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Abstract Caspase activation and recruitment domain 3
(CARD3) is a caspase recruitment domain (CARD)-con-
taining serine/threonine kinase and plays a pivotal role in
apoptosis, immunity, tissue development and proliferation.
To date, the causal relationship between CARD3 and
myocardial infarction (MI) remains largely unexplored.
This study aimed to identify the functional significance of
CARD?3 in the regulation of cardiac remodelling after MI
and the underlying mechanisms of its effects. The levels of
CARD3 expression were up-regulated in failing human and
mouse post-infarction hearts. In addition, CARD3-knock-
out (KO) mice and transgenic mice overexpressing CARD3
in the heart were then generated and subjected to MI.
Compared with wild-type (WT) control mice, CARD3-KO
mice developed smaller infarct sizes, improved survival
rates, and preserved left ventricle (LV) function after MI.
Significantly, CARD3-KO hearts had less cardiomyocyte
apoptosis and inflammatory cell infiltration in the infarct
border zone. Attenuated LV remodelling was also observed
in the KO hearts following MI, with reduced cardiac
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hypertrophy and fibrosis. Conversely, CARD3 overex-
pression resulted in the opposite MI-induced phenotype.
Similar results were observed in ex vivo-cultured neonatal
rat cardiomyocytes exposed to hypoxia. Mechanistically,
we discovered that the CARD3-mediated detrimental
effects of MI were associated with the activation of the NF-
kB and p38 signalling cascades. Taken together, these data
demonstrate that CARD3 serves as a novel positive mod-
ulator of ventricular remodelling after MI via the regulation
of the NF-xB and p38 signalling. Thus, CARD3 may be a
promising therapeutic target for the treatment of heart
failure after MI.
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Introduction

Myocardial infarction (MI) remains a significant and
unsolved health problem that seriously affects the human
health throughout the world [11, 13]. After the acute phase
of MI, a chronic maladaptive phase of ventricular remod-
elling occurs. This phase is associated with irreversible
cardiomyocyte apoptosis, inflammation, fibrosis, and
hypertrophy, leading to the development of ventricular
dilatation, impaired systolic function, congestive heart
failure and death [37, 46]. Ventricular remodelling may
continue for weeks or months until the distending forces
are counterbalanced by the tensile strength of the collagen
scar [15, 51]. Preventing left ventricular (LV) remodelling
after MI is of highly desirable as it may be related to a
reduction in adverse cardiac events, including a decreased
exacerbation of congestive heart failure and fewer cardiac
mortality rates [22]. Therefore, it is of critical importance
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to explore the novel mechanisms for this maladaptation and
to develop therapeutic strategies that are effective in pre-
venting LV remodelling.

CARD3, also known as RIP2, CARDIAK, and RICK, is
a 61-kDa adaptor protein that belongs to the CARD family
and contains an N-terminal serine/threonine kinase domain
and a C-terminal CARD [23]. Several analyses have
revealed that CARD3 is activated in a variety of cell death
paradigms [32]. For instance, Zhang et al. [58] recently
reported that CARD3 plays a key role in regulating cas-
pase-1 apoptotic activity in neurons. Moreover, overex-
pression of CARD3 induces apoptosis in several cell lines,
such as human embryonic kidney cells and MCF7 breast
cancer cells [41]. Notably, an abrupt augmentation in car-
diomyocyte apoptosis was observed in ischemic hearts
following MI. Apoptosis has also been proposed as an
important mechanism for the elimination of cardiomy-
ocytes after MI [7]. Moreover, previous studies have
demonstrated that CARD3 interacts with members of both
TLRs (Toll-like receptors) and Nods (nucleotide
oligomerisation domains) to mediate signalling for recep-
tors of the innate and adaptive immune systems [38]. The
stimulation of Nodl or Nod2 by their specific bacterial
activators triggers the recruitment of CARD3 and the
association of CARD3 with Nodl or Nod2 via CARD-
CARD interactions [18]. In addition, cytokine production
in CARD3-deficient macrophages were clearly reduced
when TLRs were stimulated with lipopolysaccharide,
peptidoglycan as well as double-stranded RNA [21], indi-
cating that CARD3 may play a pivotal role in inflammatory
response. Furthermore, abundant evidence has shown that
MI is associated with inflammatory responses, which can
extend myocardial injury [35]. More importantly, CARD3
is also expressed ubiquitously in various adult tissues,
including the heart [33]. Despite the functional role of
CARD?3 in apoptosis and inflammation, there have been no
studies regarding the pathophysiological contribution of
CARD?3 expression to the development of cardiac remod-
elling following MI and the progression to heart failure.
Therefore, it is necessary to determine the consequence of
overexpression and ablation of CARD3 in the heart after
MIL

Our preliminary studies demonstrate for the first time
that CARD3 expression is strongly induced in infarcted
murine myocardium and in LV tissue samples obtained
from patients with ischemic heart disease (IHD). We fur-
ther report that Ml-induced cardiac remodelling is exag-
gerated in CARD3-overexpressing mice, whereas it is
limited in CARD3-deficient mice. Lastly, our data revealed
that CARD3-mediated post-MI remodelling via activation
of the NF-kB and p38 signalling pathway. These findings
clearly demonstrate that CARD3 may be indispensable in
the development of cardiac remodelling after MI, and that
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the use of CARD3 gene therapy may be an effective
strategy for protection against post-MI cardiac remodelling
and heart failure.

Materials and methods
Animals

All of surgical procedures and protocols were approved by
the Animal Care and Use Committee of Nanjing Medical
University and confirmed to the Guide for the Care and Use
of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996). Transgenic (TG) mice were generated with full-
length mouse CARD3 cDNA under the control of the o-
myosin heavy chain (a-MHC) promoter. The transgenic
mice (C57BL/6J background) were created by microin-
jecting the a-MHC-CARD3 construct into fertilised mouse
embryos, and the animals were identified via PCR analysis
of tail genomic DNA. The primers used were 5'-
ATCTCCCCCATAAGAGTTTGAGTC-3' and 5'-CCAA-
GAGCAATTTCATGCAG-3’. Four independent trans-
genic lines were established and studied.

The CARD3-knockout (KO) mice were kindly provided
by Dr Richard Flavell (Howard Hughes Medical Institute,
Yale University, New Haven, Connecticut). Eight- to ten-
week-old male CARD3-KO, CARD3-TG and control (WT
littermates and non-transgenic) mice were used in all
studies. All of the animals were housed in an environment
with controlled light cycles (12 h light/12 h dark), tem-
perature, and humidity; food and water were provided
ad libitum. All of the surgeries and subsequent analyses
were performed in a blinded fashion.

Mouse MI model

Ligation of the left anterior descending (LAD) coronary
artery was performed in 8- to 10-week-old mice, as
described with minor modifications [24, 53]. Briefly, the
animals (23-27 g body weight) were anesthetised by
intraperitoneal injection of pentobarbital sodium (50 mg/
kg), and the adequacy of anaesthesia was monitored during
the surgical procedures by the lack of the pedal withdrawal
reflex, slow constant breathing, and no response to surgical
manipulation. Buprenorphine (0.1 mg/kg, SC) was
administered for post-operative analgesia. The animals
were then intubated with a 20-gauge polyethylene catheter
and ventilated with room air using a rodent ventilator
(model VFA-23-BV, Kent Scientific, USA). After com-
pletion of a thoracotomy in the third or fourth intercostal
space, the pericardium was opened, and the proximal left
coronary descending (LAD) artery under the tip of the left
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atrial appendage was encircled and ligated using a 7-0
proline suture. Lastly, the chest wall was closed. The ani-
mals remained in a supervised setting until fully conscious.
In sham-operated animals, the left coronary artery was
encircled but not ligated. There is a high mortality asso-
ciated with this experimental model, and animals that died
within 24 h of surgery were excluded from the analysis. In
our study, the MI surgery was performed by the technician
who has made the MI model more than 5 years in our
institute, and all the experiments were performed in
accordance with the randomised, double-blind, parallel
mouse group. Moreover, we have performed Evans blue
staining to check whether the site of ligature is consistent
(Supplemental Figure S1). Accordingly, the heart sections
of KO and TG mice after MI surgery are located in the
concordant ligation sites.

