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Abstract
Objective—We assessed the role of glycogen synthase kinase-3β(GSK-3β) and kinin B2 receptor
in mediating tissue kallikrein’s protective effects against cardiac hypertrophy.

Methods—We investigated the effect and mechanisms of tissue kallikrein using hypertrophic
animal models of rats as well as mice deficient in kinin B1 or B2 receptor after aortic constriction
(AC).

Results—Intramyocardial delivery of adenovirus containing the human tissue kallikrein gene
resulted in expression of recombinant kallikrein in rat myocardium. Kallikrein gene delivery
improved cardiac function and reduced heart weight/body weight ratio and cardiomyocyte size
without affecting mean arterial pressure 28 days after AC. Icatibant and adenovirus carrying a
catalytically inactive GSK-3βmutant (Ad.GSK-3β-KM) abolished kallikrein’s effects. Kallikrein
treatment increased cardiac nitric oxide (NO) levels and reduced NAD(P)H oxidase activity and
superoxide production. Furthermore, kallikrein reduced the phosphorylation of apoptosis signal-
regulating kinase1, mitogen-activated protein kinases (MAPKs), Akt, GSK-3β, and cAMP-response
element binding (CREB) protein, and decreased nuclear factor-κB (NF-κB) activation in the
myocardium. Ad.GSK-3β-KM abrogated kallikrein’s actions on GSK-3βand CREB phosphorylation
and NF-κB activation, whereas icatibant blocked all kallikrein’s effects. The protective role of kinin
B2 receptor in cardiac hypertrophy was further confirmed in kinin receptor knockout mice as heart
weight/body weight ratio and cardiomyocyte size increased significantly in kinin B2 receptor
knockout mice after AC compared to wild type and B1 receptor knockout mice.

Conclusions—These findings indicate that tissue kallikrein, through kinin B2 receptor and
GSK-3β signaling, protects against pressure overload-induced cardiomyocyte hypertrophy by
increased NO formation and oxidative stress-induced Akt-GSK-3β-mediated signaling events,
MAPK and NF-κB activation.
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1. Introduction
Cardiac hypertrophy is an adaptive physiological response to pressure or volume overload
[1,2]. Although cardiac hypertrophy is a temporary beneficial adaptive response of the heart,
it eventually leads to dilated cardiomyopathy and congestive heart failure. Upon increased
workload, cardiomyocytes increase in size [3]. Glycogen synthase kinase3β(GSK-3β) has been
shown to be a negative regulator of cardiomyocyte hypertrophy, a major risk factor for
cardiovascular mortality and morbidity [4]. GSK-3β, which belongs to the serine/threonine
kinase family, is active in unstimulated cells. However, during hypertrophic conditions, it is
inactivated by phosphorylation of serine 9 [5]. Hypoxia/reoxygenation or hydrogen peroxide
treatment was demonstrated to induce hypertrophy in cultured cardiomyocytes via increased
GSK-3β in its inactivation [6]. These results indicate that oxidative stress causes cardiomyocyte
hypertrophy via inactivation of GSK-3β. In cultured cardiomyocytes, angiotensin II (Ang II)
was shown to stimulate reactive oxygen species (ROS) production leading to increased
expression or activity of several critical regulators of cardiac hypertrophy, such as mitogen
activated protein kinases (MAPKs), transforming growth factor (TGF)-βand nuclear factor
(NF)-κB [7]. NF-κB activation has also been shown to play a critical role in ROS-induced
cardiac hypertrophy [8,9]. Moreover, evidence suggests that apoptosis signal-regulating
kinase-1 (ASK-1), extracellular signal regulated kinase (ERK), c-jun N-terminal kinase (JNK)
and p38MAPK may be responsible for myocyte hypertrophy and gene reprogramming [10,
11]. These findings indicate a role of oxidative stress in induction of Akt-GSK-3β-mediated
signaling events, ASK-1, MAPK and NF-κB activation in cardiomyocyte hypertrophy.
Furthermore, a regulatory role of cAMP-response element binding protein (CREB), a
transcription factor, has been implicated in cardiomyocyte gene expression [12]. For example,
a previous report showed that phenylephrine, a hypertrophic agonist, stimulated the
transcriptional activity of CREB through the MAPK pathway in cardiac cells [13]. In addition,
a critical role of CREB was demonstrated in Ang II-induced hypertrophy through ERK/
p38MAPK activation in vascular smooth muscle cells [14]. However, the role of CREB in
GSK-3β-mediated cardiac hypertrophy has not yet been elucidated.

