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Cardiac remodeling, including cardiac hypertrophy and fibrosis, is an important pathological process that
can lead to heart failure. A previous study demonstrated that autophagy could represent an active
adaptive response in cardiomyocytes that affords protection from cardiac remodeling. In the present
study, we investigated the role of an autophagy-related gene, PDCD5 (Programmed cell death 5), in

Keywords: cardiac remodeling induced by B-adrenergic stimulation in vivo. We report for the first time that mice
E\DtCDi systemically overexpressing PDCD5 (PDCD5tg) were protected from cardiac remodeling. In addition,
utophagy

cardiac function was preserved in PDCD5tg mice in response to isoproterenol (ISO) stimulation. Impor-
tantly, basal autophagy was significantly higher in PDCD5tg mice than in the wild-type (WT) mice.
Moreover, apoptosis was significantly lower in PDCD5tg mice than in WT mice, among the ISO-induced
animals. In summary, our findings reveal that PDCD5 overexpression improves cardiac function and

Cardiac remodeling

inhibits cardiac remodeling induced by ISO via induction of autophagy and inhibition of apoptosis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Cardiac remodeling is a pivotal pathological phenomenon that
occurs during the clinical course of stress-induced heart failure and
represents an independent risk factor for subsequent cardiac
morbidity and mortality [1]. Specifically, cardiac hypertrophy is
characterized by an abnormal enlargement of the heart muscle
originating from increased myocyte cell size and abnormal prolif-
eration of non-muscle cells [2,3]. Cardiac fibrosis is characterized by
excessive extracellular matrix accumulation and fibroblast depo-
sition, which eventually destroys organ architecture and abolishes
normal function [4—6]. Cardiac remodeling is a major biological
determinant of fatal events including heart failure, severe ar-
rhythmias, and sudden cardiac death [7,8]. Thus, elucidation of the
mechanisms implicated in cardiac protection against remodeling is
of great significance.
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Autophagy, a highly conserved catabolic process involved in the
delivery of cytoplasmic components to lysosomes for degradation,
plays a pivotal role in the maintenance of the cellular environment
of the heart [9]. Effective autophagy in cardiomyocytes is necessary
for normal metabolism and cellular survival. The inability of auto-
phagy to completely remove damaged structures results in the
progressive accumulation of cellular debris, including cytosolic
protein aggregates and defective mitochondria. Previous studies
have demonstrated that dysregulation of autophagy can promote
the development of many forms of heart disease [10—14], such as
cardiac remodeling. Moreover, inhibition of autophagy has been
observed during the progression of cardiac hypertrophy, an
important process of cardiac remodeling [9]. Consistent with this,
cardiac remodeling was attenuated through the facilitation of
autophagy [15,16]. However, the precise role of autophagy in car-
diac remodeling remains to be elucidated.

Programmed cell death 5 (PDCD5) has been proposed to act as
an autophagy-regulated factor [17,18], a tumor suppressor, and pro-
apoptotic factor [19—22]. It is also involved in paraptosis [23], cell
cycle regulation [24], ischemia/reperfusion [25], immunoregulation
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[26], and viral infection [27]. Clinical studies suggest that abnormal
expression of PDCD5 is associated with many diseases, such as tu-
mor, autoimmune diseases, heart disease [18,26,28,29], and various
inflammatory processes [30]. However, the role of PDCD5 in
catecholamine-induced (e.g. isoproterenol) cardiac remodeling is
still unknown.

In the present study, we aimed to determine the role of PDCD5 in
cardiac remodeling induced by isoproterenol (ISO). Therefore, we
created transgenic mice with systemic overexpression of human
PDCD5 (PDCD5tg). We found that transgenic overexpression of
PDCD5 did not result in obvious abnormalities related to either
survival or cardiac function. However, transgenic mice were pro-
tected from cardiac remodeling in association with increased
autophagy and attenuated apoptosis. Our findings support the
potential of PDCD5 as a therapeutic target for heart disease
intervention.

