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Abstract
Asymmetric dimethylarginine (ADMA) is a risk factor for heart diseases. Dimethylarginine dimethylaminohydrolase (DDAH) 
enzymes are key proteins for ADMA degradation. Endothelial DDAH1 is a vital regulator of angiogenesis. DDAH1 is also 
expressed in cardiomyocytes. However, the role of DDAH1 in cardiomyocytes needs further clarification. Herein, we used an 
inducible cardiac-specific DDAH1 knockdown mouse (cardiac  DDAH1−/−) to investigate the role of cardiomyocyte DDAH1 
in left-ventricular (LV) remodeling after acute myocardial infarction (AMI). DDAH1flox/flox and α-MHCMerCreMer mice 
were used to generate cardiac  DDAH1−/− mice. Deletion of DDAH1 in cardiomyocytes was confirmed by Western blotting. 
No significant differences were observed in plasma ADMA levels and LV function between cardiac  DDAH1−/− mice and 
control mice. Cardiac  DDAH1−/− mice showed aggravated LV remodeling 4 weeks after AMI, as demonstrated by a large 
infarct area and impaired LV function. The rate of cardiomyocyte apoptosis and level of oxidative stress were higher in the 
LV tissue of cardiac  DDAH1−/− mice than in that of control mice. However, treatment of cardiomyocytes with exogenous 
ADMA had no effect on reactive oxygen species (ROS) levels or apoptosis sensitivity. Cardiac  DDAH1−/− LV tissue showed 
downregulated superoxide dismutase2 (SOD2) expression, and treatment of  DDAH1−/− cardiomyocytes with the SOD mimic 
tempol significantly attenuated apoptosis and ROS levels under hypoxic conditions. Tempol administration also attenuated 
oxidative stress and apoptosis in cardiac  DDAH1−/− LV tissue and partially alleviated LV remodeling after AMI. DDAH1 
in cardiomyocytes plays a vital role in attenuating LV remodeling after AMI by regulating intracellular ROS levels and 
apoptosis sensitivity via a SOD2-dependent pathway.

Keywords Dimethylarginine dimethylaminohydrolase · Acute myocardial infarction · Left-ventricular remodeling · 
Apoptosis · Reactive oxygen species

Introduction

Heart failure secondary to acute myocardial infarction 
(AMI) remains a clinical challenge despite the advances in 
medical and interventional therapy in recent decades [19]. 
Left-ventricular (LV) remodeling plays a major and impor-
tant role in the progression from AMI to heart failure with 
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respect to both geometry and function [4, 9]. Thus, it is 
essential to identify novel targets to prevent LV remodeling 
after AMI.

Asymmetrical dimethylarginine (ADMA) is a risk factor 
for heart disease [1, 3]. Dimethylarginine dimethylamino-
hydrolase (DDAH) enzymes are key proteins for ADMA 
degradation. The previous studies have shown that global 
deletion of DDAH1 significantly elevates plasma ADMA 
levels, which lead to reduced nitric oxide production and ele-
vated blood pressure [12]. Recently, Dowsett et al. showed 
impaired angiogenesis potential without an increase in 
the level of ADMA in the plasma of endothelium-specific 
DDAH1 knockout mice [5], which indicated that tissue-
specific DDAH1 might exert other effects independent of 
ADMA degradation. DDAH1 is also expressed in cardio-
myocytes, and whether DDAH1 in the cardiomyocytes can 
protect the ischemic heart from LV remodeling after AMI 
remains unknown.

In this study, we showed that LV remodeling was more 
severe in cardiac  DDAH1−/− mice than in control mice after 
AMI and that there was no increase in the plasma ADMA 
level. Furthermore, we found that DDAH1 plays a funda-
mental role in AMI-induced LV remodeling by regulating 
the reactive oxygen species (ROS)level and apoptosis sen-
sitivity in cardiomyocytes via an SOD2-dependent pathway.

Methods

Induction of a cardiomyocyte‑specific DDAH1 KO 
mouse

DDAH1flox/flox/α-MHCMerCreMer (referred to as cardiac 
 DDAH1−/− mice hereafter) and  DDAH1flox/flox (referred to 
as WT mice hereafter) mice were generated as previously 
reported [28]. Briefly, 4-hydroxytamoxifen (Sigma-Aldrich) 
was administered for 12 days by intraperitoneal injections 
(20 mg/kg/day) (Fig. 1a).

