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Abstract. Post-infarction remodeling is accompanied and 
influenced by perturbations in the mammalian target of 
rapamycin (mTOR) signaling. Regulated in development and 
dNA damage response-1 (Redd1) has been reported to be 
involved in dNA repair and modulation of mTOR activity. 
However, little is known about the role of Redd1 in the heart. 
In the present study the potential contribution of Redd1 overex-
pression to the chronic phase of heart failure after myocardial 
infarction (MI) was explored and the mechanisms underlying 
Redd1 actions were determined. Redd1 was downregulated 
in the mouse heart subjected to MI surgery. To determine the 
role of Redd1 in the process of MI, adeno-associated virus 9 
mediated overexpression of Redd1 was used to enhance Redd1 
content in cardiomyocytes. Redd1 overexpression improved 
left ventricular dysfunction and reduced the expansion index. 
Additionally, Redd1 overexpression resulted in suppressed 
myocardial apoptosis and improved autophagy. Furthermore, 
the studies revealed that Redd1 overexpression could inhibit the 
phosphorylation of mTOR and its downstream effectors P70/S6 
kinase and 4EBP1. In conclusion, this study demonstrated that 
Redd1 overexpression protects against the development and 
persistence of heart failure post MI by reducing apoptosis and 
enhancing autophagy via the mTOR signaling pathway. The 

present study clearly demonstrated that Redd1 is a therapeutic 
target in the development of heart failure after MI.

Introduction

Myocardial infarction (MI) constitutes one of the most 
serious cardiac events with high morbidity and mortality 
worldwide (1,2). Myocardial remodeling occurs after MI as 
a compensatory mechanism to decrease wall stress which 
may lead to inevitable cardiac dilatation, followed by heart 
failure (3). At present, pharmacological intervention remains 
the most effective treatment for preventing post-infarction 
cardiac remodeling and dysfunction (4). The one year 
mortality rate of patients hospitalized for heart failure after 
MI was as high as 43.2% (5). Therefore, it has been crucial 
to exploit effective intervention targets for attenuating cardiac 
remodeling and dysfunction post MI, thereby preventing the 
development of heart failure in post-infarction patients (6).

Apoptosis and autophagy are reported to participate in 
physiological processes that occur constitutively in the myocar-
dium (7,8). The roles of apoptosis and autophagy in ischemic 
myocardial injury have been extensively demonstrated in 
ischemic induced myocardial injury. Increasing evidence 
suggests that apoptosis and autophagy disruption results in the 
development of severe left ventricular dysfunction (9,10). As 
a result, developing a strategy aimed at regulating apoptosis 
and autophagy is necessary to protect against post-MI cardiac 
dysfunction. Therefore, the accurate molecular mechanisms 
that regulate apoptotic and autophagic responses are pivotal 
for preventing the development of heart failure post MI.

The mammalian target of rapamycin (mTOR) is a highly 
conserved serine/threonine kinase, belonging to the phos-
phoinositide kinase-related kinase family (11). mTOR has 
been reported to activated via the protein kinase B/phos-
phoinositide 3 kinase pathway (12). This signaling mechanism 
is centrally involved in physiological hypertrophy but also 
takes part in pathological remodeling of the heart (12). It is well 
established that mTOR plays an important role in regulating 
cellular physiology, metabolism and stress responses (11). 
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Previous studies have confirmed that mTOR can concurrently 
modulate apoptosis and autophagy related pathogenesis in 
numerous heart diseases (13-15). Furthermore, inhibiting 
mTOR induced apoptosis and autophagy may exert a protec-
tive influence against MI injury (16,17). The exact mechanisms 
explaining how this signaling pathway regulates apoptosis and 
autophagy during MI remain to be clarified.

Regulated in development and dNA damage response-1 
(Redd1), located on chromosome 10 (10q22.1), is a 232 amino 
acids protein which is transcriptionally induced by dNA 
damage in various types of cells (18,19). Redd1 plays a vital role 
in biological, physiological functions and cellular functions, 
such as cell growth, inflammation and autophagy (20-22). 
despite its relationship with mTOR and extensive research in 
multiple diseases, such as neurodegenerative disorders (23) 
and cancer (24), little is known about the role of Redd1 in the 
heart. Few previous studies have evaluated the hypothesis that 
Redd1 may have relevance to cardiac physiopathology. Studies 
have shown that Redd1 inhibition protected cardiomyocytes 
from ischemia-reperfusion (I/R) injury (25) or metham-
phetamine-induced myocardial damage (26). Paradoxically, 
Liu et al (27) demonstrated that Redd1 attenuated cardiac 
hypertrophy induced by phenylephrine via enhancing 
autophagy. These observations imply that Redd1 is possibly 
associated with cardiac dysfunction. However, there was no 
study on whether Redd1 could ameliorate the prognosis of 
cardiac dysfunction post MI. At present, the role of Redd1 
in the heart remains unknown. Nonetheless, extrapolating 
experimental data from other cell types, Redd1 appears to play 
a pivotal role in inhibiting mTOR activation (28-30).

