated
factors, including decreased cellular adenosine triphosphate
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(ATP) levels, increased inflammation, calcium overload, and
oxidative stress which can cause cardiomyocyte injury and
death [2]. Late in the myocardium injury, the accumulation
of inflammatory cytokines and the activation of neurohu-
moral factors will lead to structural and functional changes
in the heart which is known as ventricular remodeling [3].
The adverse remodeling will further exacerbate cardiomyo-
cyte apoptosis and cardiac fibrosis and eventually lead to
heart failure.

At present, there is still a lack of effective means to prevent
and treat I/RI. Some studies have shown that the antioxidants
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could eliminate free radical accumulation induced by I/RI and
reduce oxidative stress [4]. Drug preconditioning with sodium-
hydrogen exchange blockers and sodium-calcium exchange
blockers affected the outcome of myocardial I/RI [5]. Phar-
macological preconditioning is a method to attenuate I/RI by
stimulating or mimicking endogenous substances in the body,
such as opioid-induced preconditioning was beneficial to protect
the heart from I/RI [6]. Multidrug combination strategies, such
as co-administration of doxycycline, ML-7, and eNOS inhibitor
could have a synergistic effect which reduced I/RI and improved
cardiac function [7]. However, effective strategies to inhibit car-
diac remodeling and heart failure after I/RI are still lacking in
clinical application.

Danlou Tablet (Dan) is a kind of traditional Chinese medi-
cine, which has been used in the treatment of angina pectoris
and acute coronary syndrome in China [8, 9]. The main ingre-
dients of Dan are Trichosanthes kirilowii maxim, Paeoniae radix
rubra, Ligusticum Chuanxiong hort, Salvia miltiorrhiza bunge,
Radix Puerariae, Astragalus propinquus schischkin, etc. Dan has
been reported to relieve unstable angina and hyperlipidemia, and
improve vascular endothelial function [10, 11]. Our previous
work and other reports have demonstrated that Dan was effec-
tive to inhibit acute myocardial I/RI in vivo [12, 13]. However,
whether and how Dan could have protective effect against car-
diac remodeling and improve cardiac function at long-term after
myocardial I/RI remained largely unclear.

In the present study, we established in vivo model
and in vitro mimic model of myocardial I/RI using mice,
AC16 cells, and neonatal rat cardiomyocytes (NRCM). We
explored the potential function of Dan in preventing cardiac
remodeling and dysfunction after I/RI, and further explored
the molecular mechanism underlying its protection in oxy-
gen glucose deprivation/reperfusion (OGD/R)-treated car-
diomyocytes in vitro and in myocardial I/RI model in vivo.
The protective role and mechanism of Dan in attenuating
myocardial I/RI and ventricular remodeling will provide
new method and strategy for the prevention and treatment
of myocardial I/RI.

Methods
Myocardial I/Rl Model and Dan Treatment

Eight-week-old male C57BL6/J mice were purchased from
Weitong Lihua Experimental Animal Technology Co.,
Ltd. (Zhejiang, China). All the animals were housed in the
specific pathogen free (SPF) laboratory animal facility of
Shanghai University (Shanghai, China). Mice were rand-
omized into Sham group, I/RI group, and I/RI treated with
Dan group. For the preventive experiment, myocardial 1/
RI mouse model was established after oral administration
of 700 mg/kg/day (dissolved with saline) of Dan for one
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week. Mice were anesthetized with intraperitoneal injection
of 4% chloral hydrate (10 mL/g body weight). Then myocar-
dial I/RI surgery was performed by ligating the left anterior
descending (LAD) coronary artery for 30 min followed by
reperfusion for 3 weeks according to the previous study [14].
Sham mice received the same operation procedures without
ligation of LAD coronary artery. After three days of rest
post I/RI surgery, mice were continued to be treated with
Dan (700 mg/kg/day), and the control group was given the
same dose of saline. For the therapeutic experiment, mice
were subjected to myocardial I/RI surgery and from the next
day of surgery received oral administration of 700 mg/kg/
day Dan for 3 weeks. All the I/RI surgery operations were
conducted under blinded condition. A low mortality rate
(10% ~20%) of the I/RI model can be achieved in our labo-
ratory as our previously reported [14]. There was no dif-
ference in the mortality rate between the I/RI group and I/
RI+Dan group. After three weeks of reperfusion, mice were
sacrificed and hearts were collected for further analyses. All
animal experiments were approved by the Committee for the
Ethics of Animal Experiments of Shanghai University and
performed in accordance with the Guidelines on the Care
and Use of Laboratory Animals for biomedical research
published by the National Institutes of Health (No. 85-23,
revised 1996).