Experimental design and treatment

In the first part of the animal experiments, 12-week-old 
mice were divided into two groups (WT group and cardiac 
 DDAH1−/− group). Structural and functional tests were per-
formed 4 weeks after AMI. In rescue experiments, 12-week-
old mice were assigned to four groups. WT mice and cardiac 
 DDAH1−/− mice received either tempol or water from the 
day of the AMI procedure until 4 weeks after AMI. Tempol 
(Sigma-Aldrich) was administered at a dosage of 1.5 mmol/
kg/day in the drinking water as described in a previous study 
[6]. There was no significant difference in the intake of water 
among subgroups. The experimental studies in mice were 

Fig. 1  Generation of cardiac DDAH1 −/− mice. a Diagram shows the approach to generating cardiac  DDAH1−/− mice. b, c Western blot analysis 
shows reduced DDAH1 expression levels in isolated adult cardiomyocytes; **p < 0.01
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approved by the Ethics Committee of Animal Experiments 
in Zhongshan Hospital of Fudan University and performed 
according to institutional guidelines.

Primary cardiomyocyte culture

Ventricles from 2-day-old wild-type mice or global 
 DDAH1−/− mice (kind gift by Professor Yinjie Chen from 
the University of Minnesota, USA) were dissected and 
minced. Then, the tissue was digested overnight at 4 °C 
with 0.5% trypsin (Thermo Fisher Scientific) in  Ca2+- and 
 Mg2+-free Hank’s balanced salt solution. Then, the tissue 
was warmed and kept at 37 °C in 0.1% collagenase type 1 
(Sigma-Aldrich) for 30 min. After passage through a 100-
μm mesh, the solution was centrifuged at 500×g for 5 min 
and resuspended in culture medium with 10% fetal bovine 
serum (FBS; Thermo Fisher Scientific). Cells were seeded 
two times on plates coated with 1% collagen (Thermo Fisher 
Scientific) to remove fibroblasts. Subsequently, cells were 
centrifuged, resuspended, and seeded on 1% collagen-
coated dishes. Hypoxia was achieved by placing the cells in 
a hypoxia incubator (STEMCELL Technologies) filled with 
5%  CO2-nitrogen balanced gas mixture with a final oxygen 
level of < 1% inside the chamber.

Surgical procedure

After anesthesia with 2% isoflurane, mice were fixed on a 
heating pad. The left coronary artery was ligated approxi-
mately 3–4 mm from the origin, and AMI was confirmed by 
ST-segment elevation in the electrocardiogram. For the sham 
group, mice were subjected to the same procedure without 
ligation.

Measurement of cardiac function

Echocardiographic images were obtained with a Visualson-
icsVevo System (Visual Sonics Inc, Canada). The mice were 
anesthetized, and the heart rates were maintained between 
450 and 500 beats per minute. Both B- and M-mode images 
were acquired, and the left-ventricular internal diastolic 
diameter (LVIDD), left-ventricular interval systolic diam-
eter (LVIDS), left-ventricular ejection fraction (EF), and 
left-ventricular fractional shortening (FS) were measured as 
previously described [7]. All measurements were completed 
by two blinded experienced technicians. A total of 10–12 
mice were analyzed per group.

Determination of plasma ADMA concentrations

Plasma ADMA was detected using the ADMA direct ELISA 
Kit (Enzo Life Sciences) according the product manual 

provided by the manufacturer. Samples from ten mice were 
analyzed per group.

Histopathological examination of mouse hearts

The left ventricle was sliced from the apex to the base at 
6-μm thickness for the evaluation of morphology and inter-
stitial fibrosis. Sections were stained with Masson’s tri-
chrome. The infarct size was expressed as the infarct area 
relative to the total LV area. The percentage of LV fibrosis 
was determined using a previously described method [23]. 
Samples from six mice were analyzed per group.

Proteome analysis of LV tissue from cardiac 
 DDAH1−/− mice compared with that from WT mice

Approximately 200 µg of total protein from fresh LV tissue 
of WT or cardiac  DDAH1−/− mice 4 weeks after AMI was 
proteolyzed as previously described [22].

Each sample was analyzed three times by label-free, rela-
tive quantitative analysis. LC separations were conducted 
on the EASY nano-LC system (Thermo Fisher Scientific 
GmbH, Bremen, Germany).

