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Kallikrein-Modified Mesenchymal Stem Cell Implantation
Provides Enhanced Protection Against Acute Ischemic
Kidney Injury by Inhibiting Apoptosis and Inflammation

Makoto Hagiwara, Bo Shen, Lee Chao, and Julie Chao

Abstract

Mesenchymal stem cells (MSCs) migrate to sites of tissue injury and serve as an ideal vehicle for cellular gene
transfer. As tissue kallikrein has pleiotropic effects in protection against oxidative organ damage, we investi-
gated the potential of kallikrein-modified MSCs (TK-MSCs) in healing injured kidney after acute
ischemia/reperfusion (I/R). TK-MSCs secreted recombinant human kallikrein with elevated vascular endo-
thelial growth factor levels in culture medium, and were more resistant to oxidative stress-induced apoptosis
than control MSCs. Expression of human kallikrein was identified in rat glomeruli after I/R injury and sys-
temic TK-MSC injection. Engrafted TK-MSCs exhibited advanced protection against renal injury by reducing
blood urea nitrogen, serum creatinine levels, and tubular injury. Six hours after I/R, TK-MSC implantation sig-
nificantly reduced renal cell apoptosis in association with decreased inducible nitric oxide synthase expression
and nitric oxide levels. Forty-eight hours after I/R, TK-MSCs inhibited interstitial neutrophil and mono-
cyte/macrophage infiltration and decreased myeloperoxidase activity, superoxide formation, p38 mitogen-ac-
tivated protein kinase phosphorylation, and expression of tumor necrosis factor-a, monocyte chemoattractant
protein-1, and intercellular adhesion molecule-1. In addition, tissue kallikrein and kinin significantly inhibited
H,Oy-induced apoptosis and increased Akt phosphorylation and cell viability in cultured proximal tubular
cells. These results indicate that implantation of kallikrein-modified MSCs in the kidney provides advanced
benefits in protection against ischemia-induced kidney injury by suppression of apoptosis and inflammation.

Introduction

CUTE RENAL FAILURE (ARF) is a common disease with

high morbidity and mortality. In renal transplant pop-
ulations, an early ischemic insult is believed to cause long-
term renal dysfunction (Chertow et al., 2005; Hertig et al.,
2006). Unfortunately, innovative interventions beyond sup-
portive therapy are currently not available. Mesenchymal
stem cells (MSCs) serve as an ideal vehicle for cellular gene
transfer because they are nonimmunogenic and immuno-
suppressive, and have the ability to migrate to sites of tissue
injury and inflammation to participate in tissue repair
(Yokoo et al., 2003). Studies have shown that implantation of
bone marrow-derived MSCs after renal ischemia/reperfu-
sion (I/R) promoted recovery of renal function and mor-
phological damage, indicating potential promise of healing
damaged kidney after acute I/R injury with MSCs (Lange et
al., 2005; Togel et al., 2005). Moreover, MSCs genetically mod-
ified with the antiapoptotic Akt gene or the antioxidant en-
zyme heme oxygenase (HO)-1 gene were more efficient in

improving cardiac performance and healing damaged my-
ocardium compared with unmodified MSCs by enhancing
stem cell viability via autocrine and paracrine actions (Mangi
et al., 2003; Tang et al., 2005). In addition to the migrating
and homing ability of MSCs (Herrera et al., 2007), the
paracrine effects of MSCs have been attracting a great deal
of attention as the main mechanism of beneficial effects (To-
gel et al., 2005). These experimental results indicate that en-
hanced stem cell therapy by genetic modification provides
advanced benefits in protection against ischemic injury.
Tissue kallikrein is a serine proteinase that processes
kininogen substrates to release vasoactive kinin peptides.
Using a somatic gene transfer approach, we previously dem-
onstrated that tissue kallikrein exhibits renal protection by
antiinflammatory and antifibrotic actions in several animal
models of renal injury (Chao et al., 1998; Murakami et al.,
1998; Bledsoe et al., 2006). Furthermore, we reported that
kallikrein reduced ischemia-induced cardiomyocyte apopto-
sis via Akt-mediated signaling pathways (Yin et al., 2005).
Tissue kallikrein gene delivery exhibits pleiotropic effects in
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protection against oxidative damage in the heart, kidney,
and brain (Xia et al., 2004; Zhang ef al., 2004; Li et al., 2007).
Our present study was designed to test the hypothesis that
mesenchymal stem cells genetically modified with the
kallikrein gene exert advanced beneficial effects in protec-
tion against acute renal I/R injury by suppression of apop-
tosis and inflammation.

