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Aims We have previously shown that cardiac-specific inhibition of NF-kB attenuates angiotensin II
(AngII)-induced left ventricular (LV) hypertrophy in vivo. We now tested whether NF-kB inhibition is
able to block LV remodelling upon chronic pressure overload and chronic AngII stimulation.
Methods and results Cardiac-restricted NF-kB inhibition was achieved by expression of a stabilized IkBa
mutant (IkBaDN) in cells with an active a-myosin heavy chain (aMHC) promoter employing the Cre/lox
technique. Upon low-gradient trans-aortic constriction (TAC, gradient 21 + 3 mmHg), hypertrophy was
induced in both male and female control mice after 4 weeks. At this time, LV hypertrophy was blocked in
transgenic (TG) male but not female mice with NF-kB inhibition. Amelioration of LV hypertrophy was
associated with activation of NF-kB by dihydrotestosterone in isolated neonatal cardiomyocytes. LV
remodelling was not attenuated by NF-kB inhibition after 8 weeks TAC, demonstrated by decreased fractional shortening (FS) in both control and TG mice irrespective of gender. Similar results were obtained
when TAC was performed with higher gradients (48 + 4 mmHg). In TG mice, FS dropped to similar low
levels over the same time course [FS sham, 29 + 1% (mean + SEM); FS control þ 14 days TAC, 13 + 3%;
FS TG þ 14 days TAC, 9 + 5%]. Similarly, LV remodelling was accelerated by NF-kB inhibition in an AngIIdependent genetic heart failure model (AT1-RaMHC) associated with significantly increased cardiac fibrosis in double AT1-RaMHC/TG mice.
Conclusion NF-kB inhibition attenuates cardiac hypertrophy in a gender-specific manner but does not
alter the course of stress-induced LV remodelling, indicating NF-kB to be required for adaptive
cardiac hypertrophy.

1. Introduction
Arterial hypertension leading to chronic pressure overload
triggers a process summarized as left ventricular (LV)
remodelling, which aims to maintain cardiac function
despite continuous stress. Typically, the heart increases in
weight due to increased muscle mass, a process termed
cardiac hypertrophy. If pressure overload persists, systolic
function declines and the heart dilates. Inhibiting cardiac
hypertrophy has emerged as a primary target for new therapeutic approaches in preventing hypertension-induced
end-organ damage.1 More specifically, signalling cascades
of mal-adaptive hypertrophy leading to decreased systolic
function are regarded as potentially new treatment
targets. Conversely, signalling pathways mediating adaptive
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hypertrophy which stabilizes LV function should be
amplified.2
At the cellular level a more stringent definition of ‘cardiac
hypertrophy’ refers to the re-expression of foetal cardiac
genes and increased cross-sectional area of adult cardiomyocytes. No clear picture has so far emerged that identifies pathways involved in adaptive vs. mal-adaptive
hypertrophy. Several mouse models have been generated
to study this process specifically targeting aMHCpos cardiomyocytes employing the Cre/lox technique. Generally,
aMHCpos cardiomyocytes were shown to undergo cellular
hypertrophy, apoptosis, and recently also regeneration;
however, the extent of the latter process is very much
under debate. Ignoring all the events that take place in
cardiac hypertrophy regarding non-aMHCpos cells (inflammation, metalloproteinase activation, and fibrosis) and
focusing on the aMHCpos cardiomyocytes, the balance
between hypertrophy and apoptosis appears to be critical
for global LV remodelling.
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Multiple signalling cascades controlling cardiomyocyte
growth as well as survival factors converge at a limited
number of nuclear transcription factors and their epigenetic
control factors; among these, NF-kB integrates
calcium-independent signalling pathways. We have previously shown that cardiac-specific, genetic NF-kB inhibition
attenuates angiotensin II (AngII)-induced hypertrophy in
association with altered expression of the IL6 receptor
protein gp130.3 During the 14-day period of AngII stimulation, no decline in cardiac systolic function was observed;
therefore, this study did not allow us to assess the role of
NF-kB in cardiac remodelling.
The extent of cardiac hypertrophy following pressure
overload is affected by gender. Females respond to the
same stimulus with less cardiac remodelling and increased
compensatory capacity both in epidemiological studies and
experimental models.4,5 Some studies suggest a role for
the oestrogen receptor b. In addition, androgens might
drive this process since they positively control cardiac ACE
expression, thereby increasing tissue-specific angiotensin
levels.6 However, the signalling pathways and cellular effectors controlling gender-specific aspects of cardiac hypertrophy require further investigation.
Here, we used a DNMHC transgenic (TG) mice containing
one copy of the NF-kB super-repressor IkBaDN under the
control of the aMHC promoter resulting in inhibition of
NF-kB activity.7,8 The effect of NF-kB inhibition on pressure
overload-induced hypertrophy as well as a genetic heart
failure model induced by cardiac-restricted overexpression
of the angiotensin type I receptor (AT1-R) was investigated.
The effect of NF-kB inhibition on cardiac hypertrophy was
found to be gender-dependent, since only hypertrophy of
male mice was sensitive to NF-kB inhibition. Neither
pressure overload nor AT1-R-induced cardiac remodelling
was attenuated by NF-kB inhibition. Consistent with our previous results, NF-kB inhibition attenuates cardiac hypertrophy also after chronic pressure overload and AT1-R
overexpression. NF-kB inhibition, however, does not
prevent cardiac remodelling leading to decreased cardiac
function. NF-kB activation therefore contributes to adaptive
cardiac hypertrophy.