In this context, the present study aimed to explore the 
potential contribution of Redd1 during the development of 
heart failure after MI. The study presented here demonstrates 
the critical role of Redd1 overexpression in cardiomyocytes 
during the chronic phases of MI. A single intravenous injec-
tion of an adeno-associated virus 9 (AAV9) vector expressing 
Redd1 reduced left ventricular dysfunction. In addition, Redd1 
improved cardiac function after myocardial infarction through 
apoptosis inhibition and autophagy enhancement mediated by 
mTOR inactivation. The results of the present study suggest 
the critical importance of Redd1 in the development of heart 
failure post MI.

Materials and methods

Animals. A total of 30 c57BL/6 male mice weighing 14-16 g 
(4-5 weeks) were purchased from the Beijing HFK Bioscience 
Co., Ltd. Mice were kept in cages at 22±2˚C with 40±5% 
humidity under a 12 h light/dark cycle in the Tongji Medical 
School Experimental Animal center, and fed a chow diet and 
water. Animal experiments were carried out in accordance 
with the Guide for the care and Use of Laboratory Animals 
published by the National Institute of Health and were 
approved by the Institutional Animal care and Use committee 
at Tongji Medical college, Huazhong University of Science 
and Technology.

Injection of AAV9 vectors. The AAV9 vectors carrying 
enhanced green fluorescent protein (AAV9‑GFP) or mouse 
Redd1 (AAV9-Redd1) were purchased from Weizhen 

Biotechnology company. The sequence of the Redd1 vector 
was consistent with the coding sequence of mouse Redd1, 
shown as follows, ATG ccT AGc cTc TGG GAT cGT TTc 
TcG Tcc Tcc TcT Tcc TcT TcG Tcc TcG TcT cGA AcT c 
cG Gcc GcT GAT cGG ccG ccG cGc Tcc Gcc TGG GGG T 
cT GcA Gcc AGA GAA GAG GGc cTT GAc cGc TGc GcG A 
Gc cTG GAG AGc TcG GAc TGc GAG Tcc cTG GAc AGc A 
Gc AAc AGT GGc TTc GGG ccG GAG GAA GAc Tcc TcA T 
Ac cTG GAT GGG GTG Tcc cTG ccc GAc TTT GAG cTG c 
Tc AGT GAc ccc GAG GAT GAG cAc cTG TGT Gcc AAc c 
TG ATG cAG cTG cTG cAG GAG AGc cTG Tcc cAG GcG c 
GA TTG GGc TcG cGG cGc ccT GcG cGT TTG cTc ATG c 
cG AGc cAG cTG GTG AGc cAG GTG GGc AAG GAA cTc c 
TG cGc cTG GcA TAc AGT GAG ccG TGc GGc cTG cGG G 
GG GcA cTG cTG GAc GTG TGT GTG GAG cAA GGc AAG 
AGc TGc cAT AGc GTG GcT cAG cTG Gcc cTc GAc ccc 
AGc cTG GTG ccc Acc TTT cAG TTG Acc cTG GTG cTG 
cGT cTG GAc TcT cGc cTc TGG ccc AAG ATc cAG GGG 
cTG TTA AGT TcT Gcc AAc TcT Tcc TTG GTc ccT GGT T 
Ac AGc cAG Tcc cTG AcG cTA AGT Acc GGc TTc AGA G 
Tc ATc AAG AAG AAA cTc TAc AGc Tcc GAG cAG cTG c 
Tc ATT GAA GAG TGT TGA. Mice were injected with viral 
solution (2.8x1011 vector genomes per mouse) via the tail vein 
4 weeks before MI surgery (31).

MI surgery and experimental groups. MI was induced by 
permanent ligation of the left-anterior descending coronary 
artery (LAD) as previous reported (32). Briefly, mice were 
anesthetized with 3% pentobarbital sodium (50 mg/kg) by 
intraperitoneal injection. Mice were mechanically ventilated. 
A thoracotomy was conducted between the left third and 
fourth ribs. The thymus was retracted upwards and the auric-
ular appendix was exposed. The LAd was ligated by a 6-0 
silk suture. The sham group mice underwent the same process 
except for ligating the LAd. Mice were randomly divided into 
four groups: Sham with AAV9-GFP (Sham+GFP; n=6), Sham 
with AAV9-Redd1 (Sham+Redd1; n=6), MI with AAV9-GFP 
(MI+GFP; n=8) and MI with AAV9-Redd1 (MI+Redd1; n=8). 
Mice were treated with AAV9-Redd1 or AAV9-GFP for 
4 weeks before MI or sham operation. Mice were sacrificed at 
4 weeks post MI or sham surgery.

