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Abstract MCP-1-induced protein (MCPIP, also known
as ZC3HI12A) has recently been uncovered to act as a
negative regulator of inflammation. Expression of MCPIP
was elevated in the ventricular myocardium of patients
with ischemic heart failure. However, the role of MCPIP
in the development of post-infarct cardiac inflammation
and remodeling is unknown. The objective of the present
study was to investigate whether MCPIP exerts an in-
hibitory effect on the cardiac inflammatory response and
adverse remodeling after myocardial infarction (MI).
Mice with cardiomyocyte-specific expression of MCPIP
and their wild-type littermates (FVB/N) were subjected to
permanent ligation of left coronary artery. The levels of
MCPIP were significantly increased in the ischemic my-
ocardium and sustained for 4 weeks after MI. Acute in-
farct size was comparable between groups. However,
constitutive overexpression of MCPIP in the murine heart
resulted in improved survival rate, decreased cardiac hy-
pertrophy, less of fibrosis and scar formation, and better
cardiac performance at 28 days after MI, along with a
markedly reduced monocytic cell infiltration, less cy-
tokine expression, decreased caspase-3/7 activities and
apoptotic cell death compared to the wild-type hearts.
Cardiomyocyte-specific expression of MCPIP also at-
tenuated activation of cardiac NF-xB signaling and ex-
pression of inflammation-associated microRNAs (miR-
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126, -146a, -155, and -199a) when compared with the
post-infarct wild-type hearts. In vitro, MCPIP expression
suppressed hypoxia-induced NF-xB-luciferase activity in
cardiomyocytes. In conclusion, MCPIP expression in the
ischemic myocardium protects against adverse cardiac
remodeling and dysfunction following MI by modulation
of local myocardial inflammation, possibly through
mitigating NF-xB signaling and suppressing inflamma-
tion-associated microRNA expression.
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Introduction

Adverse cardiac remodeling after myocardial infarction (MI)
is a major factor contributing to the development of chronic
heart failure. Extensive experimental evidence suggests
persistent activation of the innate immune system is con-
sidered to be deleterious to the heart, although the initial
immune response provides a short-term adaptive response to
limit the cardiac injury [1, 14, 18, 28, 30]. In the infarcted
heart, an excessive inflammatory activation is sufficient to
cause maladaptive remodeling, by inducing death of sur-
viving cardiomyocytes and enhancing ischemic myocardial
injury [3, 9, 14, 22, 37]. All cells within the heart have the
capacity to cause inflammatory response after being acti-
vated by activation of toll-like receptors (TLRs) and nuclear
factor-kappaB (NF-kB) signaling pathways [14, 15, 28, 54].
Cardiomyocytes comprises about 20-30 % of all cells
within the heart, and they also express TLRs and can be a
significant source of innate immune responses [12, 15, 17,
29]. Extensive experimental evidence by gain- and loss-of-
function studies suggests that persistent NF-xB activation in
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cardiomyocytes can cause cardiomyopathy and heart failure
by mounting a robust inflammatory response that is common
in the context of ischemic injury [17, 29, 58]. Various ap-
proaches that minimize inflammation to the heart have been
shown to improve left ventricular remodeling and dysfunc-
tion following MI. For example, the TLR/IL-1 response
inhibitor IRAK-M [7], and the NF-kB inhibitor A20 [25],
were reported to attenuate post-infarction remodeling by
negatively regulating the post-infarction inflammatory re-
sponse. Such proteins, therefore, offer a unique ability to
prevent the deleterious consequences of uncontrolled in-
flammation on post-MI tissue homeostasis and remodeling.
Monocyte chemoattractant protein-1 (MCP-1)-induced
protein (MCPIP, also known as ZC3H12A or Regnase-1)
was first identified as a ZCCCH-zinc finger protein which
manifests a transcription factor-like activity [59], and
regulates several biological function such as angiogenesis
[39, 44, 47] and adipogenesis [57]. MCPIP is primarily
expressed in monocytes and macrophages, and its tran-
scription is rapidly induced in various types of cells upon
NF-kB activation [49]. Recently, it has been revealed that
MCPIP acts as a suppressor of cytokine signaling to
modulate inflammation by negatively regulating NF-xB
activation through its deubiquitinase activity [26] and/or by
destabilizing a set of mRNAs encoding for inflammatory
cytokine including IL-6 and IL-12p40 through its RNase
activity [33, 49]. Intriguingly, MCPIP was also found to
counteract Dicer by cleaving the terminal loops of pre-
microRNAs (miRs), thus suppressing biosynthesis of ma-
ture miRs [52] that are recognized to regulate immune
system homeostasis and cardiac remodeling [45, 48, 53].
Hence, MCPIP appears critically positioned at the interface
to restrain inflammatory reaction. Given that the elevated
expression of MCPIP in human myocardium with end-
stage ischemic heart disease [59], we have investigated the
potential role of MCPIP in regulating the post-infarction
inflammatory response and cardiac remodeling. Here, we
report that expression of MCPIP is up-regulated in murine
ischemic hearts. Cardiomyocyte-targeted expression of
MCPIP attenuates adverse post-MI remodeling and dys-
function, through modulation of local myocardial inflam-
matory reaction by inhibition of NF-kB activation and
inflammation-associated miR production, indicating that
up-regulation of MCPIP in ischemic myocardium may
contribute to mitigate post-MI inflammatory response.

Methods
Animals

Transgenic mice (TG) with cardiac-specific expression of
MCPIP were generated from the FVB/N strain under the
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control of o-myosin heavy chain promoter as described
previously [42], and maintained in the Animal Facility at
the University of Central Florida. FVB/N littermates were
purchased from Harlan (Indianapolis, IN, USA) and served
as wild-type (WT) controls. There was no obvious
qualitative difference in the myocardial morphological and
function between the WT and TG mice [42]. Male mice,
10-12 weeks old, were used for experiments. The ex-
perimental procedures in mice and protocol used in this
study were approved by Animal Care and Use Committee
of the University of Central Florida, in accordance with the
Guide for the Care and Use of Laboratory Animals (In-
stitute of Laboratory Animal Resources, 1996).