All files from MS runs were analyzed using MaxQuant 
software (version 1.3.0.5) with minor modifications. The 
protein quantification results from the ‘proteinGroups.txt’ 
files were further analyzed by Perseus software (version 
1.5.1.6). Proteins were defined as differentially expressed if 
the ratios were ≥ 1.3 or ≤ 0.77 in LV tissue from WT com-
pared with LV tissue from cardiac  DDAH1−/− mice and the 
change was statistically significant (p < 0.05).

Hierarchical clustering was completed using MEV soft-
ware (v4.6, TIGR). The differentially expressed proteins 
were analyzed to find potential markers to classify all sam-
ples. Samples from three mice were analyzed per group.

Western blotting

Total protein was extracted from homogenized heart tissue 
using a complete protease inhibitor cocktail and RIPA Lysis-
Buffer (Beyotime Biotechnology, Nanjing, China). Subse-
quently, 50 µg of protein was resolved by 10 or 12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) based on the molecular weight of target proteins and 
was transferred to polyvinylidene fluoride (PVDF) mem-
branes. Protein expression was detected by immunoblotting 
with antibodies against DDAH1 (SAB) and SOD2 (USCN Life 
Science); 3-nitrotyrosine(abcam)and tubulin (Sigma-Aldrich) 
served as the loading control. After three washes, the blots 
were incubated with the corresponding secondary antibodies 
(Sigma-Aldrich), and the immunoreactive bands were visual-
ized by chemiluminescence and quantified using Image-Pro 
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Plus software (Media Cybernetics,Maryland, America). Sam-
ples from six mice were analyzed per group.

Detection of ROS

The level of superoxide was determined by spectrophotom-
etry using dihydroethidium (DHE). The cultured cells were 
washed with phosphate-buffered saline (PBS) and incubated 
with 5 µM fluorescent dyes at 37 °C according to the manu-
facturer’s instructions. Then, the cells or frozen sections were 
washed three times and imaged using fluorescence micros-
copy (Nikon, Tokyo, Japan). Fluorescence intensity was deter-
mined using Image-Pro Plus software (Media Cybernetics, 
Maryland, America). The results were from three independent 
experiments.

The level of superoxide in LV tissue was also determined by 
spectrophotometry using dihydroethidium (DHE) as described 
above. Samples from six mice were analyzed per group.

Apoptosis assay

Apoptosis of cells was measured by flow cytometry. Cultured 
cells were harvested and resuspended in binding buffer and 
incubated with AnnexinV-FITC and propidium iodide (PI) 
(BD Biosciences, USA) at room temperature for 15 min pro-
tected from light. Then, the samples were analyzed using 
FACS Calibur (BD Biosciences, USA). The results were from 
three independent experiments.

LV tissue sections were incubated with terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) reaction mixture for 1 h and stained with 4′,6-diami-
dino-2-phenylindole (DAPI). TUNEL-positive cells were 
counted in six random fields and recorded as a percentage of 
all nuclei. Samples from six mice were analyzed per group.

Statistical analysis

All values are expressed as the mean ± standard error. Data 
from two groups were compared using unpaired t test. Two-
way ANOVA was used to test for differences between KO 
and wild-type animals under control conditions and after 
AMI. Post hoc pair wise comparisons were made using 
Fisher’s least significant difference test. A value of p < 0.05 
was considered statistically significant.

Results

DDAH1 expression level was reduced 
in cardiomyocytes from cardiac  DDAH1−/− mice

The DDAH1 expression level was reduced by approxi-
mately 80% in cardiomyocytes isolated from cardiac 

 DDAH1−/−mice compared to those isolated from WT mice 
(p < 0.01) (Fig. 1b, c).

Cardiac‑specific DDAH1 knockdown had 
no detectable effect on LV structure and function 
in mice

At baseline, cardiac  DDAH1−/− and WT mice (12 weeks 
old) showed no significant differences in cardiac geometry 
and function (Table S1). Both strains shared a similar heart 
weight, LV weight and their ratios to body weight under 
baseline conditions. Echocardiography demonstrated that 
induced cardiac-specific DDAH1 knockout (KO) had no 
detectable effect on the EF (0.66 ± 0.04 in WT vs. 0.65 ± 0.05 
in cardiac  DDAH1−/− mice), LVIDS (2.96 ± 0.28 mm in 
WT vs. 3.15 ± 0.13 mm in cardiac  DDAH1−/− mice), and 
LVIDD (4.13 ± 0.10 mm in WT vs. 4.17 ± 0.13 mm in car-
diac  DDAH1−/− mice) (Table S1) in mice under baseline 
conditions.

