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Background—A20 was originally characterized as a tumor necrosis factor–inducible gene in human umbilical vein
endothelial cells. As an inhibitor of nuclear factor-�B signaling, A20 protects against apoptosis, inflammation, and
cardiac hypertrophy. In the present study, we tested the hypothesis that cardiac-specific overexpression of A20 could
protect the heart from myocardial infarction.

Methods and Results—We investigated the role of constitutive human A20 expression in acute myocardial infarction using
a transgenic model. Transgenic mice containing the human A20 gene under the control of the �-myosin heavy chain
promoter were constructed. Myocardial infarction was produced by coronary ligation in A20 transgenic mice and control
animals. The extent of infarction was then quantified by 2-dimensional and M-mode echocardiography and by molecular
and pathological analyses of heart samples in infarct and remote heart regions 7 days after myocardial infarction.
Constitutive overexpression of A20 in the murine heart resulted in attenuated infarct size and improved cardiac function
7 days after myocardial infarction. Significantly, we found a decrease in nuclear factor-�B signaling and apoptosis, as
well as proinflammatory response, cardiac remodeling, and interstitial fibrosis, in noninfarct regions in the hearts of
constitutive A20-expressing animals compared with control animals.

Conclusions—Cardiac-specific overexpression of A20 improves cardiac function and inhibits cardiac remodeling,
apoptosis, inflammation, and fibrosis after acute myocardial infarction. (Circulation. 2007;115:1885-1894.)
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Cardiovascular disease accounts for nearly 40% of all deaths
annually in developed countries. In particular, acute myo-

cardial infarction (MI) represents an enormous clinical challenge
as loss of myocardium. After the acute phase of MI, a chronic
phase of ventricular remodeling occurs. This phase is maladap-
tive and associated with persistent cardiomyocyte apoptosis,
inflammation, wall thinning, fibrosis, ventricular chamber en-
largement, and hypertrophy, which contribute to the develop-
ment of depressed cardiac function, clinical heart failure, and
increased mortality.1–3 Intervention to minimize these progres-
sive changes is highly desirable to reduce the incidence and
severity of congestive heart failure that may develop after MI.
Therefore, it is of critical importance to explore the mechanisms
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for maladaptation and to develop therapeutic strategies that
are effective in inhibiting this deleterious process.

One way to achieve successful attenuation of the deleteri-
ous process after MI is to overexpress proteins in the heart
that are usually protective against cardiac inflammation,
apoptosis, fibrosis, and hypertrophy.4 The zinc finger protein
A20 represents such a candidate for genetic engineering of
heart. A20, originally identified as a tumor necrosis factor
(TNF)–responsive gene in endothelial cells, is expressed in
multiple cell types in response to a variety of stimuli that
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activate nuclear factor (NF)-�B.5,6 Recent studies showed
that A20 expression protects different types of cells against
TNF-mediated apoptosis.5,6 In addition, we showed recently
that A20 expression protects against oxidative low-density
lipoprotein–induced macrophage apoptosis.7

Cook and colleagues8 reported that A20 is dynamically
regulated during acute biomechanical stress in the heart and
functions to attenuate cardiac hypertrophy. Indeed, early
work also demonstrated that NF-�B activity is significantly
upregulated within minutes after MI and can be increased
further after reperfusion.9 Despite the potentially significant
roles of A20 in attenuating NF-�B–dependent apoptotic,
inflammatory, and hypertrophic signaling in general, it has
remained unclear whether A20 is involved in post-MI myo-
cardial adaptation and remodeling and whether a targeted
myocardial overexpression of A20 is cardioprotective. Thus,
in the present study, we generated a transgenic (TG) mouse
model in which high levels of A20 were selectively overex-
pressed in the myocardium. We compared TG mice with
wild-type (WT) controls for their post-MI cardiac function at
physiological and molecular levels. Intriguingly, we found
that TG mice had markedly improved functional recovery,
decreased inflammation, reduced apoptosis, and retarded
ventricular remodeling, as well as diminished interstitial
fibrosis, when examined on day 7 after acute MI. These
findings clearly demonstrate that cardiac-specific overexpres-
sion of A20 may be a useful strategy for protection against
post-MI cardiac remodeling and maladaptation.

Methods
Animals and Surgical Procedures
All protocols were approved by institutional guidelines. All surgeries
and subsequent analyses were performed by researchers blinded to
genotype. Details on the generation of TG mice (Laboratory Animal
Center, Academy of Military Science, Beijing, China) expressing a
cardiac-specific human A20 and surgical procedures are given in the
expanded Methods section in the online Data Supplement.

