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Background: Cellular senescence is a stable cell-cycle arrest induced by telomere shortening and various types of
cellular stress including oxidative stress, oncogene activation, DNA damage etc. Heme oxygenase-1 (HO-1) is an
inducible stress-response protein that plays antioxidant and anti-apoptotic effects. However, the role and under-
lying mechanisms of HO-1 in cellular senescence in heart are largely unknown.
Methods: Echocardiographywas employed to detect the effect of HO-1 on heart function in adultmicewithmyo-
cardial infarction (MI) and agedmice. The senescence markers, p53, p16 and LaminB, were analyzed bywestern
blot. The immunofluorescence and immunohistochemical staining were applied to analyze the expression level
of p16. SA-β-Gal staining showed the level of cardiomyocyte senescence.
Findings: We found that hemin significantly induced the expression of HO-1, which notably suppressed cardio-
myocyte senescence containing the secretion of senescence-associated secretory phenotype. Further studies
showed that systemic HO-1 transgenic overexpression improved heart function by inhibiting aging-induced
extracellular matrix deposition and fibrogenesis. More importantly, treatment of hemin improved heart function
inMImice. Furthermore, forced expression of HO-1 blunted cardiomyocyte senescence in natural agedmice and
in primary cultured neonatal mouse cardiomyocytes.
Interpretation:Our study revealed that HO-1 improved heart function and attenuated cardiomyocyte senescence
triggered by ischemic injury and aging. In addition, HO-1 induction alleviated H2O2-induced cardiomyocyte
senescence. Finally, our study suggested a novel mechanism of HO-1 to play cardioprotective effect.
Fund: This studywas supported by the National Natural Science Foundation of China (81770284 to Hongli Shan);
and the National Natural Science Foundation of China (81673425, 81872863 to Yuhong Zhou). The National
Natural Science Foundation of China (81473213 to Chaoqian Xu). National Key R&D Program of China
(2017YFC1307403 to Baofeng Yang), National Natural Science Foundation of China (81730012 to Baofeng Yang).
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1. Introduction

Cellular senescence, a stable cell-cycle arrest that is induced by
damage in many biological and pathological settings, consist of replica-
tive senescence, DNA-damage-induced senescence, oxidative stress-
induced senescence, and so on [1]. Senescent cells display an enlarged
and irregularly shaped cell body and are also characterized by increased
enzymatic activities of lysosomal hydrolase senescence-associated
β-galactosidase (SA-β-gal), upregulated pro-survival pathways to resist
apoptosis and the activation of senescence-associated secretory pheno-
type (SASP) [2]. SASP are distinctive secretome consisting of various
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Cellular senescence is a stable cell-cycle arrest that is induced by
damage in many biological and pathological settings. The study
about senescence are almost in aged organs. Molecular biological
change during the development of myocardial infarction are
marked by oxidative stress, DNA damage and so on, which were
also part of the mechanisms of senescence. Seldom research
focus on the role of cellular senescence in adult mammals. The
cardioprotective effect of HO-1 has been widely reported. But
the interaction betweenHO-1 and senescence is poorly described.

Added value of this study

The age of onset of myocardial infarction is earlier than before and
it is important to open a new window for the prevention and cure
of myocardial infarction. This study can reveal the role of senes-
cence during the development of myocardial infarction and ex-
plore the interaction between HO-1 induction and cardiomyocyte
senescence.

Implications of all the available evidence

In this study, we found that MI induced ischemic injury triggered
cardiomyocyte senescence and which can be attenuated by over-
expression of HO-1. Moreover, aged heart was accompanied by
the accumulation of senescent cardiomyocytes and which also
was relieved by forced expression of HO-1. More importantly, in-
creased expression of HO-1 improved heart function in mice
with MI or aging.
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proinflammatory molecules and growth factors [3,4]. The development
of cellular senescence contributes to the decline of regenerative poten-
tial, decrease of tissues function and inflammation aswell as tumorigen-
esis in aged organisms [5,6]. Interestingly, senescent cells have also been
observed in tissue remodeling during development and after injury [7].
However, the functional contribution of cellular senescence to ischemic
heart diseases has been poorly examined.

