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The hepatocyte growth factor and its receptor c-Met direct a
pleiotropic signal transduction pathway that controls cell sur-
vival. We previously demonstrated that mice lacking c-Met
(Met-KO) in hepatocytes were hypersensitive to Fas-induced
liver injury. In this study, we used primary hepatocytes isolated
from Met-KO and control (Cre-Ctrl) mice to address more
directly the protective effects of c-Met signaling. Loss of c-Met
function increased sensitivity to Fas-mediated apoptosis. Hepa-
tocyte growth factor suppressed apoptosis in Cre-Ctrl but not
Met-KOhepatocytes concurrently with up-regulation of NF-�B
andmajor antiapoptotic proteinsBcl-2 andBcl-xL. Intriguingly,
Met-KO hepatocytes exhibited intrinsic activation of NF-�B as
well as Bcl-2 and Bcl-xL. Furthermore, unchallenged Met-KO
cells displayed oxidative stress as evidenced by overproduction
of reactive oxygen species, which was associated with greater
NADPH andRac1 activities, was blocked by the knownNADPH
oxidase inhibitors, and was paralleled by increased lipid peroxi-
dation and reduced glutathione (GSH) content. N-Acetylcys-
teine, an antioxidant and GSH precursor, significantly reduced
Jo2-induced cell death. Conversely, the GSH-depleting agent
buthionine sulfoximine completely abolished the protective
effects of N-acetylcysteine in Met-KO hepatocytes. In conclu-
sion, genetic inactivation of c-Met in mouse hepatocytes
caused defects in redox regulation, whichmay account for the
increased sensitivity to Fas-induced apoptosis and adaptive
up-regulation of NF-�B survival signaling. These data pro-
vide evidence that intact c-Met signaling is a critical factor in
the protection against excessive generation of endogenous
reactive oxygen species.

Fas (also known as APO-1/CD95) is a member of the death
receptor family that signals via formation of a multiprotein
complex termed death-inducing signaling complex followed by
activation of downstream caspases (1). Fas is highly expressed
in the liver, and it has been shown to rapidly activate apoptotic
program leading to massive hepatocyte death when stimulated
with agonistic anti-Fas (Jo2) antibody (2).

Hepatocyte growth factor (HGF)2 is a ubiquitous and multi-
functional cytokine that was originally identified as a potent
mitogen for hepatocytes. All biological effects ofHGF aremedi-
ated by a single tyrosine kinase receptor c-Met through con-
comitant activation of multiple intercellular effectors (3, 4).
The signaling through the HGF/c-Met pathway regulates
numerous cellular activities that vary depending on the cellular
context (3, 5). There is strong genetic evidence thatHGF/c-Met
signaling is essential for hepatocyte survival. Targeted disrup-
tion of HGF orMet gene caused embryonic lethality because of
multiple developmental defects, includingmassive apoptosis of
fetal hepatocytes (6, 7).
A variety of studies shows that the levels of oxidative stress

generated upon Fas stimulation play a prominent role in Fas-
mediated apoptosis (8). Consequently, exposure to agents that
increase cellular antioxidant defense or decrease the amount of
reactive oxygen species (ROS) was able to interrupt the signal-
ing cascade and prevent hepatocyte apoptosis induced by Fas
agonist (9).
Accumulating data suggest that HGF may function as an

antioxidant factor able to protect against oxidative stress-me-
diated cell killing through modulation of intracellular levels of
GSH, amajor determinant of cellular redox potential, and cyto-
protective enzymes (10, 11). Furthermore, c-Met-triggered
phosphoinositide 3-kinase(PI3K)/Akt activation, a key regula-
tor of cell survival in adult and developing livers (12–14), has
been shown to be involved in the control of intracellular oxida-
tive stress (15). The PI3K/Akt signaling leads to the activation
of the redox-sensitive transcription factor nuclear factor-�B
(NF-�B), which in turn regulates expression of antioxidant and
antiapoptotic target genes (16, 17). Consistent with this, we
have recently demonstrated that c-Met-deficient hepatocytes
display increased basal expression of a distinct set of genes
implicated in the ROSdefense system thus connecting c-Met to
control of ROS metabolism (18, 19).
We previously demonstrated that mice lacking the c-Met

receptor were hypersensitive to Fas-induced liver injury and
died from fulminant hepatic failure after treatment with doses
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of anti-Fas antibody that did not affect the survival of wild-type
mice (20). This study was undertaken to further characterize
c-Met-triggered signaling pathways that regulate protection
against Fas-induced apoptosis by using primary hepatocyte cul-
tures established from liver-specific c-Met conditional knock-
out mice. The data show that c-Met inactivation sensitizes
hepatocytes to Fas-mediated apoptosis via mechanisms involv-
ing increased NADPH-dependent ROS generation and GSH
depletion.