Blood Pressure and Echocardiography
Heart rate and systolic blood pressure was measured by tail-cuff
plethysmography (BP-2000 System, Visitech Systems, Apex, NC).10

Echocardiography was performed by SONOS 5500 ultrasound (Phil-
ips Electronics, Amsterdam, the Netherlands) with a 15-MHz linear-
array ultrasound transducer. Details are provided in the expanded
Methods section in the online Data Supplement.

Cardiac Morphology and Histomorphometric
Analysis
Details on cardiac morphology and histomorphometric analysis are
provided in the expanded Methods section in the online Data
Supplement.

Measurement of Myeloperoxidase Activity
Myeloperoxidase, an enzyme specific for neutrophils, was deter-
mined in cardiac tissue by the method described previously.11

Measurement of Plasma Levels of Cytokines
and Ventricular Atrial and Brain Natriuretic
Protein Concentrations
Plasma levels of interleukin (IL)-1�, monocyte chemoattractant
protein (MCP)-1, IL-6, and TNF-� were evaluated by use of
commercially available solid-phase sandwich ELISA kits (R&D

Systems, Minneapolis, Minn) using the protocol recommended by
the manufacturer. Ventricular atrial natriuretic protein (ANP) and
brain natriuretic protein (BNP) concentrations were measured by
specific radioimmunoassays as reported previously.12

Determination of Apoptosis
Cell death by apoptosis was evaluated after measuring oligonucleo-
somal DNA fragments by a TUNEL assay performed in sections
with use of the CardiaoTACS In Situ Apoptosis Detection Kit (R&D
Systems) according to the manufacturer’s recommendations and by
a DNA laddering assay as described previously.7

Northern and Western Blot Analyses
Details on Northern and Western blot analyses are provided in the
expanded Methods section in the online Data Supplement.

Electrophoretic Mobility Shift Assay and I�B
Kinase Assay
Details on electrophoretic mobility shift assay and I�B kinase (IKK)
assay are provided in the expanded Methods section in the online
Data Supplement.

Statistical Analysis
All values are expressed as mean�SEM. The differences in the data
simply between 2 groups were determined by Student t test. Compari-
sons between groups on Western blotting data were assessed by 1-way
ANOVA, followed by Bonferroni post hoc test. Values of P�0.05 were
considered statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results
Characterization of Cardiac-Specific Human A20
TG mice
To assess the effect of constitutive human A20 expression on
myocardial, we generated TG mice lines with full-length
human A20 cDNA under the control of the �-myosin heavy
chain promoter (Figure 1A). Four lines of TG mice were
confirmed by polymerase chain reaction. These lines were
viable and fertile, and there were no detectable differences in
cardiac size and structure between TG and WT mice either
macroscopically or microscopically. We analyzed A20 pro-
tein levels in various tissues by Western blot analysis using
anti-A20 antibody. We found a robust expression of human
A20 protein in the heart, but it was not detected in the other
organs (Figure 1B). Among 4 established lines of TG mice, 1
line that expressed the highest level of human A20 protein in
the heart was used for further experiments (Figure 1C).
Northern blot results showed that the expression level of the
mouse A20 mRNA was not modified or downregulated by
the expression of human A20 gene (Figure 1D).

A20 Gene Expression in the Heart After Acute MI
We evaluated the expression of A20 in the infarcted heart.
Northern blot using probes specific to either human A20 or
mouse A20 demonstrated 2 major findings. First, mRNA
levels of TG A20 were not affected by MI, and this pattern of
expression persisted in hearts for 7 days after infarction.
Second, in early infarction (6 hours after coronary ligation),
levels of endogenous A20 mRNA significantly increased
(P�0.05) compared with sham-operated TG mice (Figure 2).
By 24 hours after infarction, the levels of mouse A20 mRNA
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were low in infarcted tissue of TG mice. At day 7, mouse A20
mRNA expression was almost not detectable in the infarcted
heart.

Survival After Surgery
Of those undergoing left anterior descending artery ligation, 7
mice (4 WT, 3 TG mice) died within 24 hours and were
excluded from the study. All sham-operated mice survived
surgery and to the end of the observation period. Among left
anterior descending artery–ligated mice, there were 13 deaths
in WT mice (13 of 29) and 12 deaths in TG mice (12 of 28)
at 7 days. Although the survival rate was not different
statistically, the rate of ventricular rupture was significantly
lower in TG-MI mice (6 of 28) than WT-MI mice (10 of 29).
To further investigate the effect of A20 on heart injury
mediated by MI, we examined the survival rate at 14 days
after MI. The results showed that the survival rate was much
higher in TG-MI than WT-MI mice (56.7% versus 37.5%;
n�32 for each group; P�0.05). No ventricular rupture was
observed after 7 days.

