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Abstract: Hepatocyte growth factor (HGF) is known to promote renal epithelial cell survival by dual mechanisms
involving Bad phosphorylation and Bcl-xL induction. However, it remains elusive as to the relative contributions of
these two events to HGF-mediated cytoprotection. Here we investigated the role and mechanism of HGF in
protecting renal epithelial cells from death induced by oxidant stress both in vitro and in vivo. Simultaneous
incubation of human kidney proximal tubular epithelial cells (HKC-8) with HGF failed to protect them from oxidant
stress-induced cell death, even though it was capable of inducing endogenous Akt and Bad phosphorylation.
However, pre-incubation of HKC-8 cells with HGF for 48 hours dramatically promoted their survival and prevented
caspase-3 cleavage and activation induced by H202. A close association between Bcl-xL induction and effective
cytoprotection by HGF was observed in HKC-8 cells after H202 treatment. Furthermore, ectopic expression of
exogenous Bcl-xL via adenoviral vector prevented H202-triggered caspase-3 activation. In a mouse model of acute
kidney injury induced by ischemia/reperfusion, pre-administration of HGF expression vector drastically prevented
apoptosis and largely preserved kidney function, whereas much less protective effect was observed when HGF
gene was given immediately after ischemic injury. These results suggest that Bcl-xL induction plays an imperative
role in mediating HGF cytoprotection of renal epithelial cells after death challenge.
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Introduction

Hepatocyte growth factor (HGF) and its c-met
receptor consist of a signaling system that
plays an essential role in mammalian
development, tumorigenesis and organ
regeneration [1-3]. In addition to the well-
described mitogenic, motogenic and
morphogenic  activities, HGF has been
demonstrated to be a potent survival factor
capable of preventing diverse types of cells
from undergoing apoptosis both in vitro and in
vivo [4-6]. Studies indicate that HGF prevents
MLP-29 liver progenitor cells from apoptotic
death and inhibits hepatocyte apoptosis in a
mouse model of Fas-induced fulminant
hepatic failure [5, 7]. Expression of

constitutively activated c-met tyrosine kinase
in the liver of transgenic mice prevents their
hepatocytes from apoptosis and permits
immortalization of these cells [8]. HGF also
protects various carcinoma cells from
apoptosis induced by different DNA-damaging
agents [9, 10]. Despite several studies
suggesting the potential involvement of the
members of the Bcl-2 gene family such as
BAG-1 and Bcl-xL [7, 11, 12], the signaling and
mediators that lead to HGF inhibition of
apoptosis remain incompletely understood.

Earlier studies from our laboratory suggest
that HGF may protect renal epithelial cell
survival by dual mechanisms involving two
distinct members of Bcl-2 family proteins [13].
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HGF triggers pro-apoptotic protein Bad
phosphorylation and subsequent inactivation
through phosphoinositide (Pl) 3-kinase/Akt
pathway [14], while it induces pro-survival
protein Bcl-xL expression [12, 15]. Such dual
mechanisms of HGF are found to be shared by
other growth factors including brain-derived
neutrotrophic factor (BDNF) in promoting
cerebellar granule neuron survival [16],
suggesting that a dual action of HGF on both
pro-death and pro-survival proteins in a
coordinated fashion may be a general
mechanism for growth factor to promote
survival in diverse types of the cells in vivo.

Bad phosphorylation and Bcl-xL induction
triggered by HGF in renal epithelial cells are
kinetically distinct events [13]. While the
signal pathway leading to Bad phosphorylation
involves a cascade of sequential activation of
kinases, it is completed via several
posttranslational modifications that occur
within a short period of time ranging from
minutes to hours following HGF treatment. On
the other hand, HGF-induced Bcl-xL expression
is a delayed process that requires prolonged
incubation ranging from hours to days [13].
Although it is postulated that the dual actions
of HGF on renal epithelial cells may be
necessary for promoting cell survival following
severe death challenges, the functionality and
biological significance of Bcl-xL induction in
HGF-mediated cytoprotection remain to be
established.

In this study, we investigated HGF protection
against kidney tubular epithelial cell death
induced by oxidant stress. Our results
demonstrated that induction of BclxL
expression through pre-incubation is required
for HGF to exert effective cytoprotection after
treatment with H202. These studies reveal a
critical role of Bcl-xL in HGF-mediated renal
epithelial cell survival after injury.