EXPERIMENTAL PROCEDURES

Materials—Collagenase type I was obtained fromWorthing-
ton). 6-Carboxy-2�,7�-dichlorodihydrofluorescein diacetate,
di(acetoxymethyl ester) (DCFH-AM), and Hoechst 33342 were
from Molecular Probes (Eugene, OR). Anti-mouse Fas mono-
clonal antibody (Jo2) was from Pharmingen. Recombinant
human HGF was from PeproTech (Rocky Hill, NJ). STAT3
inhibitor peptide, wortmannin, LY294002, SN50, and PD98059
were from Calbiochem. All others chemicals were purchased
from Sigma.
Mice, Hepatocyte Isolation, and Culture—c-metfl/fl, Alb-

Cre�/� (Met-KO), and control (w/w, AlbCre�/�) (Cre-Ctrl)
mice were described previously (20). Mice were maintained in
pathogen-free housing and cared for in accordance with the
NIH Guide for the Care and Use of Laboratory Animals. Hepa-
tocytes were isolated from 8- to 10-week-old male mice by a
two-step collagenase perfusion technique followed by isoden-
sity purification in a Percoll gradient, as described previously
(21), and were �90% viable as assessed by trypan blue exclu-
sion. Hepatocytes were seeded at 5.3 � 104 cells per cm2 either
in Lab-Tek chambered slides or 10-cm dishes (Nalge, Nunc) in
the Ham’s F-12/Dulbecco’s modified Eagle’s basal hepatocyte
growth medium supplemented with 10% fetal bovine serum
(21). After a 4-h attachment, the medium was replaced to a
serum-free basal hepatocyte growth medium. The following
day, cells were exposed to Jo2 antibody (0.5 �g/ml) for 6 h, and
as specified cells were pretreated with 40 ng/ml recombinant
humanHGF (PeproTech, RockyHill, NJ) or with various inhib-
itors of PI3K/Akt and NF-�� signaling, including wortmannin,
PD98059, LY294002, SN50, sulfasalazine, and STAT3 inhibitor
peptide at indicated concentrations.
Measurement of Apoptosis—Apoptotic cells were analyzed

by staining with propidium iodine (PI) after fixation in metha-
nol/acetic acid (3:1) as described previously (22). Apoptotic
cells with characteristic nuclear fragmentation were counted in
randomly chosen fields from two duplicate cultures. At least
500 cells were counted, and the frequency of apoptosis (apopto-
tic index) was expressed as a percentage of the total cell
counted.
Analysis of Cellular Viability—Cell viability was assessed by

the crystal violet-staining assay according to Nakagawa et al.
(23). Cells seeded at 1 � 105 into 12-well plates were treated
with 30 �M SN50 for 0, 6, 12, and 24 h, washed with PBS, fixed
with 3.7% formaldehyde, and stained with 0.2% crystal violet.
The absorbance of the 2% SDS extracts was measured at 620
nm. The cell viability was calculated as the percentage relative
to untreated cells.

Western Blot Analysis—Total and nuclear proteins were iso-
lated from cultured cells with T-PER or NE-PER (Pierce)
extraction reagents, respectively, containing 1% Halt Protease
Inhibitor Mixture (Pierce), 100 mM sodium fluoride, 1 mM
phenylmethylsulfonyl fluoride (PMSF), and 50 mM sodium
orthovanadate according to the manufacturer’s protocols. One
hundred �g of total protein or 25 �g of nuclear protein meas-
ured using BCA protein assay kit (Pierce) were separated on
SDS-polyacrylamide gels (Invitrogen), transferred to polyvi-
nylidene difluoride membranes (Invitrogen), and probed with
anti-caspase 3, anti-Bcl-2, anti-Bcl-XL, anti-Mcl-1, anti-cyto-
chrome c, anti-I�B-�, anti-gp91Phox (anti-Nox2) (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-cleaved caspase 3 (Trevi-
gen, Gaithersburg, MD), anti-ERK1/2, anti-pERK1/2, anti-Akt,
anti-pAkt, anti-PKC �/� II (Thr-638/641), anti-pPKC �/�
(Thr-410/403), anti-pPKC � (Ser-729), anti-STAT3, and anti-
pSTAT3 (Cell Signaling, Beverly, MA) antibodies. Membranes
were incubatedwith anti-mouse or anti-rabbit horseradish per-
oxidase-conjugated secondary antibody depending on the ori-
gin of the primary antibody. Immunoreactive bands were iden-
tified with ECL-Plus Western blotting detection reagents (GE
Healthcare). Equal loading was demonstrated by probing the
same membranes with actin antibody (NeoMarker, Fremont,
CA).
Electrophoretic Mobility Shift Assay—Nuclear extracts were