Heme oxygenase-1 (HO-1) is a rapidly inducible cytoprotective fac-
tor that catalyzes the oxidative cleavage of heme into equimolar
amounts of carbon monoxide (CO), iron, and biliverdin, which is then
converted to bilirubin by biliverdin reductase. There are two isoforms
of HO: HO-1 is an inducible isoform, while HO-2 is constitutively
expressed. HO-1 mitigates cellular injury by exerting antioxidative,
anti-apoptotic and anti-inflammatory effects [8–11]. Growing evi-
dences have shown the critical cardioprotective effects of HO-1. Sharma
et al. found that ischemia/reperfusion substantially enhances HO-1 ex-
pression in the porcine heart, suggesting a potential role of HO-1 in
the defense against pathophysiological stress [12]. In a genetic loss-of-
function approach, Yet et al. demonstrated that in contrast to wild
type mice, hypoxia induces severe right ventricular dilatation and in-
farction in HO-1−/− mice [13]. In addition, an absence of HO-1 exacer-
bates ischemia/reperfusion-induced myocardial injury [14]. HO-1
induction reduced apoptosis, increased proliferation and repair of
cardiomyocytes in rats suffered from myocardial infarction (MI) [15].
Micewith cardiac-restricted HO-1 overexpression resisted ischemia/re-
perfusion (I/R) injury, with improved contractibility and reduction of
infarct size, oxidative damage, inflammatory cell infiltration and apo-
ptosis. However, the role and mechanism of HO-1 in the regulation of
cellular senescence during cardiac injury and aging remains largely
unknown.
In this study we identified the crucial role of cellular senescence in
MI-induced ischemic injury and elucidated the protective effect of
HO-1 against MI- and aging-induced cardiomyocyte senescence. This
study provides a novel direction for the prevention and treatment of
MI and heart aging.

2. Results

2.1. HO-1 represses natural senescence of cardiomyocytes

To explore the role of HO-1 in the development of heart aging, we
cultured primary neonatal mouse cardiomyocytes (NMCMs) for
10 days to induce the natural senescence and treated with hemin
(10 μM) every other day to induce the production of HO-1. Western
blot showed the overexpression of HO-1 after the hemin treatment
(Fig. 1a). LaminB is a kind of nuclear protein. The decrease of LaminB
indicates the DNA damage and it also acts as an important regulator of
senescence [16,17]. We observed an increased expression level of
LaminB in NMCMs after 10 days of hemin treatment (Fig. 1b). Cyclin-
Dependent Kinase Inhibitor 2A (p16) is a senescence related gene,
which is an important activator and effector of senescence [18]. In addi-
tion, TP53 (p53) plays an important role in the induction of senescence
[19]. Western blot showed a decrease levels of both p16 and p53 in
NMCMs treated with hemin on the day 10 (Fig. 1b). We also found
that SA-β-gal activity, one of the key biomarkers of cellular senescence,
was up-regulated in NMCMs cultured for 10 days compared to
control group and which was inhibited after treatment with hemin
(Fig. 1c–d). Then, we further detected the role of HO-1 by genetic mod-
ification. SA-β-gal staining showed that knockdown of HO-1 by siRNA
reversed the inhibited effects of hemin on β-galactosidase (Fig. S1a).
More importantly, western blot analysis showed the same results that
si-HO-1 restored the change of two senescence relevant markers, p53
and LaminB (Fig. S1b). These data suggest that HO-1 can suppress nat-
ural senescence of NMCMs.

2.2. Forced expression of HO-1 improves heart function of aging mice

To examine whether HO-1 affects the heart function of aged mice,
we used transgenic HO-1 (HO-1+/+) mice. Overexpression of HO-1
was determined bywestern blot in HO-1+/+mice (Fig. 2a). Echocardio-
graphic assessment showed the improvement of Ejection Fraction (EF)
and Fractional Shortening (FS) in HO-1 transgenic mice compared
with WT mice in same age (Fig. 2b–c). qRT-PCR analysis detected the
up-regulation of collagen 1α1 and collagen 3α1 (Col 1α1, Col 3α1) of
WT mice and forced expression of HO-1 inhibited the production of
Col 1α1 and Col 3α1 (Fig. 2d). Furthermore, masson staining showed
an accumulation of extracellular matrix (ECM), a crucial phenomenon
during the process of aging, in the heart of WT mice and a reduction
in HO-1 transgenic mice (Fig. 2e). These data indicate induction of
HO-1 improves the heart function of aged mice.

To further detect whether HO-1 improves the heart function by act-
ing on cellular senescence, we analyzed the senescence markers and
found increased LaminBexpression in oldHO-1+/+mice (Fig. 3a). In ad-
dition, protein levels of p53 and p16 were down-regulated due to HO-1
overexpression in agedmice compared toWT group (Fig. 3a). Immuno-
fluorescence and immunohistochemistry staining of histological sec-
tions also showed the down-regulation of p16 in HO-1 transgenic
mice compared withWTmice in same age (Fig. 3b–c). Numerous activ-
ities of senescent cells depend on the aptitude of these cells to secrete
many kinds of bioactive molecules, a behavior termed the senescence-
associated secretory phenotype (SASP) [20]. IL-1 and IL-6 are important
factors of SASP [21,22]. qRT-PCR analysis was used to determine the in-
creased mRNA levels of IL-1, IL-6 and TNF-α of aged mice and which
were alleviated after forced expression of HO-1(Fig. 3d). Collectively,
these data indicate that forced expression of HO-1 protects the heart
function by repressing cardiomyocytes natural senescence.