2. Methods
2.1 Transgenic mice
Generation of heart-specific cloxPIkBaDN mice has been described
before.7,8 Mice expressing Cre-recombinase under the control of
the cardiomyocyte-specific a-myosin heavy chain (aMHC) promoter
(aMHC-Cre mice) were a generous gift from Dr Michael D. Schneider.
AT1-RaMHC mice were provided by M. Nemer and P. Paradis.9 All mice
were bred on a C57Bl/6 background. Littermates negative for either
Cre or loxP site were used as controls. All the procedures involving
animals were approved by the Berlin animal review board (Reg.
0135/01 and Reg. 0338/05). The investigation conforms with 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), which has been adopted as a general policy of the
Max Delbrück Center.

2.2 Trans-aortic constriction
Chronic pressure overload was induced by constricting the thoracic
aorta of male and female mice at 12–16 weeks of age. Banding of
the aorta was induced upon anaesthesia (2.4% isoflurane). A 7-0
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prolene suture (Ethicon) ligature was pulled around the aorta and
either a blunted 25 (low gradient) or 27 G (high gradient) needle
was tied. The needle was then removed as described before.10
Trans-aortic constriction (TAC) was confirmed by echocardiographic
analysis and measurement of the flow gradient via CW Doppler. Eight
(in the low-gradient model with 25 G needle) or 2 weeks (in the
high-gradient model with the 27 G needle) after surgery, mice
were sacrificed and hearts were removed for further examination.

2.3 Echocardiography
For the low-gradient model, echocardiography was performed on an
Accuson Sequoia (Siemens) instrument equipped with a 13 MHz
microprobe scanning head. For the high-gradient model, echocardiography was performed on a VisualSonics Vevo 770 instrument
equipped with a 30 MHz scanning head. For echocardiography, mice
were anaesthetized by isoflurane inhalation (2% isoflurane). Ventricular measurements were taken before and 2 (high gradient) or 4 and 8
weeks (low gradient) after TAC with three or more readings per
mouse. The observer was unaware of the genotypes and treatments.

2.4 RNA quantification
Total RNA from mouse heart tissue was isolated with the RNeasy kit
(Qiagen) and cDNA was synthesized with Superscript II reverse transcriptase (RT) (Invitrogen). cDNA was subjected to real-time PCR by
SYBR Green Analysis (Qiagen) on an iCycler instrument (Bio-Rad). All
real-time PCR sample reactions were performed in triplicates and
normalized to GAPDH mRNA expression as described before.11 A
standard curve was created by sequential dilution of the amplified
fragment in order to calculate the RNA copy number.

