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Abstract
NF-κB is a ubiquitous transcription factor that regulates various kinds of genes including
inflammatory molecules, macrophage infiltration factors, cell adhesion molecules, etc., in various
disease processes including cardiac hypertrophy and heart failure (HF). Previously, we have
demonstrated that activation of NF-κB was required in myotrophin induced cardiac hypertrophy, in
spontaneously hypertensive rats (SHR) and in dilated cardiomyopathy (DCM) human hearts.
Moreover, our recent study using the myotrophin overexpressed transgenic mouse (Myo-Tg) model
showed that shRNA-mediated knock down of NF-κB significantly attenuated cardiac mass associated
with improved cardiac function. Although, it has been shown that NF-κB is substantially involved
in cardiovascular remodeling, it is not clear whether the continuous blockade of NF-κB is effective
in cardiovascular remodeling. To address this question, we took a genetic approach using IκBα triple
mutant mice (3M) bred with Myo-Tg mice (a progressive hypertrophy/HF model). The double
transgenic mice (Myo-3M) displayed an attenuated cardiac hypertrophy (9.8 ± 0.62 vs 5.4 ± 0.34,
p<0.001) and improved cardiac function associated with significant inhibition of the NF-κB signaling
cascade, hypertrophy marker gene expression, inflammatory and macrophage gene expression at 24
weeks of age compared to Myo-Tg mice. NF-κB-targeted gene array profiling displayed several
important genes were significantly down regulated in Myo-3M mice compared to Myo-Tg mice.
Furthermore, Myo-3M did not show any changes of apoptotic gene expression indicating that
complete inhibition of NF-κB activation reduces further pro-inflammatory reactions without
affecting susceptibility to apoptosis. Therefore, development of therapeutic strategies targeting NF-
κB may provide an effective approach to prevent adverse cardiac pathophysiological consequences.
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INTRODUCTION
Cardiac hypertrophy is a fundamental process of adaptation to an increased workload due to
hemodynamic overload (1,2). This increase in size can be attributed to a number of diverse
factors including physiological, mechanical, humoral and even genetic influences (3).
Development of cardiac hypertrophy is initially beneficial since it augments the number of
contractile units and reduces ventricular wall stress to normal levels. However, sustained
hypertrophy can lead to dilated cardiomyopathy and HF. The hypertrophic growth of
cardiomyocytes is triggered by multiple signal transduction pathways and ultimately involves
activation of nuclear factors and the regulation of responsive gene expression. Myotrophin, a
12-kDa soluble ankyrin repeat domain protein was identified and characterized from
spontaneously hypertensive rat (SHR) hearts and cardiomyopathic human hearts responsible
for myocytes growth (4,5,6). Myotrophin is related to IκBα, but acts to activate nuclear factor-
κB (NF-κB) rather than repress it. We employed in this study, a transgenic mouse model
developed by our laboratory, having cardiac specific overexpression of myotrophin (Myo-Tg)
in the heart via the α-myosin heavy chain as a promoter (7). The Myo-Tg mice exhibited left
ventricular hypertrophy, atrial dilation, myocyte necrosis, multiple focal fibrosis, pleural
effusion and compromised cardiac function associated with significant high levels of NF-κB
activity (7,8).

Among several other signal transduction pathways involved in the hypertrophic growth of
myocardium, NF-κB signaling cascade has been a major focus of attention as it has recently
been shown by many investigator including our laboratories that NF-κB plays a pivotal role
in cardiac hypertrophy and HF (9,10,11,12). In un-stimulated cells, NF-κB dimers are retained
in the cytoplasm by interaction with IκB inhibitory proteins. Following stimulation, IκB
proteins are phosphorylated, ubiquitinated and degraded by 26S proteasomes. Consequently,
liberated NF-κB dimers are translocated to the nucleus and regulate the transcription of specific
target genes (13,14). One of the recent conceptual advances in our understanding is that during
pathogenesis of cardiac remodeling inflammation occur resulted in activation of pro-
inflammatory cytokines/growth factors and the recruitment of macrophages and have direct
pathophysiological effects upon cardiac myocytes and non-myocytes, promoting myocardial
damage and fibrosis (15,16). Our previous study showed that NF-κB activation was required
in the development of cardiac hypertrophy in SHR (17) and treatment with pyrolidine
dithiocarbamate (PDTC, a pharmacological inhibitor of NF-κB) significantly attenuated
cardiac mass suggesting NF-κB’s beneficial effect. Moreover, we showed, using explanted
human heart (12), that NF-κB-target genes were significantly activated during HF. Since, the
effects of NF-κB must be mediated by NF-κB-dependent genes, it would be logical to assess
the effect of blockade of NF-κB on its target gene expression and the pro-inflammatory and
macrophage infiltration during cardiovascular remodeling.