Echocardiography for Cardiac Function

A Visual Sonics Vevo 2100 (FUJIFILM Visual Sonics Inc)
equipped with an MS-550D ultrasound probe was used to
detect transthoracic echocardiography in mice to measure
the index of small animal cardiac function. Animals were
anesthetized with isoflurane. Hearts were imaged with
M-mode in long-axis view of the left ventricle at papillary
muscle level. Left ventricular ejection fraction (EF, %) and
fractional shortening (FS, %) were determined for cardiac
function.

Hematoxylin & Eosin Staining

Hematoxylin & Eosin (H&E) staining was used to observe
the morphology of liver and heart tissues. After three weeks
of I/RI, liver or heart tissues were harvested and cut into
5 pm-thick tissue sections. Hematoxylin and eosin were
sequentially added to tissue sections, and images were
acquired with microscope (Leica DM3000, Germany).

Masson's Trichrome Staining

Masson's trichrome staining was used to investigate cardiac
pathological fibrosis. After three weeks of I/RI, the hearts of
experimental mice were harvested and cut into 5 pm-thick
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tissue sections. Masson's trichrome staining was performed
according to manufacturer’s instructions (Solarbio, G1340)
and images were acquired with microscope (Leica DM3000,
Germany). The percentage of fibrotic area to total cardiac
area was analysed using ImagelJ software 1.50i (NIH, USA).

Cardiomyocyte Culture

Human AC16 cardiomyocytes and neonatal rat cardiomyo-
cytes (NRCM) were used to study the functional role of Dan
in cardiomyocytes. The NRCM were isolated and cultured
according to the previous study [15]. In brief, left ventri-
cles were freshly obtained from 1- to 3-day old neonatal
Sprague-Dawley rats and minced into 1 mm? small pieces
on ice. The Collagenase II (Gibco, 17,101,015) and Pan-
creatin from porcine pancreas (Sigma, P3292) were used
to digest NRCM. Then, Percoll (GE healthcare, 17-0891-
01) centrifugation was used to isolate NRCM. NRCM were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% fetal bovine serum and 10% horse
serum for further experiments. Human ACI16 cardiomyo-
cytes were cultured and passaged in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum for further experiments.

Oxygen Glucose Deprivation/Reperfusion (0GD/R)
Model and Cell Treatment

To investigate the role of Dan in cardiomyocytes, AC16
cardiomyocytes and NRCM were cultured in serum-free
and glucose-deprived DMEM medium under an oxygen
deprivation atmosphere at 37°C for 12 h and 8 h, respec-
tively. Then, the two kinds of cells were cultured in
DMEM with normal serum, glucose, and oxygen condi-
tions for another 12 h to mimic I/RI in vitro. The 50 pg/ml
and 100 pg/ml of Dan were used in OGD/R-induced AC16
apoptosis model, followed by flow cytometry analysis.
And the 50 pg/ml of Dan was finally selected for further
study in OGD/R-stressed AC16 and NRCM. To further
study the contribution of AKT to the protective role of
Dan, NRCM were treated with AKT inhibitor MK2206
(10 nM, Selleck S1078) or AKT activator SC79 (10 pM,
Selleck S7863) for 24 h, simultaneously treated with Dan
for 48 h under OGD/R condition.