2.5 Histology
For histological analysis, hearts were stained with Masson Trichrome
and TUNEL assay as described before.11

2.6 Image and data analysis
Microscopic images were captured with a digital microscope (IX70,
Olympus). A semi-automated immunofluorescence quantification
software (Axiovisions, Zeiss) was used for cross-sectional area
measurements in WGA-FITC-stained sections. For measuring the
grade of fibrosis, images were taken with a binocular (Stemi 2000,
Zeiss) and analysed using ImageJ software.
Results are given as means + standard errors of the mean. Statistical analysis was performed using ANOVA tests followed by post
hoc analysis employing the Bonferroni tests using GraphPad Prism
version 4. P-values ,0.05 were considered significant.

3. Results
3.1 Cardiomyocyte-specific NF-kB inhibition
in mice
Heart-restricted NF-kB inhibition was achieved employing the
Cre/loxP system as described before.7 Heterozygous mice
IkBaDNfloxed/þ (DNloxP) were bred with aMHC-Cre (CreMHC)
TG mice to generate mice with cardiomyocyte-restricted
IkBaDN expression, named DNMHC. The NF-kB repressor
IkBaDN, preceded by a stop codon flanked by loxP sites, is
integrated in frame into the b-catenin locus replacing exons
3–6. IkBaDN lacks the destruction box and therefore acts as
a super-repressor of NF-kB.12 Confirmation of heartrestricted IkBaDN expression by western blot as well as
immunostaining of inhibited nuclear translocation of NF-kB
subunit p65 in TNF-a-stimulated cardiomyocytes was demonstrated before. DNMHC mice exhibit no basal phenotype
regarding LV wall dimensions, histology, or echo parameters.7
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Figure 1 Attenuated LV hypertrophy upon TAC in DNMHC mice. (A) RNA quantification by real-time RT–PCR analysis of the NF-kB repressor IkBa in DNMHC showing
significant up-regulation of IkBa in DNMHC vs. control mice at baseline and after TAC. (B) Representative examples of M-mode echocardiograms of hearts from
sham-operated control animals, control, and DNMHC mice at baseline and 4 weeks after low-gradient TAC (25 G needle, 21 + 3 mmHg pressure gradient). TAC
increased IVSd and LVPWd in control but not in DNMHC mice. (C ) Quantification of IVSd and LVPWd before and after TAC by echocardiography. **P , 0.01,
***P , 0.001, n  3. (D) Cross-sectional area analysis by WGA-FITC staining demonstrates a significant increase in cell size in control mice after TAC but no significant change in DNMHC mice (scale bar ¼ 50 mm). Quantification is shown (right bar graph). n ¼ 4–7 mice per group. (E) RNA quantification by real-time RT–PCR
analysis of hypertrophic markers in sham, control, and DNMHC mice following TAC. A significant difference concerning b-MHC expression following TAC was
detected upon NF-kB inhibition. *P , 0.05, **P , 0.01; expression fold is relative to GAPDH control.

3.2 NF-kB inhibition attenuates TAC-induced
hypertrophy
The effect of NF-kB inhibition on LV remodelling was first
studied in a model of chronic pressure overload by TAC with

low gradient (21 + 3 mmHg). To validate the experimental
model, the overexpression of the repressor IkBa was analysed
by quantitative real-time (QRT)-PCR. As expected,
expression of IkBa was significantly up-regulated in DNMHC

Left ventricular remodelling and NF-kB

419

Table 1 Echocardiography M-mode quantification for DNMHC mice at baseline and following TAC with low gradient
TAC with low gradient

Sham
Male

IVSd (mm  0.1)
Before TAC
4 weeks after TAC
8 weeks after TAC
LVPWd (mm  0.1)
Before TAC
4 weeks after TAC
8 weeks after TAC
LVDd (mm)
Before TAC
4 weeks after TAC
8 weeks after TAC
FS (%)
Before TAC
4 weeks after TAC
8 weeks after TAC
HW/BW (mg/g)