Echocardiography and haemodynamic evaluation

Echocardiographic and haemodynamic measurements were
performed as described previously [20, 25]. Mice were
anesthetised with 1.5-2 % isoflurane by inhalation, and
then echocardiography was then performed using a
MyLab30CV ultrasound (Biosound Esaote Inc.) with a
10-MHz linear array ultrasound transducer. The left ven-
tricle (LV) was assessed in both parasternal long-axis and
short-axis views at a frame rate of 120 Hz. Left ventricular
end-diastolic diameter (LVEDD), left ventricular end-sys-
tolic diameter (LVESD), and LV wall thickness were
measured from M-mode tracings with a sweep speed of
50 mm/s at the mid-papillary muscle level. End-systole or
end-diastole phases corresponded to the smallest or largest
LV diameters, respectively. Echocardiographic measure-
ments were taken on M-mode in triplicate from more than
3 separate mice per group.

For the haemodynamic analyses, a 1.4-F Millar micro-
tip catheter transducer (SPR-839, Millar Instruments,
Houston, Texas) was inserted into the right carotid artery
and advanced into the LV under pressure control. After
stabilisation for 15 min, pressure signals and heart rates
were recorded continuously with an ARIA pressure—vol-
ume conductance system coupled with a Powerlab/4SP
A/D converter, stored, and then displayed on a personal
computer. PVAN software (Millar Instruments) was used
for subsequent analysis of pressure—volume loops.

Morphological examination and infarct size
measurement

At different time points after surgery, mice were anaes-
thetised intraperitoneally using sodium pentobarbital
(100 mg/kg) and killed by swift decapitation according to
the Guide for the Care and Use of Laboratory Animals

published by the United States National Institutes of
Health. The hearts were excised and fixed with a 10 %
solution of formalin in PBS. Subsequently, the hearts were
embedded in paraffin and cut serially from the apex to the
base. Each short-axis section (5 pum) was stained with
hematoxylin and eosin (H&E) for morphometric analysis.
To measure the myocardial infarct size, the initial research
have compared 3 methods, respectively, based on (1)
infarct area, (2) epicardial and endocardial infarct arc
lengths, and (3) midline infarct arc length in a mouse
chronic infarction model. Importantly, the estimation of
infarct midlines is a simple and reliable approach to
determine infarct size. Accordingly, in our present study, to
assess the infarct size, the mouse hearts were sectioned
transversely at 5 um after dehydration and paraffin
embedding. Slices, stained with hematoxylin and eosin
(H&E), were collected with an interval of 300 um between
each section. As shown in Supplemental Fig S2, the LV
myocardial midline was marked with the broken white line
at the center between the epicardial (red) and endocardial
(green) surfaces and the length of the midline was mea-
sured as midline circumference. Midline infarct length
(blue arrow line) was taken as the midline of the length of
infarct. Infarct size derived from midline length measure-
ment was calculated by dividing the sum of midline infarct
lengths by the sum of midline circumferences from all
sections and multiplying by 100. The infarcted area of the
left ventricle was obtained using a quantitative digital
image analysis system (Image-Pro Plus 6.0). The infarct
size (%) was calculated as a percentage of the total LV wall
circumference from each of the 3 LV sections. All mea-
surements were made in a blinded fashion.

To assess myocyte cross-sectional area (CSA) and
myocardial fibrosis, sections were stained for membranes
with hematoxylin and eosin (H&E) and picrosirius red-
stained (PSR), respectively. In each group, more than 100
LV myocytes were examined as described previously [25].
Single myocytes and fibrillar collagen were visualised by
microscopy and were measured using a quantitative digital
image analysis system (Image-Pro Plus 6.0).

Immunofluorescent staining

To identify inflammatory cell infiltration, the sections were
stained according to standard immunofluorescence staining
techniques. Briefly, the mice were anaesthetised with
sodium pentobarbital (100 mg/kg), and the hearts were
rapidly excised and fixed with a 10 % solution of formalin
in PBS. Thereafter, the hearts were paraffin embedded and
cut into 5-um sections. The heart sections were dried,
dewaxed, hydrated, and repaired in high pressure (100 mm
Hg). Subsequently, these sections were washed in PBS,
sealed with 10 % sheep serum, and incubated at 4 °C
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overnight with the following primary antibodies: rabbit
anti-CD3 (1:100 dilution, ab16669, Abcam), rat anti-Ly6G
(1:100 dilution, 551459, BD Biosciences), and rabbit anti-
Macl (CD11b, 1:100 dilution, ab75476, Abcam). After
being washed in PBS, the sections were incubated with the
indicated secondary antibodies for 1 h at room temperature
and subsequently washed in PBS. The following secondary
antibodies were used: donkey anti-rabbit IgG(H + L)
Alexa Fluor® 568 (A10042; Invitrogen), and goat anti-rat
IgG(H + L) Alexa Fluor® 568 (A11077; Invitrogen). The
nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI; S36939, Invitrogen). The images were acquired
with a fluorescence microscope (OLYMPUS DX51) and
DP2-BSW software (version 2.2). Quantitative assessments
for CD3, Mac-1 and Ly6G-positive cells were performed,
and the number of positive cells in 3—5 randomly selected
fields of the infarct border zone was calculated for each
heart using a quantitative digital image analysis system
(Image-Pro Plus 6.0) by at least two independent
investigators.

Determination of cell death

The terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labelling (TUNEL) assay was used to monitor the
extent of DNA fragmentation as a measure of apoptosis.
The assay was performed in sections with ApopTag® Plus
In Situ Apoptosis Fluorescein Detection Kit (S7111, R&D
Systems, Minneapolis, USA) according to the manufac-
turer’s recommendations. The TUNEL-positive cells in the
infarct border zone were observed using a fluorescent
microscope. More than four fields in the infarct border zone
on each slide were randomly examined and quantified
under high-power magnification (400).

Cultured NRCMs were treated with the indicated ade-
noviruses for 24 h and then stimulated with hypoxia for the
indicated times. To detect apoptosis or necrosis, the cells
were fixed with 4 % paraformaldehyde, and were rinsed
with PBS. Subsequently, the cells were incubated for
10 min with Hoechst 33258 (H3567, Invitrogen; 10 pg/ml)
and stained with propidium iodide (PI) (P4864, Sigma-
Aldrich; 15 pg/ml) for 15 min, after which they were
observed under a fluorescent microscope. Cell viability is
presented as the number of dead cells (PI-staining)/the total
number of cells (Hoechst 33258-staining).

Quantitative real-time RT-PCR and western blot
analyses

Quantitative real-time PCR and western blotting were
performed as previously described [3, 27]. Briefly, total
RNA was extracted from ventricles and cultured car-
diomyocyte using a TRIzol reagent (Invitrogen) and
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reverse-transcribed into cDNA using oligo (dT) primers
with a Transcriptor First Strand ¢cDNA Synthesis Kit
(Roche, 04896866001). PCR amplifications were quanti-
fied using the SYBR Green PCR Master Mix (Applied
Biosystems) and normalised to GAPDH gene expression.
The real-time PCR primers that were used are shown in
Supplementary Table S1.