Flow Cytometry for Apoptosis

After AC16 cells were stressed with OGD/R, cell apopto-
sis was analyzed using Annexin V-FITC/PI Apoptosis Kit
(Bioworld, Nanjing, China) according to the manufacturer’s
instructions. Briefly, the cells were trypsinized and washed

twice with PBS. After being added with binding buffer and
incubating with 5 pL of Annexin V-FITC for 15 min and
10 pL of PI for 5 min in the dark, the cells were analyzed
for apoptosis by flow cytometry (Beckman Coulter, USA).

TUNEL Staining

After treatment, NRCM were fixed by 4% paraformaldehyde
(PFA) and stained with TUNEL FITC Apoptosis Detection
Kit according to the manufacturer’s instructions (Vazyme,
China). Immunofluorescent staining for a-actinin (Sigma,
A7811) was performed to label NRCM. Hoechst was used
to label the nuclei of NRCM. NRCM stained with TUNEL
and a-actinin were imaged under a fluorescence microscope
(Leica DMi8, Germany). The percentage of TUNEL-posi-
tive NRCM to total NRCM was analyzed using ImagelJ soft-
ware 1.501 (NIH, USA).

Western Blot

For AC16 cells and NRCM cultured in vitro or heart
tissues from I/RI mouse model in vivo, cells or tissues
were lysed with RIPA lysis buffer (Beyotime, China)
complemented with 1% phenylmethylsulfonyl fluoride
(PMSF) and protease and phosphatase inhibitor (Bey-
otime, China) at 4°C and subsequently centrifuged at
12,000 g for 20 min. A total of 10 to 30 pg proteins were
used to perform Western blot analysis. The primary anti-
bodies used are as follows: Bax (Abclonal, A0207), Bcl2
(Abclonal, A2845), Caspase 3 (Cell Signaling, 9662),
p-AKT(S473) (Cell Signaling, 4060), total-AKT (Pro-
teintech, 10,176-2-AP), p-FoxO3a(T32) (Cell signaling,
9464), p-Fox03a(5253) (Cell signaling, 9466), FoxO3a,
(Beyotime, AF609), BIM (Abclonal, A19702), and
PUMA (Proteintech, 55,120-1-AP). GAPDH or f-actin
was used as an internal control. Protein bands were visu-
alized using enhanced chemiluminescence (ECL) kit and
analysed using ImageJ software.

Real-Time PCR

Total RNA was isolated from mouse heart tissues using
TRIzol RNAiso Plus Kit (TaKaRa). RNA was then
reverse-transcribed to cDNA using RevertAid First
Strand ¢cDNA Synthesis Kit (Thermo K1622). Real-
time PCR for pathological remodeling genes including
atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), and pf-myosin heavy chain (-MHC) and fibrosis-
related genes including collagen I and collagen III was
performed using TaKaRa SYBR Premix Ex Tag™ (Tli
RNaseH Plus, Japan) on Roche LightCycler480 PCR Sys-
tem. 18 s was used as an internal control. The primers
used were listed in Table 1.
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Table 1 Primer sequences for Gene

qRT-PCRs
mmu-ANP
mmu-BNP
mmu-B-MHC

mmu-Collagen I
mmu-Collagen III

GAGCAAATCCCGTATACAGTGC
CTGCTTGCGGAGGCGAGAC
CAGAACACCAGCCTCATCAACCAG
CCCTGAAGTCAGCTGCATACACAA
GAGATGTCTGGAAGCCAGAACCAT
18s TCAAGAACGAAAGTCGGAGG

ATCTTCTACCGGCATCTTCTCC
TGTTCTGGAGACTGGCTAGGACTTC
TTCTCCTCTGCGTTCCTACACTCC
CCTACATCTTCTGAGTTTGGTGAT
GATCTCCCTTGGGGCCTTGAGGT
GGACATCTAAGGGCATCAC

Statistical Analysis

All data were presented as mean + standard deviation (SD)
and analyzed by SPSS 20.0 or GraphPad Prism 8. The nor-
mal distribution of data was analyzed by Shapiro—Wilk
normality test. For data with normal distribution, Student's
t-test, one-way ANOVA followed by Bonferroni or Dun-
nett’s T3 test, or Two-way ANOVA followed by Tukey’s
post hoc test was used as appropriate. For those which did
not pass normality test, Kruskal-Wallis test was performed
as appropriate. A p value < 0.05 was considered statistically
significant.