DNMHC þ TAC

Control þ TAC
Female

Male

Female

Male

Female

6.00 + 0.32
6.80 + 0.37
6.20 + 0.37

5.50 + 0.50
6.00 + 1.00
7.50 + 0.50

6.71 + 0.18
9.00 + 0.48*
8.14 + 0.40

6.17 + 0.17
7.83 + 0.48*
6.67 + 0.33

6.33 + 0.88
6.67 + 0.67§
7.00 + 0.58

6.14 + 0.34
7.43 + 0.30
6.71 + 0.29

6.20 + 0.37
7.00 + 0.32
6.80 + 0.37

6.50 + 0.50
7.00 + 0.00
6.50 + 0.50

6.43 + 0.21
9.57 + 0.56*
8.00 + 0.58

6.34 + 0.21
8.50 + 0.67*
6.83 + 0.54

6.00 + 0.58
7.00 + 0.00§
7.33 + 0.33

6.86 + 0.14
7.57 + 0.37
7.00 + 0.49

3.60 + 0.21
4.04 + 0.18
4.22 + 0.17

3.50 + 0.40
3.60 + 0.30
3.75 + 0.55

4.00 + 0.17
4.37 + 0.37
5.20 + 0.35*

3.58 + 0.11
3.88 + 0.18
4.28 + 0.23

3.53 + 0.07
4.30 + 0.38
4.73 + 0.29

3.24 + 0.10
3.91 + 0.20
4.06 + 0.11

39.1 + 3.4
30.6 + 1.3
30.2 + 1.5
4.4 + 0.18

46.2 + 0.2
37.9 + 0.9
36.1 + 2.0
4.1 + 0.31

36.6 + 3.0
33.7 + 4.0
27.2 + 4.1*
5.9 + 0.53*

33.9 + 0.9
33.7 + 3.1
27.5 + 3.1*
6.1 + 0.37*

35.5 + 1.3
30.2 + 2.3
26.3 + 2.9*
5.0 + 0.09

37.6 + 2.0
36.0 + 5.5
27.2 + 1.8*
5.3 + 0.17

Data calculated from M-mode of echocardiograms (measurements in mm in diastole) from both control and TG animals prior to and following TAC with low
gradient (25 G needle). IVSd, inter ventricular septum; LVDd, left ventricular diameter; LVPWd, left ventricle posterior wall dimensions; FS, fractional shortening (%); HW/BW, heart weight/body weight at time of sacrifice. P-values are given after the two conditions that were compared. Columns with comparative
asterisks are compared with the appropriate data of sham mice (*P , 0.05). Columns with § are significant to control mice þ TAC (§P , 0.05). n ¼ 5–11 for
each experiment.

Figure 2 Specific role of NF-kB in cardiac hypertrophy of male mice. Gender-specific analysis of IVSd and LVPWd in control and DNMHC mice. A significant attenuation of cardiac hypertrophy as measured by echocardiographic IVSd and LVPWd diameters is observed only in TG male mice. *P , 0.05, **P , 0.01; n ¼ 3–7 mice
per group.

mice at baseline and 4 weeks after TAC in comparison to the
control littermates (including wild-type, CreMHC, and DNloxP
mice) (Figure 1A), indicating efficient aMHC-dependent Cre
recombination events even upon variation of aMHC
expression under cardiac hypertrophy. Next, DNMHC mice
and controls were analysed by echocardiography 4 weeks following low-gradient TAC. Consistent with our previous
results, DNMHC mice exhibited an attenuation of cardiac
hypertrophy in comparison to control mice that showed significantly increased diameters of diastolic interventricular
septum (IVSd) (control baseline: 6.33 + 0.88 vs. control þ
TAC: 9.0 + 0.49 mm  0.1, P , 0.01 and DNMHC baseline:
6.71 + 0.18 vs. DNMHC þ TAC: 6.67 + 0.67 mm  0.1) and LV
posterior wall dimensions (LVPWd) (control baseline: 6.33 +
0.21 vs. control + TAC: 9.5 + 0.56 mm  0.1 and DNMHC baseline: 6.00 + 0.58 vs. DNMHC + TAC: 7.00 + 0.00 mm  0.1)
(Figure 1B and C, and Table 1). Cardiac hypertrophy was
further confirmed by cross-sectional area analysis in control
mice after TAC, in which cell area average of control mice