Fig. 1. HO-1 repressed replicative cardiomyocytes senescence. Primary cardiomyocytes were cultured for 3 or 10 days and treated with or without hemin (10 μM) every other day.
(a) Hemin induced production of HO-1 taken at the 10-day time point was shown by western blot. n= 3. **P b .05. Data are mean ± SEM; Two-tailed t-test was used for the statistical
analysis. (b) The effect of HO-1 on expression levels of senescencemarkers containing LaminB, p53 and p16were analyzed bywestern blot. n=3. *P b .01, **P b .05. Data aremean±SEM;
one-way ANOVAwas used for the statistical analysis. (c) and (d) SA-β-gal activity was determined using Senescence β-Galactosidase Staining Kit. Scale bars represent 100 μm. n=5. *P b
.01, **P b .05. Data are mean ± SEM; Two-tailed t-test was used for the statistical analysis.
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2.3. HO-1 attenuates cardiomyocytes senescence under stimulation of H2O2

Aging is a physiological and pathological process. It occurs during
the entire life of beings and is made up of cellular senescence. As the
growth of organism, accumulation of massive damaged and dead
cardiomyocytes leads to heart aging and dysfunction. Although the
mechanism of cellular senescence has been clearly understood in aged
mice, the role it plays in MI mice is still unknown. To explore the role
of senescence in vitro, NMCMswere treatedwithH2O2. Characterization
of p53 and p16 in the presence of H2O2 in NMCMs revealed the exis-
tence of senescence in vitro (Fig. 4a). Furthermore,we found an increase
in expression level of LaminB and decrease in p53 and p16 after treat-
ment of hemin (10 μM) for 24 h compared to H2O2 group (Fig. 4a).
Specific SA-β-gal staining of NMCMs with H2O2 treatment also indi-
cated that cardiomyocytes senescence played an important role in MI
injury in vitro and could be attenuated by HO-1 induced with hemin
treatment (Fig. 4b–c). To prove that heme dependent effects on
cardiomyocytes senescence are primarily due toHO-1 induction,we de-
signed RNA interference experiments. SA-β-Gal staining showed that
transfection of HO-1 siRNA significantly reversed the effects of hemin
and significantly inhibited the activation of β-galactosidase induced by
H2O2 while NC group had no such effect (Fig. S1a). In addition, western
blot analysis showed that knockdown of HO-1 abolished the effects
induced by hemin pretreatment (Fig. S1c). These data show that
hemin plays the protective role, at least partially, by induction of HO-1
in cardiomyocytes exposed to H2O2.

The products of heme degradation, CO and bilirubin, catalyzed by
HO-1 also have significant effects in heart diseases. Increasing evidence
suggests that CO plays an important homeostatic and cytoprotective
role. CO-releaser CORM-2 provides cardioprotective effect against
acute doxorubicin-induced cardiotoxicity in mice by implementing an-
tioxidant and antiapoptotic effects [23]. Bilirubin is a potent antioxidant
generated intracellularly during the degradation of hemebyHO-1. Clark
et al. found that exogenously administered bilirubin significantly re-
stored myocardial function, alleviated infarct size and improved mito-
chondrial dysfunction in I/R rats [24]. According to the previous
studies, we further detected the effects of CO and bilirubin in
cardiomyocytes senescence. NMCMs were pretreated with CORM-2 or
bilirubin respectively. SA-β-gal staining indicated that the treatment
of CORM-2 or bilirubin significantly attenuated the activation of
β-galactosidase induced by H2O2 (Fig. S2a). Western blot showed that
pretreatment of CORM-2 or bilirubin reversed the dysregulation of
LaminB and p53 triggered by H2O2 stimulation (Fig. S2b-c). These
results suggest that the products of HO-1, CO and bilirubin, have the po-
tential to attenuate cardiomyocytes senescence.