Echocardiography. A total of 4 weeks following MI, mice 
were anesthetized with 1.5% isoflurane via inhalation (33). 
The depth of anesthesia was determined by immobility and 
assessing the absence of the withdrawal reflex of the right paw. 
Subsequently, cardiac function was measured by transthoracic 
echocardiography with a Vevo 2100 high-resolution micro 
imaging system (VisualSonics, Inc.). The echocardiography 
images were acquired from the long axes and the short axis. 
The following parameters were measured in M-mode: Left 
ventricular end-diastolic diameter (LVEdd) and left ventric-
ular end-systolic diameter (LVESd). The percentage of left 
ventricular fractional shortening (LVFS, %) and left ventricular 
ejection fraction (LVEF, %) were automatically calculated. The 
parameters were acquired and averaged from six cardiac cycles.

Masson's trichrome staining and picrosirius red staining. 
Heart tissues were fixed with 4% paraformaldehyde for 24 h 
at room temperature, subsequently paraffin embedded and 
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sectioned into 5 µm thick slices. Masson's trichrome and 
picrosirius red staining were carried out in accordance with 
standard procedures (34). The stained sections were used to 
estimate scar thickness, infarct size and expansion index as 
previously stated (35,36). Picrosirius red staining was applied 
to calculate the percentage of collagen content in the border 
zone of the infarcted heart. The images were acquired at x200 
magnification in the border zone of the infarct area, using a 
light microscope (Olympus corporation), and analyzed with 
Image-Pro Plus software 6.0 (Media cybernetics, Inc.).

Immunofluorescent assay. Paraffin slides were deparaf-
finized for immunofluorescent staining. All sections were 
incubated with primary antibodies for Redd1 (1:50; cat. 
no. ab106356; Abcam) and Lc3B (1:50; cat. no. Arg55799; 
Arigo Biolaboratories, Corps.) at 4˚C overnight. Fluorescein 
tetramethylrhodamine‑conjugated secondary antibody affi-
nipure goat anti-rabbit Immunoglobulin G (H+L; 1:50; cat 
no. 111-025-144; Jackson ImmunoResearch Europe, Ltd.,) 
was incubated for 1 h at room temperature. Then, all slides 
were stained with 300 nM dAPI (d1306, Invitrogen; Thermo 
Fisher Scientific, Inc.) for 5 min at room temperature. In each 
sample, three random fields were observed by fluorescence 
microscopy at x200 magnification. The relative fluorescence 
intensity was estimated with ImageJ software (version 1.51, 
National Institutes of Health).

Terminal deoxynucleotidyl‑transferase mediated dUTP 
nick‑end labeling (TUNEL) assay. The cardiac cell apoptosis 
level in the infarct zone of the heart was determined by TUNEL 
staining. In accordance with the manufacturer's protocol 
supplied by the TUNEL detection kit (Roche diagnostics), 
the heart sections were treated with TUNEL reagent for 1 h 
at 37˚C. Subsequent to washing with twice PBS, the sections 
were counterstained with 300 nM dAPI (d1306, Invitrogen; 
Thermo Fisher Scientific, Inc.) for 5 min at room temperature. 
In each sample, images of three random fields were captured 
with a 100X lens by fluorescence microscopy. The percentage 
of positive apoptotic cells was estimated with ImageJ software.

Tissue separation. The atrial tissue was removed and the left 
ventricle was cut open. The infarct tissue and the border tissue 
were separated from the heart for western blotting and PcR 
analysis. As shown in Fig. 1A, the infarcted area was thin and 
pale, located within the black solid line. The border zone was 
a transitional pink area, thinner than normal myocardial tissue, 
located between the black solid line and the black dotted line (37).

Western blotting. The myocardial total protein was extracted 
using with RIPA lysis buffer (Beyotime Institute of 
Biotechnology) at 4˚C for 30 min, then quantified with a bicin-
choninic acid kit (Beyotime Institute of Biotechnology). Equal 
amounts of denatured protein samples (100 µg) were separated 
by 12% SdS-PAGE and were transferred to nitrocellulose 
membranes. The nitrocellulose membranes were blocked in 
5% milk diluted with TBS/0.1% Tween-20 (TBST) for 2 h at 
room temperature, following by primary antibody incubation 
overnight at 4˚C. The primary antibodies were as follows: 
Anti-β tubulin (1:1,000; cat. no. 66240-1-Ig, ProteinTech 
Group, Inc.); anti-Redd1 (1:1,000; cat. no. ab106356; Abcam); 

