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Abstract

Tissue kallikrein (TK) has been demonstrated to improve neovasculogenesis after myocardial infarction (MI). In
the present study, we examined the role and underlying mechanisms of TK in peripheral endothelial progenitor
cell (EPC) function. Peripheral blood-derived mononuclear cells containing EPCs were isolated from rat. The
in vitro effects of TK on EPC differentiation, apoptosis, migration, and vascular tube formation capacity were
studied in the presence or absence of TK, kinin B2 receptor antagonist (icatibant), and phosphatidylinositol-3
kinase inhibitor (LY294002). Apoptosis was evaluated by flow-cytometry analysis using Annexin V-FITC/PI
staining, as well as western-blot analysis of Akt phosphorylation and cleaved caspase-3. Using an MI mouse
model, we then examined the in vivo effects of human TK gene adenoviral vector (Ad.hTK) administration on the
number of CD34 + Flk-1 + progenitors in the peripheral circulation, heart tissue, extent of vasculogenesis, and
heart function. Administration of TK significantly increased the number of Dil-LDL/UEA-lectin double-positive
early EPCs, as well as their migration and tube formation properties in vitro. Transduction of TK in cultured
EPCs attenuated apoptosis induced by hypoxia and led to an increase in Akt phosphorylation and a decrease in
cleaved caspase-3 levels. The beneficial effects of TK were blocked by pretreatment with icatibant and LY294002.
The expression of recombinant human TK in the ischemic mouse heart significantly improved cardiac con-
tractility and reduced infarct size 7 days after gene delivery. Compared with the Ad.Null group, Ad.hTK
reduced mortality and preserved left ventricular function by increasing the number of CD34 + Flk-1 + EPCs and
promoting the growth of capillaries and arterioles in the peri-infarct myocardium. These data provide direct
evidence that TK promotes vessel growth by increasing the number of EPCs and enhancing their functional
properties through the kinin B2 receptor-Akt signaling pathway.

Introduction

Recent studies have shown that improvement of neo-
vascularization is a therapeutic option to rescue tissue

from critical ischemia (Isner et al., 1999). Transplantation of ex
vivo expanded endothelial progenitor cells (EPCs) or mobili-
zation of CD34 + cells by drugs was shown to improve cardiac
function after myocardial ischemia (Kocher et al., 2001; Loo-
mans et al., 2004). However, patients with diabetes, hyper-
cholesterolemia, hypertension, and smoking have impaired
EPC function, including decreased mobilization from the
bone marrow and reduced incorporation into neovascular
foci (Loomans et al., 2004). Additionally, EPC number is as-
sociated with endothelial function and the Framingham risk
score (Hill et al., 2003). EPC number and function were shown

to be improved by various cytokines and growth factors, such
as vascular endothelial growth factor, stromal cell–derived
factor-1, certain drugs, and physical exercise (Chavakis et al.,
2008). Thus, EPC levels and functional capacity are important
factors in cardiovascular and ischemic conditions.

The serine protease tissue kallikrein (TK) specifically pro-
cesses low-molecular-weight kininogen to produce the po-
tent vasoactive peptides bradykinin (BK) and Lys-bradykinin
(kallidin) (Silva et al., 2000). The tissue kallikrein-kinin sys-
tem (KKS) contributes to the revascularization of ischemic
tissues (Madeddu et al., 2007). The effects of kallikrein and
kinin on cardiac angiogenesis are mediated via kinin B2 re-
ceptor (B2R) activation, leading to the recruitment of circu-
lating angiogenic progenitor cells to sites of ischemia and
stimulating their proangiogenic action (Kränkel et al., 2008).
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We have previously shown that local delivery of adenovirus
carrying the human TK (hTK) gene (Ad.hTK) accelerates
spontaneous angiogenesis and blood-flow perfusion in a rat
model of myocardial infarction (MI) and induces arteriogen-
esis through the Akt-glycogen synthase kinase (GSK)-3b
pathway (Yao et al., 2008). Thus, the KKS might play a role in
multiple steps of postnatal vasculogenesis, as TK modulates
EPC function and blood-vessel repair in response to injury.

In this study, we evaluated the effects of TK on EPC dif-
ferentiation, apoptosis, migration, and vascular tube forma-
tion, as well as the possible molecular mechanisms involved.
We also demonstrated the influence of TK on EPC numbers
and on collateral vessel formation in vivo using a mouse MI
model.

Materials and Methods

Preparation of replication-deficient adenoviral vectors

Adenovirus harboring the hTK cDNA (Ad.hTK) under the
control of the cytomegalovirus enhancer/promoter and ad-
enoviral vector alone (Ad.Null) were constructed and pre-
pared as described previously (Yoshida et al., 2000).