For western blotting, cardiac tissue and primary myo-
cyte cells were lysed using a RIPA buffer, and the protein
concentration was examined with a BCA protein assay kit
(Pierce; Rockford, IL, USA). Protein extracts (50 pg) were
separated by SDS-PAGE (Invitrogen, NP0O301BOX) and
were electrotransferred to PVDF membrane (Millipore,
IPVHO00010) that was blocked in TBS containing 5 % skim
milk powder for 90 min at room temperature. The mem-
brane was incubated with a peroxidase-conjugated sec-
ondary antibody [Peroxidase-affinipure goat anti-mouse
IgG (H 4+ L) (115-035-003) or Peroxidase-affinipure goat
anti-rabbit IgG  (H 4+ L) (111-035-003); Jackson
ImmunoResearch Laboratories]. Antibodies against the
following proteins were purchased from Cell Signaling
Technology (Danvers, MA, USA): CARD3 (#4982),
MEKI1/2 (#9122), phospho-MEK1/2 (#9154), ERK1/2
(#4695), phospho-ERK1/2 (#4370), INKI1/2 (#9258),
phospho-JNK1/2 (#4668), p38 (#9212), phospho-p38
(#4511), P65 (#4764), phospho-P65 (#3033), IxBa
(#4814), phospho-IkBa (#9246), Bid (#2003), Bak
(#3814), Caspase 3 (#9662), cleaved Caspase 3 (#9661).
The GAPDH (MBO0O01) antibody was purchased from
Bioworld Technology (Harrogate, UK). A FluorChem E
(Cell biosciences) imaging system was used to visualise the
signals according to the manufacturer’s instructions. The
specific protein expression levels were normalised to
GAPDH on the same nitrocellulose membrane.

Cardiomyocyte culture and infection
with recombinant adenoviral vectors,
and induction of hypoxia

Primary cultures of neonatal rat cardiomyocytes
(NRCMs) were prepared, as described previously [25,
53]. Briefly, 1- to 2-day-old Sprague—Dawley (SD) rats
which were killed by swift decapitation according to the
Guide for the Care and Use of Laboratory Animals pub-
lished by the United States National Institutes of Health.
Cells from the hearts of these mice were seeded at a
density of 1 x 10° cells/well in six-well culture plates
coated with fibronectin in plating medium, which con-
sisted of F10 medium supplemented with 10 % foetal calf
serum (FCS) and penicillin/streptomycin. After 48 h, the
culture medium was replaced with F10 medium contain-
ing 0.1 % FCS and BrdU (0.1 mM). FCS was purchased
from HyClone (Waltham, MA, USA). The cell culture
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reagents and other reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA). We then infected NRCMs
with AACARD3, AdGFP, AdshCARD3, or AdshRNA at a
multiplicity of infection (MOI) of 10, which yielded
transgene expression without toxicity in 95-100 % of the
cells. Next, the cells were exposed to hypoxia stimulation.
To induce hypoxia, cultured cardiomyocytes were incu-
bated in a Biospherix C-Chamber (model C-274, Bio-
spherix, Redfield, New York, USA) inside a standard
culture chamber. The oxygen (O,) concentration was
maintained at 5 % inside the C-Chamber, and the carbon
dioxide (CO,) concentration was maintained at 5 % by
mixing a N, into the chamber with a ProOx 110 oxygen
controller and a ProCO, CO,-controller (Biospherix).
Meanwhile, the control group without hypoxia, was
maintained in a normal atmosphere of 5 % CO, and air at
37 °C.

To overexpress CARD3, the entire coding region of the
rat CARD3 cDNA was subcloned into the pShuttle-cy-
tomegalovirus (CMV) vector using the AdEasy XL Ade-
noviral Vector System (Stratagene). A similar adenoviral
vector encoding the GFP gene was used as a control. To
knockdown CARD3, AdshCARD3 adenoviruses were
generated based on three rat sShiCARD3 constructs obtained
from SABiosciences (KR54833G). The adenoviruses pro-
ducing the greatest decreases in CARD3 levels were
selected for further experiments. AdshRNA was selected as
the non-targeting control.

Measurement of cell viability

Cell viability was assessed using Cell Counting Kit (CCKS,
CW608, Donjindo), and lactate dehydrogenase (LDH)
release was assessed by a colourimetric LDH cytotoxicity
assay (G1782, Promega, Madison, WI), according to
manufacturer’s instructions.

Human heart samples

All of the procedures involving human tissue samples were
approved by the Human Research Ethics Committee of
Nanjing Medical University, Nanjing, China. This research
conformed to the principles outlined in the Declaration of
Helsinki. Informed consent was obtained from the families
of prospective heart donors. Samples of failing human
hearts were collected from the left ventricles of ischemia
heart disease (IHD) patients undergoing heart transplants.
The control samples were obtained from the left ventricles
of healthy heart donors who died in accidents but whose
hearts were not suitable for transplantation for non-cardiac
reasons [59].

Statistical analysis

The data are presented as the mean + SE. Differences
among groups were assessed with an analysis of variance
followed by a post hoc Tukey’s test. Comparisons between
two groups were performed using Student’s 7 test. All
statistical analyses were performed with SPSS software,
version 17.0. A value of P < 0.05 was considered to
indicate a statistically significant difference.

Results

CARD3 expression is upregulated in failing human
ischemia heart disease (IHD) hearts and failing
mouse post-infarction hearts

To investigate the potential role of CARD3 in the devel-
opment of MI and heart failure, we first analysed whether
the expression levels of CARD3 were altered in hearts with
these pathological processes after MI. Both real-time PCR
and Western blot assays demonstrated that in LV
myocardial samples, the mRNA and protein levels of
CARD3 were significantly higher in hearts collected from
patients with IHD compared to normal donor hearts
(P < 0.05 versus normal donor hearts, Fig. 1a, b). Next, we
further examined CARD3 expression levels in the infarcted
hearts of wild-type (WT) mice that underwent a coronary
ligation or sham operation. Compared with the sham-op-
erated hearts, CARD3 expression levels were gradually
increased in the experimental mouse hearts subjected to MI
from days 3 to 7. These levels remained elevated at week 4
(P < 0.05 versus sham operation, Fig. lc, d). Accordingly,
we have performed immunostaining in the heart sections of
wild-type mice after sham or MI surgery. Our results
showed that CARD3 expression level was dramatically
increased in the infarct area and border zone at 1 week
after MI, but no significant difference was observed in
remote areas (Supplemental Fig S3). In addition, the results
demonstrated that CARD3 is mainly distributed in car-
diomyocytes in the heart. Taken together, the altered pat-
tern of CARD3 expression levels in failing human hearts
and mouse infarcted hearts suggested that CARD3 may be
involved in post-infarction cardiac remodellling and heart
failure.

Lack of CARD3 promotes survival rates, reduces
infarct size, and improves cardiac function after MI

The observation of increased CARD3 expression in
response to MI indicates that CARD3 may regulate
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Fig. 1 CARD?3 expression in failing human ischemic heart disease
(IHD) hearts and failing murine post-infarction hearts. a Real-time
PCR analyses of CARD3 mRNA levels in the left ventricles (LVs) of
normal donor hearts (n = 5) and IHD patients (n = 6). n indicates the
number of samples per experimental group, *P < 0.05 versus normal
donor hearts. b Representative western blots of CARD?3 protein levels
in normal donors hearts (n = 5) and failing human IHD hearts (n = 6
hearts per experimental group; *P < 0.05 vs. normal donor hearts).

pathological processes post-MI. To further investigate the
potential involvement of CARD3 in vivo, a mouse model
with a global knockout of CARD3 (CARD3-KO) was
utilised and examined at 4 weeks after the sham or MI
operation (Fig. 2a). At baseline, CARD3-KO mice mani-
fested no pathological abnormalities with respect to cardiac
structure or function. In addition, all of the sham-operated
mice survived surgery and to the end of the observation
period (100 vs. 100 %, respectively). However, only 16
(50.0 %) of 32 WT littermate controls mice and 21
(61.8 %) of 34 CARD3-KO survived until 28 days after MI
(P < 0.05; Fig. 2b). Kaplan—Meier curves revealed that the
highest mortality occurred during the first week after MI