anti-Bcl2 (1:1,000; cat. no. A11025, Abclonal Biotech co., Ltd.); 
anti-Bax (1:1,000; cat. no. A12009; Abclonal Biotech co., Ltd.); 
anti-Lc3B (1:1,000; cat. no. Arg55799; Arigo Biolaboratories, 
corps.); and anti-Beclin1 (1:1,000; cat. no. A7353; 
Abclonal Biotech co., Ltd.); anti-total-mTOR (1:1,000; cat. 
no. A2445; Abclonal Biotech co., Ltd.); anti-phosphorylated 
(phospho)-mTOR (1:1,000; cat. no. AP0094; Abclonal Biotech 
co., Ltd.), anti-total-P70/S6 kinase [1:1,000; cat. no. 2708t; 
cell Signaling Technology, Inc., (cST)]; anti-phospho-P70/S6 
kinase (1:1,000; cat. no. 9208t; cST); anti-total-4EBP1 (1:1,000; 
cat. no. 9644t; cST); anti-phospho-4EBP1 (1:1,000; cat. 
no. 9451t; cST). The membranes were washed with TBST 3 
times, following by incubation with HRP-conjugated secondary 
antibodies anti-rabbit IgG (H+L; 1:2,000; cat. no. ANT020) 
and anti-mouse IgG (H+L; 1:2,000; cat. no. ANT019; both 
Antgene Biotechnology co., Ltd.) for 2 h at room temperature. 
Bands were detected with a chemiluminescence detection 
System (ECL; Thermo Fisher Scientific, Inc.) and quantified by 
densitometry using ImageJ software.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Myocardial total RNA was extracted with 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
complementary dNA was synthesized using the PrimeScript 
RT Master Mix kit (Takara Bio, Inc.) and then used for qPcR 
with a SYBR-Green Master Mixture (Takara Bio, Inc.) on 
the ABI StepOnePlus RT-PcR system (Applied Biosystems, 
Thermo Fisher Scientific, Inc.). The reverse transcription 
conditions were as follows: 37˚C for 15 min and 85˚C for 
5 sec. The qPCR cycling conditions were as follows: 95˚C for 
10 min and 40 cycles of 95˚C for 15 sec and 60˚C for 15 sec. 
qPcR was performed with 3 replicates of each sample. The 
relative expression quantity was analyzed by normalizing to 
the GAPdH level and calculated with the 2-ΔΔcq method (38). 
The primers were as follows: 5'-AGG TcG GTG TGA AcG 
GAT TTG-3' and 5'-AGG TcG GTG TGA AcG GAT TTG-3' for 
GAPdH, 5'-GcT Tcc AGG ccA TAT TGG AG-3' and 5'-GGG 
GGc ATG Acc TcA TcT T-3' for natriuretic peptide type A 
(ANP), 5'-GAG GTc AcT ccT ATc cTc TGG-3' and 5'-Gcc 
ATT Tcc Tcc GAc TTT TcT c-3' for natriuretic peptide 
type B (BNP), 5'-AcT GTc AAc AcT AAG AGG GTc A-3' and 
5'-TTG GAT GAT TTG ATc TTc cAG GG-3' for myosin heavy 
polypeptide 7 (β-MHc), 5'-GcT ccT cTT AGG GGc cAc T-3'  
and 5'-ccA cGT cTc Acc ATT GGG G-3' for collagen I, 
5'-AcG TAG ATG AAT TGG GAT GcA G-3' and 5'-GGG TTG 
GGG cAG TcT AGT G-3' for collagen III.

Statistical analysis. Each experiment was repeated ≥3 times. 
All data were analyzed by Prism 5 (GraphPad Software Inc.) 
and presented as the mean ± standard error of the mean. The 
differences in the data were analyzed. Unpaired, two-tailed 
Student's t-test was used for two groups. One-way analysis of 
variance was used for multiple comparisons. Post hoc differ-
ences were determined by Newman Keuls test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Redd1 is downregulated in the heart during the myocar‑
dial infarction process. To investigate whether Redd1 
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is involved in MI, LAd-induced MI models were used 
(Fig. 1A). Redd1 mRNA and protein levels in the infarct 
zone declined significantly at different time points (1 and 
4 weeks) after MI compared with sham-operation animals 
(P<0.001; Fig. 1B, d and E). Meanwhile, Redd1 mRNA 
and protein expression declined significantly in different 
regions (border area and infarct area) at 4 weeks compared 
with the sham group (P<0.05; Fig. 1c, F and G). These data 
indicate that Redd1 expression in the heart is downregu-
lated during MI, suggesting that Redd1 may participate in 
the process of MI.