Cardiac Performance and Infarct Size After
Infarction in A20 TG Mice and Control
We assessed cardiac function 7 days after MI in TG and WT
mice by echocardiography. The cardiac functional parameters
evaluated by echocardiography 7 days after left anterior
descending artery ligation are shown in the Table. There was
no significant difference in heart rate and systolic blood
pressure among 4 groups of mice. In WT-MI mice, markedly

decreased fractional shortening and ejection fraction with
dilated left ventricular end-systolic and end-diastolic diame-
ters were seen, corresponding to post-MI failure. In TG-MI
mice, much lower left ventricular end-systolic and end-dia-
stolic diameters and much higher fractional shortening and
ejection fraction were observed compared with that in

Figure 2. The effect of myocardial infarct on A20 mRNA expres-
sion. A, Representative Northern blot analysis of mouse and
human A20 mRNA in the heart tissue from TG mice after acute
MI at the time points indicated. B, Quantitative analysis of
mouse and human A20 mRNA in the heart tissue from TG mice
(n�7 for each) after acute MI at the time points indicated. Each
assay was done in triplicate. Values are mean�SEM.

Echocardiographic Characteristics in WT and A20 TG Mice After
Sham Operation and MI

Sham MI

WT TG WT TG

N 13 11 8 8

BW, g 32.1�0.7 31.6�1.2 36.1�1.3* 30.5�0.8*‡

SBP, mm Hg 106�4.7 110�6.3 105.4�2.5 112.5�1.8

HR, bpm 403�21 411�15 409�14.5 418�17

HW/BW, mg/g 5.23�0.12 5.28�0.13 5.98�0.14* 5.32�0.12‡

PWT, mm 2.52�0.14 2.61�0.16 3.16�0.11* 2.82�0.13*

LVEDD, mm 3.52�0.12 3.44�0.13 4.45�0.32† 3.85�0.15‡

LVESD, mm 1.66�0.12 1.72�0.12 3.11�0.13† 2.40�0.11*‡

FS, % 55�4.5 56�3.8 28�3.4† 37.7�3.1†‡

EF, % 62�2.3 58�2.1 38.4�2.7† 43.7�4.6†‡

BW indicates body weight; SBP, systolic blood pressure; HR, heart rate; HW,
heart weight; PWT, posterior wall thickness; LVEDD, left ventricular end-
diastolic diameter; LVESD, left ventricular end-systolic diameter; FS, fractional
shortening; and EF, ejection fraction. All values are mean�SE (n�8 to 13).

*P�0.05, †P�0.001 vs WT-sham group; ‡P�0.05, §P�0.001 vs WT-MI
group.

Figure 1. Characterization of human A20 TG mice. A, Diagram
of the transgene construct used to generate A20 TG mice. The
construct contains the �-myosin heavy chain promoter, full-
length human A20 cDNA clone, and human growth hormone
polyadenylylation. B, Representative Western blot analysis of
human A20 protein from different tissue of TG mice (A, lung; B,
brain; C, heart; D, spleen; E, muscle; F, liver; G, kidney; H, tes-
tis). C, Representative Western blot analysis of human A20 pro-
tein in the heart tissue from 4 lines of both TG and WT mice. D,
Northern blot analysis of TG A20 and endogenous A20 mRNA
levels in the heart from TG mice.
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WT-MI mice. Sham-operated animals had no evidence of
myocardial dysfunction as assessed by echocardiography.
Infarct size determined by morphometric analysis 7 days after
MI was calculated as the total area occupied by scar divided
by the total ventricular area. The average infarct size was

37.6�2.4% in WT-MI mice but only 26.4�1.8% in TG-MI
mice (P�0.01). We further assessed the acute infarct size at
24 hours after MI and found no significant difference be-
tween WT-MI and TG-MI mice (33.1�2.7% versus
30.6�1.1%; n�16 for each group).