prepared with Igepal CA-630 (0.58%) in 10 mM Hepes, pH 7.9,
containing 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol, and 0.5 mM PMSF. Pelleted nuclei were resus-
pended in 20mMHepes, pH 7.9, containing 0.4mMNaCl, 1mM
EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM PMSF. After
mixing for 15min at 4 °C, samples were centrifuged at 13,000�
g for 5 min, and the supernatant was recovered and stored at
�80 °C. The protein concentration was determined by bovine
serum albumin assay. NF-�BDNAbinding activity was assayed
using a consensus oligonucleotide 5�-AGTTGAGGGGACTT-
TCCCAGGC-3� (Promega,Madison,WI) as a probe. Probewas
labeled with T4 polynucleotide kinase (U. S. Biochemical
Corp.) and [�-32P]ATP (3000 Ci/mmol,MP Biomedical, Irving,
CA) and purified using Bio-Spin 30 chromatography columns
(Bio-Rad). The reaction mixture contained nuclear protein
extract (20�g) in 5�l of incubation buffer (50mMTris-HCl, pH
7.5, 200 mMNaCl, 5 mM EDTA, 5 mM �-mercaptoethanol, 20%
glycerol, 1 �g of dI-dC and 32P-labeled probe. The reactions
were electrophoresed on 6% polyacrylamide native gels. In
competition experiments, 100-fold molar excess of nonlabeled
oligonucleotide was included in the reaction mixture 5 min
before addition of the labeled probe. For supershift analysis,
nuclear extracts were incubated with 20 �g/ml anti-p65 (Santa
Cruz Biotechnology) at room temperature for 15 min before
addition of the labeled probe.
Analysis of Cellular ROS Levels by ConfocalMicroscopy—Re-

active oxygen species (ROS) levels were determined using the
redox-sensitive dyeDCFH-DA.Cells seeded at 2.13� 105 cells/
cm2 in Lab-Tek chambered cover glass were treated with 3 �M
DCFH-AM for 30min after overnight incubation in serum-free
medium. Cells were washed two times with PBS, and the con-
focal images were acquired using a Zeiss LSM 510 NLO confo-
cal microscope (Carl Zeiss, Inc., Thornwood, NY).
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GSH Determination by HPLC—GSH and GSSG content was
determined by HPLC as described by Fariss and Reed (24) with
some modifications. Briefly, cells were collected in 1 ml of 10%
perchloric acid (Sigma), sonicated, and centrifuged at 5000 � g
for 5 min at 4 °C. After removal of the supernatants, 100 mM
iodoacetic acid (Sigma) in 0.2 mM m-cresol (Sigma) was added
to each sample and GSH/GSSG solution standards, and the pH
was adjusted to 9.0. Samples and standards were incubated in
the dark for 1 h followed by the addition of 1 ml of 1% 1-fluoro-
2,4-dinitrobenzene (Sigma) in 100% HPLC grade ethanol.
N-Dinitrophenyl derivatives were injected (100 �l) into the
loop of the HPLC system (Waters), and separated on a 3-amino-
propyl column (5 �m; 4.6 mm � 20 cm; Custom LC, Houston,
TX). Eluted N-dinitrophenyl derivatives were measured by
ultraviolet detection at 365 nm.
Lipid Peroxidation Assay—Lipid peroxidation was assayed

by the production of thiobarbituric acid-reactive components
using spectrophotometry as described by Buege and Aust (25).
Analysis of NADPH Oxidase Activity—Untreated Cre-Ctrl

andMet-KO cells were harvested, pelleted by centrifugation at

3000 � g for 5 min at 4 °C, and resuspended in PBS. NADPH
oxidase was analyzed as described by Herrera et al. (26). Cells
were incubated with 250 �M NADPH. NADPH consumption
wasmonitored by the decrease in absorbance at � � 340 nm for
5 min. Specific NADPH oxidase activity was determined by
monitoring the rate of consumption of NADPH inhibited by 10
�M DPI that was added 30 min before the assay. An aliquot of
cells lysed with SDS was used to determine protein content.
Results were expressed as picomoles of oxidized NADPH per
min per mg of protein.
Rac1 Activation Assay—The endogenous GTP-associated

form of Rac1 was detected using Rac1 activation assay kit
(Upstate Biotechnology, Inc.) according to the manufacturer’s
instructions. The same samples used for GTP-Rac1 precipita-
tion were used to assay total Rac1 by Western blot using Rac1
monoclonal antibody.
Statistical Analysis—The data are presented as means � S.E.

for at least three independent experiments. Comparisons
between groups were made using Student’s t test. Differences
were considered significant at p 	 0.05.