EPC culture and differentiation

All procedures using rats and mice were performed in con-
formity with standards for the care and use of laboratory ani-
mals (Laboratory Animal Center of Southeast University).
Peripheral blood-derived mononuclear cells (PBMCs) were
isolated from healthy donor Sprague-Dawley rats (Shanghai
Laboratory Animal Center of the Chinese Academy of Science)
weighing 200 g. Ten milliliters of blood were collected from the
left ventricle of anesthetized rats and diluted with an equal vol-
ume of PBS. PBMCs were then separated by density-gradient
centrifugation using 1.077 g/ml Histopaque solution (Sigma,
St. Louis, MO). Cells were seeded on fibronectin-coated tissue
culture plates and maintained with endothelial growth media
supplemented with EGM-2 Single Quots (Lonza, Walkers-
ville, MD), as described previously (Yao et al., 2011).

Rat TK and BK were added to culture for a final concen-
tration of 0.01 lM. At day 3 of culture, nonadherent cells
were removed by thorough washing with PBS. Medium was
changed after 3 additional days. After 7 days of culture, cells
were incubated with 2.4 lg/ml 1,1-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine–labeled acetylated low-density
lipoprotein (Dil-Ac-LDL) (Invitrogen, Carlsbad, CA) for 1 hr
and counterstained with fluorescein isothiocyanate (FITC)–
labeled lectin from Ulex europaeus (UEA-1-lectin; Sigma).
Cells were then examined under a fluorescence microscope.
Cells presenting double-positive fluorescence were consid-
ered to be EPCs. After staining, the total number of double-
positive Dil-Ac-LDL/UEA-1-lectin cells was calculated by
counting cells in each field and was expressed as the per-
centage of EPCs positive for merged Dil-Ac-LDL/UEA-1-
lectin dual staining, as described previously (Ebrahimian
et al., 2006). Dil-Ac-LDL uptake and UEA-1-lectin binding
staining of isolated EPCs from PBMCs untreated and treated
with BK or TK for 7 days were determined by FACS-computed
counting. Cells were incubated with Dil-Ac-LDL and tryp-
sinized. Cells were fixed in 4% paraformaldehyde and
counterstained with UEA-1-lectin. Quantitative fluorescence

analysis was performed with a FACSCanto instrument (BD
Biosciences, Rockville, MD).

Only third- or fourth-passage cells were used for further
experiments. Immunocytofluorescence was used to analyze
the expression of various progenitor (CD34, CD45) and en-
dothelial lineage markers (KDR/Flk-1, CD31); antibodies
against rat CD34 and CD45 (BD Biosciences) and KDR and
CD31 (Santa Cruz Biotechnology, Santa Cruz, CA) were
used as primary antibodies.

EPC migration assay

The migratory function of EPCs was evaluated by a
modified Boyden chamber (Costar, Cambridge, MA) assay.
In brief, after incubation with 1% serum medium for 24 hr,
EPCs (passage 3) were seeded into six-well plates. Cells were
transduced with Ad.hTK or Ad.Null at multiplicity of in-
fection (MOI) 50 for 12 hr. EPCs were detached and then
placed in the upper chamber of 24-well transwell plates
(1 · 104 cells/well) with polycarbonate membrane (8-lm
pores) with serum-free EGM-2 medium. In some experi-
ments, cells were incubated with kinin B2R antagonist icati-
bant (1 lM; Sigma) or phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002 (10 lM ; Sigma). After incubation for
12 hr, the membrane was washed briefly with PBS. The
upper side of the membrane was wiped gently with a cotton
ball and then stained with 1% crystal violet in 2% ethanol.
Results are presented as the percentage of seeded EPCs. All
groups were studied in triplicate.

Matrigel tube formation assay

To analyze the capillary-like tube formation of EPCs,
growth factor-reduced Matrigel (BD Biosciences, San Jose,
CA) at 50 ll/well was laid into 96-well plates to solidify.
EPCs (passage 3) were seeded into six-well plates. Cells were
transduced with Ad.hTK or Ad.Null at MOI 50 for 12 hr.
EPCs (1 · 104) were resuspended in 200 ll of EGM-2 without
EGM-2 Single Quots supplements and plated on Matrigel. In
some experiments, cells were incubated with icatibant or
LY294002. After 18 hr, the mean tube length was calculated
in three randomly chosen fields from each well ( · 40) by
Image-Pro Plus and was calculated against control groups.

EPC apoptosis assay

EPCs (passages 3 to 4) were seeded into six-well plates.
After 48 hr, cells were transduced with Ad.hTK or Ad.Null at
MOI 50 for 12 hr followed by 12-hr hypoxia (95% N2 and 5%
CO2). In some experiments, EPCs were treated with icatibant
or LY294002 for 30 min prior to hypoxia. Expression and
localization of hTK in EPCs after Ad.hTK transduction
were identified immunocytochemically using a rabbit anti-
kallikrein antibody.