Results

Role of Dan in Cardiac Remodeling and Dysfunction
after I/R Injury

To explore the role of Dan in cardiac remodeling and dys-
function after long-term exposure to myocardial I/RI, adult
C57BL6/J mice were administrated with Dan (700 mg/
kg/d) for one week, then the myocardial I/RI mice model
was established. After I/RI, mice were further adminis-
trated with Dan (700 mg/kg/d) for another three weeks. At
the end of the experiment, cardiac function of the experi-
mental mice was examined using echocardiography. Our
results showed that Dan could improve cardiac function
after three weeks of myocardial I/RI in mice; both left
ventricular EF (%) and FS (%) of the I/RI group were
decreased compared with the sham group, while left ven-
tricle systolic function was significantly improved in mice
treated with Dan compared with the I/RI group (Fig. 1A).
H&E staining results showed that administration of Dan
for three weeks did not induce pathological structure
changes in liver tissues in I/RI mice (Fig. 1B). Meanwhile,
no difference was found in myocardial hypertrophy among
different groups as determined by heart weight (HW),
heart weight/body weight (HW/BW) ratio, heart weight/
tibia length (HW/TL) ratio, and H&E staining for heart tis-
sues (Figure S1A and S1B). Masson staining showed that
the fibrosis area was significantly increased in the heart of
mice with I/RI compared with the sham group, while the
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fibrosis area of the Dan group was significantly reduced
compared with the I/RI group (Fig. 1C). The pathologi-
cal remodeling genes and fibrosis-related genes in heart
tissues were further detected by fluorescence quantitative
PCR. It was found that treatment with Dan significantly
decreased the expression of ANP, f-MHC, and collagen
III, and tended to downregulate BNP and collagen I com-
pared with the I/RI group (Fig. 1D and 1E). Collectively,
these results demonstrated that Dan could prevent ventric-
ular remodeling and attenuate cardiac dysfunction induced
by three-week of myocardial I/RI.

Dan Treatment Inhibits Cardiomyocyte Apoptosis In
Vivo and In Vitro

Western blot was used to investigate whether Dan affected
the expression of apoptosis-related proteins in cardiac tis-
sues after three weeks of myocardial I/RI in mice. Our
results showed a marked increase of the Bax/Bcl2 ratio
and cleaved-Caspase3/Caspase3 ratio after three weeks
of myocardial I/RI, however, Dan treatment significantly
decreased the Bax/Bcl2 ratio and cleaved-Caspase3/Cas-
pase3 ratio compared with the I/RI group (Fig. 2A). These
results provided evidence that long-term administration
of Dan in vivo could inhibit myocardial apoptosis after
three weeks of myocardial I/RI. We previously reported
that Dan treatment was effective to inhibit apoptosis of
primary NRCM in vitro [12]. Here, we further determined
whether Dan could also protect cardiomyocyte apoptosis
using human AC16 cells. The OGD/R-treated AC16 cell
model was firstly used to explore the appropriate concen-
tration of Dan in inhibiting cell apoptosis. Flow cytometry
analysis showed that OGD/R stress significantly increased
the apoptotic ratio of AC16 cells compared with the con-
trol group. Meanwhile, we noticed that both 50 pg/mL
and 100 pg/mL of Dan had similar effects in reducing the
apoptotic ratio of AC16 cells compared with the OGD/R
group (Fig. 2B). As there was no significant difference
between 50 pg/mL and 100 pg/mL of Dan in inhibit-
ing ACI16 cell apoptosis, 50 pg/ml of Dan was selected
for further study in vitro. Western blot was then used to
detect apoptosis-related proteins and showed that OGD/R
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Fig. 1 Effect of preventive
administration of Dan in cardiac
remodeling and dysfunction
after 3 weeks of I/RI. (A)
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significantly upregulated the Bax/Bcl2 ratio in AC16 cells,
while Dan could significantly reduce the Bax/Bcl2 ratio
compared with the OGD/R group (Fig. 2C). Collectively,
these results indicated that Dan was efficient to inhibit
cardiomyocyte apoptosis after long term exposure to I/RI
both in vivo and in vitro.