Materials and Methods
Mesenchymal stem cell isolation

Bone marrow (BM) was obtained from 2-month-old male
Wistar rats (Deng et al., 2003). Briefly, rats were killed, and
femurs and tibias were aseptically removed. BM was flushed
from the shaft of the bone with Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO) containing
5% fetal calf serum (FCS; Invitrogen, Paisley, UK) plus peni-
cillin (100 U/ml)-streptomycin (0.1 mg/ml) (Invitrogen),
and then filtered through a 100-um (pore size) sterile filter
(Falcon; BD Biosciences, San Jose, CA) to produce a single-
cell suspension. MSCs were recovered from BM by their ten-
dency to adhere tightly to plastic culture dishes. Filtered BM
cells were plated in DMEM plus 10% FCS and penicillin (100
U/ml)-streptomycin (0.1 mg/ml) and allowed to adhere.
MSCs were identified by positive immunostaining for vi-
mentin and a-smooth muscle actin (a-SMA) in passage 2 as
described previously (Davani et al., 2003). Briefly, cells were
washed once and fixed with 3.7% (v/v) formaldehyde in
phosphate-buffered saline (PBS). MSCs were incubated with
the primary antibodies anti-a-SMA (Dako, Glostrup, Den-
mark) and anti-vimentin (Santa Cruz Biotechnology, Santa
Cruz, CA) overnight at 4°C, and then with fluorescein-con-
jugated secondary antibody for 1 hr at room temperature.
Immunostaining was examined with a fluorescence micro-
scope.

Generation of genetically modified MSCs expressing
human tissue kallikrein

Ad.CMV-GFP (adenovirus harboring the green fluores-
cent protein [GFP]-encoding gene) and Ad.CMV-TK (ade-
novirus carrying human tissue kallikrein cDNA) were gen-
erated as previously described (Chao et al., 1998). Cultured
MSCs were transduced with Ad.CMV-TK (TK-MSCs) and
Ad.CMV-GFP (GFP-MSCs) at a multiplicity of infection
(MOQI) of 50 for 2 hr, followed by a second transduction with
adenovirus at an MOI of 100 for 24 hr. To determine the
transduction efficiency, the ratio of GFP-expressing cells to
total cells was calculated with a fluorescence microscope. Ex-
pression of recombinant human tissue kallikrein in MSCs
was identified by immunostaining and by measuring im-
munoreactive human tissue kallikrein levels secreted into the
culture medium, using a specific enzyme-linked im-
munosorbent assay (ELISA) (Chao et al., 1998). Vascular en-
dothelial growth factor (VEGF) levels in the culture medium
of MSCs 4 days after transduction were measured with an
ELISA kit (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Detection of apoptosis caused by H>O» or hypoxia

GFP-MSCs and TK-MSCs were seeded in 6-well plates. At
70% confluency, cells were treated with H,O, (0.5 mM) for
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6 hr as previously described (Lim et al., 2006). MSCs were
then incubated with Hoechst 33342 (1 wg/ml) for 10 min in
the dark. Apoptotic cells were identified by their distinct con-
densed nuclei. Caspase-3 activity in cell lysates was deter-
mined with a fluorometric caspase-3 assay kit (Oncogene,
San Diego, CA) according to the manufacturer’s instructions.

Animal treatment

Male Wistar rats (Harlan, Indianapolis, IN) were housed
at a constant room temperature with a 12 hr:12 hr light:dark
cycle and had free access to tap water and rat chow. All pro-
cedures complied with the standards for care and use of an-
imal subjects as stated in the Guide for the Care and Use of Lab-
oratory Animals (Institute of Laboratory Resources, National
Academy of Sciences, Bethesda, MD). Rats were anesthetized
and subjected to renal ischemia/reperfusion (I/R) injury as
previously described (Togel et al., 2005). Briefly, after ab-
dominal laparotomy, kidneys were exposed and renal pedi-
cles were clamped with vascular clamps for 40 min to induce
ischemia. After reflow, the left carotid artery was cannulated
with PE50 tubing. MSCs expressing GFP or TK (1 X 10°) in
200 ul were injected via the carotid artery within 1 hr. The
same amount of PBS was infused into the control I/R group
by the same route. Thus, rats with I/R were randomly di-
vided into three groups: I/R plus PBS (I/R, n = 16), I/R plus
GFP-MSCs (I/R + GFP-MSCs, n = 16), and I/R plus TK-
MSCs (I/R + TK-MSCs, n = 16). Sham-operated control an-
imals (sham, n = 12) did not undergo occlusion of the renal
arteries. At 6 and 48 hr after I/R, rats were anesthetized and
blood samples were taken from the right atrium. Blood urea
nitrogen (BUN) and serum creatinine levels were measured
with commercial kits (BioAssay Systems, Hayward, CA).
Kidneys were removed and snap frozen in liquid nitrogen
or fixed in formaldehyde for immunohistochemical studies.