2.4. Hemin promotes HO-1 production and inhibits cardiomyocytes senes-
cence in mice with MI

Next, we examined whether HO-1 played the same role in MI mice.
Firstly, echocardiographic assessment showed the impaired EF and FS in
MI mice, which were improved after treatment with hemin (Fig. 5a–b).
Meanwhile, qRT-PCR analysis showed that treatment of hemin signifi-
cantly ablated the up-regulated mRNA levels of Col 1α1 and Col 3α1
in MI mice (Fig. 5c). Masson staining indicated that hemin-driven HO-
1 overexpression repressed the deposition of ECM in WT mice com-
pared to MI mice (Fig. 5d). These data demonstrate that HO-1 protects
heart function againstMI.More importantly, the protein level of LaminB
was down-regulated in MI mice, along with the up-regulation of p16
and p53, which were reversed by treatment with hemin (Fig. 6a). In
addition, increased protein level of p16 was detected in MI mice by im-
munofluorescence and immunohistochemistry staining (Fig. 6b–c).
Furthermore, qRT-PCR analysis determined increase of SASP levels
containing IL-1, IL-6 and TNF-α, which were inhibited by treatment
with hemin (Fig. 6d). All these results demonstrate that enhanced ex-
pression of HO-1 induced by hemin attenuates MI injury triggered
cardiomyocytes senescence.

3. Discussion

Collectively, these data suggested that MI induced ischemic injury
triggered cardiomyocyte senescence which can also be attenuated by



Fig. 2. Forced expression of HO-1 improves heart function. The systemic HO-1 transgenic overexpression agedmicewere 16months. (a) Overexpression of HO-1was detected bywestern
blot. n=4. **P b .05. Data are mean± SEM; Two-tailed t-test was used for the statistical analysis. (b) Representative short-axis M-mode images from Young, Old and Old (HO-1) group.
(c) Ejection Fraction (EF) and Fractional Shortening (FS) of Young, Old andOld (HO-1) groupweredetected by Echocardiographic assessment. n=7. **P b .05. Data aremean±SEM; Two-
tailed t-testwas used for the statistical analysis. (d) RelativemRNA levels of Col 1α1andCol 3α1 analyzed byqRT-PCR. n=4. *P b .01, **P b .05. Data aremean±SEM; Two-tailed t-testwas
used for the statistical analysis. (e) Masson staining detected the deposition of ECM. Scale bars represent 50 μm. n = 3.
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overexpression of HO-1. Moreover, the aging of heart was accompanied
by the accumulation of senescent cardiomyocytes and forced expres-
sion of HO-1 in transgenic mice therefore relieving the development
of aging. More importantly, increased expression of HO-1 improved
heart function in mice with MI and in HO-1 transgenic mice (Fig. 6e).

Cellular senescence plays an important role in tissue remodeling
during development and in organ damage. Accelerated senescence of
epithelial cells plays a role in IPF pathogenesis by perpetuating abnor-
mal epithelial-mesenchymal interactions [25]. A recent study by Wiley
CD et al. indicated thatmitochondrial dysfunction induced a senescence
responsewhich includes the abnormal secretion of SASP and the activa-
tion of AMPK and p53 [26]. However, the role of senescence in MI was
poorly reported. Here we firstly found that ischemic injury induced car-
diomyocyte senescence in MI mice. Ischemic injury caused by MI initi-
ated cell autophagy, apoptosis and immune-inflammatory reaction for
clearance of damaged organelles and cells due to DNA damage, oxida-
tive stress andmitochondrial dysfunction, which were also the reasons,
at least partially, for cellular senescence [27]. Therefore, we detected the
expression levels of p16 and p53, two canonical senescence related
pathway that trigger the activation of cellular senescence and
found an increased level of p16 and p53 in MI mice. Furthermore, up-
regulated enzyme activity of SA-β-gal and secretion of SASP, a critical
marker of senescence, including IL-1, IL-6 and TNF-α were also
detected. These data show that cardiomyocyte senescence participates
in the development of MI. Consistent with previous reports, MI was
characterized by cardiomyocyte death and ventricular remodeling, as
well as abnormal proliferation and transdifferentiation of fibroblasts.
We firstly demonstrated that cardiomyocytes senescence was involved
in the progress ofmyocardial ischemic injury and contributed to the de-
crease of heart function shown by the reduced EF and FS. A recent study
showed that injury induced cellular senescence enhanced in vivo
reprogramming in skeletal muscle [28]. On the other hand, Baker et al.
found the negative effects of senescence on organ functionality during
aging [29]. Thesefinds suggest that cellular senescence is not only a rea-
son for organ aging, but also plays more function than we considered
during the development of different organs. Collectively, senescence is
a double-edged sword that participates in opposite effects in different
pathophysiologic processes.Moreworks needs to be done to further ex-
plore the mechanism senescence played in MI.