Figure 3. A20 overexpression blocks NF-�B acti-
vation induced by MI. A, Left, Representative elec-
trophoretic mobility shift assay of NF-�B activity in
myocardium 7 days after MI in 4 groups of animals
(n�6 for each). Right, Optical density in region of
NF-�B was quantified with the PhosphorImager
system. B, NF-�B induced by MI is composed of
p65 and p50 subunits. Nuclear extracts (NEs) from
MI or sham-WT hearts were incubated with the
indicated antibodies, unlabeled NF-�B oligo-probe,
and then assayed for NF-�B activation by electro-
phoretic mobility shift assay. A20 is specific in
inhibiting NF-�B. C, Western blot analysis of I�B�
degradation and phosphorylation in cytoplasmic
extracts (CEs) of myocardium obtained from 4
groups of animals (n�6). Top, Representative
blots; bottom, quantitative results. D, Top, CEs
were assayed for IKK by the immunocomplex
kinase assay (top) and for IKK-� (middle) and
IKK-� (bottom) protein by Western blot analysis as
described in Methods. Bottom, Quantitative
results. E, A20 inhibited p65 phosphorylation and
translocation induced by MI. Western blot analysis
of p65 translocation and phosphorylation in CE
and NE of myocardium obtained from 4 groups of
animals (n�6). CE and NE fractions were prepared
and analyzed by Western blot with anti-p65, anti-
GAPDH, or anti–lamin B1. Anti–lamin B1 was used
as a loading control for the amount of NE loaded;
anti-GAPDH was used as a control for the amount
of CE loaded. F, Tissue sections from WT and TG
mice were immunostained with antibodies against
p65 (a, WT-MI; b, TG-MI; scale bar�30 �m). Each
assay was done in triplicate. Values are
mean�SEM *P�0.01 vs WT-sham values;
§P�0.01 vs WT-MI values.
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A20 Overexpression Blocks NF-�B Signaling
As shown in Figure 3A, 7 days of MI evidently increased the
activation of NF-�B in the myocardium in WT mice, while it
was abolished in TG mice regardless of MI. The specificity of
NF-�B DNA binding activity was confirmed by supershift
assays (Figure 3B). To determine the molecular mechanisms by
which A20 blocks NF-�B activation in vivo, we first analyzed
I�B� phosphorylation and IKK activation processing, indicators
of activation of the canonical NF-�B pathways, 7 days after MI.
Heart lysates were prepared, and Western blot analyses were
performed with appropriate antibodies. We detected I�B� phos-
phorylation and I�B� degradation clearly 7 days after MI in WT
mice. However, I�B� phosphorylation and I�B� degradation
were significantly impaired in TG mice (Figure 3C). Because
phosphorylation of I�B� is mediated through IKK�, these
results suggested that A20 may inhibit IKK� activation. Indeed,
as shown in Figure 3D, in immune-complex kinase assays, MI
activated IKK� in WT mice, and A20 overexpression com-
pletely suppressed the activation. Under these conditions, A20
had no effect on IKK� and IKK� protein levels. The transloca-
tion of p65 to the nucleus is important to NF-�B activation.
Therefore, we also tested the effect of A20 on MI-induced
phosphorylation and translocation of p65. As shown in Figure
3E, MI induced the phosphorylation and nuclear translocation of
p65 determined by Western blot analysis 7 days after MI in WT
mice. However, such phosphorylation and nuclear translocation
were abrogated in TG mice. The membranes were reprobed with
anti–lamin B1 as a control for the amount of nuclear protein
loaded. To further confirm the translocation of p65, heart
sections of WT and TG mice were analyzed by immunostaining.
Similar to the Western blot data, p65 stain–positive cells were
found to be highly expressed in the nucleus of cardiomyocytes of
WT-MI mice but far less in TG-MI mice (Figure 3F).

A20 Overexpression Impaired Proinflammatory
Response Induced by MI
To determine whether expression of A20 prevents the inflam-
matory responses in the hearts, the cellular infiltrates were
characterized by immunohistochemical analyses; 7/4 is a marker
that labels mainly neutrophils, Mac-1 is expressed mainly on
monocytes/macrophages, and Mac-3 is expressed specifically by
activated macrophages.13 The number of 7/4-, Mac-1–, and
Mac-3–positive cells was clearly increased in the hearts of WT
mice 7 days after MI compared with the age-matched WT-sham
mice (Figure 4A through 4C). In contrast, the number of 7/4-,
Mac-1–, and Mac-3–positive cells was greatly decreased in the
hearts of TG mice (Figure 4A through 4C). These results show
that the increase in the number of neutrophils, macrophages, and
activated macrophages was inhibited by the presence of A20. To
further quantify the extent of inflammatory cell infiltration, we
measured the activity of cardiac myeloperoxidase, an enzyme
specific to activated neutrophils. When myocardial myeloperox-
idase activity was measured in infarcted tissues 7 days after MI,
we found that the activity significantly increased within the
infarcted areas of both TG and WT mice but that it was
significantly lower in the TG mice (Figure 4D). Our results also
showed that TG mice have significantly lower TNF-�, IL-1�,
IL-6, and MCP-1 protein expression 7 days after MI compared
with WT infarcts (Figure 4E). As a further study, we also