Morphological and histological analyses

Kidneys were fixed in 4% formaldehyde, dehydrated, and
paraffin embedded. Sections (4 um thick) were stained with
periodic acid-Schiff (PAS) or hematoxylin and eosin (H&E).
Kidney sections were examined in a blinded manner and
scored to evaluate the degree of tubular necrosis (Haq ef al.,
1998). The scoring method was as follows: 0, normal kidney;
1, minimal necrosis (<5% involvement); 2, mild necrosis (5
to <25% involvement); 3, moderate necrosis (25 to <75% in-
volvement); 4, severe necrosis (>75% involvement). Neu-
trophil infiltration into the interstitium was determined by
counting neutrophils in 10 randomly selected fields at X400
magnification in the outer stripe of the medulla, the area of
maximal neutrophil migration as described previously (Haq
et al., 1998).

Measurement of nitrate/nitrite, myeloperoxidase activity,
and superoxide formation

Renal tissue was homogenized in lysis buffer (10 mM Tris
[pH 7.4], 100 mM NaCl, 1 mM EDTA, 20 mM Na,P,Oy, 2 mM
NazVO,, and 1% Triton X-100) containing 1:100 protease in-
hibitor cocktail (Sigma-Aldrich). Nitrate/nitrite (NOx) levels
(indicative of NO formation) were measured by a fluoromet-
ric assay (Chao et al., 2007). Myeloperoxidase activity was de-
termined as previously described (Suzuki et al., 1983). Super-
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FIG.1. Immunocytochemical characterization of MSCs and ROS-induced apoptosis. (A) TK-MSCs were identified by pos-
itive immunostaining to human tissue kallikrein, -SMA, and vimentin. A transduction efficiency of 70-80% was confirmed
by GFP expression. (B) Expression of human tissue kallikrein in TK-MSC culture medium was determined by ELISA (n =
6-8). (C) Expression of VEGF in TK-MSCs culture medium 4 days after Ad.CMV-TK transduction (1 = 4, *p < 0.05 vs. GFP-
MSCs). (D) Representative Hoechst staining images of MSCs treated with H,O, for 6 hr. (E) Quantitative analysis of apop-
totic MSCs expressed as a percentage of total cell number. (F) Caspase-3 activity in cell lysates of MSCs treated with H,O,
for 6 hr. Caspase-3 activity is expressed as a percentage of control MSCs (n = 6, *p < 0.05 vs. MSCs and GFP-MSCs). Val-
ues are expressed as means * SEM.
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oxide production in renal extracts was quantified by a spec-
trophotometric assay based on rapid reduction of ferricy-
tochrome c to ferrocytochrome c according to a modified pro-
tocol (Griendling et al., 1994). Reduction of ferricytochrome c
independent of superoxide was corrected for by deducting the
activity not inhibited by superoxide dismutase.

Immunohistochemical staining and quantitative analysis

Immunohistochemistry was performed with a VECTAS-
TAIN Universal Elite ABC kit (Vector Laboratories,
Burlingame, CA), in accordance with the supplied instruc-
tions. Kidney sections were incubated at 4°C overnight with
primary antibodies against human tissue kallikrein (Chao et
al., 1985) and the monocyte/macrophage marker ED-1 (di-
luted 1:100; Chemicon, Temecula, CA). The number of mono-
cytes/macrophages was counted as positive staining of ED-
1 in a blinded manner from 10 different fields of each section
at X200 magnification.

TUNEL staining

Apoptotic cells were visualized in a terminal deoxynu-
cleotidyltransferase-mediated dUTP nick end labeling
(TUNEL) assay and costained with propidium iodide (PI)
(Chao et al., 2007). The TUNEL procedure was performed
with an in situ cell death detection kit (Roche, Indianapolis,
IN) according to the manufacturer’s instructions. TUNEL-
positive apoptotic tubular epithelial cells were counted un-
der blinded conditions in 10 consecutive fields at X200 mag-
nification in the outer stripe of the medulla.

Western blot analysis

Western blot analysis was performed with the cytosolic
fraction of kidney extracts and cell lysates from cultured
proximal tubular cells to detect total and phosphorylated
forms of p38 mitogen-activated protein kinase (p38MATK)
and Akt (Cell Signaling Technology, Beverly, MA).
Polyvinylidene difluoride (PVDF) membranes were incu-
bated with secondary antibody conjugated to LumiGLO
chemiluminescent reagent (Cell Signaling Technology).
Chemiluminescence was detected with an ECL-Plus kit
(PerkinElmer Life and Analytical Sciences, Boston, MA).