Surgical procedures of myocardial infarction

Mice were anesthetized with isoflurane (AErrane, Baxter,
USA) and intubated with 20-gauge catheter, then placed in
a supine position on a temperature-controlled heated pad to
maintain body temperature at 37 °C. The tracheal tube was
connected to a rodent ventilator (Harvard) at a rate of 120
per minute, tidal volume of 0.2 ml mixture of room air with
2.0 % isoflurane and 1.0 % oxygen. After left anterior
thoracotomy and dissection of the pericardium, the left
anterior descending (LAD) artery was ligated with a 7-0
polypropylene suture (Ethicon) between the left atrial ap-
pendage and the right ventricular outflow. Successful LAD
occlusion was confirmed by local wall motion abnormality
and myocardial color changes from bright red to white. The
thoracic incision was closed using 6-0 Prolene sutures to
adapt the ribs and 4-0 Prolene sutures were used to close
the skin. Sham-operated animals were subjected to the
same procedures without the LAD ligation and served as
surgical controls. All operations were performed under an
upright dissecting microscope. To assess the post-infarct
mortality, mice were followed up and inspected daily from
24 h up to 28 days after surgery.

Assessment of cardiac function

The survival animals was followed up for 28 days to ob-
serve the heart failure syndromes such as respiratory stress,
ascites, inactivity and hunched posture, and left ventricle
(LV) function was assessed under anesthesia with inhala-
tion of 1.5 % isoflurane via a nose cone before surgery and
after 28 days of LAD ligation by echocardiography, using
a 15 MHz probe (Sonos 4500, Philips) as we described
previously [38].

Histological and histomorphometric assessment

The extent of infarcted myocardium after 24 h of LAD li-
gation was determined by 1 % triphenyl tetrazolium
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chloride (TTC) (Sigma-Aldrich, St. Louis, USA) staining,
after 1 % Evans blue dye was injected into the coronary
circulation. After 28 days of LAD ligation, the hearts were
collected, fixed in 10 % (V/V) buffered formalin and em-
bedded in paraffin for histological analysis or snap frozen in
liquid nitrogen and stored at —80 °C for RNA and protein
extraction. For investigating infract size and myocardial fi-
brosis, equatorial regions of the heart (each heart was cut
transversely into 3 pieces) were routinely processed and
paraffin embedded. Sections were stained with hematoxylin
and eosin, and Masson’s Trichrome using standard protocols
for histomorphometric analysis. At least one section from
each of three pieces of heart sample was examined. Infarct
scar size was measured as a percentage of scar length to total
LV circumference. Quantitative assessments for myocardial
fibrotic area were performed on five sections in five ran-
domly selected fields per section and expressed as interstitial
collagen volume fraction using computerized imaging soft-
ware (NIS-Elements AR 3.10) as described previously [38].
The expression of collagen type I in the ischemic my-
ocardium was examined by immunohistochemistry using
anti-collagen I antibody (L-19; Santa Cruz Biotechnology)
and a peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology). Peroxidase activity was visualized
with DAB (diaminobenzidine, BD Biosciences), and scored
semi-quantitatively by assigning a proportion score and an
intensity score as we described previously [40]. The extent
of cardiomyocyte hypertrophy was determined on Masson’s
trichrome-stained transverse sections by measurement of the
cardiomyocyte cross-sectional area using optical cursors
with computerized imaging software. Cells with central
nuclei as judged by eye were chosen for measurements. Cell
death by apoptosis was assessed by terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) using the In Situ Cell Death Detection Kit, TMR
red (Roche Diagnostics) as described previously [44]. Then,
the slides were washed in PBS and stained with anti-sar-
comeric o-actin antibody (Abcam Inc.) overnight at 4 °C
followed by incubation with an FITC-conjugated secondary
antibody (Chemicon International) in the dark at room
temperature. The slides were washed in PBS and mounted
with DAPI (Vector Laboratories). The total TUNEL-posi-
tive cells were calculated in five randomly selected fields for
each animal, and six to eight animals were studied per
group. The activity of caspase-3/7 was also determined us-
ing the Apo-ONE homogenous caspase-3/7 Assay kit (Pro-
mega) as described previously [44].

Immunohistochemistry and quantitative molecular
pathology

Cell infiltration in the myocardium was examined by im-
munohistochemistry with FITC-conjugated anti-mouse

CD11b/CD18 (Mac-1) and anti-mouse Mac-3 antibodies
(Cedarlane Labs) overnight at 4 °C. Neovascularization in
the ischemic myocardium was assessed by immunostaining
with anti-platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31) antibody (LifeSpan BioSciences) over-
night at 4 °C and then with a Cy3-conjugated secondary
antibody (Chemicon International). NF-xB activation in the
ischemic myocardium was examined by immunostaining
with anti-NF-kB p65 antibody (Santa Cruz Biotechnology)
overnight at 4 °C and then with a Cy3-conjugated secondary
antibody and nuclei were stained with DAPI (Vector
Laboratories). All stained sections were subsequently
washed in PBS, mounted and analyzed with a fluorescence
microscopy equipped with a Nike digital camera and com-
puterized imaging software. Five to ten different fields from
three randomly selected sections per heart were used
for quantitative analysis of cell infiltration, NF-xB p65 nu-
clear translocation and neovascularization in the infarcted
myocardium, and five to six animals were examined per

group.