FIGURE 1. Lack of c-Met function increases sensitivity of mouse hepatocytes to Jo2-mediated apoptosis. A, representative images of primary hepatocytes
stained with PI. Cre-Ctrl and Met-KO cultures were serum-starved for 16 h and incubated with Jo2 (0.5 �g/ml) for 6 h in the absence or presence of HGF (40
ng/ml) for 12 h. Insets show nuclear condensation, DNA fragmentation, and apoptotic body formation characteristic of apoptosis (white arrowheads). Original
magnification, �200. B, apoptotic index in Cre-Ctrl and Met-KO hepatocytes treated with Jo2 (0.5 �g/ml) for 6 h after serum starvation for 16 h. Each column
represents the mean � S.E. At least 500 nuclei were counted from duplicate cultures in three independent experiments. *, p 	 0.05 against respective untreated
cultures. C, time course of HGF protection against Jo2-induced apoptosis. Serum-starved (16 h) Cre-Ctrl and Met-KO hepatocytes were incubated with Jo2 (0.5
�g/ml) in the absence or presence of HGF (40 ng/ml) for the indicated time. Apoptotic index was detected by counting apoptotic cells after PI staining. Each
column represents the mean � S.E. At least 500 nuclei were counted from duplicate cultures in three independent experiments. *, p 	 0.05 against respective
Met-KO culture. **, p 	 0.05 against Cre-Ctrl in the absence of HGF pretreatment. NT, no treatment. D, activation of caspase 3. Whole cell lysates from Cre-Ctrl
and Met-KO hepatocytes were immunoblotted with anti-cleaved caspase-3. Treatment with HGF and Jo2 was performed as described in C. E, cytochrome c
release. Cre-Ctrl hepatocytes were serum-starved for 16 h and incubated with Jo2 (0.5 �g/ml) for 6 h in the absence or presence of HGF (40 ng/ml) for 12 h.
Cytosol fractions were immunoblotted with anti-cytochrome c (Cyt c). Mitochondrial protein was used as positive control. The intensity of each band was
quantified by densitometry and expressed as fold of control (NT). A representative Western blot of three experiments is shown in D and E. *, p 	 0.05 versus
treated with Jo2.
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RESULTS

Lack of c-Met Function Increases Sensitivity of Mouse Hepa-
tocytes to Jo2-mediated Apoptosis—Consistent with our in vivo
study (20), hepatocytes isolated from liver-specific c-Met con-
ditional knock-out mice (Met-KO) were more susceptible to
Jo2-mediated cell death as judged by apoptotic index (Fig. 1, A
and B) and caspase 3 cleavage (not shown). As expected, HGF
pretreatment provided no protection in Met-KO cultures but
significantly inhibited cell death in Cre-Ctrl hepatocytes (Fig.
1C). The anti-apoptotic effect of HGF was time-dependent,
peaked at 6 h of HGF exposure, and correlated with a decrease
in caspase 3 activation and cytochrome c release (Fig. 1, C–E).
These results provide genetic evidence for essential role of
HGF/c-Met signaling in protecting mouse hepatocytes against
Jo2-mediated apoptotic cell death.
PI3K/Akt Pathway Is Primarily Responsible for NF-�B Acti-

vation and Apoptosis Protection in Mouse Hepatocytes—To
understand the molecular events underlying the increased rate
of apoptosis in c-Met-deficient cells, we examined the activa-
tion of several survival pathways known to be involved in HGF-
mediated cytoprotection (4). Phosphorylation of Akt, Erk1/2,
and STAT3 was readily detectable in control hepatocytes
within 5–60 min after HGF treatment and was abolished in
Met-KO cultures (Fig. 2A).
Next, we determinedwhich of these survival pathways played

a major role in the protective effect of HGF in normal mouse

hepatocytes. For this purpose, we used pharmacological and
peptide inhibitors of PI3K, Erk1/2, and STAT3, andwe assessed
the activation of downstream transcription factor NF-�B by
electrophoretic mobility shift assay. There is evidence that
NF-�B protects mouse hepatocytes against Jo2-mediated apo-
ptosis via subsequent induction of anti-apoptotic proteins (13,
27). In control cultures, HGF treatment rapidly increased
NF-�B DNA binding activity that occurred in parallel with a
time-dependent I�B-� degradation (Fig. 2,B andC).Maximum
activity was achieved within 30 min and maintained for at least
2 h. In agreement with the biological response, HGF-induced
activation of NF-�B was associated with up-regulation of the
Bcl-2 family members. The protein levels of Bcl-2 and Bcl-xL
were increased in whole cell lysates prepared from Cre-Ctrl
hepatocytes after 3 h ofHGF exposure and reached amaximum
at 6–12 h (Fig. 2D). The expression of Mcl-1, which has been
reported to be critical for the anti-apoptotic protection of
human hepatocytes (13), was consistently high and increased to
a lesser extent during the course of HGF treatment (Fig. 2D).
Inhibition of the PI3K pathway by either wortmannin or

LY294002 completely abolished HGF-induced NF-�B binding
activity, induction of Bcl-2 and Bcl-xL, andHGF-mediated pro-
tection against Jo2-induced apoptosis in Cre-Ctrl hepatocytes
(Fig. 3, A–C). The protein levels of Mcl-1 were changed only
modestly by these treatments (Fig. 3B). Conversely, in Met-KO
cells that lacked HGF-mediated activation of the PI3K pathway