A genetic approach is the most definitive way to assess the function of any gene due to the
specificity of this approach. In fact, direct pharmacological inhibitors of NF-κB do not exist;
drugs that do block upstream signaling kinases exist but are not completely selective for NF-
κB. Although mice bearing genetic disruptions of all of the rel-family proteins exist, some are
lethal (p65), some infertile (RelB), and all of them exhibit defects in inflammatory and immune
responses that would likely affect development of cardiac pathophysiology (18,19,20,21).
Particularly, since p65 appears to be the major NF-κB subunit activated in hypertrophy and
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HF, the lethality of homozygous p65 knockout mice precludes their use in studies querying
the role of NF-κB in these phenomena. A transgenic mouse expressing a dominant-negative
IκBα with triple mutations (3M) of the amino-terminal serine and the tyrosine that mediate
NF-κB activation (IκBα S32A, S36A, Y42F) has been shown to exhibit normal cardiac
morphology, histopathology and physiology(22). Activation of NF-κB in response to cytokines
and TNF-α induced cardiomyopathy is completely absent in these mice (22).

We hypothesize that inhibition of NF-κB activation cascade would be an efficacious
therapeutic approach for treatment of cardiac hypertrophy and HF by attenuating the pro-
inflammatory and other NF-κB’s target gene expression. In this study, we examined our
hypothesis by using double transgenic mice harboring IκBα mutant gene (3M) and Myo-Tg
(Myo-3M).

MATERIAL AND METHOD
Generation of myotrophin overexpressed transgenic mice

Generation of transgenic mice was described previously (7). The studies were conducted with
the approval of The Cleveland Clinic Foundation’s Institutional Review Board. In all
experiments undertaken in this study, age and sex-matched wild type (WT) mice were used
for comparison with Myo-Tg mice. We also used WT/3M mice as a comparative control for
Myo-3M and Myo-Tg. 3M mice did not show any abnormality and behave as WT. In all
experiments, we used either WT/3M breeding pairs as a control except for the study of IκBα
protein.

Generation of IκBα dominant negative mice
IκBα dominant negative mice were generated as described previously (22,23).

Extraction of cytoplasmic, nuclear protein, western blotting and northern blotting
Nuclear and cytoplasmic extracts were made according to the method described by Dignam et
al (24) using WT/3M, Myo-Tg and Myo-3M mice hearts of 24-week old. Western blot analysis
was performed as described previously (12). Membranes were probed with IκBα, NF-κB p65,
pAkt (473) and Akt antibodies (Cell Signaling Technology, Beverly, CA) overnight at 4° C
(all at 1:1000 dilution). Histone (for nuclear protein) and Actin (for cytoplasmic protein) as an
internal loading control. Total RNA was isolated from the ventricle of WT and Myo-Tg mice
according to the protocol of Chomczynsky and Sacchi, 1987 (25).

Electrophoretic mobility shift assay (EMSA), IKKβ activity and histological analysis
EMSA was performed using a double-stranded NF-κB binding site oligonucleotide as a probe,
as described previously (11). Left ventricular tissue from age-matched WT/3M and Myo-Tg
and Myo-3M were homogenized and IKKβ activity was determined using GST-IκBα as a
substrate described previously (12). Sections were then photographed with an Olympus
photomicroscope at 20 × magnification as described previously (8). The primary antibodies
used in immunohistological analysis included p65 and MCP-1, all at 1: 200 dilution.

RNase protection assay (RPA)
Total RNA was isolated using Trizol reagent (Invitrogen) from WT/3M, Myo-Tg and Myo-3M
mice hearts. RPAs were done using the RiboQuant system with mouse multi probe APO-1
(Caspases) and mouse APO-2 (Bcl2 family genes) template set from BD Bioscience. The
labeling was done using dUTP according to the manufacturer protocol. The probes (5× 106

cpm) were hybridized with 10 µg of total RNA from each sample at 56°C and resolved on 5%
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denaturing polyacrylamide gels. Internal house keeping genes (L32 and GAPDH) were
analyzed for loading control.