RNA isolation and quantitative real-time RT-PCR
(qRT-PCR)

Total RNA was extracted from myocardium using the
miRCURYTM RNA isolation kit (Exiqon). The isolated
RNA can be used for miR as well as mRNA analysis.
cDNA synthesis for miR analysis was performed using the
Universal MicroRNA c¢cDNA Synthesis Kit II according to
the manufacturer’s protocol (Exiqon). cDNA for mRNA
analysis was performed using the High Capacity cDNA
Reverse Transcription Kit according to the manufacturer’s
protocol (Applied Biosystems). qRT-PCR was carried out
in a 7500 Fast Real-time PCR system. All samples were
run in duplicate. Relative expression was calculated using
the comparative threshold cycle (Ct) method as we de-
scribed previously [44].

gRT-PCR analyses for the mRNAs of MCPIP, TNF-q,
IL-1B, IL-6, and B-actin were performed using Fast SYBR®
Green Master Mix (Applied Biosystems) reagents with the
following parameters: 95 °C for 30 s followed by 40 cycles
of 95 °C, 5 s, 60 °C, 5 s, and 72 °C, 30 s. The mRNA level
of B-actin was used as an internal control. The primers used
were as follows: MCPIP: 5-TGAGCCATGGGAAGAAGG
AAGTCT-3' and reverse, 5'-TGTGCTGGTCTGTGATAG
GCACAT-3; TNF-o: forward 5-GTGGAACTGGCAGAA
GAGGC-3' and reverse, 5-AGACAGAAGAGCGTGGTG
GC-3'; IL-1B: forward, 5'-GGAAGATTCTGAAGAAGAG
ACGG-3' and reverse, 5-TGAGATTTTTAGAGTAACA
GG-3'; IL-6: forward, 5'-ACAAGTCGGAGGCTT AATTA
CACAT-3' and reverse, 5'-AATCAGAATTGCCATTGCA
CAA-3'; B-actin, forward, 5-ATGTTTGAGACCTTCAA
CA-3' and reverse, 5'-CACGTCAGACTTCATGATGG-3'.
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qRT-PCR analyses for detection of miR-126, -146a,
-155, -199a were performed using ExiLEMT SYBR®
Green Master Mix (Exiqon) reagents. The primers for
mature miR-126, -146a, -155, -199a, and U6 reference
primers were obtained from Exiqon Inc. PCR reactions
were performed using the following parameters: 95 °C for
2 min followed by 40 cycles of 95 °C, 15 s, and 60 °C,
30 s. U6 small nuclear RNA was used as endogenous
control for data normalization.

Immunoblotting analysis

Myocardial cytosolic and nuclear proteins were extracted
from mice myocardium with ice-cold tissue lysis buffer as
we described previously [44]. Equal amounts of proteins
were run on 12 % SDS-PAGE and transferred to nitrocel-
lulose membranes. After blocking, membranes were incu-
bated with the following primary antibodies: polyclonal
rabbit anti-TNF-a, polyclonal rabbit anti-IL-1f, polyclonal
rabbit anti-IL-6 (Santa Cruz Biotechnology), polyclonal
rabbit anti-IkBa, anti-phospho-IkBo, anti-p65 (Cell Sig-
naling Technology), and polyclonal goat anti-actin (Sigma)
antibodies. The immune complexes were detected using
appropriate peroxidase-labeled secondary antibodies (Santa
Cruz Biotechnology) and chemiluminescence ECL kit
(Amersham). Specific bands were quantified by den-
sitometry using Alpha imager 2200 software.

Cell transfection and in vitro cardiomyocyte studies

H9c2 cardiomyocyte cells (CRL-1446; American Type
Culture Collection, Manassas, VA, USA) were seeded at a
concentration of 1.0 x 10 cells per well in six-well plates,
and cotransfected with 1 pg of MCPIP plasmid DNA and
1 pg of NF-xB-luciferase reporter construct using the
FuGENE 6 Transfection Reagent (Roche Applied Science,
Indianapolis, IN, USA) in serum-free cell culture media as
we described previously [43]. An expression plasmid of
pSV40-B-galactosidase was also added as control for
transfection efficiency. After 24 h exposure to the trans-
fection mixture, the media on the transfected cells were
removed and cells were subjected to hypoxia (1 % O,,5 %
CO,) in a HERAcell 150 CO, incubator with O, control
(Thermo Fisher Scientific, Waltham, MA, USA) for 24 h
under serum-free culture. Then, cells were harvested in
passive lysis buffer (Promega) and luciferase activity was
measured using the reporter luciferase assay system (Pro-
mega) and normalized to control B-galactosidase activity.
Detailed description for the expression plasmids for
MCPIP and its empty control vector was reported previ-
ously [59].

The neonatal murine cardiomyocytes were isolated from
hearts removed from decapitated 1- to 3-day-old WT and
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TG mice as described previously [S1]. Myocytes were
enriched by the differential attachment to remove non-
cardiomyocytes and seeded on a 96-well microtiter plates
at a density of 1.0 x 10° cells/well. Cells were cultured in
a5 % CO, atmosphere with DMEM containing 5 % fetal
calf serum, 200 uM L-glutamine, and penicillin/strepto-
mycin. To determine the activity of NF-«xB, cells were
cotransfected with 1 pl of NF-kB reporter and 1 pl of
negative control reporter (NF-xB reporter kit, BPS Bio-
science) using Lipofectamine 2000 (Life Technologies) in
serum- and antibiotic-free Opti MEM I medium. After 24 h
exposure to the transfection mixture, cells were subjected
to hypoxia treatment for 24 h as described above. Lu-
ciferase activity was measured using Dual-Glo luciferase
assay system (Promaga) by reading on an Envision Lu-
minometer (Perkin Elmer) and expressed as the ratio of the
firefly luminescence from the NF-kB reporter to Renilla
luminescence from the control Renilla vector.

For visualization of NF-xB translocation, neonatal
murine cardiomyocytes isolated from 1- to 3-day-old WT
and TG mice were subjected to hypoxia treatment for 24 h
as described above, fixed with 4 % paraformaldehyde,
permeabilized with 0.1 % triton X-100, then immunos-
taining with an anti-NF-xB antibody directed against the
p65 subunit (Cell Signaling Technology) overnight at 4 °C,
followed by decoration with a FITC-conjugated secondary
antibody (Chemicon International), and analyzed with a
fluorescence microscopy equipped with a Nike digital
camera and computerized imaging software.

Statistical analysis

All values are presented as mean =+ standard deviation.
Student’s ¢ tests were used to compare means between two
groups. Comparison of survival was performed by using a
Kaplan—Meier method followed by the log-rank test. Sig-
nificant differences between treatment groups were deter-
mined by two-way analysis of variance for multiple
comparisons. A p value <0.05 was considered significant.

