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Activation of glomerular mesangial cells (MCs) by angioten-
sin II (Ang II) leads to hypertrophy and extracellular matrix
accumulation. Here, we demonstrate that, in MCs, Ang II
induces an increase in PDK-1 (3-phosphoinositide-dependent
protein kinase-1) kinase activity that required its phosphoryla-
tion on tyrosine 9 and 373/376. Introduction into the cells of
PDK-1, mutated on these tyrosine residues or kinase-inactive,
attenuates Ang II-induced hypertrophy and fibronectin accu-
mulation. Ang II-mediatedPDK-1 activation and tyrosine phos-
phorylation (total and on residues 9 and 373/376) are inhibited
in cells transfected with small interfering RNA for Src, indicat-
ing that Src is upstream of PDK-1. In cells expressing oxidation-
resistant Src mutant C487A, Ang II-induced hypertrophy and
fibronectin expression are prevented, suggesting that the path-
way is redox-sensitive. Ang II also up-regulates Nox4 protein,
and siNox4 abrogates the Ang II-induced increase in intracellu-
lar reactive oxygen species (ROS) generation. Small interfering
RNA forNox4 also inhibits Ang II-induced activation of Src and
PDK-1 tyrosine phosphorylation (total and on residues 9 and
373/376), demonstrating that Nox4 functions upstream of Src
and PDK-1. Importantly, inhibition of Nox4, Src, or PDK-1 pre-
vents the stimulatory effect of Ang II on fibronectin accumula-
tion and cell hypertrophy. This work provides the first evidence
that Nox4-derived ROS are responsible for Ang II-induced
PDK-1 tyrosine phosphorylation and activation through stimu-
lation of Src. Importantly, this pathway contributes to Ang II-
induced MC hypertrophy and fibronectin accumulation. These
data shed light onmolecular processes underlying the oxidative
signaling cascade engaged by Ang II and identify potential tar-
gets for intervention to prevent renal hypertrophy and fibrosis.

Cellular hypertrophy and extracellular matrix accumulation
in glomeruli contributes to the pathogenesis of glomeruloscle-
rosis in fibrotic renal diseases (1–5). The octapeptide hormone
angiotensin II (Ang II)2 is the dominant renin-angiotensin sys-
tem effector (5–7) and is implicated in the pathogenesis of
fibrosis of the glomerular microvascular bed. Up-regulation of
the renin-angiotensin system plays a key role in the initiation
and the progression of glomerular injury via induction of hyper-
trophy and extracellular matrix expansion in glomerular mes-
angial cells (MCs) (6–13).
Ang II-induced oxidative stress has emerged as a critical

pathogenic factor in the development of renal and vascular dis-
eases (13–16). NAD(P)H oxidases of the Nox family are major
sources of reactive oxygen species (ROS) in many nonphago-
cytic cells, including renal cells (17–21). The Nox proteins cor-
respond to homologues of gp91phox (or Nox2), the catalytic
moiety found in phagocytes (17, 18). Sevenmembers of theNox
family have been identified in the human genome: Nox1 to -5
and the dual oxidases Duox1 and -2 (17, 18, 22). The isoform
Nox4 (NAD(P)H oxidase 4) is abundant in the vascular system
and kidney cortex (16, 17, 19–22). We have previously demon-
strated a role for Nox4 as the major source of ROS in the kid-
neys during early stages of diabetes and that the oxidase medi-
ates renal hypertrophy and increased fibronectin expression
(23). We have also reported that Nox4-derived ROS mediate
Ang II-induced Akt/protein kinase B (PKB) activation and pro-
tein synthesis in MCs (21, 24).
The serine/threonine kinase PDK-1 (3-phosphoinositide-de-

pendent protein kinase-1) is the upstream activator of Akt/PKB
(25, 26). PDK-1 is constitutively active. The enzyme is further
activated following treatmentwith agonists and oxidative stress
(27–30). Constitutive autophosphorylation of PDK-1 on serine
241 is critical for kinase activity (31). Recent evidence indicates
that PDK-1 is also phosphorylated on tyrosine residues, leading
to further increase in activity (32–35). Three tyrosine residues,
tyrosine 9, tyrosine 373, and tyrosine 376, are phosphorylated
by insulin, Ang II, high glucose, and the oxidants pervanadate
and hydrogen peroxide (28, 30, 32, 33, 35–37). Importantly,
tyrosine 373/376 phosphorylation of PDK-1 is important for its
catalytic activity and appears to be dependent on tyrosine 9
phosphorylation (28, 32). The protein kinase Src has also been
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implicated in tyrosine phosphorylation of PDK-1 in vitro and in
vivo (28, 32, 33, 35). Interestingly, in MCs, Ang II activates Src
as well as many of the known substrates of PDK-1, such as
Akt/PKB, protein kinase C, and p70S6K (38–41). Furthermore,
all these kinases are implicated in the hypertrophic or fibrotic
response to Ang II (38, 39, 41, 42).
This study indicates that PDK-1 is tyrosine-phosphorylated