EPC apoptosis was evaluated with Annexin V-FITC/PI
Apoptosis Detection Kit (BioVision Inc., Mountain View,
CA). After treatment, the adherent and nonadherent cells
were harvested with trypsin. The cells were then stained
with Annexin-V-FITC and propidium iodide in 1 · binding
buffer for 15 min at room temperature. Flow-cytometric an-
alyses were performed on a FACS flow cytometer (Becton
Dickinson, Heidelberg, Germany), and the data were ana-
lyzed by the Cell Quest analysis program.
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Western-blot analysis

After treatment, the adherent and nonadherent cells were
washed twice with PBS, lysed in lysis buffer [10 mmol/L
Tris-HCl, pH 7.4, containing 1% Triton X-100, 100 mmol/L
sodium chloride, 20 mmol/L sodium pyrophosphate,
2 mmol/L sodium orthovanadate, 2 mmol/L EDTA, and 1%
protease inhibitor cocktail (Sigma)], and centrifuged at
12,000 g for 30 min at 4�C. The supernatant (the cytosolic
fraction) was removed, and protein concentrations were
measured by BCA assay (Pierce, Rockford, IL). Western-blot
analysis was performed using the cytosolic fraction to detect
cleaved caspase-3 and the total and phosphorylated forms of
Akt (Cell Signaling, Danvers, MA). Western-blot analysis of
GAPDH was used as a loading control (Advanced Im-
munochemical, Long Beach, CA). After incubation with
primary antibody diluted in blocking buffer for 1 hr and
washing, the blot was incubated for 30 min with appropriate
secondary anti-IgG horseradish peroxidase conjugate. The
membrane was washed three times for 5 min each and de-
veloped with SuperSignal chemiluminescent substrate
(Pierce).

MI model and in vivo gene transfer

Male C57BL/6J mice (23 – 0.1 g) were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and intubated before
being subjected to ligation of the left coronary artery. In brief,
a thoracotomy was performed via the fourth intercostal
space, the heart was exposed, and ECG was then monitored.
An 8-0 polypropylene suture was passed loosely around the
left anterior descending (LAD) coronary artery near its origin.
Once hemodynamics were stabilized, LAD occlusion was
performed by tightening the suture loop. Acute myocardial
ischemia was deemed successful on the basis of elevation of
the ST segment on ECG. After 1 hr, mice with MI were ran-
domly divided into two groups and were injected with 20 ll
of virus solution (2 · 109 plaque-forming units/ml in PBS) of
Ad.Null (n = 12) or Ad.hTK (n = 12) into the peri-infarct zone.
Expression and localization of hTK in left ventricles after gene
delivery were identified at 3 and 7 days after gene delivery by
immunohistochemical staining; normal rabbit IgG was sub-
stituted for primary antibodies as negative control. Human
kallikrein levels in mouse serum were determined at 3 and 7
days post gene delivery using an enzyme-linked immuno-
sorbent assay (ELISA) specific for hTK.

Functional assessment

Under mild isoflurane anesthesia, echocardiography was
performed to obtain a baseline examination prior to the op-
eration, 7 days after MI, using a Vevo 770 echocardiography
system (VisualSonics, Toronto, ON, Canada) with a 12-MHz
transducer. Left ventricular end-diastolic volume (LVEDV),
left ventricular end-systolic volume (LVESV), left ventricular
end-diastolic diameter (LVEDD), and left ventricular end-
systolic diameter (LVESD) were measured. Left ventricular
ejection fraction (EF) and left ventricular fractional shorten-
ing (FS) were calculated with standard M-mode echocar-
diographic equations (EF = LVEDV - LVESV/LVEDV · 100;
FS = LVEDD - LVESD/LVEDD · 100). All measurements
were averaged for five consecutive cardiac cycles and per-
formed by an experienced examiner in a blinded fashion.

Quantification of circulating EPCs

For quantification of peripheral circulating EPCs by flow
cytometry, blood was withdrawn via intracardiac puncture
(n = 5 mice per group) at 7 days post MI. Mononuclear cells
were isolated from 1 ml of peripheral blood by density gradi-
ent centrifugation using Histopaque-1077 solution. One-half of
the PBMCs were incubated for 30 min on ice with FITC-
conjugated anti-mouse CD34 and phycoerythrin (PE)-conjugated
anti-mouse Flk-1 (BD Biosciences). After incubation, cells were
washed with PBS. Data were acquired using a FACScan cyto-
meter equipped with a 488-nm argon laser and a 620-nm red
diode laser and analyzed using CellQuest software (Becton
Dickinson). For quantification of EPCs, the number of CD34+

Flk-1+ cells within the monocytic cell population was counted.
Circulating EPC numbers were also determined by colony-

forming unit (CFU) assay. The other one-half of PBMCs were
plated on fibronectin-coated 24-well plates in EGM-2. To ex-
clude mature endothelial cells, nonadherent cells were collected
after 48 hr and plated in replicate on fibronectin-coated 24-well
plates. Colonies were quantified at day 7. A colony was de-
fined as a central core of ‘‘round’’ cells with more elongated
‘‘sprouting’’ cells at the periphery, and is referred to as early
outgrowth CFU-endothelial cells (CUF-ECs) (Hill et al., 2003).