Quantitative real-time polymerase chain reaction

Total RNA was extracted from kidney with TRIzol reagent
(Invitrogen, Carlsbad, CA). cDNA was transcribed with a
c¢DNA archive kit (Applied Biosystems, Foster City, CA).
Quantitative reverse transcription-polymerase chain reac-
tions (qQPCR) were carried out on a 7300 real-time PCR sys-
tem (Applied Biosystems) with 10 ul of 2X TagMan univer-
sal PCR master mix, 1 ul of 20X TagMan gene expression
assay mix (Rn00564227_m1 for intercellular adhesion mole-
cule [ICAM]-1, Rn00580555_m1 for monocyte chemotactic
protein [MCP]-1, Rn99999017_m1 for tumor necrosis factor
[TNF]-a, and Rn00561646_m1 for inducible nitric oxide syn-
thase [iINOS]; Applied Biosystems), and 9 ul of cDNA in du-
plicate under the following thermal cycler conditions: 95°C
for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 1 min. Transcription of the housekeeping gene encoding
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control.
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Survival of proximal tubular cells

Immortalized rat proximal tubular cells (IRPTCs; a gift
from J. Ingelfinger and S.-S. Tang, Harvard Medical School,
Boston, MA) were cultured in DMEM supplemented with 4
mM r-glutamine, sodium bicarbonate (1.5 g/liter), glucose
(4.5 g/liter), 1X nonessential amino acids, and 5% fetal calf
serum at 34°C in an atmosphere of 95% air and 5% CO,. Once
cells reached 70% confluency, the cells were incubated with
H,0; (0.75 mM), with or without tissue kallikrein (0.2 wM)
or bradykinin (0.1 uM) for 24 hr. H,O, concentrations from
0.5 to 1.5 mM were tested for cell injury as previously de-
scribed (Cuttle et al., 2001). We selected H,O; (0.75 mM) for
this study because at this concentration H,O, induced the
highest level of cell injury with minimal detachment. Cellu-
lar apoptosis and cell survival were determined by Hoechst
33342 staining and 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay, respectively. Western blot for total and phos-
phorylated Akt was also performed. The number of viable
cells was assessed by the CellTiter 96 AQyeous Nonradioac-
tive cell proliferation assay (Promega). Briefly, proximal
tubular cells were seeded in 24-well plates and incubated
with H,O, (0.75 mM) for 24 hr. MTS solution was then added
to each well and the cells were incubated in a humidified in-
cubator at 34°C in 5% CO; for 2 hr. The quantity of formazan
product present was determined by measuring the ab-
sorbance at 490 nm.

Statistical analysis

Data were analyzed by standard statistical methods and
analysis of variance (ANOVA) followed by Fisher’s pro-
tected least significant difference (PLSD) and Bonferroni post
hoc tests when appropriate. Group data were expressed as
means * SEM. Values of all parameters were considered sig-
nificantly different at a value of p < 0.05.

Results

Generation and characterization of MSCs expressing
human tissue kallikrein

Cultured MSCs isolated from adult bone marrow were
identified morphologically on the basis of fibroblast-like
spindle shape, and were characterized by immunocyto-
chemical staining with vimentin and a-SMA (Fig. 1A). Trans-
duction of adenovirus into MSCs resulted in a transduction
efficiency of 70-80%, as confirmed by GFP fluorescence (Fig.
1A). After MSC transduction, the expression of human tis-
sue kallikrein was identified by immunocytochemistry (Fig.
1A). Immunoreactive human tissue kallikrein levels in the
culture medium were measured by ELISA for 3 weeks, with
peak levels between 4 and 11 days after transduction (Fig.
1B). Moreover, 4 days after transduction, the VEGF level in
the medium of TK-MSCs was significantly higher than that
of GFP-MSCs (p < 0.05; Fig. 1C). To reach maximal expres-
sion of human tissue kallikrein in vivo, MSCs were injected
into rats 4 days after transduction.

TK-MSCs are resistant to H.O»-induced apoptosis

Representative images of apoptotic cells identified by
Hoechst staining showed reduced H;O»-induced apoptosis
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FIG. 2. Expression of human tissue kallikrein in the kidney and the effect of TK-MSCs on renal I/R injury. (A) Repre-
sentative photomicrographs of immunohistochemical staining of human tissue kallikrein in kidney 6 and 48 hr after TK-
MSC implantation. Original magnification, X400. (B and C) BUN and creatinine levels 6 and 48 hr after I/R. Values are ex-
pressed as means * SEM, n = 6-8 (*p < 0.05 vs. I/R; #p < 0.05 vs. I/R + GFP-MSCs).

in TK-MSCs compared with MSCs and GFP-MSCs after 6 hr
(Fig. 1D). Quantitative analysis verified these results (p <
0.05; Fig. 1E). Moreover, caspase-3 activity was significantly
reduced in the TK-MSC group compared with the MSC and
GFP-MSC groups subjected to H,O, treatment for 6 hr (p <
0.05; Fig. 1F). These combined results indicate that kallikrein-
modified MSCs are more resistant to oxidative stress-in-
duced apoptosis than are control MSCs and GFP-MSCs (Fig.
1D-F).