2. Materials and methods
2.1. Experimental animals

PDCD5 transgene mice with the C57BL/6] background were
constructed by Chinese Academy of Medical Sciences and bred at
the Experimental Animal Center, Peking University Health Sciences
Center (Beijing, China). The integration of the human PDCD5 gene
was determined by PCR on genomic DNA of the mice. The animal
experiment protocol was approved by the Biomedical Research
Ethics Committee of Peking University (LA 2010-048) and strictly
adhered to the American Physiological Society's “Guiding Principles
in the Care and Use of Vertebrate Animals in Research and
Training”. Male C57BL/6] mice of 8 weeks were provided from the
Animal Department of Peking University Health Science Center
(Beijing, China). Mice were housed in groups of four and main-
tained on a 12 h dark/light cycle in a room with controlled tem-
perature (25 + 2 °C), with free access to food and water.

2.2. Establishment of cardiac remodeling model

Cardiac remodeling model was established by subcutaneous
injection of isoproterenol (ISO, 7.5 mg/kg/day, dissolved in PBS,
Sigma—Aldrich, St. Louis, USA) for 14 consecutive days. Mice were
randomly divided into four groups to receive different treatments:
(i) WT + PBS group (WT group): wild-type mice with daily
administration of PBS for 14 consecutive days as control; (ii)
PDCD5tg + PBS group (PDCD5tg group): PDCD5 transgene mice
with daily subcutaneous administration of PBS for 14 consecutive
days; (iii) WT + ISO group: wild-type mice with daily subcutaneous
administration of ISO for 14 consecutive days; (iv) PDCD5tg + ISO
group: PDCD5 transgene mice with daily subcutaneous adminis-
tration of ISO for 14 consecutive days. Echocardiography analysis
was performed on 1 day before the first injection for the baseline,
the 3rd day after the first injection, the 7th day after the first in-
jection and 1 day after the last injection as the final examination.
Then the mice were anaesthetized and euthanized.

2.3. Western blot analysis

Mice organs were collected and disrupted in lysis buffer con-
taining protease inhibitors (Roche Diagnostics, Germany). After
centrifugation, the supernatant was collected and equivalent
amounts of protein were subjected to SDS-PAGE and transferred to
nitrocellulose membrane. The membranes were incubated with
antibodies to GAPDH (KM9002, Sungene), LC3 (SAB4200361,
Sigma) and PDCD5, and protein bands were visualized using
DyLight 800/DyLight 680-conjugated secondary antibodies. The

infrared fluorescence image was obtained using an Odyssey
infrared imaging system (LI-COR Biosciences, USA).

2.4. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was prepared from mice tissues using TRIZOL reagent
(Invitrogen), and cDNA was synthesized using RevertAid First
Strand cDNA Synthesis Kit (K1622, Fermenta). mRNA expression
was analyzed by RT-PCR and were normalized to GAPDH house-
keeping gene. RT-PCR was performed in triplicate for each sample.
The primers used for RT-PCR were as follows: mouse PDCD5
(mPDCD5) AAGCGATTCCAACCGAGTGT and ACCGCGCCATCTGTA-
TAAGG; human PDCD5 (hPDCD5) CGGAATTCACCATGGCGGAC-
GAGGAGC and CGGAATTCAATAATCGTCATCTTCATC; GAPDH
CAAGGTCATCCATGACAACTTTG and GTCCACCACCCTGTTGCTGTAG.

2.5. Echocardiographic analysis

Mice were anaesthetized with 1% isoflurane (Baxter Healthcare
Corporation, New Providence, USA). Echocardiographic images
were obtained by the Visualsonics high-resolution Vevo 770 system
(VisualSonics, Incorporated, Toronto, Canada). Two-dimensional
parasternal long-axis views and short-axis views were obtained
at the level of the papillary muscle. Diastolic left ventricular pos-
terior wall thickness (LVPW; d) and systolic left ventricular poste-
rior wall thickness (LVPW; s) were measured to calculate the
ejection fraction (EF) and fractional shortening (FS). All measure-
ments were averaged from three consecutive cardiac cycles.