Tissue kallikrein is a serine proteinase that cleaves low molecular weight kininogen to release
the kinin peptide. Kinin binds to the kinin B2 receptor and activates second messengers such
as nitric oxide (NO) and prostacyclin leading to a broad spectrum of biological effects [15,
16]. A previous study showed that transgenic rats overexpressing human tissue kallikrein
reduced cardiac hypertrophy induced by isoproterenol [17]. In addition, kallikrein gene
delivery attenuated cardiac hypertrophy, in conjunction with increased NO levels and reduced
JNK/ERK activation in the heart of spontaneously hypertensive rats [18]. Recently, we
demonstrated that a kinin B2 receptor antagonist abolished the benefits of kallikrein in
inhibiting cardiomyocyte apoptosis after acute myocardial ischemia/reperfusion in association
with reduced oxidative stress and Akt and GSK-3β signaling [19]. Based on these results, we
assessed the hypothesis that tissue kallikrein through kinin B2 receptor protects against cardiac
hypertrophy by maintaining GSK-3β activity using pressure-overload models of rats and kinin
B1 and B2 knockout mice.
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2. Methods
2.2. Preparation of replication-deficient adenoviral vectors

Adenoviral vectors harboring the human tissue kallikrein cDNA under the control of
cytomegalovirus enhancer/promoter (Ad.TK) and control adenovirus without a reporter gene
(Ad.Null) were prepared as previpously described [20]. A replication-defective adenoviral
vector expressing catalytically inactive GSK-3β(Ad.GSK-3β-KM) was kindly provided by Dr.
Kenneth Walsh, St. Elizabeth’s Medical Center in Boston. Lysine residues at positions 85 and
86 were mutated to methionine and alanine, respectively, to create the inactive GSK-3β. The
replication-deficient recombinant adenoviruses were propagated in 293 cells and purified by
CsCl density gradient centrifugation.

2.2. Abdominal aortic constriction in rats
Male Wistar rats (200-250 g body weight) were obtained from Harlan Inc. (Indianapolis, IN).
All procedures complied with the standards for care and use of animal subjects as stated in the
Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Resources, National
Academy of Sciences, Bethesda, MD). Before surgery, the animals were anesthetized
intraperitoneally with pentobarbital at a dose of 50 mg/kg body weight and the aorta was
exposed through a midline abdominal incision. A blunt 23-gauge needle was then placed
adjacent to the abdominal aorta above the renal arteries. A ligature was tightened around the
aorta and the needle was removed after ligation [21]. Rats were sacrificed at 3, 7 14 and 28
days after aortic constriction in order to evaluate time-dependent changes of cardiac
hypertrophy. The sham control rats underwent the same surgical protocol but without aortic
ligation. Rats received Ad.Null or Ad.TK at a dose of 2 × 1010 plaque forming units per rat by
direct injection to the left ventricle wall in several different sites immediately after aortic
banding. To investigate the roles of kinin B2 receptor and GSK-3βin mediating kallikrein’s
effects on cardiac hypertrophy, rats subjected to aortic banding were randomly divided into
four groups and received one of the following treatments: (1) Ad.Null injection, (2) Ad.TK
injection, (3) Ad.TK injection along with infusion of the kinin B2 receptor antagonist icatibant
(1.3 μg/hr) by osmotic minipump implanted subcutaneously, or (4) Ad.TK and Ad.GSK-3β-
KM (2 × 1010 plaque forming units) co-injection. Rats were sacrified 28 days after AC and
heart tissues were processed for morphological analysis. Expression of recombinant human
tissue kallikrein in the heart was measured by immunohistochemistry and enzyme-linked
immunosorbent assay (ELISA) [19].