Quantification of EPCs in the heart

For quantification of EPCs in infarcted hearts of Ad.Null- or
Ad.hTK-treated mice at 3 days after MI by flow cytometry,
hearts were collected, and the right ventricular free wall was
excised. The remainder of the heart was triturated in PBS
supplemented with 2% fetal bovine serum (FBS) on ice with
a Medimachine (BD Biosciences) and filtered through a 70-
lm nylon mesh (BD Biosciences). Single-cell suspensions
were centrifuged, resuspended in PBS with 2% FBS, and
incubated with antibody for 30 min on ice. After washing,
immunofluorescence was detected by flow cytometry. Flow-
cytometric identification of the cells was performed through
simultaneous labeling with PE-conjugated anti-mouse Flk-1
and FITC-conjugated anti-mouse CD34 (BD Biosciences).

Histological analysis

After the echocardiographic image acquisition at 7 days
post MI, mice were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.). The heart was rapidly excised after PBS
perfusion. Cardiac tissues were fixed with 4% paraformal-
dehyde and embedded. Four-micrometer sections were ob-
tained for morphological analyses. Sections were subjected to
Masson’s trichrome staining or immunohistochemical anal-
ysis using a staining kit (Vector Laboratories, Burlingame,
CA) according to the manufacturer’s instructions. Angio-
genesis was quantitatively assessed by CD31 + staining for
determination of capillary density, and a-smooth muscle
actin (a-SMA)–positive staining for determination of arteri-
olar density. Capillaries were identified as having a dia-
meter < 20 lm and a layer of endothelial cells without
smooth muscle cells, whereas arterioles were identified as
having a diameter > 20 lm and < 100 lm with a layer of
smooth muscle cells. To determine capillary density and arte-
riole density, the number of positive staining was counted in a
double-blind fashion from 10 different fields of each section in
the peri-infarct zone (n = 5). The average number of vessels
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in one section was used for assessment of vascular density.
Primary antibody against CD68 (clone FA-11; BioLegend,
San Diego, CA) was used for immunostaining of macro-
phages. The number of CD68 + cells was counted in a double-
blind fashion from 10 different fields of each section (n = 5) at
400 · magnification.

Identification of EPCs within the infarct border zone of MI
was evaluated using confocal laser scanning microscopy.
Sections were also incubated with a combination of the pri-
mary antibodies rat anti-mouse Flk-1 (1:50 dilution) and
FITC-conjugated anti-mouse CD34 (BD Biosciences), to con-
firm bone marrow-derived cells in the infarct area.

Statistical analysis

Data were compared among experimental groups using
ANOVA followed by Fisher’s PLSD. Data were expressed as
means – SEM. Differences were considered statistically sig-
nificant at a value of p < 0.05.

Results

TK increases EPC differentiation

PBMCs were isolated by density gradient centrifugation
and differentiated into EPCs after 7 days of culture. EPCs
were characterized by assessing FITC-conjugated UEA-1-
lectin binding (green) and Dil-Ac-LDL uptake (red) (Fig. 1A).
EPCs were positive for kinin B2R staining (Fig. 1B). Compared
with the control group (11.5 – 0.6%), the percentage of double-
positive Dil-Ac-LDL/UEA-1-lectin cells was increased after
treatment with TK and BK after 7 days in culture (22.6 – 1.1%
and 21.3 – 1.1%, respectively; p < 0.01 vs. control), indicating
that TK and BK stimulated the differentiation of cultured
EPCs expanded from PBMCs (Fig. 1C and D).

FACS-computed counting (Fig. 1E and F) of EPC positive
for Dil-LDL/lectin dual staining revealed that 7 days with
BK and TK determined a consistent increase of EPC number
compared with control cells ( p < 0.01 vs. control).

Cultured cells at passage 3 were positive for the endo-
thelial lineage markers KDR and CD31, and stained positive
for progenitor cell marker CD34, although most cells did not
express the hematopoietic lineage marker CD45 (Fig. 1G).
These cells were identified as EPCs.

TK improves migration of EPCs and formation
of tube-like structures on Matrigel

The effect of TK on EPC migration was analyzed in a
modified Boyden chamber assay. Ad.hTK increased EPC

migration by profoundly enhancing cell migration compared
with Ad.Null (4.2 – 0.8% vs. 1.3 – 0.3%; p < 0.01). Cotreatment
with icatibant and LY294002 significantly blocked TK’s effect
(2.1 – 0.4% and 1.3 – 0.1%, respectively; p < 0.01 vs. TK) (Fig.
1H and J).