@ Springer

¢ Real-time PCR analyses of CARD3 mRNA levels in samples from
wild-type (WT) control mice after sham or MI surgery at the indicated
time points (n =4 mice per experimental group, *P < 0.05 vs.
shams). d Representative western blots of CARD?3 protein levels in an
experimental mouse MI model at the indicated times (n = 4 mice per
experimental group; *P < 0.05 vs. shams). Top representative blots.
Bottom, quantitative results. The data are presented as the mean £
SEM and are representative of at least three independent experiments

(Fig. 2b), indicating a selective detrimental effect of
CARD3 at this stage. More specifically, at autopsy, we
found that 68.6 % of the non-surviving WT mice (11/16)
died of cardiac rupture, while 53.8 % of the non-surviving
CARD3-KO mice (7/13) died of cardiac rupture (P < 0.05;
data not shown); these findings demonstrate that cardiac
rupture may be the major cause of death. In line with the
decreased mortality, H&E staining at 4 weeks after MI
further displayed a significantly constricted infarct size in
CARD3-KO mice compared with WT control animals
(P < 0.05; Fig. 2c, d). Consistently with our observations
at 4 W post-MI, infarct size were significantly reduced in
CARD3-KO mice, compared with their controls at 3 days
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Fig. 2 Loss of CARD3 promotes survival rates, reduces infarct size,
and improves cardiac function after MI. a Representative western
blots of CARD3 expression in heart tissues from wild-type (WT)
littermates and CARD3-knockout (CARD3-KO) mice (n = 4 mice
per experimental group). b Kaplan—-Meier survival curves from WT
and CARD3-KO mice subjected to sham or MI operation. ¢ Histo-
logical analysis of hematoxylin and eosin (H&E)-stained WT and

after MI (Supplemental Fig. S4a). Moreover, cardiac
function was assessed with serial echocardiography on
week 4 post-MI. We observed that while LV end-diastolic
dimension (LVEDd) and LV end-systolic dimension
(LVESd) were lower and fractional shortening percentage
(FS %) was higher in both WT and CARD3-KO infarcted
mice. CARD3-KO mice exhibited more attenuated systolic
function and restrained LV dilatation than WT mice
(Fig. 3e). Accordingly, haemodynamic measurements fur-
ther revealed increased LV contraction in CARD3-null
mice, as measured by ejection fraction percentage (EF %),

CARD3-KO hearts at 4 weeks after MI (n = 6-8 mice per experi-
mental group). d Statistical results for relative infarct size (%) in the
indicated groups (*P < 0.05 vs. WT/MI). e, f Measurements of
echocardiographic and haemodynamic parameters (LVEDD, LVESD,
FS %, EF %, dP/dty;,, and dP/dt,.) in the indicated groups at
4 weeks after MI (n = 8-12 mice per experimental group; *P < 0.05
vs. WT/sham; *P < 0.05 vs. WT/MI)

dP/dt.x, and dP/dt;, (Fig. 3f). Overall, these data pro-
vide supporting evidence that the absence of CARD?3 in the
heart not only reduces mortality but also inhibits infarct
expansion and functional deterioration following MI.

Cardiac-specific overexpression of CARD3 increases
MI-induced mortality, exacerbates infarct size

expansion, and promotes cardiac dysfunction

To specifically define the effects of CARD3 on the heart,
we next sought to determine whether overexpression of
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Fig. 3 Overexpression of CARD3 increases mortality and exacer-
bates infarct size expansion, as well as heart functional deterioration
following MI. a Schematic diagram of the construction of transgenic
(TG) mice with full-length mouse CARD3 cDNA under the control of
the o-myosin heavy chain (a-MHC) promoter. b Representative
western blots for the determination of CARD?3 protein expression in
heart tissues from 4 lines of TG mice and their non-transgenic (NTG)
littermates (n = 4 mice per experimental group). ¢ Quantitation of
CARD?3 expression in heart tissues from 4 TG and NTG mouse lines.

CARD?3 could affect myocardium in the setting of MI. To
this end, we generated inducible, cardiac-specific trans-
genic (TG) mice expressing mouse CARD3 using the o-
MHC promoter (Fig. 3a). Four germ lines of CARD3-TG

@ Springer

d Kaplan—-Meier survival curves of NTG and CARD3-TG mice at
4 weeks after sham or MI surgery. e H&E staining in NTG and
CARD3-TG mice at 4 weeks post-MI (n = 5-7 mice per experimen-
tal group). f Relative infract size (%) in the indicated groups
(*P < 0.05 vs. NTG/MI). g, h Parameters of the echocardiographic
and haemodynamic results (LVEDD, LVESD, FS %, EF %, dP/dt,;,,
and dP/dt,.,x) for NTG and CARD3-TG mice following MI
(n = 9-11 mice per experimental group; *P < 0.05 vs. NTG/sham;
*P < 0.05 vs. NTG/MI)

mice were verified by western blot analysis (Fig. 3b).
Under basal conditions, all of the CARD3-TG mice were
healthy and displayed no apparent cardiac morphological
or pathological abnormalities. We then selected transgenic
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line 4 (Fig. 3c), which expressed the highest levels of
CARD3, for further experiments. CARD3-TG mice and
their non-transgenic littermates (referred to as NTG) were
subjected to MI surgery or a sham operation and examined
after 4 weeks. The survival rate up to 4 weeks after MI was
significantly lower in CARD3-TG mice than in NTG mice.
As depicted in Fig. 3d, 17 out of 33 male NTG mice
(51.5 %) survived to 28 days post-MI. In contrast, 22 out
of 66 CARD3-TG mice (33.3 %) survived to 28 days fol-
lowing MI (P < 0.05). The main cause of death was
attributable to cardiac rupture, the incidence of which was
significantly higher in CARD3-TG mice than in NTG mice
(data not shown). Similarly, by 28 days post-MI, mor-
phometric analyses exhibited a 28.0 % greater infarct size
in CARD3-TG mice compared with NTG control mice
(Fig. 3e, f). Consistently with our observations at 4 W
post-MI, infarct size were dramatically increased in
CARD3-TG mice compared with their controls at 3 days
after MI (Supplemental Fig. S4b). Furthermore, echocar-
diographic and haemodynamic analyses revealed more
pronounced LV dilatation and more severe contractile
dysfunction in TG than in NTG infarcted hearts 28 days
post-MI, as determined by LVEDd, LVESd, FS %, EF %,
dP/dt ., and dP/dt,;, (Fig. 3g, h). Together, these results
indicate that CARD3 overexpression aggravated post-in-
farction mortality, infarct size enlargement, and cardiac
dysfunction.