The mechanisms underlying the cardioprotective actions of HO-1
have not been fully elucidated. Chronic HO-1 activation by prolonged
administration of hemin improved survival and exerted protective ef-
fects in a rat model of myocardial ischemia by exerting a potent antiox-
idant activity and disrupting multiple levels of the apoptotic and



Fig. 3.Up-regulation of HO-1 attenuated heart aging in vivo. The systemic HO-1 transgenic overexpression agedmice were 16months. (a) The protein levels of LaminB, p53 and p16were
analyzed bywestern blot. n=3. **P b .05. Data aremean± SEM; one-way ANOVAwas used for the statistical analysis. (b) Immunofluorescence staining using anti-p16 and anti-α-actinin
antibodies showed the level change of p16. The tissue section thickness is 6 μm. Scale bars represent 100 μm. (c) Immunohistochemistry staining using anti-p16 antibody showed the level
change of p16. The tissue section thickness is 6 μm. Scale bars represent 100 μm. (d) Relative levels of SASP containing IL-1, IL-3 and TNF-αwere analyzed by qRT-PCR. n= 3 to 4. *P b .01.
Data are mean ± SEM; Two-tailed t-test was used for the statistical analysis.
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inflammatory cascade [30]. HO-1 induction improved cardiac function
following MI by upregulating p-AKT levels with a concomitant inhibi-
tion of pGSK3β leading to preservedmitochondrialmembrane potential
[31]. Herewe demonstrated that the cardioprotective effects of HO-1, at
Fig. 4. HO-1 repressed cardiomyocytes senescence under the treatment of H2O2 in vitro. Prim
(a) The expression levels of LaminB, p53 and p16 analyzed by western blot. n = 3. *P b .01,
(b) and (c) SA-β-gal activity analyzed by Senescence β-Galactosidase Staining Kit. Scale bars
the statistical analysis.
least in part, by inhibiting cellular senescence. These findings are some-
what surprising in light of previous studies. It was reported that the en-
hanced expression of HO-1 protected chondrocytes against stress
induced cellular senescence [32]. Moreover, Clérigues V et al. found
ary cardiomyocytes were treated with H2O2 (50 μM) for 3 h and hemin (10 μM) for 24 h.
**P b .05. Data are mean ± SEM; one-way ANOVA was used for the statistical analysis.
represent 100 μm n = 4. **P b .05. Data are mean ± SEM; Two-tailed t-test was used for



Fig. 5. Overproduction of HO-1 induced by hemin improves heart function of mice with MI injury. Mice were 6–8 weeks. The model of MI was established by ligating left anterior
descending coronary artery for a week. Mice in MI + Hemin group were i.p. injected with 20 mg/kg (once every other day) of hemin. (a) Representative short-axis M-mode images
from Sham, MI and MI + Hemin group. (b) Ejection Fraction (EF) and Fractional Shortening (FS) of Sham, MI and MI + Hemin group were detected by Echocardiographic assessment.
n = 4. **P b .05. Data are mean ± SEM; Two-tailed t-test was used for the statistical analysis. (c) Relative mRNA levels of Col 1α1and Col 3α1 analyzed by qRT-PCR. n = 4. **P b .05.
Data are mean ± SEM; Two-tailed t-test was used for the statistical analysis. (d) Masson staining showed the deposition of ECM. Scale bars represent 50 μm. n = 3.
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that HO-1 mediated the protective effects on senescence in osteoar-
thritic osteoblasts [33]. These findings suggest the possibility of HO-1
to take effect by the regulation of senescence in heart disease. We iden-
tified that induction of HO-1 by treatment with hemin inhibited the se-
cretion of SASP in MI mice. Furthermore, the increased expression of
HO-1 blunted the deposition of ECM and improved heart function in
mice suffering from ischemic injury. In vitro studies demonstrated
that hemin pretreatment significantly inhibited the activation of
β-galactosidase and prevented cardiomyocytes from H2O2 -induced se-
nescence. Transfection of HO-1 siRNA abolished the protective effect
of hemin administration, which indicated that hemin played the
cardioprotective role, at least in part, by overexpression of HO-1. Issan
Y et al. found that HO-1 induction played a role in cardioprotection
against hypoxic damage in cardiomyocytes [31]. Another study showed
that HO-1 promoted neovascularization after myocardial infarction by
modulating the expression of HIF-1α, SDF-1α and VEGF-B [15]. How-
ever, our findings firstly indicated that overexpression of HO-1 im-
proved heart function following MI via repressing cardiomyocyte
senescence. Antioxidative effect of HO-1 is widely known and oxidative
stress is, in part, a reason for senescence. Therefore, we hypothesized
that HO-1 attenuated cellular senescence by modulating the degrada-
tion of ROS. However, the underlying mechanism is still poorly under-
stood and need more exploration. In a previous report, Ben Mordechai
and colleagues have demonstrated that a targeted hemin-dependent in-
tervention, in which hemin was specifically targeted with a liposome-
based approach, can have protective effects in a similar in vivo model
of MI. Lipid-based drug carriers offered great potential for improving
the therapeutic efficacy in MI. More work is required to do, including
the use of this liposome-based approach, in our further study that
helps us to target a single type of cell and detect the function of the
HO-1 induction on cardiomyocytes in vivo.