TK-MSCs reduce I/R-induced renal injury

To evaluate the effect of TK-MSCs in I/R-induced kidney
injury, GFP-MSCs or TK-MSCs were injected via the carotid
artery within 1 hr of reperfusion. Expression and localiza-
tion of human tissue kallikrein in rat kidney were identified
in the glomeruli of the I/R + TK-MSC group, but not in the
I/R + GFP-MSC group, 6 and 48 hr after I/R (Fig. 2A). Im-
munoreactive human tissue kallikrein was identified only in
rats injected with TK-MSCs after I/R, because the antibody
had no cross-reactivity with endogenous rat tissue kallikrein.

BUN and creatinine levels in the I/R + TK-MSC group were
significantly reduced compared with the control I/R group
at 6 hr after I/R (p < 0.05; Fig. 2B). Moreover, BUN and cre-
atinine levels in the I/R + TK-MSC group were significantly
reduced as compared with both control I/R and I/R + GFP-
MSC groups 48 hr after I/R (p < 0.05; Fig. 2C). These results
indicate that expression of human tissue kallikrein after TK-
MSC implantation attenuated I/R-induced renal dysfunc-
tion after acute I/R injury. Because I/R injury results in mas-
sive tubular injury, we examined morphological changes 48
hr after reperfusion (Fig. 3A). The sham group had normal
renal morphology. However, I/R resulted in notable dam-
age in the cortex and the corticomedullary junction, includ-
ing tubular necrosis, congestion of tubules with debris, tubu-
lar dilatation, accumulation of protein casts, and loss of
brush border. Compared with the I/R group, GFP-MSC en-
graftment decreased kidney injury as indicated by fewer
necrotic tubules, dilated tubules, and protein casts, and at-
tenuation of brush border loss. However, implantation of
TK-MSCs further reduced renal damage compared with the
I/R + GFP-MSC group. Quantitative analysis showed that
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both I/R and I/R + GFP-MSC groups had higher proximal
tubular injury scores compared with sham-operated rats,
and that GFP-MSC implantation failed to reduce tubular in-
jury score as compared with the I/R group. TK-MSC im-
plantation significantly reduced damage scores compared
with both I/R and I/R + GFP-MSC groups (Fig. 3B).

TK-MSCs reduce renal cell apoptosis, NO levels, and
iNOS expression after I/R

Figure 4A shows representative images of TUNEL-posi-
tive apoptotic cells in the outer stripe of the medulla 6 hr af-
ter I/R. There was little positive staining in specimens of the
sham group, but numerous apoptotic cells were observed in
medulla and cortex in the I/R group. Implantation of GFP-
MSCs reduced apoptotic cells compared with the I/R group,
and TK-MSCs further reduced renal cell apoptosis. Quanti-
tative analysis showed that TK-MSCs significantly reduced
I/R-induced renal cell apoptosis compared with the I/R
and I/R + GFP-MSC groups (p < 0.05; Fig. 3B). Excessive

FIG.3. TK-MSCs ameliorate tubular injury 48 hr after I/R.
(A) Representative images of histological staining with PAS
in kidney cortex and medulla. Original magnification,
X200. (B) Semiquantitative analysis of tubular damage. Val-
ues are expressed as means = SEM, n = 6-8 (*p < 0.05 vs.
I/R; *p < 0.05 vs. I/R + GFP-MSCs).

amounts of NO and subsequent peroxynitrite in the initial
phase after I/R have been reported to possibly mediate tubu-
lar injury (Vinas et al., 2007). In this regard, we measured
NO content in kidney tissue 6 hr after I/R. Renal NOx con-
tent in the I/R group increased significantly compared with
that of the sham group (p < 0.05), whereas TK-MSCs signif-
icantly reduced NO levels (p < 0.05; Fig. 4C). In addition, the
mRNA expression of iNOS was significantly reduced in the
I/R + TK-MSC group compared with the I/R group (p <
0.05; Fig. 4D). These results indicate that in the initial phase
of I/R injury, TK-MSC protection against renal cell apopto-
sis could be mediated in part by suppression of iNOS ex-
pression and NO formation.