2.6. Histological analyses

Following sacrifice, the hearts were harvested and perfused in
retrograde with cold phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde for 8 h, dehydrated in 20% sucrose for 24 h and
then embedded in paraffin. Serial sections (5 pwm thick) were
stained with hematoxylin and eosin (H & E) for morphological
analysis, and/or picrosirius red for the detection of fibrosis. For
morphometrical analysis, photographs of left ventricular sections
cut from the same location of each heart were observed under
400 x magnification (Leica Microsystems Imaging Solutions Ltd.,
Cambridge, UK). Interstitial fibrosis was evaluated by picrosirius
red staining, and the cardiac fibrosis volume fraction was calculated
as the ratio of the stained fibrotic area to total myocardial area. For
TUNEL staining, the hearts were embedded in freezing matrix and
cut as serial 7 pm cryostat sections. TUNEL assay was performed
with the In Situ Cell Death Detection Kit (Roche Applied Science)
according to the manufacturer's instructions. The sections were
counterstained with Hoechst33342.

2.7. Statistical analysis

Data were presented as means + SEM. Differences between
groups were compared using Prism 5 (GraphPad Software Incor-
porae, La Jolla, CA, USA) with Student's unpaired two-tailed t-test.
P < 0.05 was considered statistically significant.

3. Results
3.1. Generation of human PDCD5 transgenic (PDCD5tg) mice

Consistent with previous reports [17,22], RT-PCR results showed
that PDCD5 mRNA was highly expressed in adult heart tissue
(Fig. 1A). To determine whether Pdcd5 may be involved in cardiac
remodeling, we first examined gene expression in heart extracts
from adult mice subjected to a 2-week isoproterenol (ISO)
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Fig. 1. Characterization of PDCD5 expression in WT and PDCD5tg mice. (A) Representative RT-PCR results showing endogenous Pdcd5 expression in different tissues from WT mice.
(B) Representative RT-PCR results showing endogenous Pdcd5 expression in ISO-induced cardiac remodeling. (C) Representative RT-PCR results showing endogenous and transgenic
human PDCD5 expression in different tissues from WT and PDCD5tg mice. (D) Densitometric analysis of PDCD5. Results were expressed as the ratio of collagen area to heart area

(n=3).

treatment. There was a significant decrease in Pdcd5 expression in
[SO-induced hypertrophied hearts (Fig. 1B). These data suggest
PDCD5 is potentially involved in cardiac remodeling. To determine
the role of PDCD5 in cardiac remodeling, we generated transgenic
mice with systemic overexpression of human PDCD5 (PDCD5tg
mice). PDCD5tg mice were identified by PCR and RT-PCR analyses
and showed significantly increased hPDCD5 expression in heart and
lung tissues (Fig. 1C, D). No difference in survival was observed
between PDCD5tg mice and WT mice. PDCD5tg mice did not display
pathological alterations in ventricular chamber dimensions, ven-
tricular wall thickness, fractional shortening, or heart weight
normalized to body weight (data not shown). Extensive histological
analysis did not reveal any gross morphological alterations or
fibrosis (data not shown).

3.2. Effects of PDCD5 overexpression on cardiac hypertrophy

To investigate the role of PDCD5 in biomechanical stress in the
heart, we performed a B-adrenergic stimulation in 8-week-old
PDCD5tg and WT mice for two weeks. We examined cardiac hy-
pertrophy by echocardiography and found that diastolic left ven-
tricular wall thickness (LVPW; d) was not significantly different
between PDCD5tg + ISO mice and their WT + ISO counterparts
(Fig. 2A). Compared with WT + ISO mice, the heart weight/body
weight (HW/BW) ratio of PDCD5tg + ISO mice was not significantly
different (Fig. 2B), whereas the lung weight/body weight (LW/BW)
ratio was dramatically lower (Fig. 2C). No significant differences
were observed between PDCD5tg and WT mice without $-adren-
ergic stimulation. The increase in left ventricle (LV) chamber di-
mensions and thickness induced by ISO were also not significantly
different during either systole or diastole between the
PDCD5tg + 1SO group and the WT + ISO group. The WT + ISO group
displayed a larger cross-sectional cardiomyocyte area than the WT
mice. However, there was no significant difference between
PDCD5tg + 1SO and WT + ISO mice (Fig. 2D, E). Collectively, these
results indicated that PDCD5 overexpression in mice had no
beneficial effects on cardiac hypertrophy associated with B-adren-
ergic stimulation.