CARD23 activation facilitates MI-induced
cardiomyocyte apoptosis

Apoptosis has been proposed as an important mechanism
for the elimination of cardiomyocytes after MI [4].
Therefore, we evaluated the direct effect of overexpressed
or knockdown CARD3 on cardiomyocyte apoptosis in our
animal model. To detect apoptosis, myocardial tissue sec-
tions in the infarct border zone were stained with TUNEL
staining. Notably, in sham-operated hearts, TUNEL-posi-
tive nuclei were rarely observed. However, in response to
MI, the number of TUNEL-positive nuclei was increased in
NTG hearts and very clearly increased in CARD3-TG
hearts (x38.6 % TUNEL-positive nuclei, P < 0.05;
Fig. 4c, d). In contrast, CARD3-KO hearts exhibited sig-
nificantly less TUNEL-positive nuclei (x~20.6 % TUNEL-
positive nuclei, P < 0.05; Fig. 4a, b). Meanwhile, apop-
totic cardiomyocytes were significantly reduced in
CARD3-KO mice, but dramatically increased in CARD3-
TG mice compared with their controls, respectively, at
3 days after MI (Supplemental Fig. S4c-d), suggesting that
the inhibition of endogenous CARD3 in the heart could
impair myocyte apoptosis following MI. To clarify the pro-
apoptotic effect of CARD3 in vivo, we first examined the
expression of apoptosis-related genes, including Bcl-2,

Bid, Bak, and cleaved caspase 3. Real-time PCR revealed
that CARD3-null hearts clearly promoted the MI-induced
expression of the anti-apoptotic protein Bcl-2 induced by
MI (Fig. 4e), whereas the overexpression of CARD3
resulted in a significant down-regulation of Bcl-2 in
response to MI (Fig. 4f). Additionally, western blot anal-
yses displayed that CARD3 expression preserved the
expression of the pro-apoptotic proteins Bid, Bak, and
cleaved (active) caspase-3 at 28 days post-MI (Fig. 4g, h).
Thus, the above results in vivo suggest that CARD3 may be
an important modulator of the apoptotic cascade upon MI.

Because apoptosis was increased in the CARD3-TG
hearts and reduced in the CARD3-KO hearts in the MI
model, we sought to determine whether CARD?3 in cultured
neonatal rat cardiomyocytes (NRCMs) influences cellular
tolerance to hypoxia injury in vitro. Primary cultured car-
diomyocytes were infected with either AJCARD3 (aden-
oviral CARD3) to overexpress CARD3 or AdshCARD3
(adenoviral short hairpin CARD3) to knockdown CARD3
and subsequently exposed to hypoxia for 48 h (Fig. 4i). In
line with the in vivo results, our in vitro data showed that
loss of CARD3 blocked the apoptotic effects of hypoxia
(Fig. 4j, k), as indicated by more PI-stained cells. In con-
trast, the overexpression of CARD3 promoted hypoxia-
induced apoptosis (Fig. 41, m), compared with the controls.
In addition, these findings were supported by the LDH
(lactate dehydrogenase; cell toxicity) and CCKS8 (cell
counting kit-8; cells viability) assays, as CARD3 expres-
sion significantly promoted greater LDH release and sup-
pressed CCK8 expression in response to hypoxia (Fig. 4n,
0). Accordingly, the ratio of protein/DNA and the expres-
sion of pro-apoptotic markers (Bid, Bax, and cleaved cas-
pase-3) were profoundly suppressed in AdshCARD3-
infected cardiomyocytes (Fig. 4p). In comparision, these
measurements were remarkably aggravated in AACARD3-
infected cells, compared with the controls, respectively
(Fig. 4q). These ex vivo data are consistent with the
aforementioned data from the in vivo MI model and
demonstrate that CARD3 promotes cardiomyocyte apop-
tosis, at least in part, through the regulation of apoptosis-
related gene expression.

CARD3 enhances inflammatory response following
MI

Given that inflammation is believed to be a crucial deter-
minant for the myocardial healing process [35] and that
CARD3 has been shown to be a modulator of inflammation
[55], we further determined whether expression of CARD3
could influence the inflammatory response in the peri-in-
farct areas. The number of CD3 (labels lymphocytes),
Ly6G (neutrophils), and Mac-1 (monocytes/macrophages)
positive cells were analysed by immunofluorescent
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Fig. 4 CARD3 activation facilitates cardiomyocyte apoptosis and
regulates genes involved in apoptosis in response to MI. a Represen-
tative merged images showing cardiomyocyte apoptosis in the border
zone of WT and CARD3-KO hearts at 4 weeks post-MI (n = 4 mice
per experimental group; magnification, 400x). Apoptotic cells from
the border zone were labelled via TUNEL (terminal deoxynu-
cleotidyl-transferase-mediated dUTP nick-end labelling) staining
(green). o-Actinin, a myocyte-specific marker (red), was used to
visualise cardiomyocytes and DAPI (4,6-diamidino-2-phenylindole;
blue) was applied to label nuclei. b The quantification of rates of
apoptosis is expressed as a percentage of total cells counted
(n = 500 + nuclei per experimental group; *P < 0.05 vs. WT/MI).
¢ TUNEL staining in the border zone of NTG and CARD3-TG hearts
at 4 weeks post-MI (n = 4 mice per experimental group). d The
quantitative results of apoptotic rates (n = 500 + nuclei per exper-
imental group; *P < 0.05 vs. NTG/MI). e, f Real-time PCR analysis
of Bcl-2 in the peri-infarct areas of (e) WT and CARD3-KO mice and
(f) NTG and TG mice at 4 weeks after sham or MI surgery (n = 4
mice per experimental group, *P < 0.05 vs. WT or NTG/sham;
#P < 0.05 vs. WT or NTG/MI). g, h Representative western blots and
quantitative results of Bid, Bak, and cleaved caspase 3 in (g) WT and
CARD3-KO mice and (h) NTG and CARD3-TG mice at 4 weeks

staining. Interestingly, the numbers of CD3, Ly6G, and
Mac-1 positive cells were clearly decreased in the hearts of
CARD3-KO compared with WT hearts subjected to MI for
7 days (Fig. 5a, b). In contrast, CARD3-TG hearts after MI
exhibited significantly higher numbers of neutrophils,
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post-MI (n = 4 mice per experimental group, *P < 0.05 vs. WT or
NTG/sham; *P < 0.05 vs. WT or NTG/MI). i The protein expression
level of CARD3 after infection with AdshCARD3, AdCARD3, or
their respective controls (AdshRNA and AdGFP) was analysed by
western blotting (n = 4 independent experiments). Left representative
blots. Right quantitative results. j, I Representative merged images of
NRCMs infected with (j) AdshCARD3 or (1) AACARD3 adenoviral
vector-infected cardiomyocytes treated with hypoxia for 48 h (n = 3
independent experiments; magnification, 400x). Nuclei (Hoechst
33258, blue), positive staining (red). k, m The quantification of rates
of apoptosis (n = 200 + nuclei per experimental group; *P < 0.05
vs. WT or NTG/MI). n, o LDH (lactate dehydrogenase; cell toxicity)
and CCK8 (cell counting kit-8; cells viability) assay detected in
(m) CARD3-knockdown or (o) CARD3-overexpressing cells after
hypoxia for 48 h (n = 3 independent experiments; *P < 0.05 vs.
AdshRNA or AdGFP/normoxia; *P < 0.05 vs. AdshRNA or AdGFP/
hypoxia). p, q Representative western blots and quantitative results of
Bid, Bak, and cleaved caspase 3 in (p) AdshCARD3 or
(q) AdCARD3 after hypoxia for 48 h (n = 4 independent experi-
ments, *P < 0.05 vs. AdshRNA or AdGFP/normoxia; P < 0.05 vs.
AdshRNA or AdGFP/hypoxia). Top representative blots. Bottom
quantitative results

monocytes/macrophages, and lymphocytes in comparison
with NTG-MI hearts (Fig. Sc, d). Accordingly, the mRNA
levels of several inflammatory markers, including IL-1
(interleukin 1B) and monocyte chemotactic protein 1
(MCP-1) were much lower in CARD3-KO mice than in
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WT mice 7 days after MI (Fig. 5e). However, the expres-
sion of these cytokines was significantly amplified in
CARD3-TG mice (Fig. 5f). The above results indicate that
the degrees of inflammatory cell infiltration and cytokines
release were greatly enhanced by the presence of CARD3.