NF-κB target gene array analysis
The NF-κB-target gene array was performed using the TranSignal mouse NF-κB Target Gene
Array kit from Panomics, Inc. (Redwood City, CA) as described previously (12).

Determination of Cardiac Function, Data Collection and Data Analysis
Echocardiography and data collection were analyzed as described previously (8).

Statistical Analysis
Results are expressed as mean ± S.E. Differences between groups were tested for statistical
significance by paired Student’s t test. Differences were considered significant at p < 0.001.
We calculate the inhibitory effect of NF-κB activation cascade and down regulation of gene
expression in Myo-3M as a % (down) over Myo-Tg mice. Data were also analyzed by two-
way analysis of variance (ANOVA) using GraphPad Prism software (GraphPad Software, Inc.,
San Diego, USA) for Myo-3M mice. For NF-κB-target gene array analysis, genes are arranged
in order by t-statistic, i.e. from largest to smallest standardized difference in mean. We used
0.001 as the critical level (Bonferroni’s correction).

RESULTS
Effect of inhibition of NF-κB on cardiac mass and function in Myo-3M mice

To explore the effect of inhibition of NF-κB on cardiac mass, Myo-Tg mice were crossed with
3M transgenic mice. Double transgenic mice (Myo-3M) were sacrificed at 24 weeks of age
and their heart weight to body weight determined as shown in Fig. 1 A and B. Myo-3M mice
show a significant attenuation of heart weight to body weight ratio in comparison to Myo-Tg
mice (9.8 ± 0.62 vs 5.4 ± 0.34, p<0.001). Furthermore, histological analysis of hearts from
both Myo-Tg and Myo-3M showed significant reduction in myocyte cross-section (Fig. 1C).
Echocardiographic data from Myo-3M mice showed improvement of cardiac function as
compared to Myo-Tg mice. On the contrary, Myo-Tg mice showed impaired cardiac function
compared to WT/3M mice. When compared with Myo-Tg, Myo-3M mice showed a trend
towards improvement of both ejection fraction (0.57± 5.3% vs 0.77 ± 15.2, p < 0.09) and
fractional shortening (24.5 ± 1.16 vs. 42.8 ± 1.9, p < 0.06). The number of animal used are:
n=3 for WT-3M, n=5 for Myo-Tg and n=4 for Myo-3M.:

Status of NF-κB activation cascade in Myo-3M mice
We analyzed the NF-κB signaling components using WT/3m, Myo-Tg and Myo-3M mice as
described below:

a. NF-κB activation—Double transgenic mice (Myo-3M, n=6) were sacrificed at 24 weeks
of age. Inhibition of NF-κB activation the hearts from Myo-Tg (i.e. in Myo-3M mice) resulted
significant reduction in NF-κB activity (Fig. 2A, 85.93 % reduction relative to untreated Myo-
Tg mice, p =0.002, density/10 µg nuclear extract). There was no significant activation of NF-
κB detectable in WT or 3M mice. In addition, we determined the translocation of NF-κB-p65
protein into nucleus by western blot analysis. Our data showed a significant inhibition of
translocation of active NF-κB-p65 protein into nucleus in Myo-3M mice whereas in Myo-Tg
mice there was a robust translocation NF-κB-p65 protein into nucleus (Fig 2 C). Moreover,
we assessed the NF-κB-p65 level in the myocardium of both Myo-Tg and Myo-3M mice by
immunohistology. The results support inhibition of NF-κB-p65 protein in the myocardium of
Myo-3M mice compared to Myo-Tg (Fig 2 D).
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b. IκBα total protein level—The appearance of total IκBα cytosolic protein was analyzed
by immunoblot analysis using IκBα antibody that does not detect phosphorylated IκBα, as the
probe. The data are shown in Fig. 2 E. Myo-Tg mice showed a significant increase in IκBα
total protein compared to age-matched WT mice. It is of note that, compared to WT, 3M mice
showed 2.5 times more IκBα protein. This is due to it’s overexpression in the heart (Fig 2 E
2nd lane). Compared with Myo-Tg mice, Myo-3M mice showed a significant reduction in
IκBα levels (60.8 % reduction in Myo-3M relative to Myo-Tg mice, p< 0.001) (Fig 2 E). Actin
protein was used as an internal loading control (Fig 2 E). It is of note that we used separate
WT and 3M mice as a comparative control in this particular experiment.