To study the effect of TK on the contribution of EPCs to tube
formation, quantification of the length of tube showed that
EPCs treated with Ad.hTK had 1.58-fold higher tubes as
compared with control EPCs ( p < 0.01). Cotreatment with ica-
tibant and LY294002 significantly blocked TK’s effect (1.0 – 0.1
and 0.98 – 0.1, respectively; p < 0.01 vs. TK) (Fig. 1I and K).

TK reduces hypoxia-induced apoptosis of EPCs

The EPC apoptosis rate was detected by flow cytometry.
The apoptosis rate of EPCs significantly increased after 12 hr
under hypoxic conditions (54.8 – 6.7%), whereas TK treatment
protected EPCs from hypoxia-induced apoptosis (20.8 – 4.4%;
p < 0.01). Cotreatment with icatibant and LY294002 signifi-
cantly blocked TK’s effect (36.6 – 4.7% and 55.8 – 6.3%, re-
spectively; p < 0.01 vs. hypoxia/TK) (Fig. 2A and B).

We further investigated the effect of TK on the Akt signaling
pathway in EPCs. Figure 2C shows that transduction of Ad.hTK
in hypoxia-injured EPCs resulted in increased phosphorylation
of Akt and reduced cleaved caspase-3 levels. However, these
effects were blocked by icatibant and LY294002 (Fig. 2C). Ex-
pression of hTK in EPCs after Ad.hTK transduction was con-
firmed by immunocytochemistry (Fig. 2D).

Myocardial expression of hTK after gene delivery

Using intramyocardial injection strategy, we delivered
Ad.hTK locally into the mouse left ventricle. Expression and
localization of recombinant hTK were identified im-
munohistochemically in the left ventricle at 3 and 7 days
after gene delivery. Immunohistochemistry showed expres-
sion of hTK in mouse cardiomyocytes (Fig. 3A). No specific
staining was found in the left ventricle injected with control
adenovirus Ad.Null. hTK was detected in mouse serum at 3
and 7 days post gene delivery (369 – 76 and 122 – 47 ng/ml,
respectively; n = 5) by ELISA. Human kallikrein was not
detectable in mice injected with control virus. These results
demonstrate that hTK was expressed in mouse heart after
local gene delivery.

TK increases cardiac function after MI

Seven days after intramyocardial injection, TK signifi-
cantly reduced infarct size in the left ventricle compared with
the MI/Ad.Null control group, as determined by Masson’s

FIG. 1. Characterization of cultured PBMCs and the effect of TK on EPC function. (A) At day 7 after PBMC isolation,
adherent cells intensively took up Dil-Ac-LDL and bound an endothelial-specific lectin-FITC as revealed by fluorescence
microscopy. (B) Positive staining for kinin B2R in the cultured EPCs. (C) TK and BK stimulated differentiation of cultured
EPCs expanded from PBMCs. (D) Quantitative analysis of the percentage of cells positive for Dil-LDL/lectin dual staining.
(E) Representative FACS data. (F) Quantitative fluorescence analysis was determined by FACS-computed counting. (G) EPCs
are identified by culture of PBMCs. EPCs were positive for the endothelial lineage markers KDR and CD31 and stained
positive for progenitor cell marker CD34, but most cells did not express the hematopoietic lineage marker CD45. (H)
Migration was evaluated using Transwell apparatus. TK profoundly enhanced cell migration compared with control. EPC
migration was inhibited by cotreatment with the B2R antagonist icatibant and the PI3K inhibitor LY294002. (I) Tube for-
mation of EPCs stimulated by TK was inhibited by cotreatment with icatibant and LY294002. ( J) Migrating cells are presented
as the percentage of seeded EPCs. *p < 0.05 vs. other groups. (K) Quantitative analysis of the mean tube length was measured
using Image-Pro Plus and was calculated against control groups. *p < 0.05 vs. other groups. Original magnification: 200 · .