(5.3  102 + 0.13  102 mm2) increased significantly in comparison to the cell size of sham-operated mice (3.9  102 +
0.16  102 mm2, P , 0.01) (Figure 1D), whereas no significant changes were observed in DNMHC mice. Moreover, RNA
quantification revealed increased expression of hypertrophy
gene markers as atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and b-MHC in control mice after
TAC as expected. Up-regulation of ANP, BNP, and b-MHC was
attenuated upon NF-kB inhibition (Figure 1C). Altogether,
cardiac-specific inhibition of NF-kB attenuated LV hypertrophy following low-gradient TAC in agreement with the previously described findings concerning attenuation of
AngII-induced cardiac hypertrophy by NF-kB inhibition.7
We had previously observed male mice to exhibit a more
pronounced hypertrophic response than female mice both
under chronic AngII stimulation and TAC (data not shown).
In order to analyse a possible gender-specific effect of
NF-kB inhibition on cardiac hypertrophy, we compared echocardiographic LV wall diameters (IVSd and LVPWd) between
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Figure 3 Inhibition of hypertrophy does not translate into attenuated LV remodelling. (A) Exemplary echocardiogram of hearts from sham, control, and DNMHC
mice at baseline and 8 weeks following low-gradient TAC. Quantification of FS from sham, control, or DNMHC mice before and after TAC is shown in the bar graph.
Despite attenuation of cardiac hypertrophy following TAC in DNMHC mice at 4 weeks (Figure 1), a deterioration of systolic function as measured by FS is observed.
n ¼ 4–7 mice per group. (B) Representative examples of M-mode echocardiograms and quantification from sham, control, and DNMHC mice before and 2 weeks
following TAC with high gradient (27 G needle, 48 + 4 mmHg gradient). Similar to the low-gradient model, deterioration of FS upon TAC indicating LV remodelling
is similar in DNMHC and control mice (right bar graph). n  3 mice per group. (C ) Heart-specific NF-kB inhibition upon high-gradient TAC increases cardiac fibrosis.
Trichrome staining of cardiac paraffin-embedded sections from sham, control, and DNMHC mice after TAC (scale bar ¼ 50 mm). The quantification of the fibrosisgrade shows a significant increase in DNMHC mice compared with sham (right bar graph). *P , 0.05, n ¼ 5–10 mice per group. (D) Quantification of heart/body
weight from sham-operated, control, and DNMHC mice after TAC with high gradient confirms the observation of significant LV remodelling both in control and
DNMHC mice at 2 weeks after TAC (n ¼ 5–12 mice per group). ***P , 0.001. (E) In association with significant LV remodelling, the number of TUNEL/a-sarcomeric
actin/DAPI-positive cardiomyocytes after TAC with high gradient appears to be increased in mice with heart-specific NF-kB inhibition compared with control
animals. n ¼ 5, P ¼ NS.

male and female mice after low-gradient TAC. Four weeks
following TAC, cardiac hypertrophy was significantly
blunted only in DNMHC male mice as judged by IVSd (CT:
9.0 + 0.5 vs. DNMHC: 6.7 + 0.7 mm  0.1) and LVPWd (CT:
9.6 + 0.5 vs. DNMHC: 7.0 + 0.04 mm  0.1; P , 0.05). In
contrast, DNMHC female mice did not show a difference in
LV hypertrophy upon NF-kB inhibition when compared with
female controls (Figure 2 and Table 1). Supporting this

observation, DNMHC male mice exhibited a decrease in
heart/body weight ratio (Table 1).