Redd1 overexpression protects against cardiac dysfunction 
after MI. To investigate the influence of Redd1 on cardiac 
dysfunction and remodeling post-MI, AAV9-Redd1 or 
control AAV9-GFP was injected via the tail vein 4 weeks 
prior to permanent LAd ligation. A total of 8 weeks after 
injection, AAV9‑Redd1 group displayed increased fluores-
cence intensity of Redd1 compared with the AAV9-GFP 
group (Fig. 2A and B). In addition, heart Redd1 protein 
level was increased nearly three times in the sham operation 
mice injected with AAV9-Redd1 compared with the sham 

operation mice injected with AAV9-GFP. Notably, the heart 
Redd1 protein level was also increased in MI mice injected 
with AAV9-Redd1 compared with MI mice injected with 
AAV9-GFP (Fig. 2c and d). In line with preceding studies, 
the present study discovered that mice undergoing MI 
surgery exhibited decreased LVEF and LVFS, as well as 
increased LVEdd and LVESd (39,40), suggesting that MI 
surgery successfully leads to cardiac insufficiency and 
ventricular dilatation (Fig. 2E). Parameters of echocardiog-
raphy in mice at 4 weeks after sham or MI surgery are listed 
in Table I. Redd1 overexpression significantly increased 
LVEF and LVFS (P<0.001; Fig. 2F and G), while LVEdd 
and LVESd were attenuated (Fig. 2H and I). Sham+Redd1 
group mice displayed no significant changes compared with 
Sham+GFP group mice. consistently, the MI+Redd1 group 
mice also displayed decreased mRNA levels of ANP and 
BNP compared with the MI+GFP group mice in the border 
zone (Fig. 2J and K). The β-MHc mRNA level was also 
slightly decreased after the AAV-Redd1 injection but not 
significantly (Fig. 2L). Collectively, Redd1 overexpression 
protected against cardiac dysfunction and cardiac dilatation 
at 4 weeks after MI after MI.

Figure 1. Redd1 is downregulated in the heart during the MI process. (A) Representative images of infarct and border area. Upper: Image in front of the heart; 
down: Anatomical left ventricle. The black solid line is the boundary of the infarct area; the black dotted line indicates the boundary of the border area. 
(B) mRNA levels of Redd1 in the heart of sham-operation mice or in infarct region of MI mice at different time points (1 week and 4 weeks) after MI surgery 
(n=6-8). (c) mRNA levels of Redd1 in the heart of sham-operation mice or in different regions (border area and infarct area) at 4 weeks post MI surgery 
(n=6-8). (d and E) Redd1 protein expression in the heart of sham-operation mice or in the infarct region of MI mice at different time points (1 and 4 weeks) 
after MI surgery (n=6-8). (F and G) The protein levels of Redd1 in the heart of sham-operation mice or in different regions (border area and infarct area) at 
4 weeks post MI surgery (n=6-8). data presented as mean ± standard error of the mean. *P<0.05, **P<0.01 and ***P<0.001 vs. the sham group. Redd1, regulated 
in development and dNA damage response-1; ctrl, control group; MI, myocardial infarction; Inf, infarction region; Ninf, non-infarction region.
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Redd1 overexpression protects against cardiac expansion 
and fibrosis after MI. To determine cardiac dilatation post 
MI, heart tissues were stained with Masson's trichrome 
4 weeks after MI (Fig. 3A). In the present study, the 
MI+Redd1 group displayed a reduced heart expansion 

index, as well as unaltered scar size and wall thickness 
compared with the MI+GFP group (Fig. 3B-d). Meanwhile, 
to analyze cardiac fibrosis, heart tissues were stained 
with picrosirius red staining in the border zone. The 
MI+Redd1 group displayed less collagen content compared 

Figure 2. Redd1 overexpression protects against cardiac dysfunction after MI. (A) The temporal expression pattern of Redd1 tested in fluorescence in the heart 
of AAV9‑GFP and AAV9‑Redd1 mice. (B) Quantitative results of Redd1 fluorescence intensity (n=6). (C) Protein expression of Redd1 at 4 weeks following MI 
in the myocardium of mice treated with AAV9-GFP or AAV9-Redd1 and (d) the quantitative analysis (n=6-8). (E) Representative M-mode echocardiography 
image of the LV from the four groups at 4 weeks after MI. (F-I) Quantitative results of (F) LVEF, (G) LVFS, (H) LVESd and (I) LVEdd of mice from the four 
groups at 4 weeks after MI (n=6-8). (J) ANP, (K) BNP and (L) β-MHc determined by reverse transcription-quantitative PcR assay (n=6-8). data presented 
as the mean ± standard error of the mean. &P<0.05, &&P<0.01 and &&&P<0.001 vs. Sham+GFP group; *P<0.05, **P<0.01 and ***P<0.001 vs. the MI+GFP group. 
Redd1, regulated in development and DNA damage response‑1; MI, myocardial infarction; AAV9, adeno‑associated virus 9; GFP, green fluorescent protein; 
LV, left ventricular; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVEdd, left ventricular end-diastolic diameter; 
LVESd, left ventricular end-systolic diameter; ANP, natriuretic peptide type A; BNP, natriuretic peptide type B; β-MHc, myosin heavy polypeptide 7.
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Figure 3. Redd1 overexpression protects against cardiac expansion and fibrosis after MI. (A) Representative Masson's trichrome staining of cardiac sections in 
the four groups. (B) Quantitative analysis of infarct size, (c) relative scar thickness and (d) expansion index at 4 weeks after MI in MI+GFP and MI+Redd1 
mice (n=6-8). (E) Representative picrosirius red-stained sections of infarct and border areas in each group at 4 weeks after MI and (F) the quantitative analysis 
(n=6-8). Relative mRNA levels of (G) collagen I and (H) collagen III in the heart of sham-operation mice or in the border zone at 4 weeks post MI surgery 
(n=6-8). data presented as the mean ± standard error of the mean. &&&P<0.001 vs. Sham+GFP group; *P<0.05, **P<0.01 and ***P<0.001 vs. MI+GFP group. 
NS, not significant; Redd1, regulated in development and DNA damage response‑1; MI, myocardial infarction; GFP, green fluorescent protein.