2.3. Abdominal aortic constriction in kinin B1 and B2 receptor deficient mice
To determine the role of kinin B1 and B2 receptor in cardiac hypertrophy, wild type (WT),
kinin B1 receptor- and B2 receptor knockout mice were employed in this study. Mice (body
weight, 25-30 g), including WT mice (B6129SF2/J) and B2 receptor knockout mice (derived
from breeding pairs of C57BL/6 mice on a 129/J genetic background), were purchased from
Jackson Laboratories (Bar Harbor, ME). Kinin B1 receptor knockout mice were kindly
provided by Professor Miachael Bader, Max-Debruck Center for Molecular Medicine, Berlin-
Buch, Germany. Mice were anesthetized by inhaled Isoflurane and underwent the same surgical
protocol as outlined above to isolate abdominal aorta. A blunt 30-gauge needle was then placed
adjacent to the abdominal aorta close to renal bifurcations. A ligature was tightened around
the aorta and the needle was removed after ligation. Mice were sacrified at 28 days after AC.

2.4. In vivo hemodynamic measurements
Hemodynamic parameters and cardiac function were measured 28 days after AC. Rats
underwent left ventricular catheterization via left common carotid artery by a 2.5 French micro-
manometer (Millar Instrument, Houston, TX) advanced into the LV cavity. Mean arterial
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pressure (MAP), left ventricular end-diastolic pressure (LVEDP), and ± LV dP/dt max were
recorded and analyzed by a polygraph system (BIOPAC, Santa Barbara, CA) [19].

2.5. Histological analyses
At the end of the experiment, all rats were anesthetized and perfused with saline through the
left ventricle. Hearts were then removed, fixed with 4% formaldehyde, embedded in paraffin
and sectioned at 4 μm thickness. Heart sections were incubated with antibodies against
recombinant human tissue kallikrein and the monocyte/macrophage marker ED-1 (Cell
Signaling Technology, Beverly, MA) using a Vectastain Universal Elite ABC kit (Vector
Laboratories, Burlingame, CA) following the manufacturer’s instructions. For the
measurement of cardiomyocyte size, rat heart sections were stained by the Gordon and Sweet
silver method. Next, 100 cardiomyocytes were chosen randomly per slide and traced using
NIH Image software at 400X magnification. Then, sections from each rat were scanned and
analyzed with a digital image analyzer. Heart sections also underwent Sirius red staining for
the determination of the extent of fibrosis. The percent area of fibrosis was calculated as
previously described [19]. In each group, 70 small (internal diameter <100 μm) and 30 large
(>100 μm) arteries were examined for perivascular fibrosis and vascular wall thickening (wall
area/vessel area) [22].

Cardiomyocyte size in mice at 4 weeks after AC was examined by staining with Alexa Fluor
488-labeled wheat germ agglutinin (Invitrogen, Carlsbad, CA) and left ventricular cardiac
myocyte surfaces were observed by fluorescent microscopy. Cardiocyocyte size was analyzed
using NIH Image software. Cross-sectional area of 80 cardiomyocytes from each heart was
calculated.

2.6. Western blot analysis
Heart tissues were homogenized in lysis buffer (10 mM Tris, pH 7.4, 100 mM sodium chloride
[NaCl], 1 mM ethylenediamine tetraacetic acid [EDTA], 20 mM sodium pyrophosphate
[Na4P2O7], 2 mM sodium orthovanadate [Na3VO4], 1% Triton X-100) containing 1:100
protease inhibitor cocktail (Sigma, St. Louis, MO) and centrifuged at 1300 × g at 4°C for 5
minutes. After centrifugation, the supernatant (containing the cytosolic fraction) was removed
and stored at -80°C. Nuclear proteins were extracted by suspending the pellet in an equal
volume of lysis buffer and adding NaCl to a final concentration of 0.6 M. After incubation on
ice for 1 hr, lysates were centrifuged and the supernatant, containing the nuclear proteins, was
removed and stored at -80°C. Protein concentrations in tissue homogenates were measured
using Bio-Rad DC Protein Assay kit (Bio-Rad Laboratories, Hercules, CA). Western blot
analysis was performed using cytosolic fractions for ASK-1, phospho-ASK-1, GSK-3β,
phospho-GSK-3β, Akt, phospho-Akt, JNK, phospho-JNK, p38MAPK, phospho-p38MAPK,
ERK, phospho-ERK (Cell Signaling), atrial natriuretic peptide (ANP) (Biodesign, Saco, ME),
and nuclear extracts for CREB and phospho-CREB (1:1000 dilution) (Cell Signaling). Blots
were incubated with secondary antibody conjugated to LumiGLO chemiluminescent reagent.
Chemiluminescence was detected using an ECL-Plus kit (Perkin-Elmer Life Sciences, Boston,
MA) and exposing the blot to Kodak X-ray film.