Figure 4. A20 overexpression blocks proinflammatory response
induced by myocardial infarct. A–C, Quantitative analysis showed
the number of 7/4-, Mac-1–, and Mac-3–positive cells in the hearts
of WT and TG mice (n�4). D, Myocardial myeloperoxidase activity
in infarcted cardiac tissue samples from TG and WT mice (n�6).
Myeloperoxidase activity is expressed as U/100 mg wet tissue
weight. E, Western blot analysis of TNF-�, IL-1�, IL-6, and MCP-1
protein expression in myocardium obtained from TG and WT mice
(n�6). Top, Representative blots; bottom, quantitative results. F,
Inhibition of proinflammatory cytokine production in plasma.
Plasma samples were collected from the left ventricle in TG and
WT mice 7 days after MI (n�6). Each assay was done in triplicate.
Values are mean�SEM. MPO indicates myeloperoxidase.*P�0.01
vs WT-sham values; §P�0.01 vs WT-MI values.
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investigated the concentrations of these proinflammatory cyto-
kines in plasma 7 days after MI. Yet again, we observed an
attenuation of levels of TNF-�, IL-1�, IL-6, and MCP-1 in
TG-MI mice compared with that in WT-MI mice (Figure 4F).

A20 Overexpression Protects From Apoptosis and
Regulated Genes Involved in Apoptosis
To detect apoptosis, DNA ladder and TUNEL assay were
performed. DNA ladder appeared faint in the noninfarcted
left ventricle from TG-MI mice compared with that from
WT-MI mice, suggesting the attenuation of apoptosis by A20
overexpression (Figure 5A). Myocardial tissue sections were
stained with TUNEL staining. TUNEL-positive nuclei were
rarely seen in control mice, whereas their number increased in
the noninfarcted left ventricle from WT-MI mice and was
significantly decreased in TG-MI mice (Figure 5B). Thus,
both methods demonstrated significant attenuation of apopto-
sis in TG hearts. To determine whether TG mice are resistant
to intrinsic death signals, we first examined caspase-3 and -9
cleavages, as well as cytochrome c and Smac/Diablo release,
in TG and WT mice 7 days after MI. As expected, TG mice
displayed a significant delay of caspase-3 and caspase-9
cleavages in response to MI. Similarly, A20 overexpression
suppressed cytochrome c and Smac/Diablo release induced
by MI (Figure 5C). These results indicate that the inhibitory
effect of A20 on cardiomyocyte apoptosis is due primarily to
blocking of intrinsic death signals. To further elucidate the
mechanism of the antiapoptotic effect of A20, we examined
whether expression of apoptosis-related genes, including
survivin, bcl-2, XIAP, cFLIP, Fas, FasL, and Bax, were
changed in TG mice. Western blot analyses revealed that A20
expression preserved the expression of the antiapoptotic
proteins survivin, bcl-2, XIAP, and cFLIP and decreased the
expression of the proapoptotic proteins Fas, FasL, and Bax
(Figure 5D). These results suggest that A20 promotes cardio-
myocyte survival, at least in part, through the regulation of
apoptosis-related genes expression.

A20 Overexpression Inhibits Left Ventricular
Remodeling in Response to MI
Cross-sectional area of cardiac myocytes, an index of cellular
hypertrophy, increased in the noninfarcted left ventricle from
WT-MI mice and was significantly attenuated in TG-MI mice
(Figure 6A). We next examined whether A20 overexpression
affects the cardiac expression of hypertrophy-related genes, in
which we used ANP and BNP as markers. In WT mice, the
expression level of ANP and BNP mRNA and protein increased
significantly 7 days after MI compared with that in sham-
operated mice (Figure 6B and 6C), indicating that MI induced
gene expression, along with the development of cardiac hyper-
trophy. In TG mice, however, expression levels were signifi-
cantly lower than in WT mice hearts, suggesting inhibitory
effects of A20 on ANP and BNP mRNA and protein expression.
We further measured tissue levels of ANP and BNP in the
ventricle 7 days after MI by radioimmunoassay. As shown in
Figure 6D, before MI, the levels of ventricular ANP and BNP
were 11.7�1.8 and 41.5�4.6 ng/g, respectively. Seven days
after MI, ventricular ANP and BNP levels were �3 times higher