3.3 NF-kB inhibition does not prevent LV
remodelling
Next, we tested the hypothesis that the attenuation of
hypertrophy through NF-kB inhibition would block LV

Left ventricular remodelling and NF-kB
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Table 2 Echocardiography M-mode quantification for DNMHC mice at baseline and following high-gradient TAC
TAC with high gradient
IVSd (mm  0.1)
Before TAC
2 weeks after TAC
LVPWd (mm  0.1)
Before TAC
2 weeks after TAC
LVDd (mm)
Before TAC
2 weeks after TAC
FS (%)
Before TAC
2 weeks after TAC
HW/BW (mg/g)

Sham, n ¼ 5

Control þ TAC, n ¼ 11

DNMHC þ TAC, n ¼ 7

6.66 + 0.25
8.12 + 0.54

7.37 + 0.17
8.63 + 0.41

7.00 + 0.24
9.28 + 0.97*

6.62 + 0.20
7.72 + 0.48

7.33 + 0.23
8.70 + 0.43

7.03 + 0.24
9.68 + 0.60*

4.49 + 0.21
4.29 + 0.35

4.05 + 0.10
4.82 + 0.15

4.30 + 0.11
4.54 + 0.26

29.69 + 1.83
36.47 + 3.86
4.42 + 0.38

27.15 + 1.78
17.91 + 3.47*
7.41 + 0.29*

29.40 + 2.23
16.84 + 3.59*
7.71 + 0.81*

Diameters calculated from M-mode of echocardiograms (measurements in mm in diastole) from both control and TG animals following TAC with high
gradient (27 G needle). IVSd, inter ventricular septum; LVDd, left ventricular diameter; LVPWd, left ventricle posterior wall dimensions; FS, fractional
shortening (%); HW/BW, heart weight/body weight at time of sacrifice. Columns with asterisks are significant compared with sham mice (*P , 0.05).
n ¼ 5–11 for each experiment.

remodelling and prevent the decline in systolic function. To
our surprise, M-mode echocardiography tracing demonstrated the decline of fractional shortening (FS), as indicative of systolic function, to be similar at 8 weeks after
low-gradient TAC both in controls and in DNMHC mice. FS
decrease after TAC was shown to be significant in both controls (36.6 + 3.0 vs. 27.2 + 4.1%) and DNMHC mice (35.5 +
1.3 vs. 26.3 + 1.8%, before and 8 weeks after low-gradient
TAC, respectively) (Figure 3A and Table 1).
We reasoned that a more stringent model of cardiac
hypertrophy would be required to detect the effect of
NF-kB inhibition on LV remodelling. Therefore, we performed TAC with a high gradient (48 + 4 mmHg). Following
2 weeks of high-gradient TAC, both control and DNMHC
mice showed significantly reduced FS in comparison to the
heart function at baseline (CT: 27.1 + 1.8 vs. 17.9 + 3.47%
and DNMHC: 29.4 + 2.2 vs. 16.8 + 3.6% before and 2 weeks
after high-gradient TAC, respectively; Figure 3B and
Table 2). DNMHC mice exhibited even an exaggerated
decrease concerning FS. Furthermore, DNMHC animals
showed a significantly increased heart/body weight ratio
(CT þ TAC: 7.4 + 0.27% and DNMHC þ TAC: 7.7 + 0.8% vs.
sham: 4.4 + 0.38; P , 0.001) (Figure 3C). The reduced FS
upon TAC was associated with significantly increased fibrosis
in DNMHC mice as detected by Masson Trichrome staining in
heart sections (Figure 3D). Next, we analysed the effect of
NF-kB inhibition on cell death following TAC. We found a
slightly elevated percentage of TUNEL/a-sarcomeric actin/
20 ,60 -diamidino-2-phenylindole (DAPI)-positive cells in
DNMHC mice following TAC in comparison to the controls
(Figure 3E). In summary, despite DNMHC mice attenuated
the TAC-induced hypertrophy, LV remodelling was
unaffected.

3.4 NF-kB inhibition accelerates AT1-R-induced LV
remodelling via enhanced apoptosis and fibrosis
Next, we hypothesized that TAC and AngII might induce LV
remodelling via different signalling pathways. We therefore
tested the hypothesis that NF-kB inhibition might specifically attenuate AngII-induced cardiac failure. Mice