2.7. Measurements of nitrate/nitrite (NOx) levels and NADH/NADPH oxidase activity and
superoxide formation

Production of NO (in the form of nitrate/nitrite) in heart extracts was measured as previously
described [23]. NADH and NADPH oxidase activities were measured by lucigenin-enhanced
chemiluminescence [24]. Superoxide levels were measured by a spectrophotometric assay
based on rapid reduction of ferricytochrome c to ferrocytochrome c. Non-superoxide-
dependent reduction of cytochrome c was corrected for by deducting the activity not inhibited
by superoxide dismutase [25].
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2.8. Electrophoretic mobility shift assay (EMSA) for NF-κB activation
NF-κB DNA binding site oligonucleotides (AGTTGAGGGGACTTTCCCAGGC, Integrated
DNA Technologies, Coralville, IA) were labeled using the Biotin 3’ End DNA Labeling kit
(Pierce, Rockford, IL) according to the manufacturer’s protocol. The gel shift assay was
performed using the Light Shift Chemiluminescent electrophoretic mobility shift analysis kit
(Pierce) following the manufacturer’s instructions. After the membrane was incubated with
LightShift Stabilized Streptavidin-Horseradish Peroxidase Conjugate and the Luminol/
Enhancer and Stable Peroxide Solution, the NF-κB DNA complexes were detected by exposure
of the membrane to X-ray film. The specificity of the identified NF-κB DNA binding activity
in the nuclear extracts was confirmed by using 200-fold molar excess of unlabeled NF-κB. The
relative nuclear NF-κB-DNA binding activities were quantified by scanning densitometry.

2.9. GSK-3βkinase activity assay
For GSK-3βactivity assay, 10 μg of protein from cardiac tissue extracts were incubated at 37
°C for 30 min with 8 mM MOPS, 0.2 mM EDTA, 10 mM magnesium acetate, 62.5 μM
GSK-3β substrate peptide (Upstate Biotechnology, Lake Placid, NY) and 1 μCi/10μl [γ-32P]
ATP (Perkin-Elmer Life Sciences). Samples were transferred to P-81 paper and washed three
times with 0.75% phosphoric acid followed by a final rinse with acetone. Radioactivity was
measured using a scintillation counter [19].

2.10. Statistical analysis
Results are expressed as mean ± SEM. Comparisons among groups were made by ANOVA
followed by Fisher’s PLSD (protected least significant difference) or by unpaired student t-
test. Differences were considered significant at P<0.05.

3. Results
3.1. Human tissue kallikrein expression in rat hearts

Expression of recombinant human tissue kallikrein expression was localized in rat hearts at 3,
7 and 28 days after local delivery of the kallikrein gene (Figure 1). Immunoreactive human
tissue kallikrein levels in the heart measured by ELISA showed that the highest human
kallikrein levels were at 3 days (1.55 ± 0.21 ng/mg protein), declined at 7 days (0.35 ± 0.04
ng/mg protein), and were barely detectable at 28 days (0.05 ± 0.01 ng/mg protein) after
kallikrein gene delivery. Human tissue kallikrein expression was not detected by
immunohistochemical staining or by ELISA in the hearts of rats injected with control
adenovirus (Ad.Null).