FIGURE 2. Met-KO primary hepatocytes exhibit constitutive activation of NF-�B and antiapoptotic proteins. A, HGF activates Akt, Erk1/2, and STAT3 in
Cre-Ctrl but not Met-KO cells. Whole cell lysates prepared from serum-starved (16 h) Cre-Ctrl and Met-KO cultures treated with 40 ng/ml HGF for 0, 5, 15, 30, and
60 min were immunoblotted with anti-AKT, anti-Erk1/2, anti-Stat3, and phospho-specific antibodies against Akt Ser(P)-473, Erk1/2 Thr(P)-202/Tyr(P)-204, and
Stat3 Ser(P)-727. The intensity of each protein was quantified by densitometry normalized to actin. The density value of total protein in untreated samples was
designated as 1. Each bar represents the mean � S.E. B, electromobility shift assay of NF-�B DNA binding activity in serum-starved (16 h) Cre-Ctrl and Met-KO
hepatocytes treated with HGF (40 ng/ml) for the indicated time. The presence of supershift complex with anti-p65 demonstrates the assay specificity. C, kinetics
of I�B degradation. Whole cell lysates prepared from serum-starved (16 h) Cre-Ctrl and Met-KO hepatocytes treated with 40 ng/ml HGF for 0, 30, 60, and 120 min
were immunoblotted with anti-I�B-�. D, expression of antiapoptotic proteins in Cre-Ctrl and Met-KO cultures. Cre-Ctrl and Met-KO hepatocytes were serum-
starved for 16 h and incubated with HGF (40 ng/ml) for the indicated time. Whole cell lysates were immunoblotted with anti-Bcl-2, anti-Bcl-xL, and anti-Mcl-1.
A representative Western blot of three experiments is shown in A, C, and D.
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(Fig. 2A), wortmannin and LY294002 did not affect expression
of anti-apoptotic proteins (Fig. 3D), whereas treatmentwith the
NF-�B inhibitor sulfasalazine was very effective in down-regu-
lating Bcl-2 and Bcl-xL protein levels and inducing apoptosis in
both cell types (Fig. 3, B–D, and Fig. 5C). Suppression of Erk1/2
and STAT3 signaling affected neitherNF-�B activation nor cell
survival (data not shown).
Met-KO Hepatocytes Exhibit Constitutive Activation of

NF-�B—Interestingly, unchallenged c-Met-deficient hepato-
cytes exhibited greaterNF-�BDNAbinding activity in compar-
ison with control cells regardless of HGF stimulation (Fig. 2B).
Also, c-Met-deficient hepatocytes had higher basal levels of
Bcl-2 and Bcl-xL, consistent with NF-�B electrophoretic
mobility shift assay data, and comparable levels of Mcl-1. Nev-
ertheless, abnormal activation ofNF-�B andNF-�B-responsive
genes was unable to protect c-Met-deficient hepatocytes
against Jo2-induced apoptosis.
Met Deletion Increases Oxidative Stress—It is well known

that NF-�B may be activated under oxidative stress conditions
(16). Using microarray analysis, we have recently found dys-
regulation of genes involved in the oxidative stress response in
c-Met-deficient primary hepatocytes (18). We therefore deter-

mined whether the lack of c-Met
function could have contributed to
the intracellular redox changes. We
found that ROS production was
markedly stimulated by c-met dele-
tion as judged by the peroxide-acti-
vated fluorescence dye DCFH-DA
(Fig. 4A). In addition, the levels of
malondialdehyde, a downstream
measure of accumulated oxidative
damage, were increased in c-Met-
deficient hepatocytes, whereas the
GSH/GSSG ratios were reduced as
compared with the control cul-
tures (Fig. 4, B and C). However,
the proteins levels of the anti-oxi-
dant enzymes catalase and super-
oxide dismutase were constitu-
tively higher in c-Met knock-out
cells, apparently as an adaptive
response to compensate for the
increased oxidative stress (Fig. 4D).
Increase in ROS production ap-

peared to be regulated by the Nox-
dependent mechanism given that
ROS signal was blocked by known
NADPH oxidase inhibitors such as
diphenylene iodonium (DPI) and
4-(2-aminoethyl) benzenesulfonyl
fluoride (Fig. 4A). Incubation with
xanthine oxidase inhibitor (allo-
purinol) as well as with inducible
nitric-oxide synthase (N-(3-(ami-
nomethyl)benzyl)acetamidine) or
Cox-2 (indomethacin) inhibitors
did not block ROS generation

attesting to the selectivity of the effect (Fig. 4A). The finding of
DPI-sensitive increased ROS production in Met-KO cells was
associated with a greater NADPH oxidase activity as well as
up-regulation of Nox2 expression, a key component of the
functional NADPH oxidase complex in hepatocytes (28–30)
(Fig. 4, E and F). In line with these data, Met-KO primary hepa-
tocytes also exhibited about a 2-fold increase in the biologically
active form of Rac1 (GTP-bound Rac) (Fig. 4G) implicated in
the assembly and activation of NADPH oxidase complex (31).
In addition, c-Met-deficient hepatocytes displayed increased
phosphorylation of several PKC isoforms (data not shown)
reported to induce activating serine phosphorylation of
p47phox, a regulatory subunit of the NADPH oxidase complex
(29, 30). These results show that genetic inactivation of c-Met
disrupts redox homeostasis in mouse hepatocytes because of
the increased rate of NADPH-derived ROS generation.
GSH Synthesis Is Required for Apoptosis Protection—Given

the prominent role of GSH in regulating redox balance in hepa-
tocytes, we then tested the involvement of GSH in the sensiti-
zation ofMet-KO cells to Jo2-mediated apoptosis. For this pur-
pose, hepatocytes were cultured either in the presence of NAC,
an antioxidant and GSH precursor, or BSO, an inhibitor of