‰

862 YAO ET AL.



KALLIKREIN ENHANCES EPC FUNCTION 863



FIG. 2. TK reduced EPC apoptosis induced by hypoxia. (A) Representative flow-cytometric analysis of apoptosis shows that
TK treatment protects EPCs from hypoxia-induced apoptosis. Cotreatment with icatibant and LY294002 significantly blocked
TK’s effect. (B) Quantitative analysis of EPC apoptosis by flow cytometry. *p < 0.05 vs. other groups. (C) Western blots for Akt
and cleaved caspase-3. (D) Expression of hTK in EPCs after Ad.hTK transduction was confirmed by immunocytochemistry.
Original magnification: 200 · .
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FIG. 3. TK gene therapy increases survival rate and reduces infarct size. (A) Representative immunohistochemistry pho-
tographs of transgenic hTK protein expression in the infarcted region of mouse hearts at 3 and 7 days after MI. A variable
amount of immunoreactive hTK is observed in Ad.hTK-injected groups. Rabbit IgG was substituted for primary antibodies as
negative control. Original magnification: 200 · . (B) Representative Masson’s trichrome staining. Original magnification: 10 · .
Significantly reduced scar area in the Ad.hTK-treated hearts was observed 7 days after MI compared with the Ad.Null group.
(C) Representative M-mode images at the level of papillary muscles. (D) A survival analysis was performed for the Ad.Null-
(n = 12) and Ad.hTK-treated (n = 12) mice after MI. TK treatment increased survival rate compared with the Ad.Null group 7
days after MI. *p < 0.01 vs. MI/Ad.Null.
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trichrome staining and quantitative analysis (Fig. 3B and
Table 1). Transthoracic echocardiographic examination was
performed to evaluate cardiac function after MI. The EF was
markedly reduced after MI, but was partially restored by hTK
gene delivery (Fig. 3C and Table 1). Characteristic impair-
ments in contractility (left ventricular inner systolic diameter)
and diastolic function (left ventricular inner diastolic dia-
meter) after MI were significantly improved after TK injection
(Table 1). Heart weight/body weight ratios were increased 7
days after MI, but were reduced by hTK gene therapy (Table 1).
Furthermore, we observed that treatment with TK signifi-
cantly decreased MI-related mortality. As shown in Fig. 3D,
67% of MI/Ad.hTK mice, but only 42% of MI/Ad.Null mice,
survived ( p < 0.01) 7 days after the induction of MI.

TK administration increases the number
of CD34 + Flk-1 + progenitors in blood and heart

To evaluate the potential EPC-mobilizing activity of TK
gene transfer 7 days after MI, we analyzed EPC-like PBMCs
by flow cytometry. EPC-like PBMCs were identified by
positive staining for CD34 and Flk-1. The numbers of
CD34 + Flk-1 + cells in peripheral blood were significantly
increased in MI/Ad.hTK mice compared with MI/Ad.Null
control mice (Fig. 4A and B). We further identified the for-
mation of EPC colonies by CFU-EC assay (Fig. 4C). The
number of murine CFU-ECs was significantly increased in
the MI/Ad.hTK group compared with the MI/Ad.Null
group (4.4 – 0.9 vs. 1.8 – 0.8; p < 0.05). TK induced a sig-
nificant mobilization of EPCs in the peripheral circulation.
Dil-Ac-LDL uptake and lectin binding confirmed that the
CFU-ECs differentiate to the EC lineage.

We also measured the percentage of CD34 + FLK-1 + cells
in the infarcted myocardial tissue. Flow-cytometry analysis
showed that TK gene transfer caused significantly increased
CD34 + Flk-1 + cells compared with Null treatment mice
(3.37 – 0.5 vs. 0.63 – 0.5, respectively; p < 0.05; Fig. 4E and F).
As shown in Fig. 4G, CD34 + Flk-1 + cells were also identified
in the peri-infarct border zone, and double-staining cells
formed capillary-like structures in the Ad.hTK-injected heart.
Our results show that TK gene delivery promotes the re-
cruitment of CD34 + Flk-1 + bone marrow–derived cells into
the vascular wall.

TK attenuates intramyocardial inflammation

Inflammatory cell accumulation in the infarcted region of the
heart was identified by CD68 immunostaining (Fig. 5A). CD68+

cells were counted for quantification of macrophage number
(Fig. 5B). Increased macrophage cell infiltration was detected in
the infarct area of the heart after MI, but kallikrein significantly
decreased CD68+ cells compared with the control.

TK increases peri-infarct angiogenesis
and arteriogenesis

At 7 days post MI, marked angiogenesis was observed in
the area between necrosis tissue and surviving myocardium.
Capillary density in the peri-infarct area was determined by
immunohistochemical staining of CD31 (Fig. 5C). Quantita-
tive analysis indicated that the capillary density was signif-
icantly increased in the MI/Ad.hTK group compared with
the MI/Ad.Null group (197 – 10 vs. 100 – 16 capillaries/mm2;
p < 0.05) (Fig. 5E); in the sham group, the capillary density
was 1,930.5 – 117/mm2. Moreover, small-sized arterioles
were clearly visible in the tissue sections stained with an
antibody against a-SMA (Fig. 5D), and quantitative analysis
indicated that arteriole density was significantly increased in
the TK treatment group compared with the MI/Ad.Null
group (111.6 – 24.0 vs. 50.8 – 7.0; p < 0.05) (Fig. 5F); arteriole
density in the sham was 76.1 – 6.1/mm2.