overexpressing the human angiotensin II-receptor (AT1-R)
in adult cardiomyocytes under the control of the aMHC promoter (AT1-R-aMHC) demonstrate a phenotype of dilated
cardiomyopathy.9 AT1-Rs were bred to cardiac-specific
DNMHC mice. Echocardiography demonstrated no significant
changes in diameters of IVSd or LVPWd in control mice,
AT1-R overexpressing mice, and animals with cardiacspecific double-mutation (DNMHC þ AT1-R) at baseline and
12 weeks of age (Figure 4A). However, RNA quantification
revealed increased expression of the hypertrophy gene
markers ANP, BNP, b-MHC, and a-sarcomeric actin when
comparing both TG mice (AT1-RaMHC and DNMHC þ AT1-R)
and controls (Figure 4B). Both AT1-R and DNMHC þ AT1-R
mice exhibited a marked reduction of FS in comparison to
controls (CT: 29.7 + 4.1%, AT1-RaMHC: 16.7 + 1.7%, and
DNMHC þ AT1-R: 13.9 + 5.0%; P , 0.05) (Figure 4C). Quantification of TUNEL/a-sarcomeric actin/DAPI-positive cells
demonstrated significantly increased cardiomyocyte apoptosis in DNMHC þ AT1-R mice in comparison to controls, whereas
AT1-RaMHC mice showed a slight increase when compared
with control mice (Figure 4D). In addition, the grade of
fibrosis assessed by Masson Trichrome staining was also
increased in double-mutated mice compared with both
AT1-RaMHC (P , 0.01) and controls (P , 0.05) (Figure 4E).
To confirm that IkBa repressor overexpression and therefore
NFkB inactivation are consistent in the different stress
models, we analysed IkBa expression and p65 acetylation,
which indicates the transcriptional activity of p65 in the
nucleus and consequent NFkB signalling activation. As
demonstrated by QRT-PCR, IkBa RNA was significantly less
expressed in AT1-RaMHC in comparison to DNMHC mice as
expected; however, the expression of IkBa in DNMHC þ
AT1-R double-mutants was increased in comparison to
AT1-RaMHC single transgenes (Figure 4F). Moreover, acetylation of p65 was remarkably less in DNMHC mice when compared with controls, indicating successful repression of p65
to translocate into the nucleus, where the acetylation
event takes place. Acetylation of p65 in AT1-RaMHC animals
was confirmed to be up-regulated, consistent with the NF
kB activation upon hypertrophic stimuli. However, p65
acetylation was down-regulated in DNMHC þ AT1-R mice in
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Figure 4 NF-kB inhibition accelerates AngII-induced heart failure. Phenotype of mice expressing the human AT1-R under the control of the aMHC promoter
cross-bred to DNMHC mice. (A) Representative examples of M-mode echocardiograms of hearts from controls, AT1-RaMHC, and DNMHC þ AT1-R mice at baseline.
(B) RNA quantification by real-time RT–PCR analysis of hypertrophic markers ANP, BNP, b-MHC, and a-Skactin in controls, AT1-RaMHC, and DNMHC þ AT1-R mice
at 12 weeks of age. NF-kB inhibition aggravates the hypertrophic phenotype with significantly higher gene expression of ANP and BNP when compared with
AT1-RaMHC mice. (C) No attenuation of LV remodelling in AT1-RaMHC mice upon NF-kB inhibition as determined by severe impairment of FS in DNMHC þ AT1-R
mice. (D) Aggravation of LV remodelling by NF-kB inhibition in association with enhanced cardiomyocyte apoptosis and (E) significantly enhanced fibrosis in
DNMHC þ AT1-R mice compared with control and AT1-RaMHC mice. (F) NF-kB-dependent gene transcriptional inactivation in DNMHC þ AT1-R demonstrated by
QRT-PCR of IkBa expression, which is significantly up-regulated when compared with single AT1-RaMHC mice. Acetylation of p65, indicative of NF-kB transcriptional activation, is decreased in DNMHC in comparison to controls as well as in DNMHC þ AT1-R when compared with single AT1-RaMHC mutants, as demonstrated
by western blot analysis. *P , 0.05, **P , 0.01, ***P , 0.001; n ¼ 4 mice per group for western blot analysis and n ¼ 4–9 for RT–PCR quantification.