Materials and Methods
Cell Culture and Treatment

Human proximal tubular epithelial cell line
(HKC-8) were obtained from Dr. L. Racusen of
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the Johns Hopkins University and maintained
in DMEM/F12 medium supplemented with
10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA), as described previously [17,
18]. HKC-8 cells were seeded on 6 or 12-well
culture plates in the complete medium
containing 10% FBS for 16 hours, and then
changed to serum-free medium after washing
twice with the medium. Recombinant human
HGF (provided by the Genentech, Inc., South
San Francisco, CA) was added to the culture to
a final concentration of 20 ng per mL except
otherwise indicated. At the same time, the
cells were treated with or without H202 (Sigma,
St. Louis, MO) at the final concentration of 0.5
mM to induce cell death, except when
indicated otherwise. Following 16 hours of
incubation, cells were harvested and
subjected to various assays to determine the
cell viability and cell death (see below). For
some experiments, the cells were pre-
incubated with 20 ng/mL of HGF or
phosphate-buffered saline (PBS) vehicle for
various periods of time as indicated, and then
treated with or without 0.5 mM H202 for an
additional 16 hours.

Cell Survival Assay

Cell viability was assessed by counting the
number of cells that remained adherent to the
cell monolayer and excluded trypan blue, as
previously reported [13]. Cells were seeded in
6 or 12-well plates and incubated for a fixed
time as indicated. Following various
treatments, non-adherent cells were removed
by two washes with PBS solution. Adherent
cells were harvested by trypsin-EDTA digestion
and stained with 0.04% trypan blue for 5
minutes. The number of cells excluding trypan
blue was determined by counting in a
hemacytometer. Cell survival rate following
various treatments was expressed as a
percentage of viable cells in the treatment
groups relative to the controls.

Cell Death Assay
A simple double staining with acridine orange

plus ethidium bromide was utilized to
determine cell death after oxidative stress, as
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described elsewhere [19]. Briefly, HKC-8 cells
after various treatments were harvested and
suspended in PBS. An aliquot of cell
suspension (25 yL) was incubated with 1 uL of
the staining mixture containing acridine
orange (100 pg/mL) and ethidium bromide
(100 pg/mL) for 2 min. Cell suspension was
then placed on glass slide and examined
under a Nikon Eclipse E600 Epi-fluorescence
microscope equipped with a digital camera
(Melville, NY). Viable cells are identified by a
bright green nucleus, whereas apoptotic cells
show nuclear orange staining with condensed
chromatin structure. Necrotic cells display an
orange nucleus without condensed chromatin.

LDH Activity Assay

The measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of
damaged cells into the supernatant was
performed by using a Cytotoxicity Detection Kit
(Boehringer Mannheim GmbH, Germany) [20].
This colorimetric assay for the quantification of
cell death and cell lysis was based on the
released LDH activity in the supernatant upon
damage of the plasma membrane. LDH
activity was determined in the supernatants of
HKC-8 cells after various treatments according
to the procedures specified by the
manufacturer.

Western Blot Analysis

HKC-8 cells were lysed with SDS sample buffer
(62.5 mM Tris-HCI, pH 6.8, 2% SDS, 10%
glycerol, and 0.1% bromophenol blue). For
assessing caspase-3 activation, cells were
lysed into CHAPS buffer (Cell Signaling
Technology) supplemented with protease and
phosphatase inhibitor cocktails (Sigma). After
centrifuging to remove cell debris, supernatant
was mixed with SDS sample buffer. Samples
were then heated at 100°C for 5-10 minutes,
separated on 10% or 15% SDS-polyacrylamide
gels and subjected to Western blot as
previously described [21]. The pro- and
cleaved caspase-3 antibodies, phospho-
specific Akt (Ser473) and Bad (Serl12)
antibodies that detect Akt and Bad only when
phosphorylated at specific sites, and the
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antibodies that detect total Akt and Bad as
well as BclxL were obtained from the Cell
Signaling Technology, Inc. (Danvers, MA). Anti-
actin antibody was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