3.2. Kallikrein gene delivery improves hemodynamic parameters
Time-dependent increases in cardiomyocyte size and perivascular collagen deposition were
identified in rats from 3 to 28 days after aortic banding, while inflammatory cell accumulation
around blood vessels peaked at day 3 (data not shown). At 28 days after AC, tissue kallikrein
gene delivery improved hemodynamic parameters as shown in Table 1. Kallikrein gene transfer
significantly improved cardiac contractility ( ± dP/dt max), and reduced left ventricular end
diastolic pressure (LVEDP) and heart weight to body weight ratio (HW/BW), as well as septal
thickness, left ventricle free wall thickness and apical thickness compared to aortic-banded rats
receiving the control virus. Icatibant infusion or Ad.GSK-3β-KM co-injection, however,
abolished kallikrein’s effects on these values. Although aortic banding elevated mean arterial
pressure (MAP) compared to sham rats, MAP was similar among groups receiving AC surgery.
These results indicate that kallikrein through the kinin B2 receptor protects against AC-induced
cardiac dysfunction by maintaining GSK-3βactivation independent of blood pressure.
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3.3. Kallikrein gene delivery attenuates cardiomyocyte size and vascular remodeling
Kallikrein gene transfer reduced cardiomyocyte size after AC as identified by silver stained
heart sections, and icatibant or catalytically inactive GSK-3βabrogated kallikrein’s effect
(Figure 2A). Quantitative analysis confirmed these findings. Rats receiving Ad.Null had larger
cardiomyocytes than rats in the sham group (558.8 ± 13.2 vs. 355.6 ± 8.6 μm2, n=6, P<0.05),
but kallikrein gene delivery significantly reduced cardiomyocyte size compared to the Ad.Null
group (440.0 ± 13.7 vs. 558.8 ± 13.2 μm2, n=6, P<0.05). Cardiomyocytes in rats injected with
Ad.TK and receiving icatibant infusion (Ad.TK/Icatibant) or GSK-3β-KM co-injection
(Ad.TK/GSK-3β-KM) were similar in size as those in the Ad.Null group (Figure 2B).

Heart sections were stained with Sirius red for examination of the extent of vascular fibrosis
28 days after AC surgery (Figure 3A). Morphologically, collagen deposition surrounding blood
vessels appeared to increase in response to aortic banding, but was attenuated by kallikrein
gene delivery. Icatibant infusion and GSK-3β-KM injection, however, appeared to block the
effect of kallikrein. These observations were confirmed by quantitative analysis of large blood
vessels or small arteries (data not shown) in the heart. Kallikrein gene delivery markedly
reduced perivascular fibrosis and vascular wall thickening in both small and large blood vessels
compared to the control aortic-banded rats. No significant difference was observed among the
Ad.Null, Ad.TK/Icatibant and Ad.TK/GSK-3β-KM groups (Figure 3 B and C).

3.4. Effect of kallikrein on NOx levels, NADH/NADPH oxidase activity and superoxide
production

As shown in Figure 4A, aortic constriction (Ad.Null) did not alter nitrate/nitrite (NOx) levels
compared with sham rats, although kallikrein gene delivery increased NOx levels above those
in the Ad.Null group. Co-injection of GSK-3β-KM along with Ad.TK also increased NOx
levels over those in the Ad.Null group. However, the effect of kallikrein on NO production
was blocked by icatibant.

In order to determine the effect of kallikrein gene transfer on oxidative stress in the heart,
NADH/NADPH oxidase activity and superoxide levels were measured in cardiac extracts. As
shown in Figure 4B &C, rats in the Ad.Null group had significantly higher NADH and NADPH
oxidase activity than both sham rats and rats injected with the kallikrein gene. Rats receiving
both Ad.TK and GSK-3β-KM injection also had lower NADH/NADPH oxidase activity than
rats in the Ad.Null group. However, icatibant infusion completely reversed kallikrein’s effect
on NADH/NADPH oxidase activity. Superoxide formation paralleled NADH/NADPH
oxidase activity (Figure 4D). Rats in the Ad.Null group had higher superoxide levels compared
to sham rats. Kallikrein gene delivery, with or without GSK-3β-KM injection, significantly
lowered superoxide levels compared to rats receiving empty virus. However, kinin B2 receptor
antagonism blocked kallikrein’s ability to lower AC-induced superoxide formation. These
results indicate that GSK-3βis a downstream target of oxidative stress and that kallikrein
suppresses oxidative stress through the kinin B2 receptor.