Dan Prevents Cardiac I/RI with Activation of AKT/
Fox03a Pathway

Forkhead box O3a (FoxO3a) is a critical transcription factor
that can be phosphorylated by AKT and has been proved
to be protective against myocardial I/RI [16]. To determine
whether Dan activated AKT/FoxO3a signaling pathway in
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myocardial I/RI, Western blot was used to detect the phos-
phorylation of AKT and its downstream FoxO3a in heart
tissues of three-week of I/RI mice. The results showed that
the phosphorylation levels of AKT and FoxO3a were sig-
nificantly decreased after three-week myocardial I/RI in
mice, while treatment with Dan was efficient to increase
the phosphorylation levels of AKT and FoxO3a compared
with the IRI group (Fig. 3A and Fig. 3B). It has been known
that phosphorylated FoxO3a can be transported out of the
nucleus, thus inhibiting the transcription of pro-apoptotic
proteins such as BIM and PUMA [17]. We then further
determined BIM and PUMA expressions in the heart after I/
RI. Our results demonstrated that three weeks of myocardial
I/RI caused significant upregulation of BIM and PUMA in
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Fig.2 Dan treatment inhibits myocardial apoptosis in vivo and
in vitro. (A) Western blot for apoptosis-associated proteins in I/RI
mice hearts in the presence or absence of Dan treatment (n=6). (B)
Flow cytometry analysis for oxygen glucose deprivation/reperfusion
(OGD/R)-induced apoptosis of human AC16 cells in the presence
or absence of Dan treatment (n=3). (C) Western blot for apoptosis-

mice heart tissues compared with the sham group, whereas
treatment with Dan inhibited the expression of BIM and
PUMA compared with the I/RI group (Fig. 3C). These
results indicated that Dan could enhance the phosphoryla-
tion of AKT and FoxO3a and downregulate the pro-apop-
totic proteins BIM and PUMA, which might contribute to its
protective effect against myocardial I/RI in vivo.
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associated proteins in OGD/R-induced apoptosis of human ACI16
cells in the presence or absence of Dan treatment (n=3). Statistics
were performed using one-way ANOVA followed by Bonferroni or
Dunnett’s T3 test and two-way ANOVA followed by Tukey’s post hoc
test as appropriate. *, p <0.05; **, p<0.01; *** p <0.001

Dan Prevents Cardiomyocyte Apoptosis
with Activation of AKT/Fox03a Pathway In Vitro

We next investigated whether Dan could regulate AKT/
FoxO3a signaling pathway in OGDR-stressed cardio-
myocytes in vitro. Our results showed that Dan increased
the phosphorylation level of AKT in the OGD/R-stressed
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(C) Western blot for BIM and PUMA expressions in I/RI mice hearts

NRCM model (Fig. 4A). The phosphorylation of FoxO3a
(T32 and S253) was also increased by Dan treatment in the
OGD/R-stressed NRCM model (Fig. 4B). Furthermore, we
demonstrated that Dan could significantly reduce BIM and
PUMA expressions in OGDR-stressed NRCM (Fig. 4C).
These findings were consistent to the in vivo results, show-
ing that Dan could activate AKT/FoxO3a signaling pathway
and inhibit the expression of pro-apoptotic proteins PUMA
and BIM in cardiomyocytes under apoptotic stress.