Caspase-3 Activity Assay

The analysis of caspase-3 activity was
performed according to the procedures
reported elsewhere [22]. Briefly, HKC-8 cells
were washed with PBS, and suspended in a
lysis buffer containing 50 mM Tris HCI, pH 8.0,
150 mM NaCl, 1% NP-40, 0.1% SDS, 1 mM
EDTA, 50 mM NaF, 0.5% sodium deoxycholate
and 1% protease inhibitor cocktail (Sigma).
Cell lysate was centrifuged at 10,000 rpm for
10 minutes at 4°C, and the supernatant was
used for the enzymatic assay. Twenty ug of
protein extracts were incubated at 37°C for 16
hours with 20 pM site-specific tetrapeptide
caspase-3 substrate conjugated to
aminotrifluromethyl-coumarin  (Ac-DEVD-AFC,
Calbiochem. La Jolla, CA) in a caspase assay
buffer (20 mM PIPES, 100 mM NaCl, 10 mM
DTT, 1 mM EDTA, 0.1% CHAPS, 10% sucrose,
pH 7.2). The release of the fluorogenic group
AFC was measured by a fluorescence
spectrometer (PerkinElmer Life Sciences
LS50-B), at the excitation/emission wave-
lengths of 405/500 nm.

Adenovirus Infection

The recombinant adenoviral vectors containing
cDNAs encoding for B-galactosidase (Ad.LacZ)
and Bcl-xL (Ad.Bcl-xL) were provided by Dr. A.
Gambotto of the Vector Core Facility at the
University of Pittsburgh. HKC-8 cells were
seeded on 6-well plates, incubated for 24
hours, and then infected with increasing
amount of adenoviral vectors (0.25, 0.5, 1.0,
2.5 and 5.0 x 107 particles per mL) in serum-
free medium. Infected cells were incubated for
4 hours, and then restored to complete
medium. After 24 hours, infected cells were
treated with or without 0.5 mM H202 in the
absence or presence of HGF as indicated.
Caspase-3 activation was determined by the
procedures described above.
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Animals and HGF Plasmid Injection

Male CD-1 mice that weighed between 20 and
24 g were obtained from Harlan Sprague-
Dawley (Indianapolis, IN). They were housed in
the animal facilities of the University of
Pittsburgh Medical Center with free access to
food and water. Recombinant human HGF
expression plasmid (pCMV-HGF) or empty
vector pcDNA3 (Invitrogen) was administrated
into mice at 1 mg/kg body weight by a
hydrodynamic-based gene transfer technique
via rapid injection of a large volume of DNA
solution through the tail vein, as previously
described [15, 23]. Mice were randomly
assigned to five groups: 1) sham control
group; 2) ischemia/reperfusion (I/R) control
group with pre-administration of pcDNA3 24 h
prior to I/R; 3) I/R with pre-administration of
pCMV-HGF 24 h prior to I/R; 4) I/R control
group with simultaneous administration of
pcDNA3 immediately after I/R; and 5) I/R with
simultaneous administration of pCMV-HGF
immediately after I/R. Animals were
anesthetized with pentobarbital sodium and
body temperature was maintained at 36-
37.5°C. Mice underwent bilateral renal
ischemia by clamping both renal pedicles with
nontraumatic clamps for 30 minutes. Sham-
operated mice had their kidneys exposed,
manipulated, but occlusion of the renal
pedicles was omitted. The incisions were
temporarily closed during ischemia or sham
operation. After 30 minutes, the clamps were
removed, and reperfusion of the kidneys was
visually confirmed. Mice were sacrificed at 48
hours after I/R, and serum was collected.
Kidney cryosections were prepared and used
for terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP  nick-end labeling
(TUNEL) staining.

TUNEL Staining

Cryosections were prepared at 5 uym thick in a
cryostat by routine procedures [15]. In situ
detection of DNA fragmentation was
performed using TUNEL staining with
Apoptosis  Detection System  (Promega,
Madison, WI). TUNEL staining was carried out
according to the specific protocol suggested by
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the manufacturer, as described previously
[15]. Slides were observed on Nikon Eclipse
E600 Epi-fluorescence microscope.

Serum Creatinine Assay

Serum was collected from animals at 48 h
after |I/R. Serum creatinine level was
determined using a creatinine assay Kkit
according to the protocols specified by the
manufacturer (Sigma, St. Louis, MO) [15]. The
level of creatinine was expressed as milligram
per 100 milliliter (dL).

Statistical Analysis

Statistical analysis of the data was performed
using SigmaStat software (Jandel Scientific
Software, San Rafael, CA). Comparison
between multiple groups was made using one-
way ANOVA followed by the Student-Newman-
Keuls test or Student t test between two
groups. A P value of less than 0.05 was
considered significant.