On the other hand, products of hemin degradation, CO and biliru-
bin, were reported to mediate the cardioprotective effect. A previous
study by Clark et al. shown that CO-releaser CORM-3 protects isolated
myocytes against hypoxia/reoxygenation injury and isolated rat hearts
against ischemia-reperfusion injury [34]. Yiru Guo et al. found that
CORM-3 plays the cardioprotective role by decreasing the myocardial
infarct size in vivo [35]. Bilirubin is regarded as a waste product but it
is increasingly appreciated that endogenous bilirubin has strong anti-
oxidative properties, which are attributed to its ability to scavenge
peroxyl radicals and to inhibit low density lipoprotein (LDL) oxidation
[36]. In our study, we found that CO and bilirubin attenuated the acti-
vation of β-gal induced by H2O2 stimulation. Pretreatment of CORM-2
and bilirubin reversed the dysregulation of senescence related pro-
teins, p53 and LaminB. It described a new mechanism of HO-1 prod-
ucts and suggested that hemin has a cardioprotective effect which
depends on the action of HO-1 and its degraded products, CO and
bilirubin.

A main feature of aged organisms is the accumulation of cellular
senescence [37], a state of permanent cell cycle arrest in response to
different damaging stimuli. Wang et al. evaluated that HO-1 induction
in the failing heart was an important cardioprotective adaptation that
attenuated pathological left ventricular remodeling by inhibition of
apoptosis andmitochondria function [38].We found that forced expres-
sion of HO-1 inhibited cardiomyocyte senescence of aged heart. Overex-
pression of HO-1 significantly reversed the decline of heart function in
aging mice. These findings revealed a novel way that HO-1 played in
heart aging.



Fig. 6.Enhanced expression ofHO-1 inhibited senescence inducedMI injury.Micewere 6–8weeks. Themodel ofMIwas establishedby ligating left anterior descending coronary artery for
aweek.Mice inMI+Hemin groupwere i.p. injectedwith 20mg/kg (once every other day) of hemin (a)Western blot detected the expression level of LaminB, p53 and p16. n=3. *P b .01,
**P b .05. Data aremean±SEM; one-wayANOVAwas used for the statistical analysis. (b) and (c) p16 levelwas analyzed by immunofluorescence and immunohistochemistry staining. The
tissue section thickness is 6 μm. Scale bars represent 100 μm. (d) Relative mRNA levels of IL-1, IL-3 and TNF-αwere analyzed by qRT-PCR. n= 4. *P b .01, **P b .05. Data are mean± SEM;
Two-tailed t-test was used for the statistical analysis. (e) Model of the role of HO-1 in cardiomyocytes senescence induced by MI injury and heart aging.
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In conclusion, the present study describes that ischemic injury trig-
gered cardiomyocyte senescence in mice with MI and highlights the
beneficial role of HO-1 on attenuation of cellular senescence during
the development of MI and heart aging. These findings may provide a
new sight to the connection between cellular senescence and heart dys-
function andhave implication for the treatment ofMI and improvement
of heart aging.