Dan Prevents Cardiomyocyte Apoptosis
through Activating AKT/FoxO3a Pathway

To further elucidate whether Dan protects cardiomyocytes
against apoptosis by activating AKT and subsequently
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in the presence or absence of Dan treatment (n=06). Statistics were
performed using non-parametric Kruskal-Wallis test for A and B
(p-FoxO3a (T32)), and one-way ANOVA followed by Bonferroni or
Dunnett’s T3 test for B (p-FoxO3a (S253)) and C. *, p<0.05; **,
p<0.01; *** p<0.001

influencing FoxO3a activity, Dan and AKT inhibitor
MK-2206 or AKT activator SC79 were co-used in NRCM
under OGD/R condition. TUNEL staining showed that
the protective effect of Dan against cardiomyocyte apop-
tosis was attenuated after treatment of AKT inhibitor
MK-2206 (Fig. 5SA). But the combination of Dan and
AKT activator SC79 did not have additive effect in reduc-
ing cardiomyocyte apoptosis (Fig. 5B). These results
suggested that AKT activation was necessary for Dan to
inhibit OGD/R-induced cardiomyocyte apoptosis. Next,
we further determined AKT and FoxO3a phosphorylation
and PUMA and BIM expressions in NRCM treated with
Dan and/or MK2206, and found that Dan treatment sig-
nificantly enhanced AKT and FoxO3a phosphorylations
and downregulated PUMA and BIM expressions in the
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Fig.4 Dan prevents cardiomyocyte apoptosis with activation of
AKT/FoxO3a pathway in vitro. (A) Western blot for phosphorylation
of AKT in oxygen glucose deprivation/reperfusion (OGD/R)-induced
apoptosis of neonatal rat cardiomyocytes (NRCM) in the presence or
absence of Dan treatment (n=3). (B) Western blot for phosphoryla-
tion of FoxO3a (T32) and FoxO3a (S253) in OGD/R-induced apop-

OGDR-induced NRCM model, however, these changes
associated with Dan were partially attenuated by co-treat-
ment of MK2206 (Fig. 5C and 5D). Collectively, these
results provided direct evidence that AKT/FoxO3a activa-
tion was necessary to mediate the protective effect of Dan
against cardiomyocyte apoptosis.

Therapeutic Administration of Dan is Protective
against Cardiac Remodeling and Dysfunction
after I/R Injury

Clinical myocardial infarction usually occurs unexpect-
edly, and in most of patients, acute myocardial infarction

@ Springer

tosis of NRCM in the presence or absence of Dan treatment (n=3).
(C) Western blot for BIM and PUMA expressions in OGD/R-induced
apoptosis of NRCM in the presence or absence of Dan treatment
(n=3). Statistics were performed using Student's #-test. *, p<0.05;
** p<0.01

could not be prevented. Thus, we further investigated
whether therapeutic administration of Dan could still
be protective against cardiac I/RI. For the therapeutic
experiment, mice were subjected to myocardial I/RI
surgery and from the next day of surgery received oral
administration of Dan for 3 weeks. Our data showed
that therapeutic treatment of Dan was still effective to
preserve cardiac function and inhibit cardiac fibrosis
and remodeling after 3 weeks of I/RI (Fig. 6A-6D). No
difference was found in heart weight (Figure S2A) or
myocardial hypertrophy (Figure S2B) among differ-
ent groups. Moreover, therapeutic treatment of Dan
increased Akt and FoxO3a phosphorylation (Fig. 6E and
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6F) and downregulated pro-apoptotic BIM and PUMA
expressions (Fig. 6G) in the I/RI heart. Collectively,
these data indicate that therapeutic administration of
Dan was still effective to attenuate cardiac remodeling
and dysfunction after myocardial I/RI.