Results

Oxidant Stress Induces Renal Epithelial Cell
Death via Different Mechanisms

We first examined the responses of renal
epithelial cells to death challenges such as
oxidant stress in vitro. Human kidney proximal
tubular epithelial cells (HKC-8) were treated
with different concentrations of H202 for 16
hours in the absence of serum. As shown in
Figure 1A, H202 induced marked cell death in
a dose-dependent manner, leading to
substantial decline in cell survival. To define
the mode of cell death after oxidant stress, we
examined the cleavage and activation of pro-
caspase-3, a marker for apoptosis. As
illustrated in Figure 1B, a dose-dependent
activation of caspase-3 was observed in HKC-8
cells when H20> was used at the
concentrations less than 0.5 mM. When the
concentrations of H202 increased beyond this
level, however, less cleaved caspase-3 was
detected in HKC-8 cells. Similar results were
obtained when active casapse-3 was
determined quantitatively by measuring the
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Figure 1 Oxidant stress induces kidney proximal tubular epithelial cell death through different mechanisms.
Human kidney proximal tubular epithelial cells (HKC-8) were treated with different concentrations of H202 as
indicated for 16 hours in the absence of serum. A. Cell survival rate. B. Western blot analyses demonstrated the
cleavage and activation of pro-caspase-3 in HKC-8 cells after treatment with different concentrations of H202 as
indicated. C. Quantitative determination of active caspase-3 activity after H20> treatment. Data are presented as
means + SEM of three experiments. ** P < 0.01; * P < 0.05 verse controls. D. LDH activity in the supernatants of
HKC-8 cells after H202 treatment. Data are presented as means + SEM of three experiments. ** P < 0.01 verse

controls.

enzymatic activity (Figure 1C). We also
assessed the activity of lactate dehydrogenase
(LDH), an enzyme released from the cytosol
into the supernatant upon damage of the
plasma membrane when cells undergo
necrosis. As shown in Figure 1D, when H202
concentrations reached 0.5 mM or higher,
significant LDH activity was detected in the
supernatant of HKC-8 cells. These results
suggest that oxidant stress, dependent on its
dosages, may induce renal epithelial cell death
through both apoptotic and necrotic pathways.

Simultaneous Incubation with HGF Fails to
Promote Renal Epithelial Cell Survival

To determine whether HGF can prevent renal
epithelial cell death induced by oxidant stress,
we examined the effects of exogenous HGF on
HKC-8 cell survival following H202 treatment.
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As shown in Figure 2A, simultaneous addition
of HGF did not significantly improve HKC-8 cell
survival after incubation with 0.5 mM H20x2.
This observation was confirmed independently
by a cell death assay using double staining
with acridine orange and ethidium bromide
(Figures 2B and C). Furthermore, HGF also
failed to prevent caspase-3 cleavage and
activation in HKC-8 cells after oxidative stress
(Figure 2D). Thus, simultaneous incubation
with exogenous HGF does not protect renal
epithelial cells against oxidant stress-induced
cell death.

HGF Induces Bad Phosphorylation in the
Presence of Oxidant Stress

Earlier studies showed that HGF prevents

apoptosis induced by serum deprivation
through dual mechanisms involving Bad

Int J Clin Exp Pathol (2008) 1, 242-253
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Figure 2 Simultaneous incubation with HGF fails to protect renal epithelial cells against oxidant stress-induced
cell death. HKC-8 cells were treated simultaneously with or without 20 ng/mL HGF and 0.5 mM H202 for 16 hours
in the absence of serum. A. HGF failed to promote cell survival after oxidant stress. B and C. HGF did not
significantly protect HKC-8 cells from oxidant stress-induced cell death. Cell death was assessed by double
staining with acridine orange and ethidium bromide. D. Simultaneous incubation of HKC-8 cells with HGF did not

affect H202 -induced caspase-3 activation.
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Figure 3 HGF induces endogenous Akt and Bad
phosphorylation in renal epithelial cells in the
presence of oxidant stress. HKC-8 cells were
treated with 20 ng/mL HGF for various periods of
time as indicated, either simultaneously with or
prior to addition of 0.5 mM H202. The cell lysates
were immunoblotted with antibodies against
phospho-Akt and phospho-Bad, or against total Akt
and Bad protein, respectively. A. phospho-Akt

(Ser473) and total Akt. B. phospho-Bad (Ser112)
and total Bad.