TK-MSCs reduce inflammatory cell infiltration and
reactive oxygen species formation

Augmentation of apoptosis after acute I/R is believed to
cause inflammation and further generation of reactive oxy-
gen species (ROS). First, we inspected the effect of TK-MSCs
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FIG. 4. TK-MSCs reduce renal cell apoptosis, NO, and iNOS mRNA expression 6 hr after I/R. (A) Representative images
of TUNEL staining. Propidium iodide stains red and TUNEL stains green; yellow is overlay. Original magnification, X200.
(B) Apoptotic tubular cells in the outer stripe of the medulla. (C) Nitrate/nitrite (NOx) content and (D) mRNA levels of
iNOS in kidney tissue. Values are expressed as means + SEM, n = 6-8 (*p < 0.05 vs. I/R; #p < 0.05 vs. I/R + GFP-MSCs).

on monocyte/macrophage and neutrophil infiltration. Rep-
resentative ED-1 immunostaining and quantitative analysis
in the kidney 48 hr after I/R showed that macrophage num-
ber was markedly higher in the I/R group than in the sham
group (p < 0.05), and was significantly reduced after MSC
administration (p < 0.05; Fig. 5A and B). However, there was
no significant difference between the I/R + GFP-MSC and
I/R + TK-MSC groups. Moreover, neutrophil accumulation
identified by H&E staining was significantly higher in the
I/R group than in the sham group (p < 0.05). TK-MSCs
significantly reduced neutrophil number compared with
both I/R and I/R + GFP-MSC groups (p < 0.05; Fig. 5C).

Myeloperoxidase (MPO) activity in kidney tissue of the
I/R + TK-MSC group was significantly decreased compared
with the control I/R group (p < 0.05; Fig. 6A). In addition,
superoxide formation in the I/R group was higher than that
of the sham group, and TK-MSCs significantly reduced su-
peroxide production compared with the I/R group (p < 0.05;
Fig. 6B). The inhibitory effect of TK-MSCs on ROS formation
paralleled the reduction in p38MAPK phosphorylation (Fig.
6C). Expression of the proinflammatory mediators TNF-«,
MCP-1, and ICAM-1 was significantly reduced in the I/R +
TK-MSC group compared with the I/R control group (p <
0.05). However, TNF-a and ICAM-1 expression did not reach
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FIG. 5. TK-MSCs reduce monocyte/macrophage and neutrophil accumulation in the renal interstitium 48 hr after I/R.
(A) Representative images of immunohistochemical staining for ED-1, a specific marker for monocytes/macrophages. Orig-
inal magnification, X200. Quantitative analysis of (B) ED-1-positive cells and (C) neutrophils. Values are expressed as
means = SEM, n = 6-8 (*p < 0.05 vs. I/R; #p < 0.05 vs. I/R + GFP-MSCs).

statistical significance between the I/R + TK-MSC and
I/R + GFP-MSC groups.

Tissue kallikrein and kinin reduce H.O.-induced apoptosis
of cultured renal proximal tubular cells

Figure 7A shows representative apoptotic tubular cells
treated with H,O, for 24 hr. Analysis of high-power fields
showed that incubation with H,O, caused cell injury indi-
cated by cellular detachment, fragmentation of the nucleus,
and condensation of chromatin. However, kallikrein (TK)
and bradykinin (BK) reduced the number of apoptotic tubu-
lar cells compared with the H,O,-treated group. The anti-
apoptotic effect of TK and BK was verified by quantitative
analysis (p < 0.01; Fig. 7B). Moreover, TK and BK improved
cell viability as measured by MTS assay (p < 0.01; Fig. 7C).
Even though Akt phosphorylation was rapidly increased 10
min after H,O, treatment with or without TK and BK coin-
cubation (data not shown), the effect of TK and BK in in-
hibiting oxidative stress-induced renal cell apoptosis was ac-
companied by a significant increase in Akt phosphorylation
after coincubation with HyO, for 24 hr (p < 0.05; Fig. 7D).
These results indicate that tissue kallikrein/kinin protects
against oxidative stress-induced renal tubular cell apoptosis
by Akt-mediated signaling.

Discussion

This study demonstrates that a combined stem cell and
kallikrein gene approach provides advanced benefits in heal-
ing injured kidney in a setting of acute renal failure. Our re-
sults showed that kallikrein-modified MSCs, after systemic
injection, migrated to the injured kidney after I/R. Expres-
sion of human tissue kallikrein in rat kidney after TK-MSC
implantation exhibited enhanced protection against renal in-
jury by inhibiting apoptosis and inflammatory cell infiltra-
tion. TK-MSCs secreted recombinant human tissue kallikrein
into culture medium and significantly improved stem cell
survival during oxidative stress. Moreover, tissue kallikrein
and kinin also inhibited oxidative stress-induced apoptosis
in proximal tubular cells. These combined findings indicate
that renal protection by TK-MSC implantation could be at-
tributed to both autocrine and paracrine mechanisms. Our
previous studies showed that tissue kallikrein/kinin re-
placement by gene delivery or protein infusion protects
against organ damage with antioxidative, antiapoptotic, an-
tiinflammatory, and angiogenic effects (Xia ef al., 2004; Zhang
et al., 2004; Yao et al., 2007). Taken together, the current study
suggests that engraftment of genetically modified MSCs with
tissue kallikrein is a superior strategy in protection against
ARF through both the pleiotropic effects of kallikrein and
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MSC-mediated paracrine actions. Even though our investi-
gations were limited to two time points in the early phase of
ARF, these results indicate a promising strategy to treat
chronic kidney diseases.