3.5. Effect of kallikrein on MAPK activation
Western blot analyses were performed in order to determine the effect of kallikrein gene
transfer on ASK-1 and MAPK (JNK, p38MAPK, ERK) activation (Figure 5A-D). Aortic
constriction caused a significant increase in the phosphorylation of ASK-1, JNK, p38MAPK
and ERK. Kallikrein gene delivery markedly reduced the phosphorylation of ASK-1, JNK,
p38MAPK and ERK, but icatibant abolished kallikrein’s effects. Catalytically inactive mutant
form of GSK-3βreversed kallikrein’s ability to reduce ASK-1 phosphorylation, but had no
effect on phosphorylated levels of JNK, p38MAPK or ERK. Quantitative analysis confirmed
these results. These data clearly indicate that GSK-3βis a downstream target of MAPK
phosphorylation.
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3.6. Effect of kallikrein on Akt, GSK-3β;, and CREB signaling phosphorylation
Western blot analyses showed that aortic constriction caused a significant increase in Akt,
GSK-3βand CREB phosphorylation (Figure 5E,F,H). Kallikrein gene delivery markedly
reduced this effect, yet kallikrein’s actions were abolished by icatibant. Injection of both Ad.TK
and Ad.GSK-3β-KM caused a significant depression in phosphorylated levels of Akt, but did
not affect GSK-3βor CREB phosphorylation. Furthermore, reduced GSK-3βactivity was
associated with increased phosphorylation of GSK-3β. Kallikrein gene transfer significantly
increased GSK-3β activity compared with Ad.Null (Figure 5G). Furthermore, representative
electrophoretic mobility shift assay showed that AC-induced NF-κB binding activity in the
heart was blocked by tissue kallikrein, and icatibant and GSK-3βinactivation reversed
kallikrein’s effect (Figure 6A). This finding was also supported by quantitative analysis (Figure
6B). Taken together, these results indicate that GSK-3βis a downstream target of Akt and an
upstream regulator of CREB and NF-κB nuclear translocation and activation.

3.7. Cardiac hypertrophy in kinin B1 and B2 receptor knockout mice
Thus far, we have shown that kallikrein, via a kinin B2 receptor-mediated event, reduces
cardiac hypertrophy in rats after aortic banding. To further verify the role of kinin B2 receptor
in mediating pressure-induced cardiac hypertrophy, we employed WT and B1 and B2 knockout
mice subjected to aortic constriction. The ratio of heart weight/body weight of B2-/-mice
without pressure overload was significantly higher than the age- and sex-matched WT and
B1-/-mice. At 4 weeks after AC, heart weight/body weight ratio of B2-/-mice was also
significantly higher than WT and B1-/-mice (Figure 7A). In addition, Western blot analysis
was performed to determine ANP levels, a hypertrophic marker, in the hearts of wild-type,
B1R-/- and B2R-/-mice. The results showed that cardiac ANP levels were barely detectable in
mice not subjected to abdominal aortic ligation, but markedly increased at one month after
aortic banding (Figure 7B). Histological staining and quantitative analysis confirmed that
cardiomyoyte size in B2-/-mice after AC was significantly larger that in WT and B1-/-mice
(215.3 ± 12.9 vs. 178.5 ± 7.2 and 169.3 ± 9.2 μm2, n = 6, P<0.05) (Figure 7C & D). These
combined results indicate that the kinin B2 receptor, but not B1 receptor, mediates the
protective effect of tissue kallikrein in pressure overload-induced cardiac hypertrophy.

4. Discussion
This is the first study to demonstrate that tissue kallikrein through kinin B2 receptor activation
protects against pressure overload-induced cardiac hypertrophy by preventing
GSK-3βinactivation. Kallikrein gene transfer also improved cardiac function and vascular
remodeling in rats after aortic constriction without apparent effect on blood pressure. Icatibant,
a kinin B2 receptor antagonist, blocked kallikrein’s effect on cardiac hypertrophy. Using kinin
receptor knockout mice, we confirmed that the kinin B2 receptor, but not the B1 receptor, plays
a role in the protection of cardiac hypertrophy induced by aortic constriction. Similarly, a
previous study showed that kinin B2 receptor is involved in age-related changes of cardiac
hypertrophy and microvascular deficit [26]. Left ventricular hypertrophy and heart failure
constitute major risks of cardiovascular complications and sudden death among hypertensive
patients. These combined findings support an important role of kinin B2 receptor, but not B1
receptor, in the development of cardiac hypertrophy and heart failure.