Results

Ischemic stress induces MCPIP expression
in murine hearts

To investigate whether ischemia causes the expression of
MCPIP in the hearts in vivo, we examined the levels of
MCPIP in the hearts of WT mice after LAD ligation. The
levels of MCPIP mRNA were significantly greater in early
post-MI hearts (14 days) than in sham-operated controls,
and the levels, although began to decline, were still high in
28 days post-MI hearts (Fig. 1a). Expression of MCPIP in
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the ischemic myocardium was confirmed by immunohis-
tochemistry with MCPIP antibody, whereas no signal was
detected with the IgG control probe (Fig. 1b). Cardiac
myocytes and the infiltrated inflammatory cells in the heart
were defined as the main cellular source of MCPIP ex-
pression. Immunoblots show that protein levels of MCPIP
were markedly increased after MI compared to the sham
controls (Fig. 1c). To further confirm the specific expres-
sion of MCPIP in the myocardium, the levels of MCPIP in
cardiac tissues from WT, MCPIP knockout (KO), and
transgenic (TG) mice were assessed by RT-PCR and
Western blotting with the MCPIP-specific polyclonal an-
tibody. Hearts from MCPIP TG mice markedly expressed
MCPIP at mRNA and protein levels compared to WT mice,
whereas no MCPIP expression was observed in the my-
ocardium of MCPIP KO mice (Fig. 1d, e). The overall
increase in MCPIP expression for the TG mice was about

tenfold compared to WT sham control, and the levels of
myocardial MCPIP mRNA in the TG mice showed no
significant changes after MI (Fig. 1f).

Enhanced MCPIP expression improves post-MI
survival and adverse cardiac remodeling

To examine the effect of MCPIP on ischemic heart, mice
with cardiomyocyte-targeted expression of MCPIP and
their littermates were subjected to permanent LAD ligation
or a sham operation. Evans blue/TTC staining demon-
strated that acute infarct size after 24 h of LAD ligation
was comparable between WT (37.6 = 1.8 %, n = 5) and
TG mice (38.2 &= 1.6 %, n = 5). The survival of animals
after MI was followed up for 28 days and the post-MI
survival rates of WT and TG mice were compared. TG
mice had significantly greater survival after MI compared
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Fig. 1 MCPIP is up-regulated in the infarcted mouse heart. a WT
mice were subjected to permanent ligation of LAD and expression of
MCPIP in the infarcted hearts was examined by qRT-PCR at days 7,
14, and 28 after MI. Data were normalized to the sham-operated
controls. *p < 0.05 versus the respective values of sham, n = 5.
b Representative photomicrographs of immunohistochemical staining
for myocardial MCPIP expression (brown) in the WT mice at day 14
after MI. ¢ Proteins were extracted from pooled hearts of three
animals, separated on 12 % SDS-PAGE, transferred onto a nitrocel-
lulose membrane, and probed with anti-MCPIP polyclonal antibody.
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Densitometric quantification of immunoblot bands from pooled mice
hearts normalized by P-actin protein levels. *p < 0.05 versus the
respective values of sham controls. d, e Total RNA and proteins were
isolated from pooled hearts of three animals and assayed by RT-PCR
and immunoblots. *p < 0.05 versus the respective WT and MCPIP
KO mice. f Transgenic mice hearts were subjected to permanent
ligation of LAD for 7, 14 and 28 days and total RNA was isolated
from pooled hearts of three animals, and changes in MCPIP
expression were examined by qRT-PCR. Data were normalized to
the sham-operated WT controls
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Fig. 2 Cardiomyocyte-specific expression of MCPIP improves post-
infarct survival and ischemic cardiomyopathy. a Kaplan—-Meier graph
of survival showed improved survival of MCPIP TG mice
(»p =0.039; 76 % survival, n = 23) compared with WT mice
(54 % survival, n = 24) after ligation of LAD for 28 days. b Heart
weight/body weight ratio of WT and MCPIP TG mice at post-MI for
28 days. *p < 0.05 versus the respective sham controls. *p < 0.05
versus WT MI, n = 7 in each group. ¢ Representative photomicro-
graphs of the infarcted hearts at 28 days post-MI and stained with
Masson’s trichrome. The infarct scar size was determined as a
percentage of the scar length (blue) to total LV circumference (blue
plus red) and showed a significant reduction in scar size in MCPIP TG
mice. *p < 0.05 versus WT MI, n = 7 in each group. d Representative

with WT mice (76 versus 54 %, p < 0.05; Fig. 2a). 7 of 24
WT mice (29.2 %) and 4 of 23 TG mice (17.4 %,
p < 0.05) died of LV rupture, which occurred frequently
within 3-5 days post-MI. At 28 days after MI, the heart/-
body weight ratio (HW/BW) was lower in TG mice com-
pared to WT mice (Fig. 2b). Histological analyses based on
the trichrome-stained sections showed that the average scar
size after 28 days MI was 37.8 & 3.2 % in WT mice but
only 27.9 £ 4.6 % in TG mice (Fig. 2c). Interstitial fi-
brosis was present in both WT and TG mice following MI,
and the extent of fibrosis in the infarcted TG mice was
much less than the infarcted WT mice (Fig. 2d). Quanti-
tative assessments for fibrotic area showed a significant
decrease in collagen volume fraction in the infarcted TG
mice compared to the infracted WT mice (Fig. 2d). Ana-
lysis of the mRNA levels of fibrotic factors, such as
transforming  growth  factor-Bl1  (TGF-B1), matrix
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MMP-9 TIMP-1

photomicrographs of Masson’s trichrome-stained cardiac tissue
sections show the interstitial fibrosis at 28 days following MI, and
the bar graphs represent the quantitative analysis of the interstitial
fibrosis in both WT and MCPIP1 TG mice hearts. *p < 0.05 versus
WT MI, n = 7 in each group. e Expression of fibrotic factors TGF-
1, MMP-9, and TIMP-1 in the myocardium following ligation of
LAD for 28 days was determined by qRT-PCR. *p < 0.05 versus the
respective sham controls; #p < 0.05 versus WT MI, n = 7 in each
group. f Representative analysis of cardiac sections stained with
collagen 1 (brown) and histogram showing a significant reduction of
collagen 1 deposition in the myocardia of post-MI TG mice.
*p < 0.05 versus WT MI, n = 4 in each group