DDAH1 deficiency aggravated cardiac remodeling 
and dysfunction after AMI

Four weeks after AMI, cardiac  DDAH1−/− mice exhibited 
worse pathological cardiac remodeling and dysfunction than 
control mice.

Histological examination demonstrated that DDAH1 defi-
ciency resulted in a large infarcted size (48.5 ± 4.5% in WT 
vs. 62 ± 3.7% in cardiac  DDAH1−/− mice, p < 0.01) (Fig. 2a, 
e) and enhanced fibrosis in LV tissue (26.8 ± 4.9% in WT vs. 
36.4 ± 4.5% in cardiac  DDAH1−/− mice, p < 0.01) (Fig. 2a, 
h).

In addition, echocardiography showed worse cardiac 
dysfunction in cardiac  DDAH1−/− mice than in WT mice, 
with a significant decrease in EF (0.39 ± 0.05 in WT vs. 
0.28 ± 0.06 in cardiac  DDAH1−/− mice, p < 0.01) (Fig. 2c) 
and FS(19.5 ± 3.5% in WT vs. 15 ± 1.8% in cardiac 
 DDAH1−/− mice, p < 0.01) (Fig. 2d) and an increase in the 
LVIDS (4.18 ± 0.25 mm in WT vs. 4.70 ± 0.20 mm in car-
diac  DDAH1−/− mice, p < 0.01) and LVIDD (5.18 ± 0.23 mm 
in WT vs. 5.50 ± 0.31 mm in cardiac  DDAH1−/− mice, 
p < 0.05) (Fig. 2f, g).

DDAH1 deficiency promotes cardiomyocyte 
apoptosis and oxidative stress in LV tissue after AMI

Apoptosis was significantly enhanced in the LV tis-
sue of cardiac  DDAH1−/− mice (2.70 ± 0.80% in WT 
vs. 5.34 ± 1.29% in cardiac  DDAH1−/− mice, p < 0.01) 
(Fig. 3a, b). Concurrently, the DHE fluorescence intensity 
was significantly higher in cardiac  DDAH1−/− mice than 
in WT mice (1.08 ± 0.17 in WT vs. 1.84 ± 0.26 in cardiac 
 DDAH1−/− mice, p < 0.01) (Fig. 3c, d). Western blotting 
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showed that 3-nitrotyrosine expression in LV tissue was sig-
nificantly increased in cardiac  DDAH1−/− mice compared to 
WT mice after AMI (1.00 ± 0.08 in WT vs. 1.90 ± 0.08 in 
cardiac  DDAH1−/− mice, p < 0.01) (Fig. 3e, f).

Cardiac  DDAH1−/− mice had similar plasma ADMA 
concentrations as WT mice, and exogenous ADMA 
had no significant effects on cardiomyocyte 
apoptosis and oxidative stress

Plasma ADMA concentrations were unaffected by cardiac-
specific DDAH1 deletion (0.63 ± 0.13 µmol/L in WT vs. 
0.67 ± 0.06 µmol/L in cardiac  DDAH1−/− mice) at baseline 
and at 7, 14, and 28 days after AMI (0.72 ± 0.11, 0.71 ± 0.08, 
and 0.68 ± 0.06 µmol/L in WT vs. 0.74 ± 0.13, 0.73 ± 0.09, 
and 0.70 ± 0.07  µmol/L in cardiac  DDAH1−/− mice) 
(Fig. 4a).

We further treated WT cardiomyocytes with ADMA to 
study the effects of increased ADMA levels on oxidative 
stress and apoptosis sensitivity in cardiomyocytes. Sur-
prisingly, the addition of exogenous ADMA (100 µM) to 
WT cardiomyocytes for 24 or 48 h did not exert an effect 
on cardiomyocyte apoptosis(2.17 ± 0.11, 2.06 ± 0.22, and 
2.1 ± 0.13% for 0, 24, and 48 h, respectively) (Fig. 4b, c) and 
oxidative stress (1.03 ± 0.09, 1.13 ± 0.11, and 1.13 ± 0.18 for 
0, 24, and 48 h, respectively) (Fig. 4d, e).