FIGURE 3. NF-�B activation is required for the antiapoptotic effects of HGF in Cre-Ctrl hepatocytes.
A, electromobility shift assays of NF-�B DNA binding activity. Cre-Ctrl hepatocytes were pretreated with 100 �M

wortmannin (W), 50 �M LY294002 (Ly), and 100 �M sulfasalazine (S) for 30 min followed by 40 ng/ml HGF for
12 h. Results were confirmed in three independent experiments. B, expression of antiapoptotic proteins in
Cre-Ctrl cells. Cells were pretreated with 100 �M wortmannin, 50 �M LY294002, and 100 �M sulfasalazine for 30
min followed by 40 ng/ml HGF for 12 h. C, effect of inhibition of PI3K/Akt and NF-�B on frequency of apoptosis.
After 16 h of serum starvation, cells were pretreated with 100 �M wortmannin, 50 �M LY294002, or 100 �M

sulfasalazine for 30 min followed by treatment with HGF (40 ng/ml) for 12 h and Jo2 (0.5 �g/ml) for the last 6 h
in culture. Apoptotic index was detected by counting apoptotic cells after PI staining. Each column represents
the mean � S.E. At least 500 nuclei were counted from duplicate slides from three independent cultures.
D, expression of antiapoptotic proteins in Met-KO cells. Cells were pretreated with 100 �M wortmannin, 50 �M

LY294002, and 100 �M sulfasalazine for 30 min followed by 40 ng/ml HGF for 12 h. A representative Western
blot of three experiments is shown in B and D. *, p 	 0.05 against Jo2 treatment alone; **, p 	 0.05 against
HGF � Jo2 treatment. NT, no treatment.
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�-glutamyl cysteine synthetase, the rate-limiting enzyme in the
glutathione biosynthesis pathway. The results showed that
NAC had a potent protective effect against Jo2-induced cell
death. The number of Met-KO cells undergoing apoptosis
was reduced 4-fold (p 	 0.05) as compared with the cultures
treated with Jo2 alone (Fig. 5A). Conversely, BSO completely
abrogated both NAC- and HGF-mediated apoptosis protec-
tion in Met-KO cells and Cre-Ctrl cells, respectively (Fig.
5A), indicating a role for GSH in protection against Fas-
induced apoptosis.
Persistent Activation of NF-�B Protects Met-KO Hepatocytes

against ROS-related Toxicity—To further verify that NF-�B
activation in Met-KO cells is because of increased oxidative
stress, we incubated c-Met-deficient hepatocytes with the anti-
oxidant NAC. Significantly, short term incubation with NAC

(30min) failed to produce an immediate decrease in ROS levels
(Fig. 4A). However, prolonged treatment with NAC (16 h)
effectively blocked ROS generation and decreased the DNA
binding activity of NF-�B to the levels found in untreated con-
trols suggesting that de novoGSH synthesis may be responsible
for reduced ROS generation (Fig. 4A).
Finally, we treated cells with a specific NF-�B peptide inhib-

itor SN50 that blocksNF-�Bnuclear translocation. Exposure to
SN50 significantly reduced survival of Met-KO hepatocytes
concomitantly with a decrease in the DNA binding activity of
NF-�B (Fig. 5, B and C). In contrast, inhibition of NF-�B in
Cre-Ctrl cultures had small if any effect on cell viability (Fig.
5C). These results show that sustained NF-�B activation was
sufficient to protect Met-KO hepatocytes against ROS-related
toxicity under basal conditions.