c. IKKβ activity—To explore the involvement of IKKβ, we determined the IKKβ activity in
WT/3M, Myo-Tg and Myo-3M mice hearts (Fig.2 F). IKKβ activity was detected in all Myo-
Tg mouse hearts and was very low in WT hearts. In Myo-Tg mice, a 3.8-fold increase in
IKKβ activity was observed in compare to WT/3M (p < 0.001) at 24 weeks. A significant
reduction of IKKβ activity (72 % over Myo-Tg, p < 0.001) was observed in Myo-3M mice
compared with Myo-Tg mice.

Determination of hypertrophic marker gene expression in Myo-3M mice
To evaluate the expression of hypertrophy marker genes, ANF, myosin light chain 2 (MLC 2)
and β-myosin heavy chain (βMHC) in Myo-3M mice, northern blotting was performed. All
three genes were significantly upregulated in Myo-Tg mice (5.75-, 4.8 and 4.1 fold
respectively, compared to WT/3M mice, p <0.001). Myo-3M mice showed a significant
inhibition of ANF (72.46% over Myo-Tg, p < 0.001) MLC 2 (68.4% over Myo-Tg, p < 0.001)
and β-MHC (58.87 over Myo-Tg, p < 0.001) gene expression compared to age-matched Myo-
Tg. In all experiments, we did not see any changes in either WT or 3M mice (Fig 3).

Analysis of inflammatory gene expression and macrophage infiltration in Myo-3M mice
We analyzed inflammatory gene expression in Myo-3M mice by northern blotting. Our data
showed significant reduction of the steady state levels of TNFα, IL-6 and IL-1β (59.2, 61.1
and 47.7 % over Myo-Tg, p < 0.001 respectively) in Myo-3M mice compared to Myo-Tg mice.
WT/3M mice were used as a control. The results are summarized in Fig. 4.

We also determined levels for genetic markers of macrophage infiltration in Myo-3M mice.
We included MCP-1, F4/80 and MCAF in this study as they have been reported to play an
important role in cardiac diseases. Our data showed that MCP-1, F4/80 and MCAF were
significantly reduced (70.5, 62.7 and 67.4% over Myo-Tg mice respectively, p< 0.001) in
Myo-3M mice compared with Myo-Tg mice (Fig 5).

Analysis of NF-κB-target gene expression in Myo-3M mice
Previously, we have shown that a wide variety of NF-κB-targeted genes are activated in DCM
human hearts as well as Myo-Tg mice (12,8). To gain further insight into the NF-κB-target
gene expression in Myo-3M mice, we used the TranSignal mouse NF-κB Target Gene Array
System. The expression of various NF-κB-targeted genes at 24 weeks is summarized in Tables
1a. The genes are arranged in order by t-statistic, i.e. from largest to smallest standardized
difference in mean. We used p < 0.001 as the critical level (Bonferroni’s correction). Genes
found to be upregulated at 24 weeks of age are shown in Table 1a (41 selected genes, fold value
2.5 and above). The genes included were Alox-12, AHRR, ApoC3, AGER, Bcl2a1a, BGN,
BLR-1, Cyclin D1 and D3, CD69, CSF-2 and CSF-3, Fcer2a, F8, HMGN-1, GRO-1, GSTP-1,
FB, FasL, Fth, Gly96, HAS-1, IGFBP-2, IFNβ, IFNγ, IRF-2, IL-10, IL-11, IL-6, IL-2, IL-m,
IκBα, MadCam-1, myc, NF-κB-1, NF-κB-2, PENK-1, PDGFβ, rel, PTGIS and TNFα. When
compared to Myo-3M mice, many genes are found to be down regulated, suggesting a potential
role in cardiac hypertrophy. The genes found to be down regulated in Myo-3M mice compared

Young et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2009 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to Myo-Tg are showing in the table 1b (23 selected genes, fold value 2.0 compared to Myo-
Tg mice, compare the expression levels in table 1b to those in table 1a). These included Apoc3,
BGN, BLr-1, Ccnd-1, CSF-2, CSF-3, GRO-1, GSTP-1, HMGN-1, Gly96, HAS-1, ICAM-1,
IL-11, IL-15, IL-1β, IL-6, IRF-2, myc, NF-κB-1, NF-κB-2, IκBα, MadCAM-1, Rel, TNFα and
VEGFc. The remainder of the genes on the array showed no significant changes in their
expression level compared to Myo-Tg.