DDAH1 deficiency impaired SOD2 expression in LV 
tissue before and after AMI

To identify proteins related to DDAH1 deficiency-induced 
oxidative stress, we performed proteome analysis and found 
that there were 166 dysregulated proteins in the LV tissue of 
cardiac  DDAH1−/− mice compared with WT mice (Fig. 5a). 
Among them, the expression level of the anti-oxidative 

Fig. 2  DDAH1 deficiency aggravated cardiac remodeling and dys-
function after AMI. a Transverse sections of the mid-myocardium 
from WT and cardiac  DDAH1−/− hearts post-AMI. b M-mode 
ultrasound imaging of left-ventricular structure and function. The 
echocardiogram shows changes in the LV ejection fraction (c), frac-

tional shortening (d), LVIDD (f), and LVIDS (g) of WT and car-
diac  DDAH1−/− mice post-AMI. Quantitative analysis of infarct size 
(e) and fibrosis (h) in WT and cardiac  DDAH1−/− hearts post-AMI. 
*p < 0.05, **p < 0.01, and #p < 0.001, n = 10–12. Scale bar = 1 mm
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stress-related protein SOD2 was significantly reduced in the 
LV tissue of cardiac  DDAH1−/− mice compared with that of 
WT mice after AMI (Fig. 5b, c).

Western blotting further confirmed that SOD2 expres-
sion in LV tissue was significantly reduced in cardiac 
 DDAH1−/− mice compared to WT mice under baseline con-
ditions (Fig. 6a, b, p < 0.05). Although the SOD2 expression 
level was moderately increased in the LV tissue of cardiac 
 DDAH1−/− mice at 4 weeks after AMI compared to base-
line, it was significantly reduced in the LV tissue of cardiac 
 DDAH1−/− mice compared to that of WT mice (Fig. 6a, c, 
p < 0.05).

DDAH1 deficiency increased oxidative stress 
and promoted cardiomyocyte apoptosis 
under hypoxic conditions, and tempol treatment 
attenuated these effects

Primary cardiomyocytes from  DDAH1−/− mice exhibited 
increased oxidative stress as shown by increased DHE flu-
orescence intensity under hypoxic conditions (Fig. 7a, b, 
p < 0.01), which was restored by tempol (10 µm) treatment 
(Fig. 7a, b, p < 0.05).Western blotting showed that 3-nitroty-
rosine expression in cardiomyocytes from  DDAH1−/− mice 

was significantly increased compared to WT mice, which 
was reduced by tempol treatment (Fig. 7c, d, p < 0.01).

Under hypoxic conditions, primary cardiomyocytes from 
 DDAH1−/− mice also showed a higher rate of apoptosis, 
as assessed by TUNEL staining, compared to cardiomyo-
cytes from WT mice (Fig. 7e, f, p < 0.01); however, tempol 
(10 µm) treatment ameliorated this change in cardiomyocyte 
apoptosis (Fig. 7e, f, p < 0.05).

Treatment of cardiac  DDAH1−/− mice with tempol 
attenuated oxidative stress and apoptosis in LV 
tissue after AMI

DHE staining was significantly reduced after tem-
pol  (1 .5   mmol/kg/day)  t reatment  in  cardiac 
 DDAH1−/− mice compared to PBS-treated mice after 
AMI (Fig. 8a, b, p < 0.01). Western blotting showed that 
3-nitrotyrosine expression in LV tissue was significantly 
reduced after tempol (1.5 mmol/kg/day) treatment in cardiac 
 DDAH1−/− mice compared to PBS-treated mice after AMI 
(Fig. 8c, d, p < 0.01).

Importantly, tempol treatment significantly decreased 
apoptosis in the LV tissue of cardiac  DDAH1−/−mice after 
AMI (Fig. 8e, f, p < 0.01).