In the present study, we detected the expression and localization of recombinant human tissue
kallikrein in the hypertrophic heart by immunohistochemistry and ELISA at 3, 7 and 28 days
after local gene delivery. These results are consistent with our previous finding that the highest
expression levels of human tissue kallikrein in rats occurs at 3 to 8 days after adenovirus-
mediated gene delivery and declines to a low level at 28 days [18]. Cardiac hypertrophy induced
by aortic constriction has been shown to be initiated at the first week and continue to develop
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in the second and third weeks [21]. Therefore, the expression of recombinant kallikrein in the
first two weeks could prevent the initiation and formation of cardiac hypertrophy at the early
stage after aortic binding.

Inactivation of GSK-3βby phosphorylation of serine 9 plays a key role in the process of cardiac
hypertrophy in mice induced by pressure overload and in cultured cardiomyocytes [27]. In this
study, we showed that expression of recombinant tissue kallikrein in the heart prevented AC-
induced cardiac hypertrophy as evidenced by reduced heart weight/body weight ratio,
ventricular wall thickness and cardiomyocyte size. Administration of GSK-3β-KM or icatibant
reversed the anti-hypertrophic actions of kallikrein in the heart. The protective effect of
kallikrein on cardiac hypertrophy was accompanied by increased GSK-3βactivity and reduced
GSK-3βphosphorylation, indicating that maintaining GSK-3βactivity is crucial in mediating
kallikrein’s actions.

Oxidative stress is known to play a critical role in inducing myocardial remodeling and
hypertrophy in animal models of chronic pressure overload [9,28]. Many of the deleterious
cellular phenotypes present in hypertrophied and failing hearts have been attributed to
increased oxidative stress, characterized by increased superoxide formation [29]. Ang II is a
well-known inducer of oxidative stress by stimulating NADH/NADPH oxidase activity, which
in turn produces superoxide [28,30,31]. It has also been observed that kinin can block Ang II-
induced cardiomyocyte hypertrophy through the release of NO from endothelial cells [32]. In
this study, we showed that kallikrein gene delivery, through kinin B2 receptor activation, leads
to increased NO formation and reduced NADH/NADPH oxidase activity and superoxide anion
formation in the hypertrophied heart after aortic banding. Nitric oxide may protect against
oxidative stress by inhibiting the assembly of NADH/NADPH oxidase subunits, thereby
attenuating the generation of superoxide [33]. ROS has been shown to mediate NF-B tivation
ac in TNF-α-induced cardiomyocyte hypertrophy [9]. Moreover, activation of NF-κB is
required for hypertrophic growth of primary rat neonatal ventricular cardiomyocytes [8].
Consistent with these findings, we showed that tissue kallikrein inhibits the development of
cardiac hypertrophy in association with reduced NF-κB activation induced by AC and the effect
was blocked by icatibant. Together, these findings indicate that kallikrein, through kinin B2
receptor signaling, protects against cardiac hypertrophy via increased NO generation and
suppression of oxidative stress-induced NF-B activation.