Table I. Parameters in mice at 4 weeks after sham or MI surgery.

Parameters Sham+GFP (n=6) Sham+Redd1 (n=6) MI+GFP (n=8) MI+Redd1 (n=8)

LVEF (%) 67.10±1.84 64.58±2.35 9.55±2.01a 20.23±1.59b

LVFS (%) 36.63±1.44 34.76±1.73 4.00±0.89a 9.17±0.76b

LVEdd (mm) 3.71±0.04 3.68±0.06 5.54±0.10a 4.85±0.19b

LVESd (mm) 2.35±0.04 2.40±0.08 5.42±0.06a 4.52±0.12b

data presented as the mean ± standard error of the mean. aP<0.001 vs. Sham+GFP group; bP<0.01 vs. the MI+GFP group. LVEF, left ventric-
ular ejection fraction; LVFS, left ventricular fractional shortening; LVEdd, left ventricular end-diastolic diameter; LVESd, left ventricular 
end-systolic diameter.
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with the MI+GFP group (Fig. 3E and F). Furthermore, 
MI+Redd1 group mice also exhibited lower mRNA levels 
of collagen I and collagen III compared with MI+GFP 
group mice (Fig. 3G and H). collectively, Redd1 over-
expression protected against cardiac expansion and fibrosis 
after MI.

Redd1 overexpression inhibits myocardial apoptosis after MI. 
In order to explore the effect of Redd1 on cardiac cell apoptosis 
in the infarct zone, TUNEL staining was conducted. A total 
of 4 weeks after MI, it was found that the MI+Redd1 group 
mice displayed decreased TUNEL-positive cells compared 
with the MI+GFP group (Fig. 4A and B). In addition, the 
expression of Bcl-2 family members in the infarct zone was 
examined through western blot assay. The MI+Redd1 group 
mice exhibited a significant increase in the expression of Bcl‑2 

and the ratio of Bcl-2/Bax compared with MI+GFP group 
mice (P<0.01; Fig. 4c and d). These results showed that Redd1 
could attenuate cardiac cell apoptosis in response to ischemia 
injury.

Redd1 overexpression enhances myocardial autophagy 
after MI. To investigate the effect of Redd1 on myocardial 
autophagy in the border zone of the infarction, Lc3 and 
Beclin1 levels were measured through western blotting. A total 
of 4 weeks following LAd ligation, Beclin1 expression and 
the Lc3-II/Lc3-I ratio were increased in the MI+Redd1 group 
mice compared with in the MI+GFP group mice (Fig. 5A-c). 
Similarly, the ratio of Lc3 puncta positive cells to the total 
cells in the border zone was increased in the MI+Redd1 group 
mice compared with in the MI+GFP group mice, as well as 
Lc3 puncta per cell (Fig. 5d-F). These results demonstrated 

Figure 4. Redd1 overexpression inhibits myocardial apoptosis after MI. (A) Representative images of TUNEL staining showing cardiac cell apoptosis. 
(B) Quantitative results of TUNEL-positive cells (n=6-8). (c) detection of protein levels of Bcl-2 and Bax in each group at 4 weeks after MI. (d) Quantitative 
results of Bcl-2, Bax and the ratio of Bcl-2/Bax are shown (n=6-8). data presented as the mean ± standard error of the mean. &&P<0.01 vs. Sham+GFP group; 
*P<0.05, **P<0.01 and ***P<0.001 vs. MI+GFP group. Redd1, regulated in development and dNA damage response-1; MI, myocardial infarction; TUNEL, 
Terminal deoxynucleotidyl‑transferase mediated dUTP nick‑end labeling; GFP, green fluorescent protein.
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that overexpression of Redd1 could improve cardiac cell 
autophagy at 4 weeks after MI.