Figure 5. A20 overexpression protects from cardiomyocyte apo-
ptosis induced myocardial infarct. A, DNA ladder indicating apo-
ptosis in genomic left ventricular DNA from 4 groups of animals
(n�6 each). B, Quantitative results of the TUNEL-positive num-
ber in the hearts of WT and TG mice (n�4). Values are
mean�SEM. C, Western blot analysis of caspase-3 and -9
cleavages and cytochrome c and Smac/Diablo release in myo-
cardium obtained from 4 groups of animals (n�6). D, Western
blot analysis of survivin, bcl-2, XIAP, cFLIP, Fas, FasL, and Bax
protein expression in myocardium obtained from 4 groups of
animals (n�6). Top, Representative blots; bottom, quantitative
results. Values are mean�SD. *P�0.01 vs WT-sham values;
§P�0.01 vs WT-MI values.
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than those in sham-operated mice. Importantly, the ventricular
ANP and BNP levels were markedly lower in TG-MI mice than
in WT-MI mice. Consistent with ANP and BNP expression
results, the ratio of heart weight to body weight was increased
significantly in the WT-MI groups compared with nonin-
farcted controls, whereas the ratio of heart weight to body

weight of TG-MI mice was significantly lower (the Table).
Lung and liver weights were found to be unaltered between
all groups investigated (data not shown). These results
indicate that A20 efficiently blocks cardiac remodeling by
modulating the expression and concentration of hypertrophy-
related genes in post-MI hearts.

Figure 6. A20 overexpression blocks left ventricu-
lar hypertrophy induced by myocardial infarct. A,
Histological sections from WT and TG mice
stained with hematoxylin-eosin (top) and Masson’s
trichrome staining (middle) and cardiomyocyte
cross-sectional area (25 sections from 4 mice per
genotype; bottom). B, C, Northern and Western
blots for ANP and BNP mRNA and protein on left
ventricular RNA and protein from 4 groups of ani-
mals (n�6). GAPDH was used as loading control.
Left, Representative blots; right, quantitative
results. Densitometric analysis of 7 mice per geno-
type normalized on GAPDH. D, Ventricular ANP
and BNP concentrations. Ventricular ANP and BNP
concentrations were measured by specific radioim-
munoassay from 4 groups of animals (n�6). Values
are mean�SEM. *P�0.01 vs WT-sham values;
§P�0.01 vs WT-MI values.

Li et al A20 Attenuates Myocardial Infarction 1891

D
ow

nloaded from
 http://ahajournals.org by on February 3, 2023



A20 Overexpression Protects From Fibrosis in
Noninfarcted Region After MI
Heart sections were stained with picrosirius red to detect
fibrosis. In both groups, collagen continued to accumulate at
the site of infarction 7 days after MI. In the infarct zone itself,
the collagen deposition was not different from that in the 2
groups. However, increased collagen deposition was ob-
served in WT myocardium remote from the site of infarction,
including the septum, right ventricle, endocardium, and
pericardium. In WT mice, multiple patchy foci of fibrosis
were observed on microscopy in the remote zone, but this was
conspicuously reduced in TG mice (Figure 7A). Quantitative
analysis also showed increased collagen volume in the
noninfarcted region (P�0.01) in WT mice compared with TG
mice. We also focused on the synthetic processes involved in
collagen turnover by examining the expression of protein

encoding matrix metalloproteinase (MMP)-2, MMP-9, trans-
forming growth factor (TGF)-�1, collagen I, and collagen III
(Figure 7B), which are known to be involved in cardiac
fibroblast proliferation and the biosynthesis of extracellular
matrix proteins. We found that MMP-9, TGF-�1, collagen I,
and collagen III expression was significantly higher in WT
than TG mice after ligation, whereas there was no difference
in the expression of MMP-2.

Discussion
In the present study, we have demonstrated for the first time
that overexpression of A20 in the heart can achieve high
levels of human A20 expression in mice and results in
myocardial protection in terms of reduced infarct size and
improved cardiac function after acute MI. This myocardial
protective effect in A20-overexpressed hearts is associated
with reduced inflammatory response, attenuated cardiomyo-
cyte apoptosis, and impaired left ventricular remodeling. We
also have shown that overexpression of A20 in our TG model
results in supranormal levels of this protein in infarcted/
noninfarcted myocardium. This presumably results because
expression of TG A20 protein is controlled by the �-myosin
heavy chain promoter, which will stabilize the level of
expression even under ischemic conditions. These results
suggest a potentially clinically relevant molecular therapeutic
strategy in which the A20 protein can have a beneficial effect
in the acute MI setting.