Determination of apoptotic gene expression in Myo-3M mice
In order to determine the status of apoptotic gene expression profiles we performed RPA
analysis using mouse multi-probes APO1 and APO2 kit. This includes caspase family and Bcl2
family genes. The data are presented in Fig. 6 A and B. Several apoptotic genes are induced,
as expected, in Myo-Tg at 24 weeks of age compared to WT mice. Significant upregulation of
Bcl2 family members was observed in Myo-Tg mice. This includes bcl-w, bfl, bcl-x, bak, bax,
bad and bcl2. Among them bcl2 and bcl-w and bfl1 showed maximum upregulation (3.8-, 2.6-
and 3.2-fold compared to WT/3M mice, p< 0.001) in Myo-Tg mice. In addition, we determined
the caspase family genes, which include caspase 8, 3-, 6-, 11-, 12-, 2-, 7-, 1- and 14. Our data
showed an increase level of caspase 8-, 6-, 2- and 1 (1.8-, 2.4-, 2.0- and 2.1 fold compared to
WT/3M mice, p < 0.001) in Myo-Tg mice. When analyzed these two sets of apoptotic genes
in Myo-3M mice, no significant changes relative to Myo-Tg were observed despite of reduction
of cardiac mass.

Analysis of AKT phosphorylation in Myo-3M mice
To assess the role of AKT in cardiac hypertrophy, we also examined AKT phosphorylation (at
serine 473) in Myo-3M mice compared to Myo-Tg mice. We observed a 2.5 fold increase (p
<0.001) in AKT 473 phosphorylation in Myo-Tg relative to Wt/3M (Fig 7). The Myo-3M mice
showed a significant decrease in AKT phosphorylation relative to Myo-Tg (P≤ 0.001).

DISCUSSION
The important observation of this study is that inhibition of NF-κB in Myo-Tg model, using a
genetic approach, significantly attenuated cardiac mass and improved cardiac function. These
changes are associated with significant reduction in NF-κB activation, NF-κB-dependent target
gene mRNA levels, and, importantly, down regulation of inflammatory genes and markers of
macrophage infiltration. This is the first report using a genetic approach to dissect out the
functional significance of NF-κB in myotrophin-induced cardiac hypertrophy. Our observation
that NF-κB underlies much of the pathologic aspects of the hypertrophy in Myo-Tg mice is
based on physiological, biochemical and molecular results discussed in detail below.

Although, we achieved significant inhibition of NF-κB activation in Myo-3M mice, we were
unable to completely blockade NF-κB activity. This is interesting in light of the fact that we
have previously been unable to detect any activation of NF-κB in the 3M transgenic mice after
ischemia, I/R, cytokine injection, or in several murine cardiomyopathic models (22,23)
(unpublished observations, WKJ). At this point, it is difficult to explain this residual NF-κB
activity in Myo-3M mice. We could speculate that other signal transduction cascades that may
activate NF-κB via non-IκBα-dependent mechanisms may be operative during development
of cardiac hypertrophy or progression to cardiac failure in the Myo-Tg mice. It is thought that
NF-κB is activated in the acute hypertrophic process via different parallel signal transduction
pathways regulating various downstream target genes. Another possibility is that this residual
NF-κB activation occurs in non-cardiomyocytes. The 3M mice are cardiomyocyte-specific and
it has been previously shown that this blocks NF-κB in myocardium after multiple stimuli.
This implies that all detectable NF-κB activation occurs in cardiomyocytes. It remains possible
however, that, in Myo-Tg mice, NF-κB is activated in non-cardiomyocytes during disease
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progression; this would not be blocked in the 3M transgenics. We also noted that there is an
increase in levels of IκBα in the Myo-Tg mice, that was somewhat reduced in Myo-3M mice.
This likely reflects the fact that the endogenous IκBα gene is known to be NF-κB-dependent
and is thus upregulated by the NF-κB activation in the Myo-Tg model and repressed in Myo-3M
mice. Furthermore, our data showed a significant inhibition of IKKβ levels in Myo-3M vs
Myo-Tg mice. Although, the 3M transgenic mice block NF-κB downstream of IKKβ, it is
possible that NF-κB regulates the IKK complex either directly, through transcriptional
regulation of components, or indirectly through modulation of signaling. Cardiac NF-κB
blockade does not lead to cardiac morphological or functional abnormalities (22). This result
adds to the growing evidence that NF-κB plays an important role in heart diseases like cardiac
hypertrophy and HF (17,12,26,9). Our results demonstrates that blocking of NF-κB activation
is functionally coupled to biological signals that lead to attenuation of left ventricular
hypertrophy, is entirely consistent with other results (27,28). It has been demonstrated, using
p50 knockout mice challenged with angiotensin II infusion results in dramatic improvement
in cardiac hypertrophic response in comparison to WT mice (27). Other studies using p50
knockout mice, it was shown that abrogation of p50 resulted in attenuation of myocardial
inflammation and cardiac dysfunction in TNFα transgenic mice (28).