FIGURE 4. Met-KO hepatocytes are subjected to oxidative stress. A, Cre-Ctrl (panel a) and Met-KO (panel b) cells were incubated with the oxidative-sensitive
probe DCFH-AM (3 �M) for 30 min. Met-KO cells were pretreated with 100 �M allopurinol (panel c), 100 �M DPI (panel d), 250 �M 4-(2-aminoethyl) benzenesul-
fonyl fluoride (AEBSF) (panel e), 100 �M N-(3-(aminomethyl)benzyl) acetamidine (1400W) (panel f), 100 �M indomethacin (panel g), and 10 mM NAC (panel h) for
30 min and 16 h (panel i) before incubation with 3 �M DCFH-AM for 30 min. Original magnification, �100. B, lipid peroxidation was assessed by malondialde-
hyde (MDA) content in Cre-Ctrl and Met-KO hepatocytes after serum starvation for 16 h. Treatment with 0.25 mM H2O2 was used as positive control. Each column
represents the mean � S.E. of three independent experiments. *, p 	 0.05 against Cre-Ctrl. C, ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG)
determined by HPLC in serum-starved Cre-Ctrl and Met-KO hepatocytes. Cre-Ctrl hepatocytes were treated with H2O2 (0.25 mM) for 6 h as positive control. Each
column represents the mean � S.E. of three independent experiments. *, p 	 0.05 against untreated Cre-Ctrl. NT, no treatment. D, expression of antioxidant
proteins. Whole cell lysates prepared from Cre-Ctrl and Met-KO hepatocytes treated with HGF (40 ng/ml) at 0, 3, 6, 12, and 24 h were immunoblotted with
anti-catalase and anti-CuZn superoxide dismutase. A representative Western blot of three experiments is shown. E, NADPH oxidase activity. F, expression of
Nox2. Whole cell lysates prepared and treated as described above (D) were immunoblotted with anti-Nox2. G, Rac1 activation assay. PAK-1 was used to pull
down the activated Rac-GTP from Cre-Ctrl (C) and Met-KO (KO) cell lysates. Immunoblotting was performed using Rac1 monoclonal antibody to reveal the
amount of total Rac1.
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DISCUSSION

In this study, we used both genetic and pharmacological
approaches to address the molecular mechanisms of Met-trig-
gered cell survival. As expected, primary hepatocytes estab-
lished from liver-specific Met conditional knock-out mice
failed to elicit the HGF-driven protection against apoptosis
initiated by Jo2 treatment (Fig. 1). Similarly, blocking c-Met
receptor with the specific c-Met inhibitor PHA-665752
abrogated the ability of protein-tyrosine phosphatase 1B
knock-out hepatocytes to resist Fas-induced apoptosis, sup-
porting a critical role for the functional Met in cytoprotec-
tion (32). Although the kinase activity of the Met receptor is
essential for execution of the biological effects of HGF (33), a
physical association between c-Met and Fas receptor has been
recently found in c-Met overexpressing livers that blocked the
interaction with Fas ligand, thus offering an alternative defense
mechanism via suppression of Fas activation (34).
The survival program of HGF/c-Met signaling in adult and

fetal hepatocytes is well established and includes primarily acti-
vation of PI3K/Akt aswell asMAPKand STAT3 signaling path-
ways (12–14, 27, 34, 35). In agreement with these studies, we
identified the PI3K/Akt pathway as a core element of HGF-
triggered survival, which required NF-�B activation and subse-
quent induction of the Bcl-2 family apoptotic proteins such as
Bcl-2 and Bcl-xL. Accordingly, pharmacological inhibition of
PI3K/Akt pathway either by wortmannin or LY294002 com-
pletely abolished theHGF-inducedNF-�B binding activity, up-
regulation of Bcl-2 and Bcl-xL, as well as inhibition of Jo2-in-
duced cell death. Although HGF stimulation also caused
phosphorylation of MAPK and STAT3, blocking MAPK and

STAT3 with specific inhibitors
affected neither NF-�B activation
nor cell survival (Figs. 2 and 3).
HGF-triggered NF-�B activation

correlated with up-regulation of
Bcl-2 and Bcl-xL (36, 37), whereas
levels of Mcl-1, another anti-apop-
totic protein playing a prominent
role in HGF cytoprotection of
human hepatocytes (13), remained
persistently high. Accumulation of
Bcl-2 and Bcl-xL occurred in a time-
dependent manner and peaked at
6 h after HGF treatment suggesting
a requirement for de novo synthesis
(Fig. 2). Previous studies have impli-
cated NF-�B in HGF anti-apoptotic
signaling (17, 27, 38), although in
some cells HGF can block NF-�B
activation as an anti-inflammatory
response (39).
Intriguingly, knocking out Met

rendered hepatocytes more sensi-
tive to Jo2-initiated apoptosis
despite the abnormal increase in the
basal levels of NF-�B activation and
concurrent up-regulation of down-
stream antiapoptotic proteins. It is

well known that elevation in ROS and redox changesmay result
in NF-�B activation as a cytoprotective mechanism (40).When
ROS levels exceed the physiological threshold, cell enters a state
of oxidative stress, which can increase the sensitivity to apopto-
sis (11, 41, 42). Consistent with this, c-Met-deficient hepato-
cytes showed overproduction of ROS, elevated lipid peroxida-
tion, and up-regulation of antioxidant proteins catalase and
CuZn superoxide dismutase when cultured under basal condi-
tions. In addition, the GSH/GSSG ratios were significantly
decreased in Met-KO cells (Fig. 4). In the liver, GSH exists at
millimolar concentrations and determines the cellular redox
potential (43). Importantly, HGF can increase GSH levels by
inducing �-glutamylcysteine synthase, a key step enzyme in
GSH synthesis (10). It has also been reported that NF-�B can
directly regulate transcription of both subunits of �-glutamyl-
cysteine synthetase in the liver (44). Accordingly, we have
found a 4-fold increase in GSH levels in Cre-Ctrl cells treated
with HGF (Fig. 4).
To corroborate the importance of GSH in HGF/c-Met trig-