phosphorylation and Bcl-xL induction [13]. To
exclude the possibility that the failure of HGF
cytoprotection is due to its inability to induce
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Bad phosphorylation in the presence of death
stimuli such as H202, we examined the
phosphorylation status of Akt and Bad proteins
by simultaneous incubation of HKC-8 cells with
HGF and H202. As shown in Figure 3, in the
presence of H202, HGF was capable of
inducing both Akt and Bad phosphorylation in
HKC-8 cells, suggesting that death stimuli did
not significantly abrogate HGF-induced Bad
phosphorylation and resultant inactivation.
Moreover, H202 also did not eradicate the pre-
existed phosphorylated Akt and Bad induced
by pre-incubation of HKC-8 cells with HGF for
short periods of time ranging from 10 to 30
minutes (Figure 2). These results suggest that
even in the presence of death stimuli, HGF is
able to induce the phosphorylation and
subsequent inactivation of pro-apoptotic Bad
protein. Therefore, it appears that endogenous
Bad phosphorylation alone may not be
sufficient for mediating HGF cytoprotection
after oxidant stress.

HGF Promotion of Renal Epithelial Cell Survival
Requires Preincubation

In addition to triggering Bad phosphorylation,
HGF is known to induce Bcl-xL expression in
renal epithelial cells in a delayed fashion that
requires prolonged incubation for 36 - 48
hours [13]. It is thus conceivable that long-
term pre-incubation with HGF could be
required to pre-condition renal epithelial cells
to prevail during a death challenge. To test this

Int J Clin Exp Pathol (2008) 1, 242-253
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Figure 4 Pre-incubation with HGF protects renal epithelial cells from apoptosis induced by oxidant stress. A. HKC-
8 cells were pre-incubated with HGF (20 ng/mL) in serum-free medium for various periods of time as indicated,
followed by treatment with 0.5 mM H202 for 16 hours. Significant cell survival was only observed in HKC-8 cells
pre-incubated with HGF for longer than 36 hours. **P < 0.01. B and C. Representative phase-contrast
morphology of HKC-8 cells pre-incubated without (B) or with HGF (C) for 48 hours, followed by incubation with 0.5
mM H202 for 16 hours. D and E. Representative micrographs showed apoptosis assessed by double staining of
HKC-8 cells pre-incubated without (D) or with HGF (E) for 48 hours, followed by incubation with 0.5 mM H20:2 for
16 hours. F. Quantitative determination of apoptosis in HKC-8 cells pre-incubated without or with HGF. *P < 0.05.
G. Western blot analyses demonstrated that HGF pre-incubation reduced casapse-3 activation in HKC-8 cells after

H20> treatment. H. HGF pre-incubation promoted HKC-8 cell survival in a dose-dependent manner. *P < 0.05.
**P < 0.01.
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Figure 5 HGF induces Bcl-xL expression and ectopic expression of Bcl-xL protects renal epithelial cells from
apoptosis. A. HGF induces Bcl-xL expression in the absence or presence of H202. HKC-8 cells were incubated with
or without HGF (20 ng/mL) for 48 hours, and then treated with 0.5 mM H202 for 16 hours. Cell lysates were
immunoblotted with specific antibodies against Bcl-xL and actin, respectively. B. Ectopic expression of Bcl-xL in
HKC-8 cells after infection with adenoviral vector. HKC-8 cells were infected with increasing amounts of
adenovirus harboring Bcl-xL gene (Ad.Bcl-xL) or control adenovirus (Ad.LacZ). Cell lysates were immunoblotted
with antibodies against Bcl-xL and actin, respectively. C. Expression of exogenous Bcl-xL protected HKC-8 cells
from H202-induced caspase-3 activation in a dose-dependent manner. D. Over-expression of Bcl-xL abolished
caspase-3 activation in HKC-8 cells after H202 treatment.
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hypothesis, we pre-incubated HKC-8 cells with
exogenous HGF for various periods of time
prior to treatment with H202. As shown in
Figure 4A, pre-incubation with HGF for 48
hours dramatically protected HKC-8 cells from
death induced by 0.5 mM H202. The survival
rate of HKC-8 cells was dependent on the
duration of pre-incubation, and marked
cytoprotection was only observed in the
cultures pre-incubated with HGF for longer
than 36 hours (Figure 4A), consistent with the
time points when significant Bcl-xL induction
was evident [13]. Similar results were
obtained when cell death was assessed
(Figures 4D-F). Pre-incubation with HGF also
reduced caspase-3 activation in HKC-8 cells
after oxidant stress (Figure 4G). This
cytoprotective effect of HGF was also dose-
dependent (Figure 4H). Together, these
observations demonstrate that pre-incubation
is required for HGF to protect renal epithelial
cells against cell death induced by oxidant
stress.