4. Material and Methods

4.1. Animal experiments

All animal experiments were performed according to the protocols
approved by the Institutional Animal Ethics Committee of Harbin Med-
ical University. The investigation conforms to the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of
Health (2011, 8th Ed.). Male C57BL/6 mice (20–30 g; 6–8 weeks old)
were provided by Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China) and randomly divided into three groups: CTL
(control; sham-operated), MI (MI model with LAD for 7 days), and MI
+ Hemin. MI model was established as described previously [39,40].
Briefly, all mice were anesthetized under intraperitoneal (i.p.) avertin
and placed in a supine position on a heating pad (37 °C). Animals
were intubated with a 19 G stump needle and ventilated with room
air using a MiniVent Type 845 mouse ventilator (Hugo Sachs
Elektronik-Harvard Apparatus, Germany; stroke volume 250 μl, respira-
tory rate 120 breaths/min). MI was induced by permanent ligation of
the left anterior descending artery (LAD) with a 7–0 prolene suture
for 7 days. Sham-operated animals served as surgical controls and
were subjected to the same procedures as the experimental animals
with the exception that the LAD was not ligated. Mice in MI + Hemin
group were intraperitoneal injected with hemin (20 mg/kg) from
Sigma-Aldrich (Cambridge, MA, USA) at the day before MI surgery and
administrated hemin every other day. Hemin was prepared as follows:
solutions in 0.2 M NaOH were freshly prepared before administration,
adjusted to pH 7.4 with phosphate buffer and diluted with saline.
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Transgenic mice were generated by the standard pronuclear injection
technique using C57BL/6 mice as we previously reported [41]. For con-
struction of the transgene, mouse HO-1 cDNAwas cloned into a pCAGG
plasmid. Expression of mouse HO-1 cDNA was driven by the chicken
β-actin promoter linked to a human cytomegalovirus immediate-early
enhancer, followed by first exon and intron of chicken β-actin. Mouse
HO-1 transcript, with its own stop codon and poly(A) signal, was
followed by a rabbit β-globin poly(A) sequence. The mRNA transcript
of the transgene therefore consists of part of the first exon of chicken
β-actin, which is transcribed but not translated, followed by mouse
HO-1 cDNA. All of the animals were genotyped by PCR amplification
of DNA extracted from the tails of mice to assess the presence of the
mouse HO-1 transgene. The region from the exon of the pCAGG vector
to exon 1 of HO-1 was amplified with the following primers: 5′ GCC
TTC TTC TTT TTC CTA CAG CTC 3′ and 5′GGCATGTCGGGC TGTGGAC 3′.

All mice were housed under identical conditions, and were given
water and food ad libitum. LV tissueswere harvested for biochemical as-
says from 7-days MI or sham surgeries mice and 16-months old mice.
We collected border area from LV tissues post LAD ligation and tissues
were immediately snap frozen.

4.2. Cell culture and treatment

Primarymice cardiomyocytes were cultured as previously described
[42]. 1-to 3-day-old C57BL/6 mouse were anesthetized using 4–5%
isoflurane-inhalation anesthesia. Cardiac tissues were digested by tryp-
sin. After centrifugal selection, digested cells were resuspended with
DMEM (Biological Industries, Shanghai, China) containing 10% fetal bo-
vine serum (FBS, Biological Industries) and cultured in culture flask
(NEST Biotechnology Co. Ltd., Jiangsu, China) for 1.5 h. And then,
cardiomyocytes were purified by differential adhesion and treated
with 0.1 mmol/l 5-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich,) to in-
hibit the growth of cardiac fibroblast. Cells were cultured for 48 h to
grow adhered to the wall. After 48 h, cardiomyocytes were treated
with hemin (10 μM) to induce the expression of HO-1. Then, cells
were treated with H2O2 (Sigma-Aldrich) 24 h after treatment of
hemin at a final concentration of 50 μM for 3 h. For the H2O2

+ CORM-2 group, cardiomyocytes were pretreated with CORM-2
(100 μM) for 1 h before the administration of H2O2. For the H2O2 + Bil-
irubin group, bilirubin (20 μM)was treated before the administration of
H2O2 for 12 h [43]. Cardiomyocytes were cultured 10 days to induce
aging and hemin was administrated every other day. Hemin and biliru-
binwere prepared as follows: solutions in 0.2MNaOHwere freshly pre-
pared before administration, adjusted to pH 7.4 with phosphate buffer
and diluted with saline. CORM-2 was dissolved in DMEM.

4.3. siRNA Transfection

For transfection, cardiomyocytes were incubated with serum-free
medium. The siRNA and Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) were separately mixed with 500 μl of Opti-MEM ® I Reduced
SerumMedium (Gibco, Grand Island, NY) for 5 min. Then, the twomix-
tures were combined and incubated for 15 min. The Lipofectamine;
siRNA mixture was added to the cells and incubated at 37 °C for 6 h.
Then, we changed the serum-free medium to 10% serum medium
and prepared for further study. The siRNA of HO-1 synthesized by
GenePharma (shanghai, China) and the sequence of siRNA refers to
the previous study by Chao XJ et al. [44]. HO-1 siRNA: sense: 5′- CCAC
ACAGCACUAUGUAAATT-3′, antisense 5′- UUUACAUAGUGCUGUGUGG
TT-3′. NC: sense: 5′- UUCUCCGAACGUGUCACGUTT-3′. antisense: 5′-
ACGUGACACGUUCGGAGAATT-3′.