Discussion

After severe ischemia, restoration of the blood supply to
the border area can prevent progressive cardiomyocyte
death and cardiac remodeling, thus improving cardiac
function and mortality. Therefore, therapeutic angiogenesis
has become a promising new method of treatment for pa-
tients with ischemic heart disease. Several strategies have
been developed to promote vascular growth, including
growth factor delivery (Yancopoulos et al., 2000), cell-based
therapy, and gene therapy. Studies in animals and humans
suggest that EPCs ameliorate the function of ischemic organs
possibly by both induction of vasculogenesis and angiogen-
esis. A critical limitation, so far, for the therapeutic applica-
tion of postnatal EPCs is their low number in the circulation,
which is further reduced in patients with cardiovascular risk
factors (Vasa et al., 2001). Consequently, understanding the
regulation of EPCs and their mechanisms may provide new
insights into therapeutic neovascularization.

Our group and others have investigated the beneficial ef-
fects of the KKS on neovascularization after ischemia (Ema-
nueli et al., 2000; Yao et al., 2007; Stone et al., 2009). A recent
publication demonstrated that hTK is crucial for proangio-
genic cell invasiveness and activity by both protease- and

Table 1. Effects of Kallikrein on Cardiac Function 7 Days After MI

Variable Baseline Sham MI/Ad.Null MI/Ad.hTK

Infarct size (%) 0 0 39.5 – 9.1 17.9 – 6.1a

HW/BW (mg/g) 4.5 – 0.1 4.9 – 0.9 6.6 – 0.3 5.7 – 0.5a

EF (mmHg) 65.2 – 2.3 62.7 – 3.6 24.6 – 4.9 38 – 6.9a

FS (mmHg) 33.6 – 2.1 32.8 – 2.6 11.4 – 2.5 18.2 – 3.2a

LVIDD (mmHg/sec) 3.0 – 0.2 3.1 – 0.2 5.1 – 0.4 4.4 – 0.5a

LVIDS (mmHg/sec) 2.0 – 0.2 2.1 – 0.1 4.5 – 0.4 3.5 – 0.4a

BW, body weight; EF, ejection fraction; FS, fractional shortening; HW, heart weight; LVIDD, left ventricular inner diastolic diameter;
LVIDS, left ventricular inner systolic diameter; MI, myocardial infarction.

Values are means – SEM. n = 5 in each group.
ap < 0.05 vs. Baseline, Sham, and MI/Ad.Null.
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FIG. 4. TK administration increases the number of CD34 + Flk-1 + progenitors in mice. (A) Representative FACS data, in
which the CD34 + Flk-1 + cells within the monocytic cell population of the blood were judged as EPCs. (B) Quantitative
evaluation of EPCs by FACS analysis. (C) The effect of TK on CFU-EC numbers. After 7 days in culture, EPCs were double-
stained with Dil-Ac-LDL and FITC-conjugated UEA lectin, and analyzed by fluorescent microscopy. (D) Quantitative
evaluation of CFUs. (E) Representative FACS data, in which the CD34 + Flk-1 + cells within heart tissue were judged as EPCs.
(F) Relative percentage of CD34 + Flk-1 + EPCs in heart tissues post MI. *p < 0.05. (G) EPCs were identified in the peri-
infarction zone. Immunofluorescent staining using CD34 (green) and Flk-1 (red) antibodies identified CD34 + Flk-1 + cells.
Nuclei were counterstained with DAPI (blue). Upper panels show representative photomicrographs of cross sections of
Ad.hTK-injected heart; white arrows show positive staining. Lower panels show representative photomicrographs of cross
sections of Ad.Null-injected heart. Original magnification: 800 · . *p < 0.05 vs. MI/Ad.Null; n = 5.
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FIG. 5. Effects of hTK on the number of macrophages, capillary density, and arteriole density 7 days after MI. (A) Re-
presentative images of CD68 immunostaining in the infarcted area. Original magnification: 400 · . (B) Quantitative analysis of
CD68 + cells. Representative photographs of immunostaining using (C) CD31 to identify capillaries and (D) aa-SMA to
identify arterioles are shown. Original magnification: 200 · . Quantitative analysis of (E) capillary density and (F) arteriole
density in the peri-infarct myocardium is also shown. *p < 0.05 vs. MI/Ad.Null; n = 5.
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kinin receptor–mediated mechanisms (Spinetti et al., 2011).
The direct effects of TK on differentiation of PBMCs into
EPCs and their angiogenic properties are not known. In the
present study, we explored the mechanisms by which TK
exerted positive effects on EPC function. TK treatment en-
hanced the differentiation of rat PBMCs into EPCs during
culture for 7 days. TK, via B2R-Akt activation, improved EPC
differentiation, migration, and tube formation capacity. We
demonstrated that the kinin B2R mediates TK’s actions on
EPCs, as icatibant abolished the effects of TK. Furthermore,
Akt may constitute a key signaling pathway in the angiogenic
activity of early EPCs (Thum et al., 2007). Previous studies
showed that TK stimulates the activation of Akt in vitro and
in vivo (Kränkel et al., 2008; Yao et al., 2008). In this study, the
PI3K inhibitor LY294002 abolished TK-induced EPC migra-
tion and tube formation, indicating that TK regulates EPC
function by a mechanism dependent on PI3K activity.