HGF-mediated Cytoprotection Correlates with
Bcl-xL Induction

To test whether HGF-mediated cytoprotection
after pre-incubation is associated with its
induction of Bcl-xL, we examined the Bcl-xL
expression in the absence or presence of
oxidant stress. As shown in Figure 5A, pre-
incubation of HKC-8 cells with HGF for 48
hours induced endogenous Bcl-xL expression.
Although H202 inhibited BclxL at basal
conditions, HGF was still able to upregulate
Bcl-xL protein in the presence of H202. Given
that HGF pre-incubation promotes HKC-8 cell
survival, these studies suggest that the
cytoprotection elicited by HGF is closely
associated with the up-regulation of
endogenous Bcl-xL expression.

To evaluate the role of BclxL induction in
mediating renal epithelial cell survival, we
examined the impact of ectopic expression of
exogenous Bcl-xL on oxidant stress-induced
cell death. As shown in Figure 5B, infection of
HKC-8 cells with adenovirus harboring Bcl-xL
gene resulted in significant Bcl-xL expression
in a dose-dependent manner. Comparing with
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the controls, ectopic expression of Bcl-xL
abolished the activation of caspase-3 after
H202 treatment (Figures 5C and D).

Preadministration of HGF Prevents Apoptosis
and Ameliorates Ischemic Acute Kidney Injury
In Vivo

To assess the cytoprotective potential of HGF
in vivo, we investigated the effect of
exogenous HGF on cell survival in acute kidney
injury induced by ischemia/reperfusion (I/R), a
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Figure 6 Pre-administration of HGF gene prevents
apoptosis after acute kidney injury induced by
ischemia/reperfusion. Mice were administrated
HGF expression plasmid (pCMV-HGF) or control
vector (pcDNA3). Apoptosis was assessed in kidney
cyrosections at day 2 after ischemia/reperfusion
(I/R) by TUNEL staining. A-D. Representative
micrographs demonstrated TUNEL-positive cells in
various groups. E. Quantitative determination of
apoptosis in the kidney after various treatments. *P
< 0.05 verse sham controls. TP < 0.05 verse I/R
controls (n = 4). Pre-admini., HGF gene was given
24 hours prior to I/R. Simul. Admini., HGF gene was
given at the same time with I/R.
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model characterized by prominent tubular
epithelial cell death. As shown in Figure 6, a
dramatic increase in apoptosis was found in
the kidney at 2 days after I/R, consistent with
other reports [24, 25]. However, pre-
administration of HGF expression plasmid
largely prevented apoptotic cell death. This
cytoprotective effect of HGF was also
dependent on the timing of administration.
When HGF plasmid was given immediately
after I/R, little cytoprotection was observed
(Figure 6).
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Figure 7 Pre-administration of HGF gene prevents
acute renal failure after ischemia/reperfusion injury.
Mice were administrated HGF expression plasmid
(PCMV-HGF) or control vector (pcDNA3). Serum
creatinine levels were determined at day 2 after
ischemia/reperfusion (I/R). **P < 0.01 verse sham
controls. TP < 0.01 verse I/R controls (n = 4). Pre-
admini., HGF gene was given 24 hours prior to I/R.
Simul. Admini., HGF gene was given at the same
time with I/R.

Consistent with renal cytoprotection, we found
that pre-administration of HGF plasmid also
prevented kidney dysfunction and renal
failure, as assessed by serum creatinine levels
(Figure 7). However, much less amelioration of
kidney dysfunction was noticed when HGF
plasmid was given immediately after I/R
(Figure 7). These results suggest that HGF only
elicits a full cytoprotection in vivo when it is
given prior to ischemic injury.