Discussion

Dan has been shown to have protective effects against car-
diovascular injuries such as myocardial ischemia, arrhyth-
mia, atherosclerosis, and dyslipidemia [10, 11, 18, 19]. We
previously reported that Dan had a protective effect in acute
myocardial I/RI in mice, which was manifested by reduced

Vehicle Dan Vehicle Dan
Control MK2206
OGD/R

Vehicle Dan Vehicle Dan
Control MK2206
OGDIR

infarct size and myocardial apoptosis in vivo and in vitro
[12]. The cardioprotection of Dan was associated with the
activation of proliferator-activated receptor y (PPARY)
in acute myocardial I/RI hearts. In this study, we further
investigated the role of Dan in chronic myocardial I/RI and
demonstrated that both preventive and therapeutic admin-
istration of Dan improved cardiac function and prevented
ventricular remodeling after long term exposure to I/RI in
mice. We further elucidated that Dan activated AKT/FoxO3a
pathway at both animal and cellular levels. Mechanistically,
AKT activation is necessary to mediate the protective effect
of Dan against myocardial apoptosis, closely associated with
FoxO3a phosphorylation and reduced downstream PUMA
and BIM expressions.
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«Fig. 6 Effect of therapeutic administration of Dan in cardiac remod-
eling and dysfunction after 3 weeks of I/RI. (A) For therapeutic
experiment, mice were subjected to myocardial I/RI surgery and
from the next day of surgery received oral administration of 700 mg/
kg/day Dan for 3 weeks. At 3 weeks post I/RI, left ventricular ejec-
tion fraction (EF, %) and fractional shortening (FS, %) were meas-
ured by echocardiography (n=6:7:6). (B) Masson’s trichrome stain-
ing was used to detect the effect of Dan on cardiac fibrosis after I/RI
(n=6:7:6). Scale bar=100 pm. (C and D) Real-time PCR was per-
formed to determine the expressions of ANP, BNP, and p-MHC (C)
and Collagen I and Collagen III (D) after 3 weeks of I/RI in the pres-
ence or absence of Dan treatment (n=6:7:6). (E and F) Western blot
for phosphorylation of AKT (E) and FoxO3a (F) in I/RI mice hearts
in the presence or absence of Dan treatment (n=6). (G) Western blot
for BIM and PUMA expressions in I/RI mice hearts in the presence
or absence of Dan treatment (n=26). Statistics were performed using
non-parametric Kruskal-Wallis test for D (Collagen III), and one-way
ANOVA followed by Bonferroni or Dunnett’s T3 test if not specifi-
cally indicated. *, p <0.05; **, p<0.01; *** p<0.001

In this study, we first demonstrated that preventive admin-
istration of Dan could inhibit cardiac fibrosis, prevent ven-
tricular remodeling, and improve cardiac function at 3 weeks
after myocardial I/RI. Long-term administration of Dan
in vivo could inhibit Bax/Bcl2 ratio and Caspase3 cleav-
age in heart tissues after myocardial I/RI. Thus, in addition
to our previous study showing the protective effect of Dan
in acute I/RI [12], the present study indicates that Dan is
also protective against cardiac remodeling and dysfunction
long after I/RI. Moreover, our data showed that therapeutic
administration of Dan is still effective to attenuate cardiac
remodeling and dysfunction after 3 weeks of I/RI, indicating
a potential therapeutic approach of Dan in clinical use for
patients with acute myocardial infarction.