Fig. 3  DDAH1 deficiency pro-
motes cardiomyocyte apoptosis 
and oxidative stress after AMI. 
a TUNEL-stained images from 
the border regions of WT and 
cardiac  DDAH1−/− hearts post-
AMI. b Quantitative analysis 
of cardiomyocyte apoptosis 
in the border region of WT 
and cardiac  DDAH1−/− hearts 
post-AMI. c Images of DHE 
staining in the border regions 
of WT and cardiac  DDAH1−/− 
hearts post-AMI. d Quantitative 
analysis of DHE fluorescence 
intensity in the border region 
of WT and cardiac  DDAH1−/− 
hearts post-AMI. e, f Western 
blot analysis of 3-NT expres-
sion in the LV tissue of cardiac 
 DDAH1−/−mice compared with 
that of WT mice *p < 0.05, 
**p < 0.01, and #p < 0.001, 
n = 6. Scale bar = 50 µm
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Treatment of cardiac  DDAH1−/− mice with tempol 
effectively rescued LV remodeling after AMI

Compared to PBS, tempol (1.5  mmol/kg/day) treat-
ment significantly rescued the LV EF (0.28 ± 0.07 vs. 
0.34 ± 0.04, p < 0.05) (Fig.  9a) and FS (15.8 ± 2.3 vs. 
17.4 ± 2.0%, p < 0.01) (Fig. 9b) in cardiac  DDAH1−/− mice 
at 4 weeks after AMI; however, no significant effect on 
WT mice was observed (Fig.  9a, b). Both the LVIDD 
(5.48 ± 0.19 vs. 5.28 ± 0.28 mm, p < 0.05) (Fig. 9c) and 
LVIDS (4.70 ± 0.20 vs. 4.36 ± 0.22 mm, p < 0.01) (Fig. 9d) 
were reduced in cardiac  DDAH1−/− mice. Infarct size 
(60.05 ± 5.69 vs. 54.59 ± 7.04%, p = 0.11) (Fig. 9e) and 
LV fibrosis (36.38 ± 4.50 vs. 32.50 ± 3.16%, p = 0.07) 
(Fig. 9f) were reduced with tempol treatment in cardiac 
 DDAH1−/− mice, although the differences were not statis-
tically significant.

Discussion

The major finding of the present study is that cardiac-spe-
cific deletion of DDAH1 exacerbates the LV remodeling 
and dysfunction induced by AMI through increasing oxi-
dative stress and cardiomyocyte apoptosis. The mechanism 
underlying this process is partly due to miR-21-induced 
decreases in the SOD2 expression level rather than local 
ADMA accumulation.

DDAH1 is a critical enzyme for ADMA degradation 
and is expressed in several tissues and cell types, includ-
ing hepatocytes, renal tubular cells, neurocytes, and adi-
pocytes [11, 13, 14, 17, 25, 26]. The previous studies 
have confirmed that global deletion of DDAH1 leads to 
significantly elevated plasma ADMA levels [5, 11] and 
that increased plasma ADMA is an independent risk fac-
tor for cardiovascular diseases [2]. Recently, Chen and 

Fig. 4  Effects of DDAH1 deficiency on plasma ADMA levels and 
exogenous ADMA on cardiomyocyte apoptosis or oxidative stress. a 
Plasma ADMA level in WT mice and cardiac  DDAH1−/− mice before 
and after AMI; n = 10. b, c Flow cytometry analysis of the effect of 

exogenous ADMA on cardiomyocyte apoptosis. d Quantitative analy-
sis of DHE fluorescence intensity in ADMA-treated cardiomyocytes. 
e Image of DHE-stained cardiomyocytes treated with ADMA. Scale 
bar = 50 µm
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his colleagues found that cardiomyocyte DDAH1 activity 
was dispensable for cardiac function under basal condi-
tions but played an important role in attenuating cardiac 
hypertrophy and ventricular remodeling under stress 

conditions. However, the exact mechanism underlying the 
protective role of DDAH1 in cardiomyocytes was unclear. 
The authors speculated that oxidative stress might be the 
chief culprit, as evidenced by dramatically increased 

Fig. 5  Proteome analysis of LV tissue of cardiac  DDAH1−/− mice and 
WT mice. a Hierarchical clustering analysis of 166 dysregulated pro-
teins in the LV tissue of cardiac  DDAH1−/− mice compared with that 

of WT mice. b and c Hierarchical clustering analysis of the top 15 
proteins in the LV tissue of cardiac  DDAH1−/− mice compared with 
that of WT mice; n = 3

Fig. 6  DDAH1 deficiency 
reduces SOD2 expression in 
LV tissues. a Western blot 
analysis confirmed changes in 
DDAH1 and SOD2 expression 
in the LV tissue of WT and 
cardiac  DDAH1−/− mice before 
and after AMI. b Quantitative 
analysis of DDAH1 expression 
in the LV tissue of WT and 
cardiac  DDAH1−/− mice before 
and after AMI. c Quantitative 
analysis of SOD2 expression 
in the LV tissue of WT and 
cardiac  DDAH1−/− mice before 
and after AMI. *p < 0.05, 
**p < 0.01, and #p < 0.001; n = 6
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expression levels of 3-nitrotyrosine in the LV tissue of 
cardiac  DDAH1−/− mice compared with that of WT mice 
in the context of transverse aortic constriction (TAC) [28].