Discussion
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HGF has been demonstrated to induce pro-
death Bad phosphorylation and pro-survival
Bcl-xL expression [13]; however, the relative
importance of these events in HGF-mediated
cytoprotection remains ambiguous. In this
study, by taking advantage of the fact that Bad
phosphorylation and Bcl-xL induction triggered
by HGF are two kinetically distinct events, we
have investigated their roles in promoting
renal epithelial cell survival after oxidant
stress. Our results indicate that Bad
phosphorylation by HGF alone is not sufficient
for protection of renal epithelial cells against
cell death induced by H202. Instead, Bcl-xL
induction via pre-incubation with HGF
produces profound effects favoring cell
survival, thereby playing the decisive role
protecting renal epithelial cells after injury.

In the presence of death stimuli, HGF is able to
stimulate the signal pathway leading to the
phosphorylation of Akt and Bad proteins in
renal epithelial cells, and it fails to protect
against cell death. However, this by no means
suggests that Bad phosphorylation and
subsequent inactivation are not necessary for
HGF-mediated cell survival. In  fact,
overexpression of Bad protein alone causes
HKC-8 cell death, and HGF abolishes Bad-
induced apoptosis by phosphorylating Bad
protein at both Ser112 and Ser136 sites in
renal epithelial cells as demonstrated
previously [13]. The inability of Bad
phosphorylation to protect cells following
severe death challenges such as oxidant
stress is probably due to the fact that the
endogenous Bad level is extremely low in
these cells, as shown by Western blot analysis.
Therefore, inactivation of pro-apoptotic Bad
alone would have a limited impact on the ratio
of anti- vs pro-apoptotic proteins inside the
cells, even if the pro-death activity of
endogenous cellular Bad could be completely
abolished via phosphorylation by HGF.

The results of the present study clearly
illustrate that Bcl-xL protein level dictates the
fate of renal epithelial cells after injury. In this
regard, it is conceivable that, although HGF
regulates multiple survival pathways [26, 27],
one of the apoptosis regulatory proteins such
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as BclxL may play a predominant role in
controlling the cell survival/death. Consistent
with this notion, ectopic expression of
exogenous Bcl-xL is sufficient for protecting
renal epithelial cells from death induced by
H202. It should be noted that the experimental
manipulations such as adenovirus infection
may lead to a high level of Bcl-xL expression
that is probably neither achievable nor realistic
physiologically in vivo. Therefore, in normal
physiologic conditions, the possibility exists
that both Bad phosphorylation and Bcl-xL
induction are required for HGF-mediated
protection of renal epithelial cells from death
after injury.

Although HGF-induced Bcl-xL expression is
known to be a delayed process, the
mechanism underlying the Bcl-xL induction by
HGF remains largely unknown. There are
potentially two pathways that could lead to Bcl-
XL expression in HGF-treated renal epithelial
cells. One probably involves Ras-mitogen-
activated protein kinase (Ras-MAKP) signaling
pathway [16]. Studies show that one of the
downstream kinases of HGF-activated Ras-
MAPK signaling, p90ORSK, phosphorylates and
activates the transcription factor cAMP
response element-binding protein (CREB) at
serine 133 [28], which in turn promotes pro-
survival genes such as BclxL expression.
Another potential mechanism involves the
signaling of Akt and transcription factor NFkB
[29]. As established in previous studies [13,
28, 30], HGF rapidly and markedly
phosphorylates and activates Akt kinase in a
Pl 3-kinase-dependent fashion. Activated Akt
may directly activate IkB kinases which in turn
phosphorylates IkB, the endogenous inhibitor
of transcription factor NFkB, resulting in its
proteasome-mediated degradation and
subsequent activation of NFkB, thereby
promoting the transcription of pro-survival
genes [31, 32].

The finding that Bcl-xL induction is required for
HGF-mediated protection against renal
epithelial cell death presented in this study
could have important implications. HGF is
widely considered to be a promising
therapeutic agent that protects against organ
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failure and promotes tissue regeneration after
acute injury [2, 33-35]. Similar to in vitro
studies, pre-administration of HGF gene prior
to acute kidney injury has profound effects on
renal epithelial cell survival and preservation
of kidney function after ischemic injury,
whereas injection of HGF gene after acute
insult displays much less protective effect in
vivo (Figures 6 and 7). Notably, HGF is shown
to induce Bcl-xL expression in the kidney after
acute injury [15]. Therefore, pre-administration
of HGF would allow the cells to precondition
themselves via Bcl-xL induction and to prepare
for severe death challenges. In this regard, our
studies have provided significant mechanistic
insights into understanding why pretreatment
is required for HGF to exert maximal
cytoprotection in vivo.
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