The phosphoinositol-3 kinase (PI3K)/AKT pathway is
involved in a variety of cellular processes, such as cell
survival, cell proliferation, and cell metabolism [20]. AKT
is considered to be a major mediator of the PI3K/AKT
pathway, ultimately leading to phosphorylation of some
important downstream targets [21]. In addition, some
negative regulators such as PTEN, a lipid phosphatase,
lead to the loss of downstream p-AKT by hydrolysis of
phosphatidylinositol 3,4,5-trisphosphate (PIP-3) to phos-
phatidylinositol 4,5-bisphosphate (PIP-2) [22]. It has been
reported that the PI3K/AKT pathway was involved in the
regulation of neuronal apoptosis during rat brain develop-
ment and the activation of AKT protein kinase can fur-
ther phosphorylate FoxO3a, leading to the translocation of
phosphorylated FoxO3a to the cytoplasm thus inhibiting
cell apoptosis [23]. In the heart, AKT has been well known
for its protective effects against myocardial apoptosis as
well as other cardiovascular injuries [24, 25]. In addition,
during exercise-induced physiological cardiac growth,
insulin-like growth factor-1 (IGF-1)-induced activation of
PI3K/AKT pathway can improve cardiac function and pro-
mote cardiomyocyte survival [26, 27]. In the present study,

we demonstrated that Dan could inhibit human AC16 car-
diomyocyte and NRCM apoptosis in vitro with an obvious
activation of AKT. Function-rescue experiments further
showed that MK-2206, an AKT inhibitor, could eliminate
the protective effect of Dan against cardiomyocyte apop-
tosis, while SC79, an AKT activator, could not further
enhance the protective effect of Dan. Thus, these results
suggest that Dan treatment is protective against cardiac
remodeling and dysfunction after long term exposure to
myocardial I/RI, which is closely related to its anti-apop-
totic effect in the myocardium through AKT activation.

FoxO3a belongs to the forkhead Box O (FoxO) fam-
ily members, which are transcription factors involved in
the regulation of various cellular behaviors, such as cell
apoptosis, DNA damage, and cell proliferation [28-32].
Due to its multiple biological functions, the FoxO family
dysfunction is involved in many diseases, including cancer
and other non-neoplastic diseases [33, 34]. Higher cyto-
plasmic expression of the phosphorylated form of FoxO3a
(Ser253) was observed in prostate cancer patients, leading
to increased cell proliferation [35]. Under normal circum-
stances, FoxO3a is localized in the nucleus and binds to
DNA. After phosphorylation, FoxO3a interacts with 14-3-3
protein and then is transported to the cytoplasm, thus inhib-
iting the transcriptional activity of FoxO3a [34]. Many
regulatory pathways have been identified to be involved
in the regulation of FoxO3a, including the AKT pathway
[34]. In the heart, phosphorylated form of AKT can further
phosphorylate FoxO3a, leading to its translocation to the
nucleus and protection against myocardial apoptosis [16].
FoxO3a phosphorylation was reported to cause transcrip-
tional inhibition of apoptosis-related genes BIM and PUMA
and subsequently inhibit cell apoptosis [17, 36, 37]. In the
present study, we showed that Dan treatment was effective
to activate the AKT/FoxO3a pathway and downregulated the
pro-apoptotic genes BIM and PUMA in the myocardial I/RI
mouse model and in the OGD/R-induced NRCM apoptosis
model. In NRCM co-treated with Dan and AKT inhibitor
MK?2206 under OGD/R condition, we further found that
Dan-induced FoxO3a phosphorylation was abolished by
AKT inhibition. Meanwhile, the downregulated BIM and
PUMA expressions in the Dan treatment group was also
reversed by AKT inhibition. Collectively, these data indicate
that Dan treatment can activate the AKT/FoxO3a pathway,
leading to downregulation of the pro-apoptotic genes BIM
and PUMA thus inhibiting myocardial apoptosis.

In conclusion, our study reveals the protective effect of
Dan treatment against cardiac remodeling and dysfunction
at long term after myocardial I/RI, and clarifies that Dan
treatment is effective to inhibit myocardial apoptosis through
activating AKT/FoxO3a pathway and downregulating apop-
tosis-related genes BIM and PUMA in the myocardium. Our
findings expand the theoretical basis of the protective effect

@ Springer



814

Journal of Cardiovascular Translational Research (2023) 16:803-815

of Dan and suggest that Dan treatment may serve as a new
strategy for long term protection against myocardial I/RI.
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