4.4. Immunofluorescence

Frozen sections of C57BL/6miceheartwere prepared usingOlympus
IX73microscope (Olympus, Valley, PA). The sections were fixated in 4%
paraformaldehyde (Solarbio, Beijing, China) at room temperature for
20min and washed 3 times for 5 min eachwash. Penetrationwere per-
formed with 0.5% Triton X-100 at room temperature for 1 h. Sections
were washed 3 times and blocked with normal goat serum at 37 °C
for 1.5 h. After 3 times' washes, sections were incubated with anti-p16
(Santa Cruz Biotechnology, Texas, USA) antibody at 4 °C overnight.
The next day, sections were incubated with the FITC-conjugated goat
anti-mouse antibodies at room temperature for 1 h, followed by stain-
ing of DAPI (F. Hoffmann-La Roche, Basel, Switzerland) for 5min. Immu-
nostaining was observed under microscope (Olympus America Inc.,
Center Valley, USA).
4.5. Immunohistochemistry

Deparaffinization and rehydration of cardiac tissue sections were
reached in dimethylbenzene and graded ethanol, followed by treatment
of sections with 3% H2O2 for 10 min. The sections were heated with an-
tigen retrieval buffers to repair antigen for 10min at 95 °C and cooled to
room temperature. Sections were blocked with 5% bovine serum albu-
min at 37 °C for 1.5 h. After 3 times' washes, sections were incubated
with anti-p16 antibody (Affinity Biosciences, Cat# AF-0288, 1:250) at
4 °C overnight. The next day, sectionswere incubatedwith theHRP con-
jugated secondary antibodies (ZsBio, Beijing, China) at room tempera-
ture for 1 h and colored by DAB (ZsBio). Nucleus were stained with
Mayers hematoxylin from Solarbio (Beijing, China).
4.6. Senescence associated β-galactosidase (SA-β-Gal) staining

Senescence β-Galactosidase Staining Kit were purchased from
Beyotime (Jiangsu, China). Mouse primary cardiomyocytes in six-well
culture plates (Nest Biotechnology, Jiangsu, China) were washed in
PBS for one time and fixed in staining fixture (1 ml each well) for
15 min in room temperature. After washing 3 times in PBS, cells were
incubated with fresh staining solution at 37° overnight. Observation
with light microscope (Olympus America Inc.).
4.7. Western blot

Samples were separated on 12% SDS-PAGE gels. Proteins on gel
were transferred onto nitrocellulose membranes (Pall Crop., Port
Washington, NY, USA). The membranes were blocked in PBS with 5%
skimmed milk for 1.5 h at room temperature. Before incubation with
the first antibody, the membranes were washed with PBS. Membranes
were incubated with diluted antibody at 4 °C overnight. The next day,
the membranes were washed with PBST (PBS containing 5% Tween-
20) 3 times, which is followed by incubation with the secondary anti-
body diluted in PBS with 5% skimmedmilk for 50 min at room temper-
ature. Then, the membranes were washed 3 times again. Odyssey
Infrared Scanning System (Gene Co. Ltd., Hongkong, China) was used
to detect membranes. The western blot results were analyzed by
Image Studio software and normalized with respect to loading control.

The antibody resources and dilutions are as follows:
Antibody against HO-1 (Cat# 10701-1-AP, RRID: AB_2118685,

1:500) and GAPDH (Cat# 60004-1-Ig, RRID: AB_2107436, 1:2000),
p53 (Cat# 10442-1-AP, RRID: AB_2206609, 1:500) and LaminB (Cat#
12987-1-AP, RRID: AB_2136290) were obtained from Proteintech
Group (Wuhan, China). Antibody against p16 (Cat# sc-1661, RRID:
AB_628067, 1:500) were obtained from Santa Cruz Biotechnology
(Texas, USA). The secondary antibodies Goat Anti-Mouse IgG, IRDye®
800CW Conjugated antibody (Cat# 926-32210, RRID: AB_621842,
1:8000) and Goat Anti-Rabbit IgG, IRDye® 800CWConjugated antibody
(Cat# 926-32211, RRID: AB_621843, 1:8000) were obtained from
LI-COR Biosciences (Lincoln, Nebraska, USA).

nif-antibody:AB_2118685
nif-antibody:AB_2107436
nif-antibody:AB_2206609
nif-antibody:AB_2136290
nif-antibody:AB_628067
nif-antibody:AB_621842
nif-antibody:AB_621843
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4.8. qRT-PCR analysis

Total RNA was isolated from tissues and cultured cells using a stan-
dard protocol (Invitrogen, Carlsbad, USA). Concentration and purity of
RNA were detected by Nano-drop 8000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). Using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, USA),
500 ng of total RNA were converted into cDNA for each sample. qPCR
was performed using SYBR Green (Thermo Fisher Scientific). Relative
expression levels ofmRNAswere calculated based on Ct values and nor-
malized to GAPDH.

4.9. Statistical analysis

All the data are presented asmeans± SEM. Statistical analyseswere
assessed with t-test of two group comparisons. We used GraphPad
Prism 5.0 for statistical analyses. A value P b .05 was considered as sta-
tistically significant.
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