In addition to reduction of ventricular hypertrophy, we observed a significant down regulation
of cardiac hypertrophy marker genes, including ANF, β-MHC and MLC-2 in 3M-Myo
compared to Myo-Tg mice. These genes are not known to have NF-κB DNA binding sites in
their proximal promoters. Reduction of marker gene expression is more likely to be an indirect
effect of reduced load on the heart or could be indirectly mediated by the interaction of other
transcription factors.

We also show an effect of NF-κB inhibition upon the inflammatory response, indicated by
altered expression of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6. These
cytokines are not constitutively expressed in the normal heart, but are upregulated in Myo-Tg
mice, in association with pathophysiology. Upregulation and production of these cytokines
represent an intrinsic or innate stress response against myocardial injury (29). In this
investigation, we found that TNF-α, IL-1β and IL-6 levels decreased noticeably in Myo-3M
mice compared with Myo-Tg mice, demonstrating that NF-κB inhibition attenuates gene
expression associated with the inflammatory response. One possible mechanism for such a
protective effect pertains to the presence of κB-binding domain in their promoter sites (30),
directly allowing NF-κB to regulate their expression. During the inflammatory phase,
infiltration by inflammatory cells, particularly neutrophils and macrophages, is followed by
removal of necrotic tissue and degradation of extracellular matrix components (29,31).
Inhibition of NF-κB activation would thus short-circuit much of this inflammatory program.

In addition to cytokines, our data showed the down regulation of MCP-1, MCAF and F4/F80
genes, markers of tissue inflammation. Recent evidence suggests that macrophage infiltration
occurs during the HF process as macrophages produce cytokines and growth factors that
influence the process of myocardial remodeling. In addition, macrophages may regulate
extracellular matrix metabolism through the synthesis of matrix metalloproteinases and their
inhibitors (32). Down regulation of MCP-1, a chemotactic factor in 3M mice is likely due the
direct regulation of MCP-1 by NF-κB as the MCP-1 promoter is known to contain NF-κB
consensus sites in its promoter region (33). There is evidence in support of a role for anti-
MCP-1 therapy in the heart; blockade of MCP-1 reduced LV remodeling after myocardial
infarction. This process was mediated by attenuation of macrophage infiltration and interstitial
fibrosis (34,35). This suggests that MCP-1 plays a pivotal role in the recruitment of
inflammatory cells that accelerate LV remodeling. MCAF is a chemotactic factor for
macrophages and is produced by a variety of tissue and cells, including endothelial cells (36).
MCAF enhances intracellular adhesion molecule-1 expression in cultured myocytes, which
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might also recruit macrophages (37). We found that MCAF, upregulated in Myo-Tg hearts,
was significantly reduced by NF-κB blockade. We examined expression of F4/80 because it
is the most accurate indicator of the monocytes/macrophage lineage. It is detected in circulating
(monocytes) as well as tissue infiltrating stages (macrophage) (38). In our Myo-3M mice, we
observed the down regulation of F4/80 suggesting its upregulation plays an injurious role in
cardiac remodeling. Thus inhibition of NF-κB potentially reduces myocardial damage, at least
in part, by suppressing MCP-1, MCAF and F4/80 in the heart.