metalloproteinase-9 (MMP-9) and tissue inhibitor of matrix
metalloproteinase-1 (TIMP-1), showed a marked increase
in the infarcted WT mice, whereas this increase in TGF-f1,
MMP-9 and TIMP-1 was attenuated in the infarcted TG
mice (Fig. 2e). Immunohistochemical staining also re-
vealed lower immunoreactivity for collagen I in the my-
ocardium of post-MI TG mice compared to the post-MI
WT mice (Fig. 2f). Cardiac function was evaluated on day
28 after MI with echocardiography. Examples of M-mode
echocardiogram obtained from WT and TG mice at
28 days after surgery are presented in Fig. 3a. In contrast
to the sham-operated animals, permanent LAD ligation
resulted in LV dilatation and functional impairment in both
WT and TG mice. However, TG mice exhibited a better
preservation of LV function and geometry as demonstrated
by the greater fractional shortening with less ventricular
dilatation compared to WT mice (Fig. 3b). Collectively,
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Fig. 3 Cardiomyocyte-specific A
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expression of MCPIP improves
post-infarct cardiac dysfunction.
a Representative M-mode
echocardiograms from WT and
age-matched MCPIP TG mice
show changes in LV dimensions

Anterior wall
LV cavity

Posterior wall

after MI. b Quantitative analysis

of the echocardiographic
findings in WT and MCPIP TG
mice after MI for 28 days.

Anterior wall

LVEDD, LV end-diastolic LV cavity
dimension; LVESD, LV end-
systolic dimension; LVPWD, Fosteniarweh
LV end-diastolic posterior wall B
dimension
Sham Ml
WT TG WT TG
n 8 7 8 8
Heart rate, beats/min 487+ 36 496+ 28 502+ 26 501+ 32
LVEDD, mm 3.45:0.07 3.47:0.06 3.98:0.06" 3.78+0.05*"
LVESD, mm 1.64+0.06 1.69+0.14 2.77+0.21% 2.34+0.11*
LVPWD, mm 0.78+0.07 0.77+0.08 1.31+0.05* 1.05% 0.10"”
Fractional shortening, % 52.142.4 51.9+16 30.5:4.9% 38.2:24%

Cardiac function was measured by echocardiography at 4 weeks after Ml.
Data are presented as means  SD.
*p < 0.05 versus sham surgery; *p < 0.05 versus the WT Ml group.

these results indicate that enhanced expression of MCPIP
attenuated post-MI adverse remodeling and dysfunction.

Enhanced MCPIP expression reduces myocardial
hypertrophy and apoptosis following MI

Cardiomyocyte cross-sectional area was measured to
evaluate the extent of myocardial hypertrophy at 28 days
following MI. The infarcted TG hearts displayed a much
smaller cardiomyocyte cross-sectional area compared to
the infarcted WT hearts (Fig. 4a). Consistent with this
finding, qRT-PCR analysis using 28-day post-MI samples
detected a markedly reduced expression of atrial natriuretic
factor (ANF), a major hypertrophic marker, in the infarcted
TG hearts compared to in the infarcted WT hearts
(Fig. 4b). Vascular density was assessed to determine the
effect of MCPIP on post-ischemic neovascularization using
immunolabeling for PECAM-1. There was no significant
difference in vascular density in the ischemic myocardium
between the WT and TG mice at 28 days after MI
(Fig. 4c). The extent of apoptotic cell death in the infarcted
hearts was assessed by TUNEL and sarcomeric o-actin

labeling, and counterstained with DAPI. The infarcted WT
hearts showed a large number of nuclei that were TUNEL
positive, whereas the infarcted TG hearts had much less
TUNEL-positive nuclei (Fig. 4d). Quantitative assessments
showed a significant decrease in apoptosis in both car-
diomyocytes and non-cardiomyocytes in the infarcted TG
mice compared to the infracted WT mice (Fig. 4d). This
observation was also manifested by the reduced activities
of caspase-3/7, a hallmark of the apoptotic process, in the
infarcted TG hearts compared to the infarcted WT hearts
(Fig. 4e).

Enhanced MCPIP levels suppress inflammatory
activation following MI

MCP-1-induced protein is recognized as a negative
regulator in inflammatory cytokine signaling [26, 33, 49],
and cardiomyocytes have the capacity to cause cardiac
inflammatory response upon ischemic stress [9, 12, 28, 29].
We examined whether cardiomyocyte-specific expression
of MCPIP could affect post-MI inflammation. Sections
from the infarcted WT and TG hearts (day 28 of MI) were
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Fig. 4 Cardiomyocyte-specific expression of MCPIP attenuates ad-
verse cardiac remodeling following MI. a Representative photomi-
crographs of H&E-stained tissue sections show cardiomyocyte cross-
sectional area at 28 days following MI, and the bar graphs represent
the quantitative analysis of the cardiomyocyte cross-sectional area in
both WT and MCPIP TG mice after ligation of LAD for 28 days.
*p < 0.05 versus WT MI, n =7 in each group. b Expression of
hypertrophy marker gene of ANF at 28 days following MI was
determined by gqRT-PCR. *p < 0.05 versus the respective sham
controls; *p < 0.05 versus WT MI, n = 7 in each group. ¢ Represen-
tative photomicrographs of immunohistochemical staining for CD31
(red fluorescence) at 28 days following MI, and the quantitative

labeled with antibody against Mac-1, a surface marker for
both granulocytes and monocytes/macrophages, and anti-
body against Mac-3, a surface marker for activated mac-
rophages, respectively (Fig. 5a, b). The number of positive
cells for Mac-1 and Mac-3 was clearly less in the post-MI
TG hearts compared to the post-MI WT hearts (Fig. 5a, b).
To further evaluate inflammatory response in the ischemic
myocardium, we measured the mRNA levels of TNF-o, IL-
1B, and IL-6 in the post-MI hearts. Myocardial mRNA
levels of TNF-o, IL-1B, and IL-6 were significantly in-
creased in the post-MI hearts compared to the sham-oper-
ated controls (Fig. Sc—e). This increase in mRNA levels of
all three cytokines was significantly attenuated in the post-
MI TG hearts compared to that of the post-MI WT hearts,
and mRNA levels of IL-6 in the post-MI TG hearts were as
low as the levels found in the sham-operated hearts
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analysis of CD31 immunoreactivity showed no significant difference
in the capillary density between WT and MCPIP TG hearts following
MI for 28 days, n = 7 in each group. d Representative photomicro-
graphs of TUNEL labeling for apoptotic cells at 28 days following MI
sections, and MCPIP TG mice following MI had significant less
TUNEL-positive cardiomyocytes and non-myocytes. *p < 0.05 ver-
sus WT MI, n = 7 in each group. SAA sarcomeric o-actin (green);
TUNEL (pink); DAPI (blue). e Caspase-3/7 activity in heart
homogenates derived from WT and MCPIP TG hearts following MI
for 4 weeks was measured quantitatively using APO-One caspase-3/7
assay kit. *p < 0.05 versus the respective sham controls; *p < 0.05
versus WT MI, n = 7 in each group