Redd1 overexpression downregulates the mTOR/P70/S6 
kinase/4EBP1 pathway after MI. To further study whether the 
mTOR signaling pathway is involved in the regulation of MI 
mediated by Redd1, the influence of Redd1 overexpression on 
mTOR phosphorylation level in the border zone of the infarc-
tion was measured. MI surgery resulted in increased mTOR 
phosphorylation, while Redd1 overexpression partially inhibited 
this effect (Fig. 6A and B). The phosphorylation state of P70/S6 
kinase and 4EBP1 was examined and targets of the mTOR1 
complex were established. As shown in Fig. 6, Redd1 also signif-
icantly decreased the phosphorylation levels of P70/S6 kinase 
and 4EBP1 (P<0.001; Fig. 6c and d). These results suggested 
that Redd1 could alleviate ischemia injury induced ventricular 
dysfunction partly through the mTOR signaling pathway.

Discussion

MI is a major cause of morbidity and mortality worldwide (1,2). 
Although significant progress has been made in minimizing 
myocardial loss after MI, large numbers of patients still 
develop heart failure due to myocardial remodeling (41). The 
present study demonstrated a critical role for Redd1 in post-MI 
cardiac dysfunction. The Redd1 expression level decreased in 
different regions (border area and infarct area) of the infarcted 
myocardium at 4 weeks. cardiac-specific overexpression 

of Redd1 improved cardiac function and decreased cardiac 
dilatation. This protective effect was produced via inhibiting 
apoptosis and enhancing autophagy. This pattern indicates that 
Redd1 plays a protective role in myocardial ischemia injury.

Redd1 has been identified as a critical stress-regulated 
protein whose expression is transcriptionally induced in various 
types of cells by dNA damage involved in a variety of physi-
ological and pathological processes (18). Most studies indicate 
that Redd1 serves an important role in inflammation and 
autophagy (20-22). In addition, Liu et al (27) explored whether 
Redd1 attenuated cardiac hypertrophy induced by phenyleph-
rine via enhancing autophagy. consistent with these results, the 
present study also demonstrated the protective effect of Redd1 
in post-MI cardiac dysfunction. Paradoxically, previous studies 
have illustrated that inhibition of Redd1 could protect cardiac 
against I/R injury (42,43). Recently, Gao et al (44) demonstrated 
that increased Redd1 expression contributed to I/R injury by 
exaggerating excessive autophagy during reperfusion. The 
present study supposed that the contradictory conclusion was 
due to the different models, as Hashmi and Al-Salam (45) has 
declared that the processes of cardiomyocyte injury in MI and 
I/R were indeed distinct. In addition, the local microenviron-
ment of the myocardium determined the particular roles of 
molecules and enzymes that were part of their pathogenesis. 
Actually, the pathological changes, such as inflammation, 
apoptosis and autophagy in MI vary along with time (46). It 
makes more sense for further experiments to explore the func-
tions of Redd1 in different periods of MI.

Figure 5. Redd1 overexpression enhances myocardial autophagy after MI. (A) detection of protein levels of Beclin1 and Lc3 in each group at 4 weeks 
after MI. (B) Quantitative results of Beclin1, Lc3-I, Lc3-II and (c) the ratio of Lc3-II/Lc3-I are shown (n=6-8). (d) detection of autophagosomes by Lc3 
immunostaining 4 weeks after MI. (E) Quantitative results of Lc3 puncta positive cells (n=6-8). (F) Quantitative results of Lc3 puncta per cell (n=6-8). data 
presented as the mean ± standard error of the mean. &P<0.05, &&P<0.01 and &&&P<0.001 vs. Sham+GFP group; *P<0.05, **P<0.01 and ***P<0.001 vs. MI+GFP 
group. Redd1, regulated in development and DNA damage response‑1; MI, myocardial infarction; LC3, light chain 3; GFP, green fluorescent protein.
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To inspect the underlying mechanism that Redd1 protects 
against cardiac remodeling and dysfunction, the present study 
investigated the effect of Redd1 on cardiac fibrosis and apop-
tosis. The occurrence of cardiac fibrosis has been identified 
as a definitive characteristic of pathological remodeling and 
results in cardiac dysfunction post MI (47). Previous research 
has demonstrated that cardiac fibrosis not only causes systolic 
dysfunction, but also interrupts the coordination of myocardial 
excitation-contraction coupling (48). The results of the present 
study showed that overexpression of Redd1 alleviated heart 
failure and cardiac fibrosis induced by MI in vivo, as indicated 
by increased cardiac function and decreased collagen content. 
Apoptosis, a process of programmed cell death, has been iden-
tified in the pathogenesis of myocardial ischemia injury (7,49) 
and could determine the fate of the heart (50). In the present 
study, Redd1 overexpression could inhibit myocardial apop-
tosis in post-MI hearts in vivo. The results indicate that 
Redd1 can inhibit apoptosis by upregulating the expression 
of anti-apoptotic molecules Bcl-2 and the ratio of Bcl-2/Bax. 
However, the exact mechanism underlying Redd1-mediated 
apoptosis inhibition post MI is not well understood.