Stem cells are ideal for cell therapy of various ischemic
diseases, given their multipotency, low immunogenicity, and
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FIG. 7. Tissue kallikrein (TK) and bradykinin (BK) in-
hibit cell injury induced by H,O,. (A) Representative
Hoechst staining of proximal tubular cells treated with
H,O, for 24 hr. (B) Quantitative analysis of apoptotic
MSCs expressed as a percentage of total cell number.
(C) Cell viability of IRPTCs assessed by MTS assay af-
ter incubation with H,O, for 24 hr. (D) Representative
Western blot of phosphorylated and total Akt (top) and
densitometric analysis (bottom). Values are expressed as
means = SEM, n = 6 (*p < 0.05 vs. HyO»).

amenability to ex vivo expansion. However, implanted MSCs
are highly sensitive to hypoxia and the inflammatory envi-
ronment of ischemic tissues. Nevertheless, Togel and
coworkers (2005, 2007) demonstrated that MSCs are protec-
tive against ischemic kidney injury. Moreover, no significant
difference in postmyocardial infarction cardiac remodeling
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was observed between unmodified MSCs and MSCs trans-
duced with a reporter gene (Tang et al., 2005). Thus, incor-
poration of a control gene, such as GFP, into MSCs is un-
likely to affect the protective capabilities of MSCs against
organ damage. Stem cells engineered with antiapoptotic and
antioxidant genes can improve MSC survival in ischemic tis-
sue and thus enhance the efficiency of repair. For example,
Tang and coworkers (2005) demonstrated that a higher num-
ber of MSCs transduced with the heme oxygenase (HO)-1
gene survive when injected into infarcted hearts compared
with control MSCs, leading to more efficient healing. Simi-
larly, Mangi and coworkers (2003) showed that overexpres-
sion of the Akt gene greatly enhanced the survival of MSCs
subjected to hypoxia/reoxygenation, and prevented patho-
logical remodeling, with impressive improvement in cardiac
output after myocardial infarction. Paracrine actions were
shown to be responsible for the cardioprotective effects of
Akt-MSCs (Noiseux et al., 2006). Although in the present
study, expression of human tissue kallikrein after TK-MSC
implantation was identified mainly in glomeruli, tissue
kallikrein could also diffuse to peritubular capillaries and
tubules, and thus cleave low molecular weight kininogen to
release kinin into the renal tubules. Moreover, cultured TK-
MSCs secreted human tissue kallikrein with elevated VEGF
levels in culture medium compared with control GFP-MSCs.
MSCs have been shown to secrete growth factors, such as in-
sulin-like growth factor (IGF)-I (Imberti et al., 2007), hepato-
cyte growth factor (HGF), and VEGF (Togel ef al., 2007), that
promote tubular cell proliferation and survival. Increased
VEGF secretion from TK-MSCs, observed in the present
study, may also contribute to renal protection (Kanellis et al.,
2000a,b). Therefore, it is likely that the protective actions of
TK-MSCs may be attributed to both autocrine and paracrine
mechanisms at the injured renal tissues.