(Fig. 5e). This pattern of gene expression changes was also
seen at the protein level (Fig. 5f-h), suggesting that car-
diac-specific expression of MCPIP suppressed inflamma-
tory response in the post-MI hearts.

Enhanced MCPIP expression negatively regulates
NF-xB activation in the post-MI hearts

MI promotes NF-kB-dependent inflammatory transcription
and oxidative injury in the post-infarct myocardium [14,
17, 37]; we tested whether cardiac-specific expression of
MCPIP could affect NF-xB activation in the post-infarct
hearts. Sections from post-MI hearts (day 28) were labeled
with antibody against NF-xB p65, and nuclei were stained
with DAPI to assess the NF-kB p65 nuclear translocation.
Immunofluorescence staining demonstrated that NF-kB
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Fig. 5 Cardiomyocyte-specific expression of MCPIP attenuates cel-
lular inflammatory response in the infarcted hearts. a, b Tissue
sections from 28 days post-MI mice hearts were labeled with
monocyte/macrophage markers Mac-1 (green fluorescence; A) and
Mac-3 (green fluorescence; B). The bar graphs represent the
quantification of Mac-1 and Mac-3 positive cells in the post-MI
myocardium. *p < 0.05 versus WT ML n =7 in each group. c-
e Expression of inflammatory cytokine genes for TNF-a, IL-1f3, and

p65 translocation into the nuclei in the infarcted TG hearts
was much less compared to the infarcted WT hearts
(Fig. 6a, b). This observation was confirmed by im-
munoblot analysis that showed a decrease in NF-xB p65

IL-6 in the 28 days post-MI hearts was determined by qRT-PCR.
*p < 0.05 versus the respective sham controls; #p < 0.05 versus WT
MI, n =5 in each group. f-h Proteins were extracted from pooled
hearts of three animals of 28 days post-MI were assayed for levels of
TNF-a, IL-1B, and IL-6 by immunoblots, and immunoreactivating
bands were quantified by densitometric analysis. *p < 0.05 versus the
respective sham controls; ”p < 0.05 versus WT MI, n = 5 in each

group

levels in nuclear extract of the infarcted TG hearts com-
pared to the infarcted WT hearts (Fig. 6¢). NF-xB p65
nuclear translocation requires the phosphorylation-depen-
dent degradation of IxBo [6]. The levels of IkBa
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phosphorylation was determined by immunoblot analysis.
The results showed an increased level of IxBo phospho-
rylation in the post-MI WT hearts and this increase was
suppressed in the post-MI TG hearts (Fig. 6d), indicating
that enhanced expression of MCPIP suppressed NF-kB
activation in the infarcted heart.

NF-kB activation is required for inflammatory gene
expression in response to hypoxia [13]. To test whether
MCPIP regulates hypoxia-induced NF-xB activity in car-
diomyocytes, cultured H9c2 cardiomyocytes were trans-
fected with MCPIP plasmid and NF-«B-luciferase reporter

A NF-xB p65 DAPI

Merge

D E
Sham M
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Fig. 6 Cardiomyocyte-specific expression of MCPIP suppresses NF-
kB activation in the infarcted hearts and neonatal cardiomyocytes.
a Tissue sections from 28 days post-MI hearts from WT and MCPIP
TG mice were labeled with NF-kB p65 subunit (red fluorescence) and
nuclei were counterstained with DAPI (blue fluorescence) and the
images are merged (pink fluorescence). b The bar graphs represented
the quantification of NF-kB p65 positive cells in the 28 days post-MI
hearts. MCPIP TG hearts had significantly less NF-kB p65 positive
cells. *p < 0.05 versus WT, n = 7 in each group. ¢, d Levels of NF-
kB p65 nuclear translocation and IxkBa phosphorylation in the
28 days post-MI hearts were assayed by immunoblots in the nuclear
and the cytosolic extracts from WT and MCPIP TG hearts, and the
immunoreactivating bands were quantified by densitometric analysis
normalized by internal controls. *p < 0.05 versus the respective sham
controls; *p < 0.05 versus WT MI, n = 5 in each group. e Cultured
H9c2 cardiomyocytes were transfected with empty vector or with
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MCPIP
+

construct, then subjected to hypoxia for 24 h. Cells trans-
fected with NF-kB reporter construct showed a significant
increase of luciferase activity when stimulated with hy-
poxia; however, this effect was drastically decreased when
cells were preinfected with MCPIP plasmid for 24 h
(Fig. 6e). Similar results were obtained in neonatal murine
cardiomyocytes isolated from WT and TG mice. Hypoxia
induced a significant increase of luciferase activity in
cardiomyocytes derived from WT mice, but not TG mice
(Fig. 6f). Moreover, hypoxia induced a significant increase
in nuclear translocation of NF-xB in cardiomyocytes
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MCPIP expression construct for 24 h, and then cells were transfected
with an NF-xB-luciferase reporter plasmid for 24 h and subjected to
hypoxic condition for 24 h. Luciferase activity from cell lysates was
determined. Cells expressing MCPIP had significantly reduced NF-
kB-luciferase activity. *p < 0.05 versus untreated cells; *p < 0.05
versus cells transfected with empty vector. f Neonatal murine
cardiomyocytes isolated from WT and TG mice were transferred
with NF-kB promoter and negative control promoter for 24 h, and
then subjected to hypoxia condition for 24 h. Luciferase activity was
measured as described in the “Methods”. Cardiomyocytes from TG
mice had significantly reduced NF-«B-luciferase activity. g Hypoxia
induced nuclear translocation of NF-«xB in cardiomyocytes from WT
mice, which markedly reduced cardiomyocytes derived from TG
mice. NF-kB nuclear translocation was detected by immunofluores-
cence using an anti-NF-xB antibody directed against the p65 subunit
(green)
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derived from WT mice, whereas NF-xB is retained in the
cytoplasm of cardiomyocytes derived from TG mice
(Fig. 6g), thus demonstrating the functional consequences
of cardiomyocyte-specific expression of MCPIP on NF-kB
activation in cardiomyocytes.