The most surprising result of this study was that there was no significant change in expression
of apoptotic genes in Myo-Tg vs Myo-3M mice. Apoptosis is an important phenomenon
associated with end stage HF (39,40). It is a highly organized and regulated process wherein
cell death follows a genetically program and is executed by caspase-dependent protein cleavage
and DNA laddering or fragmentation (41). Ventricular remodeling is associated with increased
apoptosis in the myocardium (42). It has been previously shown that the expression of apoptosis
inhibitory genes like Bcl2 and Bcl-xl are NF-κB-dependent (43). In our mouse model, NF-κB
inhibition attenuated cardiac hypertrophy without any detectable effects on cardiomyocyte
apoptosis as indicated by either bcl2 or caspase family genes. This result demonstrates that the
effects of NF-κB in myotrophin-driven hypertrophy/HF, does not involve as a primary
mechanism, induction of apoptosis. Since the 3M transgenic is driven by the α-MHC gene
promoter, this suggests that NF-κB has an important cardiomyocyte-specific role in regulating
hypertrophy that is independent of programmed cell death. This result is supported by Bermann
et al who showed that NF-κB inhibition by Ad5IκBαΔN in isolated neonatal rat cardiomyocytes
resulted in no detectable change of iAP1, bcl-2, or bcl-xL protein levels (44). Alternative
interpretations include that there could be compensatory regulation of other transcription
factors that affect apoptosis and thus there is no effect of blocking NF-κB upon apoptosis. In
any case, inhibition of NF-κB does not appear to sensitize the cells to pro-apoptotic effects.
Further studies are needed to elucidate the specific pathophysiological conditions under which
the inhibition of NF-κB activation may be beneficial or detrimental.

We further explored the status of NF-κB targeted gene expression in Myo-3M vs Myo-Tg mice
using targeted arrays. We observed that several genes were down regulated in Myo-3M relative
to Myo-Tg mice, but many more are not changed. The expression of NF-κB target genes
depends not only on the activity of NF-κB itself, but also on a number of other factors, including
NF-κB’s interaction with other transcription factors. Moreover, the pattern of NF-κB target
genes varies under different physiological conditions and therefore, extending this sort of
analysis to multiple time points, using conditional transgenesis for blockade and assessing gene
expression at the protein level will be necessary. Ultimately, this type of analysis may delineate
represent novel cardiac-specific genes that potentially provide a key to unlocking the
underlying mechanism of hypertrophy and HF.