More importantly, abundant evidences have demon-
strated that the induction of these inflammatory-related
genes involves the activation of canonical NF-xB pathway
[26]. Therefore, we next monitored the activation of NF-
kB. We clearly detected IxkBa phosphorylation and IkBa
degradation 7 days post-MI in WT mice (Fig. 5g). How-
ever, IxBa phosphorylation and IxkBo degradation were
significantly impaired in CARD-KO mice (Fig. 5g). Con-
versely, after 7 days post-MI, the CARD3-TG mouse
hearts consistently exhibited increased the phosphorylation
and degradation of IxBo, compared with NTG (Fig. 5h).
Notably, the phosphorylation of P65 is essential for NF-kB
activation [50]. We also tested the effect of CARD3 on MI-
induced phosphorylation of P65. As showed in Fig. 5g, MI-
induced the phosphorylation of P65 as determined by
western blot analysis 7 days after MI were abrogated in
CARD3-KO mice. In contrast, this phosphorylation was
strengthened in CARD3-TG mice (Fig. Sh). Collectively,
these data suggest that the CARD3-mediated inflammatory
response post-MI may be partly attributable to the activa-
tion of NF-«kB cascades.

CARD3 modulates maladaptive LV remodelling
in response to MI

Importantly, cardiomyocyte loss and the resultant increase
in haemodynamic overload triggers an adaptive hypertro-
phy [31]. We therefore further examined the effects of
CARD3 on hypertrophic response post-MI. As showed in
Fig. 6a—c, the hearts of CARD3-KO mice exhibited sig-
nificantly attenuated cardiac hypertrophy 4 weeks after MI
compared with WT littermates, as evidenced by a
decreased heart weight (HW)/body weight (BW) ratio,
HWt/tibia length ratio, lung weight (LW)/BW ratio, and
cardiomyocyte cross-sectional area (CSA). However, in
response to MlI-triggered cell hypertrophy, CARD3-TG
mice exhibited remarkably increased myocyte hypertrophy
(Fig. 6g—i). Consistent with these morphological alter-
ations, the expression levels of several hypertrophic
markers [including atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and B-myosin heavy chain (-
MHC)] in the infarcted hearts were significantly down-
regulated during CARD3 knockdown (Fig. 6e) and up-
regulated during CARD3 overexpression (data not shown).

To further define the effects of CARD3 on post-infarction
cardiac remodelling, we determined the extent of reactive
fibrosis induced by MI. Heart sections were stained with
picrosirius red (PSR) to detect fibrosis. Our results revealed

that interstitial fibrosis spaces and collagen volumes were
noticeably limited in CARD3-KO hearts (Fig. 6b, d) sub-
jected to MI but were dramatically exaggerated in CARD3-
TG hearts (Fig. 6h, j). Analysis of the mRNA levels of
mediators of fibrosis, including connective tissue growth
factor (CTGF), collagen I, and collagen III were consistently
greatly suppressed in CARD3-KO mice (Fig. 6f). In contrast
to CARD3 deficiency, CARD3 overexpression remarkably
enhanced MI-induced cardiac fibrosis compared with con-
trols (data not shown). Taken together, these data imply that
the presence of CARD?3 in the heart contributes to adverse
post-infarction LV remodelling.

CARD3 mediates post-MI cardiac remodelling
via the activation of p38 pathways

The above results indicated that CARD3 may play a
detrimental role on cardiac remodelling after MI. However,
the underlying molecular mechanisms by which CARD3
exert its adverse effects on post-infarction remodelling
remains unclear. The modulation of the MAPK signalling
cascade may contribute to the myocardial response to
ischemic injury and regulate cellular events critical for
post-MI LV remodelling [1]. Therefore, we sought to
investigate whether CARD3 interferes with MAPK cascade
activation upon MI. Unexpectedly, following MI, neither
overexpression nor ablation of CARD3 in mouse hearts
changed the expression level of phosphorylated MEK1/2,
ERK1/2, and JNK1/2 (Fig. 7a, b). However, CARD3-TG
mice exhibited higher levels of phosphorylated p38 in
response to MI compared with those of NTG mice
(Fig. 7b). More importantly, MI-triggered activation of p38
was almost completely abrogated in CARD3-KO hearts
compared with WT controls (Fig. 7a). To further confirm
the positive correlation between CARD3 and p38 expres-
sion in the in vitro paradigm, cultured NRCMs were
exposed to hypoxia after infection with AdCARD3 to
overexpress CARD3 or AdshCARD3 to knockdown
CARD3. Similar to the in vivo observations, the levels of
p38 were reduced in the AdshCARD?3 cells compared with
the control AdshRNA cells (Fig. 7c). In contrast, the
overexpression of CARD3 enhanced levels of p38 com-
pared with those observed in the control cells (Fig. 7d).
These findings indicate that those activation of p38 path-
way was responsible for the CARD3-elicited deteriorative
effects on cardiac remodelling after MI.

Discussion
Herein, we have identified CARD3 as an intrinsic positive

regulator of maladaptive post-infarction remodelling and
transition to heart failure. The major novel findings of this

@ Springer



Basic Res Cardiol (2015) 110:56

56 Page 12 of 19
A
Ly6G Mac-1
-
s
s
<
i .
X
[
[a]
(4
<
(&)
C
)
-
4
s
<
E|lo
-
&
[a]
(4
<
o
E
97 owt * 61 awt
< @CARD3-KO g BCARD3-KO
o6 Eo
o2 o2
20 20
E - 3 o_& -
[] []
o 4
0
Sham  MI(1W) sham  MI(1W)
IL-1B MCP-1
G Sham MI (1W)

WT CARD3-KO WT CARD3-KO
p-Pe5 | w= = - | g5kDa
T-P65 (" W We W W w W W | 65kDa
pkBa | w w = =/ 40kDa
TAkBo [ @D @9 eup @a9 == == e ewm| 40kDa

GAPDH |uum v ww ww W0 w0 W@ W9 | 37,1,
81 owr

£ BCARD3-KO

2 61 *

¥ :

0 L

23 ¢ #

2

3 2 # l'l o
Jrm [l rm n |

@ Springer

Sham MI(1W) Sham MI(1W) Sham MI (1W)

p-P65 p-IkBa T-IkBa

M

Relative mRNA

6
= owT
=
= @CARD3-KO
2 4
®
(8]
[
_; 2 * * *
[«]
o
0
cD3 Ly6G Mac-1
MI (1W)
9 1 onte
- @CARD3-TG
3 4
(8]
g
»n
[«]
. F"._
(]
Ly6G Mac-1
MI (1W)
20 9
ONTG < QaNTG
@CARD3-TG Z @CARD3-TG
15 Z,6
o * Es
- © 3
5 o
['4
0 0
Sham MI (1W) Sham MI (1W)
L1 MCP-1
Sham MI (1W)

NTG CARD3-TG NTG CARD3-TG
p-P65 | - --w'l 65kDa
T-P65 L, - 9w ® W W ¥ 5
p-ikBa | w = we ww| 40kDa
T-IkBa |!! T | 40kDa

GAPDH | i ww W W0 W@ ww w | 37kDa
€1 onte #

£ 4, ] mCARD3-TG

0 -

°

a3 g #

i *

s 4]