Renal dysfunction and apoptosis/necrosis of tubular ep-
ithelial cells are of key importance for the pathophysiological
consequences of ARF. Apoptosis is a crucial early event that
can initiate reperfusion-induced inflammation and subsequent
tissue injury. Indeed, prevention of renal cell damage after ARF
with the antiapoptotic agents IGF-I and ZVAD-fmk (a caspase
inactivator) can block the early onset of not only apoptosis, but
also inflammation and tissue injury (Daemen et al., 1999). In
this study, we demonstrated that implantation of genetically
modified MSCs expressing human tissue kallikrein prevented
renal cell apoptosis in the initial phase after acute I/R injury.
The protective actions of TK-MSCs in ischemia-induced renal
cell apoptosis may thus lead to a subsequent reduction in in-
flammatory cell infiltration and kidney injury. Moreover, tis-
sue kallikrein and kinin inhibited apoptosis and promoted cell
viability in conjunction with increased Akt phosphorylation in
cultured proximal tubular cells after exposure to ROS. These
combined results from in vivo and in vitro studies indicate that
tissue kallikrein secreted from TK-MSCs protects against ROS-
induced renal cell apoptosis. In this regard, we previously
showed that kallikrein gene transfer significantly attenuated
I/R-induced cardiomyocyte apoptosis via activation of the
phosphatidylinositol-3-kinase (PI3K)-Akt-glycogen synthase
kinase (GSK)-3 and Bcl-2 signaling pathways (Yin et al., 2005).
Taken together, these findings suggest that the tissue
kallikrein—kinin system may protect against oxidative stress-
induced apoptosis of renal epithelial cells by activating the
PI3BK-Akt pathway.
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Our results showed that engrafted TK-MSCs protect
against ischemia-induced renal cell apoptosis and kidney in-
jury after acute I/R. This finding is consistent with a study
showing that kinin B2 and B1 receptors play an important
role in reducing apoptosis and renal dysfunction during re-
nal I/R injury in kinin receptor knockout mice (Kakoki et al.,
2007). Conversely, early activation of the tissue kallikrein/
kinin B2 receptor before or during acute renal I/R injury was
shown to aggravate ROS formation and renal damage by in-
creasing inflammatory cell infiltration and apoptosis (Chi-
ang et al., 2006). In this study, we administered TK-MSCs
within 1 hr of reperfusion. However, Chiang and coworkers
(2006) infused tissue kallikrein before or during the ischemic
period. Therefore, the discrepancy may be attributed to dif-
ferences in the level and location of tissue kallikrein pro-
duced, and the time period before, during, or after acute I/R
injury.

The reduction in renal cell apoptosis by implantation of
TK-MSCs occurred in conjunction with suppression of iNOS
expression and NO levels 6 hr after I/R injury. NO is known
to function as a double-edged sword (Colasanti and Suzuki,
2000). Physiological levels of NO exert beneficial effects by
inhibiting NF-«B activation; MCP-1, vascular cell adhesion
molecule (VCAM)-1, and ICAM-1 expression; and mono-
cyte/macrophage recruitment (Zeiher et al., 1995; Spiecker et
al., 1998). NO can directly inhibit NADPH oxidase activity
and thus superoxide formation in neutrophils (Clancy et al.,
1992). In contrast, elevated NO levels can exacerbate renal
injury after an acute insult (Lieberthal, 1998). Production of
NO within renal tubular cells is markedly increased by acute
ischemic and toxic injury and contributes to the severity of
tubular injury. NO can combine with superoxide to form the
peroxynitrite anion, which mediates cell death primarily by
causing oxidant injury and by nitrosylating tyrosine residues
in proteins (Goligorsky et al., 2002). Studies indicate that
iNOS is the predominant isoform of NOS responsible for in-
creased NO production and NO-mediated injury in cultured
renal tubular cells subjected to oxidative insults (Peresleni et
al., 1996). Targeted inhibition of iNOS was shown to be pro-
tective in ischemia-induced kidney damage (Chatterjee et al.,
2003). Therefore, suppression of NO formation by iNOS af-
ter TK-MSC implantation may play a crucial role in protec-
tion against cell death during the early events of I/R-induced
AREF.

Ischemia induces the kidney to produce a number of in-
flammatory factors. Factors such as interleukin (IL)-1, IL-6,
and TNF-«a induce the expression of ICAM-1, VCAM-1, and
E-selectin through activation of NF-«B and p38MAPK gignal-
ing (Prodjosudjadi et al., 1995; Kuldo et al., 2005; Thurman,
2007), whereas upregulation of MCP-1 occurs via ROS
and/or extracellular signal-regulated kinase-1/2 (ERK)-1/2
(Schlondorff, 1995; De Keulenaer et al., 2000; Chen et al.,
2004). Also, cell adhesion molecules expressed on the sur-
face of endothelial cells facilitate the binding and infiltration
of circulating leukocytes. This is an essential step toward in-
flammation, as ICAM-1-deficient mice are protected from
ischemic renal injury (Kelly et al., 1996). We showed that ad-
ministration of TK-MSCs inhibited interstitial neutrophil and
monocyte/macrophage accumulation in the kidney in asso-
ciation with decreased myeloperoxidase activity, superoxide
formation, p38MAPK phosphorylation, and expression of sev-
eral proinflammatory factors such as TNF-a, MCP-1, and
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ICAM-1 48 hr after I/R. Inhibition of p38MAPK by implanta-
tion of TK-MSC may lead to suppression of NF-«B activa-
tion and thus expression of proinflammatory cytokines and
cell adhesion molecules, with a resultant decline in renal in-
flammation.
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