3.3. Overexpression of PDCD5 attenuates cardiac fibrosis in vivo

Cardiac fibrosis is an important process in pathological cardiac
remodeling and can lead to heart failure. Therefore, we investigated
the effect of PDCD5 on cardiac fibrosis induced by B-adrenergic
stimulation. Cardiac fibrosis was examined by Sirius Red staining.
In the WT + ISO group, collagen continued to accumulate in the
heart after 2 weeks of f-adrenergic stimulation. Increased collagen
deposition was observed in the WT + ISO group. However, collagen
accumulation was absent in the PDCD5tg + ISO group (Fig. 2F).
Quantitative analysis showed lower collagen volume in the
myocardium of PDCD5tg + ISO group than that observed in the
WT + ISO group (Fig. 2G). Decreased fibrosis in the PDCD5tg + ISO
group may represent increased collagen degradation or decreased
collagen synthesis in response to tissue damage. Thus, these results
indicate that PDCD5 overexpression in mice attenuates ISO-induced
cardiac fibrosis.

3.4. Overexpression of PDCD5 protects cardiac function in vivo

To determine the alteration of cardiac structure and function of
WT and PDCD5tg mice in response to B-adrenergic stimuli, we
performed an echocardiography. LV end-diastolic diameter (LVID;
d) and LV end-systolic diameter (LVID; s) were greater in the
WT + ISO group than in the PDCD5tg + ISO group (Fig. 3A, B). LV
function was severely impaired in the WT + ISO group, as indicated
by a significant decline in percent fractional shortening (FS) and a
significant decrease in ejection fraction (EF) (Fig. 3C, D), whereas
such declines were markedly attenuated in the PDCD5tg + ISO
group. Consistent with these findings, lung weight normalized to
body weight was significantly higher in the WT + ISO group than in
the PDCD5tg + ISO group after B-adrenergic stimuli, which was
indicative of lung congestion (Fig. 2C). Moreover, mice were
analyzed for several cardiac remodeling-related indicators 1 day
before ISO stimulation as well as 3 d, 7 d, and 14 d post-ISO stim-
ulation. At 3 d post-ISO, the LVID; d was greater in the WT + ISO
group than in the PDCD5tg + ISO group; there was also a marked
difference at 14 d (Fig. 3E). In addition, ejection fraction (EF) and



324 S. Zhang et al. / Biochemical and Biophysical Research Communications 461 (2015) 321—-328

A B
vehicle
@l ISO
— * ns B kxx ns
' A ' _ | 1T I
O —= 39
£ <, =
2 0.6 T
g &
3 05 E 21
0.4 T T 0 T T
wT PDCD5tg wT PDCD5tg
C D
vehicle ISO
15-
_ *% *
(Y
= | I ]
E 10/
S
E e
E N
o]
c
=
|
0 T T
wWT PDCD5tg
F
E vehicle 1ISO
< 25000 * ns
2 [ 11 | -
£ 20000- <
b
& 150004 —I= ==
T
(=
S 10000
3
% 50004 2
A [a
o . o
5 0 — o
WT PDCD5tg
G
*%* *%*
109 ] T
S 8
[
£ 64
2
(]
> 4
@
[}
9 21
&
Y N ] T
WT PDCD5tg

Fig. 2. Effects of PDCD5 overexpression on cardiac hypertrophy and fibrosis. (A) Representative M-mode echocardiography images. Diastolic left ventricular wall thickness (LVPW;
d) was not significantly different between WT + ISO and PDCD5tg + ISO groups (10 weeks old). (B) The ratio of heart weight to body weight (HW/BW) was not significantly different
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fractional shortening (FS) were significantly lower in the WT + ISO
group than in the PDCD5tg + ISO group from 3 d after ISO stimu-
lation (Fig. 3F, G). In summary, these results indicate that PDCD5tg
mice displayed better protection of cardiac function than the WT
mice following B-adrenergic stimulation.