In cultured cardiomyocytes, it has been shown that hydrogen peroxide induces the
phosphorylation of JNK, p38MAPK, ERK and Akt [34]. Similarly, El Jamali et al [6]
demonstrated that reoxygenation after severe hypoxia induced cardiomyocyte hypertrophy,
possibly through GSK-3β phosphorylation, downstream of Akt. In addition, acute and chronic
isoproterenol infusion in rats was found to induce cardiac remodeling by provoking cardiac
oxidative stress and activation of MAPKs [35]. It is well-known that Akt is an upstream
regulator of GSK-3βand that both MAPKs and Akt-GSK-3βsignaling participate in the
development of cardiac hypertrophy [36]. ASK-1, a MAPK kinase, has also been recently
observed to play a critical role in the development of cardiac hypertrophy and remodeling
[10,11]. PD98059, an ERK inhibitor, was shown to block Akt phosphorylation, suggesting that
ERK is an upstream regulator of Akt [6]. In this study, we showed that kallikrein gene delivery
reduced the phosphorylation of MAPKs and Akt, whereas co-injection of dominant-negative
GSK-3βmutant with the kallikrein gene abrogated the protective actions of kallikrein in cardiac
remodeling without affecting phosphorylation of MAPKs and Akt. Whether MAPKs act as
upstream regulators of Akt-GSK-3βhas yet to be elucidated. Moreover, the effect of kallikrein
on NO and reactive oxygen species (ROS) formation was reversed by icatibant, but not by
GSK-3β-KM, indicating that NO and oxidative stress are upstream regulators of
GSK-3β.Furthermore, kallikrein reduced AC-induced phosphorylation of ASK-1, p38MAPK,
JNK, ERK as well as Akt, GSK-3βand CREB. Kallikrein’s effects were all blocked by
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icatibant, indicating a kinin B2 receptor-mediated event. However, catalytically inactive
GSK-3βmutant only reversed kallikrein’s effect on MAPK and Akt activation, but not on
GSK-3βphosphorylation. These results imply that GSK-3βis a downstream mediator of MAPK
and Akt. Moreover, GSK-3β-KM, in conjunction with kallikrein gene delivery, did not affect
CREB phosphorylation, indicating that CREB is a downstream mediator of GSK-3βsignaling.

In conclusion, this study presents the novel finding that kallikrein through kinin B2 receptor
signaling improves cardiac function and protects against the development of cardiac
hypertrophy by preventing GSK-3β inactivation/phosphorylation. The anti-hypertrophic
action of kallikrein is mediated by increased NO formation and reduced oxidative stress,
leading to suppression of ASK-1, MAPK and Akt-GSK-3β-CREB signaling cascades.
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Figure 1.
Immunostaining of recombinant human tissue kallikrein in rat heart at 3, 7 and 28 days after
kallikrein gene delivery.
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Figure 2.
Effect of kallikrein gene delivery on cardiac hypertrophy 28 days after aortic constriction. (A)
Gordon and Sweet silver staining of heart sections; magnification is 400X. (B) Quantitative
analysis of cardiomyocyte size. Data are expressed as mean ± SEM (n=6).
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Figure 3.
Effect of kallikrein gene delivery on vascular remodeling 28 days after aortic constriction. (A)
Representative photographs of Sirius red staining; magnification is 100X. (B) Perivascular
fibrosis and (C) wall to vessel area ratio were examined in large (internal diameter >100 μm)
arteries. Bar=100 m. Data are expressed as mean ± SEM (n=6).

Li et al. Page 14

Cardiovasc Res. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effect of kallikrein gene delivery on nitric oxide formation and oxidative stress in heart tissues.
(A) NO production, (B) NADH oxidase activity, (C) NADPH oxidase activity and (D)
superoxide formation in the heart 28 days after aortic banding. Data are expressed as mean ±
SEM (n=6).
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Figure 5.
Effect of kallikrein gene delivery on the phosphorylation of (A) ASK-1, (B) JNK, (C)
p38MAPK, (D) ERK, (E) Akt, (F) GSK-3β, (G) GSK-3βactivity and (H) CREB
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phosphorylation in heart tissues. Upper panel: Representative Western blots. Lower Panel:
quantitative analysis. Data are expressed as mean ± SEM (n=6).
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Figure 6.
Effect of kallikrein gene delivery on NF-κB-DNA binding activity. (A) EMSA and (B)
quantitative analysis. N indicates biotin labeled NF-κB oligonucleotide probe with no protein
extract. Data are expressed as mean ± SEM (n=6).
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Figure 7.
Cardiac hypertrophy is increased in kinin B2 receptor knockout mice at 28 days after aortic
constriction. (A) Heart weight/body weight ratio in wild-type (WT), kinin B1-/- and kinin B2-/-
mice with and without aortic constriction (n= 9-16). (B) Representative Western blot for ANP.
(C) Representative cardiomyocytes stained with Alexa Fluor 488-labeled wheat germ
agglutinin; magnification is 400X. (D) Quantitative analysis of cardiomyocyte size. Data are
expressed as mean ± SEM (n= 9-16).
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