Autophagy is a crucial intracellular process which can 
increase protein turnover and may be involved in preventing 
the accumulation of aberrant proteins or impaired organ-
elles (51). Autophagy deficiency may be responsible for 
polyubiquitinated protein accumulation and endoplasmic 
reticulum stress elevation (52). Autophagy seems to regulate 

cardiac homeostasis in response to various stresses and 
has a protective role in the cardiac response to ischemia by 
removing damaged mitochondria (8,53). A previous study 
demonstrated that impaired autophagy contributes to adverse 
cardiac remodeling post MI (54). It has been reported that 
enhancing autophagy could decrease infarction size and 
alleviate adverse cardiac remodeling (55), while suppressing 
autophagy led to adverse cardiac remodeling following MI. 
The results revealed that autophagy plays a dynamic role in 
the determination of infarct size and cardiac function. In 
line with the previous studies, the present study observed 
that the cardiac cells of MI mice exhibited a lower rate of 
autophagy (46,56). This was indicated by 2 well-defined 
markers of Beclin1 (an indicator of autophagy induction) 
and conversion of Lc3-I to lipidated Lc3-II (an index of 
autophagosome abundance), which suggested that impaired 
autophagy was related to the pathological mechanism of 
cardiac remodeling in response to MI. However, Redd1 over-
expression improved cardiac cell autophagy, accompanied 
by elevated heart function and reduced cardiac expansion. 
Based on these results, it can be concluded that Redd1 serves 
a protective role in enhancing autophagy, therefore amelio-
rating cardiac remodeling post MI.

mTOR is recognized as a highly conserved serine/threo-
nine kinase that controls cellular metabolism and growth in 
response to diverse stimuli (11,57,58). Studies have demon-
strated that mTOR is necessary for embryonic cardiovascular 

Figure 6. Redd1 overexpression reduces phosphorylation of mTOR after MI. (A) detection of protein levels of phosphorylation of mTOR and other 
known downstream molecular targets including P70/S6 kinase and 4EBP1 in the heart of each group at 4 weeks after MI. The phosphorylated-to-total 
protein ratios of (B) mTOR, (C) P70/S6 kinase and (D) 4EBP1 were quantified (n=6‑8). Data presented as the mean ± standard error of the mean. &P<0.05, 
&&P<0.01 and &&&P<0.001 vs. Sham+GFP group; *P<0.05 and ***P<0.001 vs. MI+GFP group. Redd1, regulated in development and dNA damage response-1; 
mTOR, mammalian target of rapamycin; MI, myocardial infarction; GFP, green fluorescent protein.
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development (59,60). However, selective pharmacological and 
genetic inhibition of mTOR was shown to reduce myocar-
dial damage after acute and chronic MI (17). Previous 
studies have demonstrated that mTOR and its downstream 
signaling pathways can concurrently regulate apoptosis and 
autophagy (13-15). Furthermore, inhibiting mTOR induced 
apoptosis and autophagy may exert a protective influence 
against MI injury (16,17). consistent with a previous study, 
the current results revealed that the phosphorylation of mTOR 
and its downstream signaling pathways were induced in 
response to MI, along with increased apoptosis and decreased 
autophagy. Additionally, Redd1 overexpression could inhibit 
apoptosis and enhance autophagy, as well as suppress the phos-
phorylation of mTOR. Accordingly, the results of the present 
study suggest that the inhibition of mTOR signaling pathway 
contributes to the protective effects of Redd1 on reducing 
apoptosis and improving autophagy in the myocardium in 
response to MI surgery. Therefore, the authors speculated that 
Redd1 protected against cardiac dysfunction and remodeling 
through inhibiting the mTOR pathway.

In conclusion, the results of the present study have provided 
the new insight that Redd1 exerts a beneficial influence in 
improving cardiac dysfunction post-infarction. The cardiac 
protective effects of Redd1 post MI are associated with the 
inhibition of apoptosis and the improvement of autophagy. 
Redd1 exerts its effect, at least in part, by suppressing the 
mTOR signaling pathway. However, the precise mechanism by 
which Redd1 regulates apoptosis and autophagy remains to be 
elucidated, and further investigations are underway. From the 
clinical point of view, Redd1 could potentially be a therapeutic 
candidate for the prevention and treatment of MI-induced irre-
versible myocardial remodeling and heart failure, reducing the 
risk of mortality. From a clinical point of view, Redd1 could 
potentially be a promising therapeutic candidate for patients 
with MI and other cardiovascular diseases.
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