3.5. Effects of PDCD5 overexpression on autophagy

Previous studies have shown that autophagy increases protein
turnover during cardiac remodeling [21]. Therefore, we examined
LC3II/LC3I and P62, two molecular markers for autophagy. Western
blot analysis showed that the LC3II/LC3I level was significantly
higher in PDCD5tg mice than in WT mice (Fig. 4A, B), whereas the
LC3II/LC3I level in PDCD5tg + ISO mice were not significantly
different from the levels in WT + ISO mice (data not shown). P62
expression was low and there were no marked differences between
the vehicle- and ISO-treated groups (data not shown). Collectively,
these data suggest that autophagy likely plays a beneficial role in
the heart in response to f-adrenergic stress.

3.6. Effects of PDCD5 overexpression on apoptosis

Since apoptosis and autophagy have simultaneously been
observed in the failing human heart and PDCD5 plays an important
role in the regulation of apoptosis, we asked whether cardiac
remodeling is associated with apoptosis. We performed a TUNEL
assay using heart sections from PDCD5tg and WT mice post-B-
adrenergic stimulation. Apoptotic cells were detected in
PDCD5tg + I1SO mice and WT + ISO mice. However, the fraction of
apoptotic cells relative to total cells was significantly lower in
PDCD5tg + ISO mice than in WT + ISO mice (Fig. 4C, D). However,
there was no significant difference in the proportion of apoptotic
cells between the PDCD5tg mice and the WT mice in the vehicle-
treated groups. These data suggest that apoptosis likely resulted
in exacerbation of cardiac remodeling in the WT + ISO group.

4. Discussion

In the current study, we demonstrated that (1) transgenic mice
with systemic overexpression of PDCD5 showed no obvious ab-
normalities in either cardiac function or survival; (2) transgenic
systemic overexpression of PDCD5 provided protection against
cardiac fibrosis and cardiac function following ISO-induced cardiac
remodeling; (3) the cardiac protection afforded by PDCD5 over-
expression was associated with increased autophagy and attenu-
ated apoptosis. Therefore, the ability of PDCD5 to prevent cardiac
dysfunction and cardiac fibrosis mediated by ISO suggests that
PDCD5 is a promising therapeutic candidate for heart disease.

Autophagy plays a beneficial role in the heart in response to
pressure overload, B-adrenergic stress, and other forms of stress. In
particular, autophagy seems to increase protein turnover in
remodeling hearts and to prevent the accumulation of abnormal
proteins or damaged organelles, which could disrupt cardiac
function [9,15,16,31]. In the absence of autophagy, the accumulation
of polyubiquitinated proteins may be responsible for increased
endoplasmic reticulum stress, resulting in apoptosis [9]. Moreover,
a previous study demonstrated that cardiac autophagy increased in
the early phase of adrenergic overload and acted as a cytoprotective