Left ventricular remodelling and NF-kB

comparison to single AT1-RaMHC mutants, indicating successfully NF-kB inhibition in the double-mutants (Figure 4F). In
summary, NF kB inhibition aggravates LV remodelling following chronic renin–angiotensin system stimulation through
increased cardiomyocyte apoptosis and cardiac fibrosis.

4. Discussion
This study tested the hypothesis whether inhibition of
cardiac hypertrophy through genetic blockade of NF-kB
activity in aMHCpos cardiomyocytes abrogates LV remodelling
upon chronic pressure overload or increased AngII signalling.
Cardiac hypertrophy upon TAC was attenuated in male mice
with NF-kB inhibition; NF-kB inhibition had no significant
effect on cardiac hypertrophy in female mice. However,
despite initially attenuation of LV hypertrophy upon NF-kB
inhibition, systolic LV function declined in response to
pressure overload. The lack of effect on LV remodelling
was not stimulus-specific, as NF-kB inhibition even increased
tissue fibrosis and LV dilation in a genetic AngII-dependent
heart failure model based on cardiac AT1-R overexpression.
These data suggest NF-kB to be part of the adaptive
hypertrophy-signalling cascade specifically in male mice,
which is required to maintain systolic function upon stress.
Some studies suggest that blocking LV hypertrophy is sufficient to attenuate LV dilation and loss of FS,3 whereas other
studies find even progressive LV remodelling despite inhibition of LV hypertrophy.11 This discrepancy might be
explained by certain pathways mediating exclusively ‘adaptive’ hypertrophy in the sense of LV function preservation.2
In contrast, signals mediating mal-adaptive hypertrophy
induce a progressive decline in LV function and may serve
as valuable drug targets. Our data suggest NF-kB to be
part of the adaptive hypertrophy signalling in male mice,
since its blockade had no positive—and in part even detrimental—effect on LV remodelling in chronic pressure overload. The data highlight the importance of analysing every
hypertrophy mediator also concerning its effect on global
LV remodelling, since the paradigm of inhibiting hypertrophy
being sufficient to attenuate LV remodelling appears to be
questionable.
We also analysed the effect of NF-kB inhibition on a different genetic model of AngII-induced cardiomyopathy. Mice
constitutively overexpressing the AT1-R under the control
of the aMHC promoter develop a dilated cardiomyopathy
phenotype rapidly over a few weeks after birth.9,13 NF-kB
inhibition accelerated progression of LV remodelling with
significantly increased cardiomyocyte apoptosis. We previously found a similar effect of NF-kB in vitro.7 The requirement of NF-kB for cardiac hypertrophy and its role as a
survival factor allows the assessment of the relative importance of both cardiomyocyte hypertrophy and apoptosis for
global LV remodelling. As hypertrophied cardiomyocytes are
more susceptible to apoptosis,14 inhibition of hypertrophy
was regarded to be sufficient to block LV remodelling. Our
data support the notion that both events occur in parallel
and the inhibition of hypertrophy—at least through attenuation of NF-kB activation—is not sufficient to block the deleterious effect of increased cardiomyocyte apoptosis in LV
remodelling.
Our initial data and previous studies indicated male mice
to exhibit more pronounced cardiac hypertrophy upon
pressure overload. In this study, we found NF-kB inhibition
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specifically attenuating cardiac hypertrophy in male DNMHC
mice, whereas female mutants exhibited the same extent
of cardiac hypertrophy as their controls. Anti-androgen
treatment of female hypertensive rats attenuated
end-organ damage;15 this observation suggests a deleterious
effect of androgens in LV remodelling. The present data
suggest the NF-kB pathway to be relevant for the gender
differences observed upon TAC and other models of
chronic pressure overload.
In summary, we found NF-kB activity to be beneficial in
cardiac hypertrophy induced by either chronic pressure
overload or increased cardiac angiotensin receptor signalling in male mice. Inhibition of NF-kB attenuates the
initial hypertrophy but does not protect against progressive
LV remodelling. We conclude LV hypertrophy and remodelling to be dissociated concerning some signalling pathways
like the NF-kB, which may be critical for adaptive vs.
mal-adaptive hypertrophic response.
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