Oxidative stress plays a major role in the initiation 
and progression of the cardiac structural and functional 
abnormalities observed in heart failure [15, 24]. Abundant 
evidence has confirmed the presence of oxidative stress-
mediated cardiomyocyte apoptosis in several heart models 
[8, 16]. The previous studies have showed that stimulat-
ing glucose oxidation or altering fatty acid oxidation rates 
can improve heart remodeling and cardiac function in 
human heart failure [9]. Paroxetine treatment following 
MI decreased LV remodeling and susceptibility to arrhyth-
mias, while reducing ROS formation [15]. Restoration of 
oxidative stress homeostasis is believed to be a promising 
therapeutic strategy to treat heart remodeling and failure 
after AMI.

The present study found that the cardiomyocyte-specific 
deletion of DDAH1 did not affect plasma ADMA lev-
els after AMI, suggesting that cardiomyocytes are not the 
major sources of systemic ADMA and that cardiomyocyte 
DDAH1 exerts systemic ADMA-independent protective 
effects on LV remodeling and dysfunction after AMI. As a 
previous study showed, the tissue ADMA level in cardiac 
 DDAH1−/− mice was moderately increased compared to 
that in WT mice under stress conditions [28]. Moreover, we 
studied the effect of ADMA on the cultured cardiomyocytes 
and found that exogenous ADMA did not exert a significant 
effect on oxidative stress or apoptosis in cardiomyocytes. 
The above results suggest that cardiomyocyte-specific dele-
tion of DDAH1 can aggravate LV remodeling after AMI 
independent of the exogenous ADMA level.

MnSOD (SOD2) is an essential antioxidant protein 
located in the mitochondrial matrix. One important role of 

Fig. 7  Tempol treatment attenuated cardiomyocytes oxidative stress 
and apoptosis increased by DDAH1 deficiency under hypoxic con-
ditions. a Images of DHE-stained cardiomyocytes from WT and 
 DDAH1−/− mice cultured under hypoxic conditions. b Quantita-
tive analysis of DHE fluorescence intensity in cardiomyocytes from 
WT and  DDAH1−/− mice cultured under hypoxic conditions. c, d 

Western blot analysis of 3-NT expression in cardiomyocytes from 
WT and  DDAH1−/− mice cultured under hypoxic conditions. e and 
f Flow cytometry analysis of apoptosis in cardiomyocytes from WT 
and  DDAH1−/− mice cultured under hypoxic conditions. *p < 0.05, 
**p < 0.01, and #p < 0.001. Scale bar = 50 µm
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SOD2 is to catalyze the dismutation of superoxide anions 
to hydrogen peroxide [10, 18]. The previous studies have 
shown a significant oxidative damage to mitochondria in 
 SOD2−/+ mice compared to WT mice [21]. In contrast, 
SOD2 overexpression in mice may protect against oxida-
tive stress, apoptosis, and fibrosis [20]. In this study, we 
found that SOD2 expression was significantly reduced in 

the LV tissue of cardiac  DDAH1−/− mice compared to that 
of WT mice under baseline conditions, which indicated 
that DDAH1 in cardiomyocytes might regulate the expres-
sion of SOD2 in cardiomyocytes. Furthermore, we found 
that, while the level of SOD2 increased dramatically in WT 
mice after AMI, the level of SOD2 was rather low in the 
LV tissue of cardiac  DDAH1−/− mice compared to that of 

Fig. 8  Tempol treatment attenuated oxidative stress and apoptosis 
in the LV tissue of cardiac  DDAH1−/− mice after AMI. a Images of 
DHE-stained WT and cardiac  DDAH1−/− heart tissue post-AMI and 
after tempol treatment. b Quantitative analysis of DHE fluorescence 
intensity in WT and cardiac  DDAH1−/− heart tissues post-AMI and 
after tempol treatment. c, d Western blot analysis of 3-NT expres-

sion in WT and cardiac  DDAH1−/− hearts post-AMI and after tempol 
treatment. e Images of TUNEL-stained WT and cardiac  DDAH1−/− 
hearts post-AMI and after tempol treatment. f Quantitative analysis 
of cardiomyocyte apoptosis in WT and cardiac  DDAH1−/− hearts 
post-AMI and after tempol treatment. *p < 0.05 and **p < 0.01; n = 6. 
Scale bar = 50 µm