Enhanced MCPIP expression influences miRNA
expression in the post-MI hearts

Several miRs, like miR-126, -146a, -155, and -199a, are
known to be involved in inflammation [5, 8, 48] and post-
MI remodeling [19, 45, 53]. Since MCPIP was reported to
inhibit miR biogenesis [52], we determined whether ex-
pression of these miRs can also be suppressed by car-
diomyocyte-specific expression of MCPIP. Expression of
these miRs in the 28 days post-MI hearts were analyzed by
gRT-PCR, and normalized by their respective sham-oper-
ated controls. Results show that the infracted myocardium
of WT mice had a significant up-regulation of miR-126,
-146a, -155, and -199a, whereas expression of these miRs
was not significantly altered in the infarcted myocardium
of TG mice (Fig.7), suggesting that cardiomyocyte-
specific expression of MCPIP suppresses the production of
inflammation-associated miRs.

Discussion

Emerging evidence suggests that uncontrolled chronic
immune activation is a major pathogenetic factor for this
deleterious remodeling process [1, 14, 18, 20, 28, 30, 37].
Therefore, anti-inflammatory strategies to control chronic
immune activation in the heart should be therapeutically
relevant in preventing the progression of post-MI heart
failure [7, 11, 22, 25, 32]. We show here for the first time
that ischemia induces induction of MCPIP in the murine
heart and overexpression of MCPIP in cardiomyocytes
improves post-infarct remodeling and function in vivo, and
this outcome is associated with suppression of cardiac in-
flammation through inhibiting NF-xB activation and re-
ducing inflammation-associated miRs expression in the
infarcted heart. These findings suggest that MCPIP func-
tions as a suppressor for the post-infarct cardiac inflam-
mation and could be a potential target for ischemic heart
disease.

MCPIP mRNA has previously been identified in whole
heart homogenates and shown to be up-regulated in the
end-stage ischemic heart of human [59]. However, whether
intrinsic cardiomyocytes or circulating and/or non-car-
diomyocytes account for cardiac MCPIP expression was
not known. We show here that, MCPIP is expressed in
murine cardiomyocytes after MI. Even though cardiomy-
ocytes in the infarct zone undergo a dramatic loss, MCPIP

was still robustly expressed in the ischemic myocardium,
indicating that other type of cells, such as inflammatory
cells and non-cardiomyocytes could be the source of
MCPIP expression. In fact, we found MCPIP mRNA in
isolated, cultured cardiomyocytes, smooth muscle cells and
endothelial cells upon oxidative stress (e.g., H,O,), and
inflammatory cytokine (e.g., TNF-o) stimulation (data not
shown). In response to MI, cardiomyocytes are able to
initiate an adaptation response by activation of NF-«xB that
exerts not only proinflammatory actions but also triggers
expression of anti-inflammatory agents that inhibit the in-
flammatory reaction [22, 25, 32]. MCPIP expression has
been shown to be dependent on activation of NF-kB [49]
and to negatively regulate inflammatory response in many
types of cells [26, 49]. It is possible that MCPIP may play
an important role in the resolution of post-infarct
inflammation.

To address the cardiac effects of MCPIP, we used
transgenic mice with cardiomyocyte-specific expression of
MCPIP. After LAD ligation, hearts of MCPIP expressing
mice showed significantly better cardiac functional and
histomorphological parameters as compared to WT mice
together with a significantly reduced cardiac inflammation.
These results suggest that myocardial MCPIP expression
suppresses post-infarct inflammatory reaction and protects
heart from adverse remodeling. Several distinct mechan-
isms have been reported to explain the inhibitory effects of
MCPIP on the inflammatory response. First, MCPIP is
thought to inhibit NF-xB signaling by removing polyu-
biquitin chain from TNF receptor-associated factor
(TRAF)-2 and -6 [26]. Second, MCPIP may act as an
RNase, thus destabilizing a set of cytokine-encoding
mRNAs such as IL-6, IL-1p and IL-12p40 [33, 49]. Results
of our study showed that cardiomyocyte-specific expres-
sion of MCPIP inhibited expression of proinflammatory
cytokines (TNF-a, IL-f and IL-6), leading to reduced in-
filtration of Mac-1-, and Mac-3-positive inflammatory
leukocytes in the infarcted heart and attenuated expression
of pro-fibrotic factors (TGF-B1, MMP-9 and TIMP-1) and
apoptotic cell death. The decreased proinflammatory cy-
tokine expression by cardiomyocyte-specific expression of
MCPIP likely reflects its RNase activity to degrade cy-
tokine-encoding mRNAs caused by ischemic damage. The
decreased number of inflammatory leukocytes in the in-
farcted myocardium of MCPIP expressing mice may reflect
a global attenuation of inflammatory signaling pathways
responsible for recruitment of inflammatory cells [37].
Previous studies have shown that inflammatory cytokines
and infiltrating leukocytes may induce death of surviving
cardiomyocytes in the infracted myocardium, extending
ischemic myocardial injury and contribute to sustained
inflammation and result in the development of heart failure
[3, 12, 14, 18, 20, 37]. A strong up-regulation of TNF-o in
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microinfarction after microembolization is associated with
ventricular dysfunction [9]. MMP-9 is highly induced in
response to inflammatory cytokines, and enhanced ex-
pression of MMP-9 has been linked to post-MI remodeling
[4, 10, 21], and MMP-9 gene deletion or treatment with an
MMP-9 active site inhibitor has been shown to modulate
the cellular inflammatory response and improve post-MI
remodeling [10, 21]. Thus, cardiomyocyte-specific ex-
pression of MCPIP may modulate the cardiomyocyte
function via timely resolving the post-infarct inflammatory
process, leading to improve survival and post-MI cardiac
remodeling. Although MCPIP was reported to promote
inflammatory angiogenesis [39, 44, 47], no significant
difference in the immunohistochemically detectable capil-
lary density in the post-MI hearts was observed between
the two groups, probably due to targeted MCPIP expres-
sion in cardiomyocytes, but not in the endothelial cells or
monocytic cells that are known to be involved in post-
ischemic neovascularization [2].