Finally, we observed a high level of Akt phosphorylation, indicative of activation, in Myo-3M
mice. Akt controls phosphorylation of mTOR, p70S6K and GSK3β, three serine/threonine
kinases responsible for increased protein synthesis. Forced expression of constitutively active
Akt in the heart of transgenic mice induces increased cardiomyocyte size and concentric
hypertrophy (45,46). Our data showed that inhibition of NF-κB decreases the Akt
phosphorylation. This suggests a link between Akt and NF-κB in the cardiac remodeling
process. This is in fact, mirror image to our findings in a previous publication, wherein Akt
activation was found to be suppressed in TNF1.6 mice with TNF-α-dependent cardiomyopathy
(23). The results, taken together, show that, in one model, TNF1.6, NF-κB suppresses Akt,
while in the other model, Myo-Tg (herein), NF-κB activates Akt. A good deal of evidence
suggests that Akt at low levels is protective, but high levels, chronic activation are pro-disease.
Thus NF-κB is implicated as a homeostatic regulator of Akt in the heart but whether this effect
is direct or indirect remains to be determined.
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In conclusion, our study revealed a global impact of NF-κB inhibition on cardiac mass
regression and cardiac dysfunction, suggesting its therapeutic benefit. The literature supports
that numerous pathways are involved in the remodeling process. However, NF-κB plays critical
roles in hypertrophy, inflammatory cytokine expression and macrophage infiltration, which
are clearly all major players in hypertrophy and HF. Therefore, NF-κB inhibition may be
considered as a therapeutic means to protect the heart from further damage by modulating
multiple critical aspects of the disease process. In addition, inhibition of specific combinations
of NF-κB-target genes may offer potential therapeutic opportunities in future. However, a
cautionary note is needed as it is unclear at present which components of the NF-κB gene
expression network are optimal for therapeutic intervention and this might be different in
discrete disease conditions. Thus, additional basic studies of the downstream genes regulated
by NF-κB and their effects upon normal physiology and in pathophysiology are needed.
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Figure 1. Attenuation of cardiac hypertrophy in Myo-3M mouse
(A) Typical appearance of heart size in Myo-Tg and Myo-3M mice. (B) Heart weight: body
weight ratio in Myo-3M mice. Values represent mean ± SE and p = 0.002 compared with
untreated Myo-Tg mice (n=6). (C) H &E staining of Myo-Tg and Myo-3M mice hearts.
Sections were visualized and photographed with an Olympus photomicroscope at 20 ×
magnification. (D) Representative M-mode tracings of the left ventricle obtained in WT/3M,
Myo-Tg and Myo-3M mice. Results are presented as the mean SEM and represent four different
mice (p < 0.001 compared with the Myo-Tg mice).
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Figure 2. NF-κB activation cascades Myo-3M mice hearts
(A) Nuclear protein was extracted from the hearts of WT/3M, Myo-Tg mice and Myo-3M.
Binding reactions were performed with an NF-κB oligonucleotide labeled with 32P-dATP. The
complex formation was eliminated with excess unlabeled NF-κB oligonucleotide. The complex
formation was confirmed by supershift analysis using p65 antibody. NE: Nuclear extract. (B)
Quantification of EMSA using an arbitrary density unit (10 µg/NE). (C) Western blots profile
of NF-κB p65 protein in the nucleus. Histone antibody was used as an internal nuclear protein
loading control. (D) Expression of p65 active protein in the heart section of both Myo-Tg and
Myo-3M mice and were photographed with an Olympus photomicroscope at 20 ×
magnification. This figure is representative of three different mice in each group (WT/3M and
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Myo-Tg). (E). Cytoplasmic protein extracts were made from both WT, 3M, Myo-Tg and
Myo-3M mouse hearts at 24 weeks of age. Tissue extracts (50 µg) were analyzed for the
intracellular level of total IκBα protein content and (F) Actin protein was used as an internal
loading control. Results are presented as the mean SEM and represent three different mice in
each group (Myo-Tg and Myo-3M (p < 0.001).
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Figure 3. Determination of steady state level of ANF, β-MHC and MLC2 (v) gene expressions in
3M mice
Total RNA was extracted from hearts of 24-week old WT/3M, Myo-Tg and Myo-3M mice.
mRNA expression was determined using (A) ANF, (B) β-MHC, (C) MLC2 (v) and (D) 18S
rRNA oligonucleotides labeled with 32P-ATP as a probes. Results are presented as the mean
SEM and represent three different mice (p < 0.001 compared with the Myo-Tg mice).
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Figure 4. Determination of steady state level of TNFα, IL-1β and IL-6 in Myo-3M mice hearts
Total RNA was extracted from hearts of 24-week old WT/3M, Myo-Tg and Myo-3M mice.
mRNA expression was determined using (A) TNFα, (B) IL-1β and (C) IL-6 oligonucleotide
labeled with 32P-dATP as a probe. (D) 18S rRNA probe was used as a loading control. Results
are presented as the mean SEM and represent three different mice (p < 0.001 compared with
the Myo-Tg mice).
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Figure 5. Analysis of macrophage infiltration in Myo-3M mice hearts
Total RNA was extracted from hearts of 24-week old WT/3M, Myo-Tg and Myo-3M mice.
Semi-quantitative RT-PCR was performed using (A), F4/80 (B) MCP-1 and (C) MCAF
specific primers. Results are presented as the mean SEM and represent three different mice (p
< 0.001 compared with the Myo-Tg mice). (D). Immunohistological analysis of MCP-1 in
cardiac section of WT/3M, Myo-Tg and Myo-3M at 20X magnification.
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Figure 6. Status of apoptotic gene expression in Myo-3M mouse hearts
Total RNA was isolated from hearts of WT/3M, Myo-Tg and Myo-3M mice. RPA was
performed using mouse APO-1 and mouse APO-2 kit. Results are presented as the mean SEM
and represent three different mice (p < 0.001 compared with the Myo-Tg mice).
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Figure 7. Analysis of Akt phosphorylation in Myo-3M mice hearts
Total protein extracts were made from both WT/3M, Myo-Tg and Myo-3M mouse hearts. 50
µg of protein extracts were run on 10 % SDS-PAGE and were probed with pAkt (473) and
Akt. Results are presented as the mean SEM and represent three different mice (p < 0.001
compared with the Myo-Tg mice).
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