We found that EPCs treated with TK showed a greater
resistance to hypoxia-mediated cellular apoptosis, in con-
junction with increased Akt phosphorylation and decreased
cleaved caspase-3 protein levels. A previous study showed
that kallikrein/kinin inhibits GSK-3b and caspase-3 activity
by Akt activation in the ischemic myocardium (Yin et al.,
2005). Taken together, these findings suggest that the KKS
may protect against hypoxia-induced apoptosis of EPCs by
activating the PI3K-Akt pathway. Increased survival of im-
planted stem cells is essential to stem-cell therapy. Indeed, it
has been shown that more than 99% of mesenchymal stem
cells die 4 days after transplantation into uninjured left
ventricles of nude mice (Toma et al., 2002). Our results
demonstrate that TK protects EPCs from hypoxia-induced
apoptosis, indicating a promising strategy to increase the
efficacy of stem-cell therapy.

Adenovirus-mediated hTK gene transfer was previously
found to increase the number of circulating EPCs (Spillmann
et al., 2006). In our study, we used two different methods to
evaluate the effect of TK on circulating EPC numbers. One
used flow cytometry for assessment of circulating cells posi-
tive for CD34 and Flk-1 (Heeschen et al., 2003), and the other
method used the CFU assay (George et al., 2004). Of the two
methods, CD34 + Flk-1 + staining is more appropriate for de-
fining circulating EPCs, whereas CFU numbers are more
likely to reflect their ability to proliferate (George et al., 2006).
Our data demonstrate an enhancement of peripheral EPCs in
mice with TK gene transfer after MI. Otherwise, we were able
to analyze the presence of CD34 + Flk-1 + EPCs using flow
cytometry, especially in the infarct myocardium. These re-
sults further confirmed that the increased circulating CD34/
Flk cells can home to the infarcted myocardial tissue after TK
gene therapy, and these cells contributed to increased neo-
vascularization. However, it is still unknown as to the exact
mechanism by which TK increases the number of circulating
EPCs. Possibly, Ad.hTK gene transfer can up-regulate circu-
lating TK and BK levels, which reach the bone marrow and
stimulate the release of EPCs through endothelial nitric oxide
synthase and matrix metalloproteinase-dependent pathways
(Heeschen et al., 2003; Kränkel et al., 2008).

In this study, we observed that hTK gene transfer signifi-
cantly improved short-term survival and functional outcome
at 7 days after MI. Previously, it was shown that adenovirus-
mediated gene transfer of hTK reduced the stroke-induced
mortality rate in Dahl salt-sensitive rats (Zhang et al., 1999).

The cardioprotective role of the KKS has been well docu-
mented in the setting of acute myocardial ischemia (Griol-
Charhbili et al., 2005). Pons and colleagues examined the
long-term effects of TK deficiency on survival and left ven-
tricular remodeling after MI, as TK - / - mice displayed an
increased mortality rate and aggravation of left ventricular
hypertrophy and dilatation in comparison with TK + / + (Pons
et al., 2008). The mechanisms whereby kallikrein gene transfer
results in attenuation of the mortality rate in MI mice is
probably related to inhibition of cardiomyocyte apoptosis
and promotion of neovascularization, thereby restoring re-
gional blood flow and improving cardiac function (Yin et al.,
2005; Yao et al., 2007). Prevention of apoptosis and the pro-
vision of sufficient tissue oxygenation are the possible
mechanisms of TK’s cardioprotective effects. Recently, results
consistently demonstrated that kallikrein overexpression
stimulates a well-organized and functional neovasculariza-
tion, as the KKS can increase circulating proangiogenic cells’
invasive and proangiogenic activities, which may play a role
in multiple steps of postnatal vasculogenesis (Stone et al.,
2009; Spinetti et al., 2011). Our results confirmed that over-
expression of TK promotes neovascularization by maximi-
zation of EPC number and function via activation of the
PI3K-Akt pathway. The exact mechanism underlying the ef-
fect of KKS on EPC function is not entirely understood and
deserves further attention.

Taken together, the present study demonstrates that TK
promotes vessel growth after MI by increasing the number of
circulating EPCs and enhancing EPC differentiation, migra-
tion, tube-formation capacity, and survival through a kinin
B2R-dependent Akt signaling pathway. Therefore, augmen-
tation and enhancement of circulating EPC numbers and
activity by TK might be a novel strategy to improve neo-
vascularization after tissue ischemia.
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