There is growing evidence that NF-�B plays an important
role in heart diseases. However, the role of NF-�B in MI is
controversial. Some studies have showed that activation of
NF-�B promotes the pathogenesis of cardiac remodeling and
heart failure, whereas inhibition of NF-�B or its signaling has
been shown to attenuate left ventricular damage and remod-
eling after MI.14–17 These findings are consistent with our
current results that overexpression of A20 in the heart inhibits
MI-induced NF-�B activation through blocking IKK� and
p65 activation in the myocardium. Our results indicate that
blocking of NF-�B activation is functionally coupled to
biological signals that lead to attenuated left ventricular
damage after MI. Conversely, the results of the present study
conflict with studies showing that TG mice with a defect in
activation of NF-�B have increased susceptibility to tissue
injury after acute MI,18 and a study by Mustapha et al19

demonstrated that NF-�B activation has a cardioprotective
effect against hypoxia in cardiomyocytes in vitro. The reason
for the discrepancy in the role of NF-�B in MI remains
unclear. We postulate that it may be related to differences in
experimental models (ischemia/reperfusion versus left ante-
rior descending artery or in vivo versus in vitro), differences
in the strain of mice, and differences in time after ischemia.
Therefore, the findings of the present study indicate that
inhibition of the activation of NF-�B, although useful for
reducing the effects of an acute ischemic episode, may be
detrimental in the adaptation of the heart to repetitive epi-
sodes of ischemia. Thus, further studies are needed to
elucidate the specific pathophysiological conditions under
which the inhibition of NF-�B activation may be useful or
detrimental.

Figure 7. A20 overexpression prevents fibrotic tissue deposition
induced by myocardial infarct. A, Picrosirius red staining on his-
tological sections from WT and TG left ventricle 7 days after MI
(top) and fibrotic area quantified by image-analyzing system on
histological sections from 5 different hearts per genotype (10
sections per mouse; bottom). B, Western blot analysis of
MMP-2, MMP-9, TGF-�1, collagen I, and collagen III from 4
groups of animals (n�6) 7 days after MI. GAPDH was used as
sample loading control. Top, Representative blots; bottom,
quantitative results. Values are mean�SEM. *P�0.01 vs
WT-sham values; §P�0.01 vs WT-MI values.
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It has been reported that A20 could block inflammatory
responses induced by cytokines through inhibiting NF-�B
activation.6 The postinfarction inflammatory response is im-
portant for removal of irreversibly injured cells and wound
healing. However, optimal repair requires timely suppression
of inflammation and containment of granulation tissue for-
mation in the infarcted area. During the inflammatory phase,
infiltration by inflammatory cells, particularly neutrophils
and macrophages, is followed by removal of necrotic tissue
and degradation of extracellular matrix components.1,2 We
observed remarkable neutrophil and macrophage infiltration
of the infarcted heart at 7 days after MI, which made up the
acute inflammatory response. Importantly, the increased in-
filtration by inflammatory cells was attenuated by A20
expression. Inflammatory response is mediated by proinflam-
matory cytokines such as TNF-�, IL-1�, IL-6, and MCP-1.
These cytokines are not constitutively expressed in the
normal heart. Upregulation and production of these cytokines
represent an intrinsic or innate stress response against myo-
cardial injury.1,2 In this investigation, we also found that
TNF-�, IL-1�, IL-6, and MCP-1 levels decreased noticeably
in TG-MI mice compared with WT-MI mice, further indicat-
ing that A20 overexpression attenuates inflammatory re-
sponse mediated by acute MI. One possible mechanism for
such a protective effect is that A20 expression would directly
inhibit NF-�B activation, resulting in attenuation of the
inflammatory response and subsequent myocardial damage,
because the expression of many cytokines, including TNF-�,
IL-1�, IL-6, and MCP-1, is regulated by NF-�B activation.
Each molecule has a �B-binding domain in its promoter site.