- rl (e
0 -ﬂ

Sham MI(1W) Sham MI(1W) Sham MI (W)
p-P65

p-IkBa T-IkBa



Basic Res Cardiol (2015) 110:56

Page 13 of 19 56

«Fig. 5 CARD3 enhances detrimental inflammatory responses after
MI. a, ¢ Immunofluorescent staining showing the number of CD3-,
Ly6G-, and Mac-1-positive cells in the border zone of (a) WT and
CARD3-KO mice and (¢) NTG and TG mice at 1 week post-MI
(n = 3 independent experiments;). b, d The quantitative analysis of
positive cells in the border zone of (b) WT and CARD3-KO hearts
and (¢) NTG and CARD3-TG hearts post-MI (*P < 0.05 vs. WT or
NTG/MI). e, f Real-time PCR assays of IL-1B and MCP-1 in hearts
from (e) WT and CARD3-KO mice and (f) NTG and CARD3-TG
mice at 1 week after sham or MI operation (n =4 mice per
experimental group, *P < 0.05 vs. WT or NTG/sham; *P < 0.05
vs. WT or NTG/MI). g, h Representative blots and quantitative results
of the P65 and IxkBa in (g) WT and CARD3-KO mice and (h) NTG
and CARD3-TG mice after treatment with MI for 1 week (n = 4
mice per experimental group, *P < 0.05 vs. WT or NTG/sham;
#P < 0.05 vs. WT or NTG/MI). Top representative blots. Bottom
quantitative results

study are as follows: (1) CARD3 expression was signifi-
cantly up-regulated in both human IHD hearts and mouse
post-infarction hearts; (2) the MI-induced disruption of
CARD3 in the heart respond to MI resulted in cardio-
protection in terms of reduced mortality and infarct size,
and improved LV functional deterioration. Strikingly, this
protective effect in CARD3-nulled hearts is associated with
decreased cardiomyocyte apoptosis, blunted inflammatory
response, as well as impaired LV remodelling. However,
the overexpression of CARD3 in hearts subjected to MI
obviously aggravated these pathological processes post-
MI; (3) CARD3-mediated post-infarction remodelling was
largely dependent on the activation of the NF-xB and p38
signalling pathways; (4) parallel in vitro experiments
confirmed these in vivo observations. Collectively, we
have provided evidence that CARD3 plays a critical role in
the development of MI and revealed that targeting CARD3
could be a potential therapeutic strategy for preventing
maladaptive remodelling following MI.

Accumulating evidences has demonstrated that a sudden
increase in cardiomyocyte apoptosis occurs in the ischemic
hearts of both patient and animals [14, 40], and apoptosis
leads to continuous cardiomyocyte loss throughout the
entire pathological process post-MI [4]. Moreover, inhibi-
tion of cardiomyocyte apoptosis has shown potential pro-
tection against post-MI cardiac dysfunction and
remodelling [2]. The experimental findings herein show a
correlation between an increase in the frequency of apop-
tosis and the extent of infarct size. Accordingly, we
observed that reduced cardiac myocyte apoptosis con-
tributed significantly to markedly decreased infarct size in
CARD3-KO mice compared with infarcts in WT control
mice. In contrast, the overexpression of CARD3 signifi-
cantly enhances MI-induced myocyte death and infarct size
in response to MI. However, previous reports indeed have
showed that CARD3 does not influence infarct size after
myocardial ischemic injury induced by ischemia-reperfu-
sion but not permanent occlusion (used in our study). In

their study, all the mice underwent 30 min of global
ischemia followed by 120 min of reperfusion; this is an
acute MI model to study ischemia-reperfusion injury
which mimics the injury induced by coronary recanaliza-
tion or heart transplantation. However, in our present study,
the permanent occlusion was used to establish the MI
model, in which the main pathological changes were cell
death, cardiac remodelling (e.g., cardiac hypertrophy and
fibrosis). Our results showed that in the early stage (3 h),
neither CARD3-KO nor CARD3-TG affects infarct size
indicated by Evens blue staining (Supplemental Figure S1),
which is consistent with Sicard’s and Jacquet’s studies
[19, 45]. However, observing from our experiment,
CARD3 exhibits deteriorated function against heart dam-
age as early as 3 days after MI via promoting cardiomy-
ocytes apoptosis. Importantly, our investigations also
suggested that apoptotic cardiomyocyte loss early after
ischemic injury indeed contributes to cardiac remodeling
and failure. After 4 weeks of MI, numerous of cardiac cell
death are responsible for infarct size enlargement in the
WT mice and NTG mice, and CARD3 deficiency signifi-
cantly inhibits MI-induced cell death and infarct size
enlargement, whereas CARD3 overexpression remarkably
aggravate these processes. Thus, Sicard’s and Jacquet’s
studies and our results were mutually complementary
rather than exclusive. In support of our observations, pre-
vious studies have suggested that in other cell lines, such as
the MCF7 breast cancer cells and human embryonic kidney
cells, the overexpression of CARD?3 also leads to enhanced
apoptosis [32]. Moreover, mutational analysis revealed that
the CARD domain is both sufficient and necessary for
CARD3-mediated apoptosis [32]. Thus, CARD3 may serve
as a positive regulator for apoptosis after MI. Importantly,
our observation of an increase in the number of apoptotic
cells in the myocardium of CARD3-TG mice support the
hypothesis that cardiomyocytes die, in part through an
apoptotic pathway, following acute MI. Furthermore, it has
been demonstrated that cardiomyocytes have a very large
energy requirement and contain the highest density of
mitochondria of all mammalian cells [39]. In healthy cells,
their primary function is providing ATP through oxidative
phosphorylation. However, under stress signals, including
hypoxia, oxidative stress and DNA damage, mitochondria
acts as central regulators of apoptosis [12]. Severe ischemia
during MI can promote permeabilization of the mitochon-
drial outer membrane, causing the release of pro-apoptotic
signalling molecules, such as cytochrome c, apoptotic
protease-activating factor 1, and endonuclease G, thereby
activating the apoptotic pathway [4]. Moreover, the per-
meability of mitochondrial membrane is strictly regulated
by a family of proteins known as the Bcl-2 family,
including Bcl-2, Bax, Bid, Bak, etc. [57]. Indeed, our
in vivo and in vitro data revealed that the presence of
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Fig. 6 CARD3 mediates maladaptive cardiac remodelling following
MI. a The HW/BW, LW/BW, and HW/TL ratios determined in WT
and CARD3-KO mice after sham or MI treatment (n = 8—11 mice per
experimental group). b Histological analysis using H&E and PSR
staining in WT and CARD3-KO mice at 4 weeks after MI surgery
(n = 5-8 mice per experimental group, scale bars 20 um for H&E
staining, scale bars 50 pm for PSR staining). ¢ The statistical results
for the ratios of cross-sectional area (CSA, n = 100 + cells per
experimental group). d Statistical results for LV collagen volume (%)
(n = 25 + fields per experimental group). e Real-time PCR analyses
of the hypertrophic markers ANP, BNP, and B-MHC induced by MI
in WT and CARD3-KO mice (n = 4 mice per experimental group).

CARD?3 in the hearts significantly enhanced the activation
of terminal effector caspase, cleaved caspase-3, and indi-
cated that cardiomyocyte apoptosis in post-MI hearts is
associated with decreased Bcl-2 level and increased Bak
and Bid levels. Thus, CARD3-mediated apoptosis in car-
diomyocytes may occur primarily via the mitochondrial
apoptosis pathway.