Fig. 9  Tempol treatment alleviated LV remodeling in cardiac 
 DDAH1−/− mice after AMI echocardiogram shows the rescue effects 
of tempol on the LV ejection fraction (a), fractional shortening (b), 
LVIDD (c), and LVIDS (d) of WT and cardiac  DDAH1−/− mouse 

hearts post-AMI. Quantitative analysis of infarct size (e) and fibrosis 
(f) in WT and cardiac  DDAH1−/− post-AMI hearts after tempol treat-
ment. *p < 0.05 and **p < 0.01; n = 10–12
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WT mice. Recent study showed that DDAH1 deficiency 
impaired the expression of SOD2 in mouse embryonic fibro-
blasts [29], and our study confirmed, for the first time, the 
effect of DDAH1 deficiency on SOD2 expression in cardio-
myocytes. These findings combined with those of previous 
studies showed that increased SOD2 expression after AMI 
might represent a homeostatic response aimed at reducing 
the intensity of ischemic injury. These findings were also 
comparable to the results of studies by Wang and others who 
showed that SOD2 was involved in oxidative stress homeo-
stasis regulation during the early reperfusion after AMI [27].

However, DDAH1 deficiency impaired the homeostatic 
response, increased oxidative stress-related apoptosis, and 
led to aggravated LV remodeling in cardiac  DDAH1−/− mice.

Further in vitro experiments showed that DDAH1 defi-
ciency promoted oxidative stress and apoptosis in cardiomy-
ocytes under hypoxic conditions, and that these effects could 
be attenuated by tempol, a superoxide dismutase mimetic, 
thereby supporting the correlation between DDAH1 defi-
ciency-induced SOD2 downregulation and cardiomyocyte 
oxidative stress and apoptosis. These findings indicated 
that SOD2 may play a crucial role in the cardiac-specific 
DDAH1 deficiency-induced LV remodeling and dysfunc-
tion after AMI.

To confirm the above findings, we performed res-
cue experiments and found that treatment of cardiac 
 DDAH1−/− mice with tempol significantly attenuated oxi-
dative stress and apoptosis in cardiomyocytes and rescued 
LV function, as demonstrated by the increased EF and FS. 
However, treatment of WT mice with tempol failed to mit-
igate the LV remodeling caused by AMI. This finding is 
reasonable, as the SOD2 level in WT AMI mice increased 
sufficiently to maintain oxidative/anti-oxidative stress home-
ostasis after AMI, whereas cardiac  DDAH1−/− mice lost the 
ability to reestablish balance and needed the exogenous SOD 
mimic tempol to restore the homeostatic response. Tempol 
is an SOD mimic widely used in the previous studies, as it 
promotes  O2− metabolism at rates that are similar to SOD. 
Although tempol also promotes the metabolism of other 
ROS and reactive nitrogen species, which may contribute 
to the rescue effects of tempol, proteome analysis in our 
study did not reveal significant changes in any redox-active 
enzyme other than SOD2, suggesting that cardiac DDAH1 
deficiency causes oxidative stress injury. Furthermore, 
any other potential effect from tempol would be consistent 
among groups, and we did not observe a significant benefi-
cial effect from tempol treatment on WT mice after AMI. 
Therefore, it is possible that tempol exerted a rescue effect 
in our study because of its SOD mimic characteristic.

Although tempol significantly improved the EF and FS 
of cardiac  DDAH1−/− AMI mice, the rescue effects were not 
as distinct as expected. This is reasonable, as DDAH1 defi-
ciency can not only reduce SOD2 expression levels but also 

increase local ADMA levels, as we mentioned above. More-
over, chronic ADMA accumulation can impair endothelial 
cell function and reduce angiogenesis in an SOD2-independ-
ent manner, which can aggravate LV remodeling after AMI 
and cannot be rescued by SOD mimic treatment.

Conclusions

Cardiomyocyte DDAH1 attenuates LV remodeling after 
AMI by reducing the ROS level and apoptosis sensitiv-
ity in cardiomyocytes, at least partly, by regulating SOD2 
expression.
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