gered inhibition of apoptosis, we usedNAC, theN-acetyl deriv-
ative of the amino acid L-cysteine and a precursor in the forma-
tion of the GSH (45). NAC pretreatment significantly reduced
Jo2-mediated cell death in Met-deficient cells. Conversely, the
GSH-depleting agent BSO completely abrogated both NAC-
and HGF-mediated apoptosis protection in Met-KO and Cre-
Ctrl cells, respectively (Fig. 5). In addition, NAC effectively
decreased the DNA binding activity of NF-�B in Met-KO cells
to the levels found in Cre-Ctrl cells implicating oxidative stress
in the persistent NF-�B activation. Furthermore, blocking
NF-�Bwith a specific inhibitor SN50 significantly reduced sur-

FIGURE 5. Reduced GSH levels in Met-KO hepatocytes increase sensitivity to apoptosis. A, Cre-Ctrl and
Met-KO hepatocytes were pretreated with BSO (300 �M) for 1 h before incubation with HGF (40 ng/ml) or NAC
(10 mM) for 12 h followed by Jo2 (0.5 �g/ml) treatment for 6 h. Apoptotic index was determined by counting
apoptotic cells after propidium iodine staining. Each column represents the mean � S.E. At least 500 nuclei
were counted from duplicate cultures from three independent experiments. *, p 	 0.05 against Cre-Ctrl cells
treated with Jo2 alone or Jo2 � HGF � BSO; **, p 	 0.05 against Met-KO treated with Jo2 alone, Jo2 � HGF, or
Jo2 � NAC � BSO. B, electromobility shift assays of NF-�B DNA binding activity was performed using nuclear
extracts from untreated (NT) Cre-Ctrl cells and Met-KO cells and Met-KO cells treated with 10 mM NAC, 30 �M

SN50, or 100 �M sulfasalazine (S) for 12 h. C, cell viability in Cre-Ctrl and Met-KO hepatocytes treated with 30 �M

SN50 for 24 h as determined by crystal violet assay. Mean � S.E. of three independent experiments are shown.
*, p 	 0.05 against respective Cre-Ctrl cells.
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vival of Met-KO hepatocytes, although it did not affect the via-
bility in Cre-Ctrl cultures (Fig. 5). Together, the data suggest
that persistent NF-�B signaling in Met-deficient cells was
essential and sufficient to alleviate the adverse effects of ROS
under basal conditions, but it could not provide the protection
when challenged with increased oxidative load. In agreement
with these data, we have recently found marked metabolic
alterations and compensatory up-regulation of redox-sensitive
transcription factor Nrf2 (nuclear factor (erythroid-derived
2)-like 2) and a broad regulator of ROS metabolism PGC-1�
(peroxisome proliferator-activated receptor-� coactivator 1�)
under condition of prolonged abrogation of c-Met signaling
(18, 19, 46).
NAC-dependent inhibition of apoptosis in Met-deficient

cells supports the proposed antioxidant function of HGF. As
reported in a series of recent papers, HGF protected against
oxidative stress-related toxicity by enhancing ROS scavenging
and/or suppressing ROS production in a variety of cell types
(11, 15, 36). Consistent with these data, our results show that in
primarymouse hepatocytesHGF exerts a dual effect by increas-
ing the GSH pool and inhibiting the expression of Nox2, a key
component of the functionalNADPHoxidase complex in hepa-
tocytes (Fig. 4) (28–30). The NADPH oxidase has been identi-
fied as a major source of ROS generation upon treatment with
Fas ligand (29, 30). Furthermore, recent studies implicated
Rac1, a member of a multimeric Nox complex, as a direct reg-
ulator of Nox-dependent ROS generation in nonphagocytic
cells (31). Consistent with this interpretation, HGF has been
reported to prevent ROS production via negative regulation
of Rac1 in a hypoxia/reoxygenation model of oxidative stress
and apoptosis (15). In line with this, Met-KO hepatocytes
exhibited excessive ROS generation in parallel with elevated
Rac1 and NADPH activities (Fig. 4). Although further stud-
ies are needed to investigate the upstream mechanisms that
link c-Met and ROS, the findings suggest that activation of
Nox2 and Rac1 is involved in the oxidative stress response
triggered by c-Met deletion.
In conclusion, genetic inactivation of c-Met in mouse pri-

mary hepatocytes disrupts redox homeostasis that in turn
initiates a series of adaptive cellular responses through mod-
ulation of NF-�B-dependent survival pathway. The findings
provide a mechanistic explanation for the high susceptibility
of c-Met-deleted cells to Fas-mediated apoptosis and pres-
ent evidence that intact c-Met signaling is a critical factor in
the protection against excessive generation of endogenous
ROS.
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