response against apoptosis in cardiac myocytes [32]. However, the
role of PDCD5 in ISO-induced cardiac remodeling was unknown.
Therefore, we hypothesized that the upregulation of the
autophagy-related gene PDCD5 could represent a potential adap-
tive response to protect cardiomyocytes under stress by regulating
their survival and function. We found that PDCD5tg mice displayed
enhanced cardiac function and were protected from cardiac fibrosis
following p-adrenergic stimulation. Our results indicate that
PDCD5tg + ISO mice remained at the early stage of cardiac
remodeling, whereas WT + ISO mice progressed to the late stage.
Moreover, our study showed that the LC3II/LC3I level was signifi-
cantly higher in PDCD5tg mice than in WT mice (Fig. 4A, B),
whereas no difference was observed in the levels between
PDCD5tg + 1SO mice and their WT + ISO counterparts (data not
shown). We also showed that attenuation of cardiac function was
associated with upregulated basal autophagy. Increased basal
autophagy enabled mice to better respond to adverse stimuli.
PDCD5tg mice had systemic overexpression of PDCD5, which can
have effects on different types of cells and organs and could lead to
compensatory survival. Consistent with a previous report, upre-
gulation of autophagy could be protective and compensatory by
removing damaged mitochondria and proteins at the early stages of
myocardial stress [9,32]. Moreover, activation of autophagy by
rapamycin has been reported to prevent cardiac hypertrophy
induced by thyroid hormone treatments [32,33]. Pressure overload
due to transverse aortic constriction also revealed that autophagic
activity was decreased during hypertrophic responses [9]. The po-
tential for autophagy as a therapeutic target should be considered
in future studies and the mechanism of autophagy should be
elucidated. In addition, our results showed that the fraction of
apoptotic cells was significantly lower in PDCD5tg + ISO mice than
in WT + ISO mice. These findings are likely related to the pro-
apoptotic B-adrenergic agonists and compensatory autophagy.
Autophagy may be an active adaptive response for protecting car-
diomyocytes by removing damaged mitochondria and proteins at
early stages of myocardial stress [9,15,16]. However, once cellular
homeostasis is sufficiently altered, these cells may undergo
apoptosis [32,34]. Moreover, a previous study using the Atg5
knockout mouse demonstrated that autophagy inhibited $-adren-
ergic stress-induced cardiac cell death [9].

The underlying mechanisms of the inhibitory effects of PDCD5
on cardiac remodeling are unknown. Different regulation net-
works likely produce varied biological effects in diverse cell
types and organs. Thus, elucidation of the specific network will
allow a greater understanding of the protective role of PDCD5 in
the heart and provide potential drug targets for heart disease
treatment. A previous study demonstrated that PDCD5 was
strongly induced upon angiotensin Il treatment or transverse
aortic constriction, consistent with a potential role for PDCD5 in
cardiac remodeling and cardiac function [18]. Although these
results are different from our findings, the differences could be
attributed to the expression level and region of PDCD5. In this
study, PDCD5tg mice had systemic overexpression of PDCDS5,
which can influence different cell types and organs, potentially
leading to compensatory survival. Another key difference is that
we induced cardiac remodeling using ISO rather than angio-
tensin II, suggesting that PDCD5 function could depend on the
nature of the stimulus.

between WT + ISO mice and PDCD5tg + ISO mice. (C) The ratio of lung weight to body weight (LW/BW) was significantly different between WT + ISO mice and PDCD5tg + ISO mice.
(D) H&E staining of heart sections. Scale bar = 20 um. (E) Measurements of two-dimensional cardiomyocyte cross-sectional areas. (F) Representative micrographs of picrosirius red-
stained sections of the ventricle. Red areas represent collagen. Scale bar = 2 mm. (G) Quantification of cardiac interstitial collagen content from picrosirius red-stained sections.
Results are expressed as the ratio of collagen area to heart area (n = 4—12, 10 weeks old). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 3. Effects of PDCD5 overexpression on cardiac function. (A) Representative M-mode echocardiography images showing left ventricular wall thickness and systolic function in
10-week-old mice. (B) LV end-diastolic diameter (LVID; d) was significantly higher in WT + ISO mice than in PDCD5tg + ISO mice. (C—D) Ejection fraction (EF) and fractional
shortening (FS) were significantly lower in WT + ISO mice than in PDCD5tg + ISO mice. (E—G) Echocardiographic analysis revealed enlarged left ventricular diastolic dimension
(LVID; d) and decreased ejection fraction (EF) and fractional shortening (FS) in WT + ISO mice (n = 4—9, 10 weeks old).

In conclusion, the present work demonstrates for the first time appears to involve increased basal autophagy and inhibition of
that PDCD5 protects mice against cardiac remodeling in response to apoptosis. The potential for PDCD5 as a therapeutic target should be
ISO. The mechanism underlying the protective effects of PDCD5 considered in future studies.
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version of this article.)
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