Increasing evidence shows that apoptosis of cardiomyo-
cytes is involved in the process of myocardial damage after
acute MI.20,21 Part of the myocardial dysfunction resulting
from ischemia can be attributed to apoptotic and necrotic cell
death. The experimental findings here show a correlation
between an increase in the frequency of apoptosis and the
extent of myocardial infarct size. Accordingly, we speculate
that in our model, reduced cardiac myocyte apoptosis con-
tributed significantly to markedly decreased infarct size in
TG mice compared with infarcts in WT control mice. Our
results corresponding to a reduction in the number of apo-
ptotic cells in myocardium in TG mice also support the
hypothesis that after acute MI cardiomyocytes die partly by
an apoptotic pathway. Furthermore, it has been demonstrated
that A20 blocks apoptosis of various cells associated with
blocking caspase-3, -8, and -9 activation, as well as the
release of cytochrome c from mitochondria.7 Indeed, the
present study demonstrates that overexpression of A20 atten-
uates myocardial apoptosis after acute MI and is associated
with abrogated cleavages of caspase-3 and -9, as well as
abolished mitochondrial dysfunction, as demonstrated by the
prevention of the release of cytochrome c and Smac/Diablo.
Additionally, we found that A20 expression maintained the
decreased expression of the antiapoptotic proteins survivin,
bcl-2, XIAP, and cFLIP and decreased the expression of the
proapoptotic proteins Fas, FasL, and Bax 7 days after MI.
Involvement of these signaling molecules mediated apopto-
sis; thus, A20 can explain the protection from apoptosis
observed in TG hearts subjected to acute MI.

Ventricular remodeling after MI is a risk factor that can
lead to the development of heart failure.22,23 In the present
study, we found that 7 days after MI, there was significantly
elevated ratio of heart weight to body weight and upregula-
tion of expression and concentration of ventricular ANP and
BNP, indicating that post-MI hearts were hypertrophic. A20
expression prevented post-MI hypertrophy because ANP and
BNP levels were markedly decreased and hearts were of
normal size. Thus, preservation of global function by human
A20 overexpression appears to be able to prevent the hyper-
trophic changes associated with acute MI that often can lead
to left ventricular remodeling and heart failure. An additional
feature of left ventricular remodeling of TG mice is attenua-
tion of fibrosis as detected by both histological analysis and
gene profiling experiments. This could be ascribed to nega-
tive regulation of well-known profibrotic factors such as
MMP-9, TGF-�1, collagen I, and collagen III. Accumulation
of stromal tissue represents a deleterious feature of left
ventricular hypertrophy affecting the viscoelastic properties
of the myocardium, impairing diastolic function, and favoring
the transition to heart failure. The reduced fibrosis in A20 TG
infarcted left ventricles could lead to improved diastolic
function. Indeed, fibrosis is only one of several determinants
of diastolic function; hypertensive conditions represent an-
other crucial factor, evoking an impairment of left ventricular
diastolic function independently of their impact on cardiac
hypertrophic remodeling after acute MI.

Conclusions
Data from the present study indicate that cardiac-specific
overexpression of the human A20 gene preserves global
cardiac function in response to acute MI and prevents left
ventricular dysfunction and remodeling, which may poten-
tially delay subsequent heart failure development. Acute MI
in TG mice displays several features observed in human
hearts undergoing MI such as reduced inflammation, apopto-
sis, left ventricular remodeling, and fibrosis. Because A20
expression decreases in infarcted heart subjected to MI,
upregulation of A20 expression could represent a novel
strategy to activate beneficial signaling in left ventricular
dysfunction, apoptosis, and remodeling and to prevent the
transition to heart failure in response to acute MI.
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CLINICAL PERSPECTIVE
Cardiovascular disease remains the major cause of morbidity and mortality in the Western world, and the incidence of heart
failure is rapidly increasing, mostly as a result of the reduction in mortality after acute myocardial infarction. After the acute
phase of myocardial infarction, a chronic phase of ventricular remodeling occurs. This phase is maladaptive and associated
with persistent cardiomyocyte apoptosis, inflammation, fibrosis, and hypertrophy, which contribute to the development of
depressed cardiac function, clinical heart failure, and increased mortality. Intervention to minimize these progressive
changes is highly desirable to reduce the incidence and severity of the congestive heart failure that may develop after
myocardial infarction. Therefore, it is of critical importance for us to better understand the molecular basis of heart failure,
which could allow us to develop more specific and more effective therapies. One way to achieve successful attenuation of
heart failure is to overexpress some proteins in the heart that are usually protective of cardiac inflammation, apoptosis,
fibrosis, and hypertrophy. In this regard, A20 has become a research focus because of its antiapoptotic, antiinflammatory,
and antihypertrophic properties. In the present study, we provide evidence for the protective role of A20 in heart failure
through the use of biomechanical and ischemic heart failure models in cardiac-specific A20 transgenic mice. Therapies
designed to overexpress A20 in the heart might be beneficial in preventing clinical heart failure.
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