Failing hearts exhibit chronic activation of NF-xB and
sustained inflammation [16, 29], and blockage of NF-kB
has been shown to protect heart from advanced remodeling
after MI [17, 25, 58]. MCPIP was reported to inhibit NF-
kB activation in other cell types [26, 49]. We analyzed the
effect of cardiomyocyte-specific expression of MCPIP on
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the NF-kB activation in the heart following MI, by ex-
amining IkBa phosphorylation and p65 subunit transloca-
tion in the infarcted myocardium. Our results show clearly
that cardiomyocyte-specific expression of MCPIP inhibits
the activation of NF-«xB in the ischemic myocardium. This
inhibitory effect was also demonstrated by using the NF-
kB-luciferase assay in the H9c2 myofibroblasts and
neonatal murine cardiomyocytes. We found that overex-
pression of MCPIP was able to reduce the NF-xB-lu-
ciferase activity and p65 subunit nuclear translocation
induced by hypoxia in neonatal murine cardiomyocytes
in vitro. These data are therefore, in general, consistent
with our previous data showing suppression of LPS-in-
duced cardiac NF-xB activity by MCPIP [42]. Although
not directly studied, the suppression of NF-xB activation in
the infarcted hearts by MCPIP might be attributed to its
deubiquitinase activity, because our recent findings indi-
cated that overexpression of MCPIP substantially inhibited
TGF-B-activated kinase (TAK-1) (C. Menaa, and P.
E. Kolattukudy, unpublished), which is activated by ubig-
uitinated proteins [6]. This hypothesis is further supported
by the recent mutantgenesis studies showing MCPIP-de-
pendent inhibition of NEMO liner ubiquitylation dimin-
ishes sequential activation of TAK-1, resulting in the
decreased NF-xB activation [41]. Thus, further studies are
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needed to identify the ubiquitinated protein(s) that are
substrates for MCPIP in the ischemic myocardium.

Recent studies have indicated that mature miR levels are
altered in ischemic hearts from animal models and patients,
and may represent potential targets to the therapeutic
modulation of post-infarct remodeling [45, 53]. For ex-
ample, miRs associated with regulation of the inflamma-
tory pathway (i.e., miR-146a, -155, and -126,) and
oxidative stress (i.e., -199a) have been consistently found
to be strongly up-regulated in ischemic hearts and failing
heart [8, 50, 53, 56]. MCPIP was previously reported to be
able to cleave the terminal loops of precursor miRs, thus
suppressing the biosynthesis of mature miRs [52]. Our
current study confirmed that these miRs (i.e., miR-146a, -
155, -126, and -199a) were up-regulated in the post-MI WT
hearts, whereas the expression of these miRs was sup-
pressed by the presence of MCPIP, suggesting that down-
regulation of these miRs may be beneficial to the post-MI
remodeling. Taken together, our observations indicate a
broader role for MCPIP in protecting against post-infarct
cardiac inflammation and adverse remodeling.

A growing body of evidence suggests that events un-
derlying myocardial adaptation to ischemia injury involve
the signaling of the innate immune response [1, 4, 11, 24,
55]. It has been shown that a low-dose of TNF-a reduces
infarct size when given before sustained ischemia-reper-
fusion [24]. Administration of a sublethal dose of LPS
reduces subsequent myocardial infarction and improves
cardiac functions [3, 55]. This preconditioning-like pro-
tection of the heart against subsequent ischemic injury has
been linked with induction of cellular protective proteins
(i.e., HSPs) [23] and reduction of cellular inflammatory
response [34, 46]. MCPIP is up-regulated in cardiomy-
ocytes by inflammatory agents (i.e., LPS) and has been
shown to protect against LPS-induced myocardial dys-
function [42]. Mice with cardiac-targeted expression of
MCP-1 manifest myocardial inflammation, MCPIP ex-
pression and preconditioning-like  cardioprotection
against ischemia—reperfusion injury and post-infarction
remodeling [31, 35]. MCPIP was also reported to par-
ticipate in LPS preconditioning-induced neuroprotection
against brain ischemic injury by preventing cellular in-
flammatory response [27]. The cardioprotective role of
MCPIP uncovered in the present study is consistent with
these observations and raises the possibility that targeted
MCPIP expression in cardiomyocytes may be involved in
“preconditioning” of the heart against subsequent un-
controlled activation of innate immune response by the
ischemic injury. This could be one of the reasons leading
to increased survival of MCPIP TG mice within a week
after MI and restricted inflammatory response in adverse
remodeling. Further studies using different models (e.g.,
myocarditis) will need to fully understand the roles of

MCPIP in the modulation of inflammatory response,
granulation tissue formation and long-term adverse car-
diac remodeling.

In conclusion, our findings show a complex picture in
which MCPIP affects inflammatory response involved in
the processes of post-infarction cardiac remodeling. Our
data demonstrate that cardiomyocytes express MCPIP upon
ischemic stress and provide a functional relevance to this
expression. The underlying mechanisms of MCPIP on
cardiomyocytes involve suppression of inflammatory re-
sponse and timely resolution of inflammation, and thereby,
improvement of myocardial remodeling. The recognition
of MCPIP as an innate anti-inflammatory protein in the
heart may offer a potential therapeutic strategy that target
MCPIP and could limit the severity of ischemic cardiac
injury. However, there are many cellular components that
contribute to the production of inflammatory cytokines in
the heart [15, 18, 36]. Cytokines are released by immune
cells that infiltrate the heart, with significant consequences
on the pathogenesis of post-infarct remodeling [14, 20, 24,
37], further studies to establish the roles of MCPIP in
myeloid cells, in the context of post-infarct cardiac re-
modeling are also critical to design therapeutic strategies.
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