It has been well documented that innate immune and
inflammatory responses are involved in the pathophysio-
logical processes of myocardial ischaemic injury [8, 47].
Cardiomyocyte death results in marked induction of
chemokines and cytokines in the infarcted myocardium,
where they recruit and activate neutrophils and mononu-
clear cells [35]. During the inflammatory phase, infiltration
by inflammatory cells, particularly neutrophils and mac-
rophages, is followed by degradation of extracellular
matrix constituents and the scavenging of dead cardiac
myocytes and their debris [10]. Indeed, we discovered
remarkable neutrophil, macrophage, and lymphocytes
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CTGF

Collagen Ill

f Real-time PCR analyses of fibrotic markers (collagen I, collagen III,
and CTGF) in the indicated groups (n = 4 mice per experimental
group). g The ratios of HW/BW, LW/BW, and HW/TL (n = 8-10
mice per experimental group) in the NTG and CARD3-TG mice at
4 weeks after sham or MI surgery. h Histological analyses of the
H&E and PSR staining of the indicated groups at 4 weeks after MI
surgery (n = 5-7 mice per experimental group; scale bar 20 mm for
H&E staining, scale bar 50 mm for PSR staining). i, j Statistical
results for the ratios of (i) CSA (n = 100 + cells per experimental
group); (j) LV collagen volume (n = 25 + fields per experimental
group). ¥*P < 0.05 versus WT or NTG/sham; #P < 0.05 versus WT or
NTG/MI

infiltration in the infarcted hearts at 7 days after MI, with
these cells constituting the acute post-MI inflammatory
response after MI. Consistent with their central role in
triggering inflammation, the levels of pro-inflammatory
cytokines, such as IL-1p and MCP-1, were also obviously
increased in TG-MI mice but reduced in KO-MI mice,
compared with their respective counterparts. These results
indicate that myocyte CARD3 activation was essential for
the inflammatory response in the infarcted heart. Moreover,
the activation of NF-xB is thought to be a strong inducer of
the expression of these pro-inflammatory cytokines [48],
and activated NF-xB has been detected in post-MI
remodelling [36]. In this regard, our experimental finding
further showed that CARD3 promotes NF-xB signalling by
regulating IxBo phosphorylation and degradation. Such
findings are consistent with a previous study that CARD3
induces IKKYy/NEMO ubiquitinylation, thereby controlling
NF-xB activation [17]. Moreover, Levin et al. [23]
demonstrated that CARD3 deficiency prevented local and
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systemic inflammation in atherosclerosis. More impor-
tantly, it was recently demonstrated that the regulation of

CARD3 involves a novel feed-forward regulatory
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or NTG/sham; #*P < 0.05 vs. WT or NTG/MI). ¢, d Representative
western blots of p38 in (¢) AdshCARD3 or (d) AJCARD3 after
normoxia or hypoxia for 48 h (n = 4 independent experiments,
*P < 0.05 vs. AdshRNA or AdGFP/normoxia; "P < 0.05 vs.
AdshRNA or AdGFP/hypoxia). Top representative blots. Bottom
quantitative results

mechanism. Specifically, CARD3 positively regulates NF-
kB activity, and the inflammatory cytokines that activate
the NF-kB pathway induce increased CARD3 expression
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[55]. Thus, our results suggest that CARD3 expression is
involved in the activation of NF-kB, resulting in exacer-
bation of the inflammatory response and subsequent
myocardial damage post-MI.

Adverse LV remodelling is known to contribute to
morbidity and mortality after MI. This process includes a
combination of concentric and eccentric hypertrophy, car-
diac fibrosis, and subsequent LV dysfunction, leading to
heart failure [37]. Indeed, myocyte death within the
infarcted and non-infarcted myocardium plays an intricate
role not only in the infarction expansion and thinning but
also in cell slippage in the non-infarcted myocardium.
These effects permit longitudinal hypertrophy and resulting
LV cavity dilation [37, 54]. In this investigation, we found
that 28 days post-MI, CARD3-overexpressing mice
exhibited significantly increased cardiomyocyte cell size
and LV hypertrophy, which was associated with impaired
contractile function. By contrast, CARD3-deficient mice
were shown to be resistant to MI-induced cardiac hyper-
trophy and LV dysfunction. These observations suggest
that these detrimental effects of CARD3 on LV remod-
elling may be due, at least in part, to pro-hypertrophic
effects. In that case, the sustained presence of cytokines
also may lead to myocyte phenotype transition and the
activation of extracellular matrix, which further augments
the remodelling process, including collagen turnover and
scar contraction [51]. Therefore, we then examined inter-
stitial fibrosis, an additional key contributor to the devel-
opment of LV remodelling. Such fibrosis could be
attributable to positive regulation of well-known pro-fi-
brotic factors, such as TGF-B1, collagen I, and collagen III.
In support of this hypothesis, Du et al. [5] reported that the
specific blockage of CARD3 by MS80 effectively inhibits
both collagen synthesis and the excessive proliferation of
fibroblasts in pulmonary fibrosis. In summary, our data
suggest that CARD3 may positively regulate maladaptive
post-MI ventricular remodelling and accelerate heart
failure.

As outlined above, underlying the structural and geo-
metric changes of LV remodelling are multiple cellular and
molecular events that may occur within heart tissue after
MI [9]. Considerable evidence exists to indicate that the
activation of the MAPK signalling pathway is of great
importance for the process of pathological cardiac remod-
elling after MI [34]. The MAPK cascade comprises a
sequence of successive kinases, including p38, JNKs, and
ERKSs. In the minutes after experimental MI, ERK1/2,
JNK1/2 and p38 MAPK are all activated in both the
ischemic myocardium and unaffected portions of the LV of
animals [16, 42, 43, 56]. Hence, we evaluated the activa-
tion status of the MAPK pathway in our MI models. We
found that neither the overexpression nor ablation of
CARD?3 in infarcted hearts altered the protein levels of
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phosphorylated MEK-ERK1/2 or JNK1/2 in response to
MI. In contrast, p38 levels were greatly enhanced in
CARD3-TG mice and reduced in CARD3-KO mice upon
MI. Notably, these results are consistent with a previous
study, which demonstrated that p38 MAPK activation
contributes to progressive LV remodelling post-MI and the
transition to heart failure [6]. Importantly, p38 may regu-
late myocyte apoptosis, inflammation, hypertrophy, and
fibroblast proliferation in vitro [44]. The inhibition of p38
or its signalling has been shown to attenuate ventricular
damage and remodelling after MI [28, 44]. However, the
role of p38 in MI is particularly controversial. Numerous
studies have indicated that activation of the p38 pathway
plays detrimental roles in MI, while other studies suggest
that p38 activation is cardio-protective [52]. Martindale
et al. [29] demonstrated that the activation of p38 in the
heart led to small heat-shock protein phosphorylation
associated with enhanced protection against ischemia/
reperfusion injury. The underlying mechanism for the
differential function of p38 remains a puzzle. We postulate
that it may be related to differences in experimental
models, differences in the strain of mice, and differences in
time after ischemia. Alternatively, p38 activation appears
to be an important step in the translocation and activation
of the nuclear transcription factor NF-xB, which in turn
may be involved the induction of expression of a variety of
stress-inducible genes [30]. In the macrophages of
CARD3-deficient mice, the activation of NF-kB and the
phosphorylation of the MAPK p38 are impaired in
response to stimulation with LPS [49]. In addition to its
role in inflammation, the NF-«xB signalling pathway has
also been shown to be an essential contributor to mal-
adaptive LV remodelling and functional deterioration fol-
lowing MI [36]. Notably, although the extracellular stimuli
activated in response to MI may be diverse, there is
emerging evidence that these stimuli may converge upon
common intracellular pathways to regulate gene expression
and protein function [9]. Consequently, involvement of p38
and NF-xB signalling molecules mediated LV remod-
elling; thus, CARD3 can partly explain the effects of an
acute ischemic event. However, we cannot explicitly state
whether cross talk exists between p38 and NF-kB pathway
in the development of cardiac remodelling after MI. In this
regard, further detailed studies are needed to examine the
precise role of CARD3 in the process of pathological
cardiac remodelling after MI.

In conclusion, the described in vivo and in vitro
experiments demonstrate that the overexpression of
CARD3 aggravates MI-induced apoptosis, inflammation,
hypertrophy, fibrosis, and heart failure via positive regu-
lation of NF-xB and p38 signalling. Conversely, the
knockdown of CARD3 mitigates the development of car-
diac remodelling after MI. This study on CARD3 may
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advance our understanding of the molecular mechanisms
underlying MI-triggered cardiac remodelling and thereby
provide a new strategy to prevent/treat pathological cardiac
remodelling after MI.
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