and activated byAng II in a redox-dependentmanner.We iden-
tify Nox4 NAD(P)H oxidase as a critical mediator of PDK-1
tyrosine phosphorylation and activation through Src oxidation.
We also demonstrate that Ang II up-regulates Nox4. Further-
more, we establish for the first time that the tyrosine phospho-
rylation/activation of PDK-1 contributes to MC hypertrophy
and fibronectin expression, indicating that this cascade involv-
ing PDK-1 plays a central role in the control of the signaling
events implicated in Ang II-induced cell injury.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Adenovirus Infection—Rat
glomerular MCs were isolated and characterized as described
(23). These cells were used between 15th and 30th passages.
Selected experiments were performed in primary and early pas-
saged MCs to confirm the data obtained with late passages.
Cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with antibiotic/antifungal solution and 17% fetal
bovine serum.
Transient transfection of MCs with plasmid DNA (15 �g of

vector alone or Myc epitope-tagged mammalian expression
construct with PDK-1 mutated at tyrosine 373 (Myc-PDK-
1Y373F) or redox-insensitive mutant of Src (SrcC487A)) was per-
formed by electroporation (Gene Pulser; Bio-Rad), as previ-
ously described (41). Construction ofmutant expression vector
Myc-PDK-1Y373F was described previously (28). SrcC487A was a
generous gift from Dr. P. Chiarugi (University of Florence,
Italy) (43). For the RNA interference experiments, a SMART-
pool consisting of four short or small interfering RNA (siRNA)
duplexes specific for rat Nox4, Src, PDK-1, Pyk-2 (proline-rich
tyrosine kinase-2), or p70S6K was obtained from Dharmacon.
The SMARTpool of siRNAs was introduced into the cells by
double transfection using Oligofectamine or Lipofectamine as
described (24). The siRNAs for Nox4, Src, PDK-1, Pyk-2, or
p70S6K were used at a concentration of 100 nM. Scrambled
siRNAs (nontargeting siRNA) (100 nM) served as controls to
validate the specificity of the siRNAs (42). Adenovirus encoding
a kinase-inactive form of PDK-1 (AdPDK-1K11N), adenovirus
encoding PDK-1mutated at tyrosine 9 (AdPDK-1Y9F), and ade-
novirus encoding for wild type PDK-1 (AdWTPDK-1) were
described previously (28, 44, 45). MCs were infected with
adenovirus vectors at the indicated multiplicity of infection as
previously described (46). As a control for the effects of adeno-
virus infection alone, an adenovirus encoding green fluorescent
protein lacking an insert (AdGFP) was used.
RNA Extraction, Reverse Transcription (RT)-PCR—Primers

for rat Nox4 were designed as described previously (24, 46):
5�-GATGTTGGGCCTAGGATTGTGT-3� (forward primer)
and 5�-CAGCCAGGAGGGTGAGTGTCTAA-3� (reverse
primer). Total RNA was isolated from MCs, and the RT-PCR
was carried out using the SuperScript One-Step RT-PCR kit

(Invitrogen) as described. Amplification was carried out for 35
cycles at 93 °C for 1 min, 85 °C for 1 min, and 72 °C for 1 min.
The expected size of the PCR product for Nox4 is 534 bp. End
products were resolved on agarose gel, stained with ethidium
bromide, and visualized and photographed under UV light.
Immunoprecipitation and PDK-1 Activity Assay—MCs

grown to near confluence were made quiescent by serum dep-
rivation for 48 h and exposed to serum-free Dulbecco’s modi-
fied Eagle’s medium at 37 °C for the specified duration. The
cells were lysed in radioimmune precipitation buffer (20 mM
Tris-HCl, pH 7.5, 150 mMNaCl, 5 mM EDTA, 1 mMNa3VO4, 1
mM phenylmethylsulfonyl fluoride, 20 �g/ml aprotinin, 20
�g/ml leupeptin, and 1% Nonidet P-40) at 4 °C for 30 min. The
cell lysates were centrifuged at 10,000 � g for 30 min at 4 °C.
Protein was determined in the cleared supernatant using the
Bio-Rad protein assay reagent. For immunoprecipitation, equal
amounts of protein (100–500 �g) were incubated with sheep
anti-PDK-1 antibody (Upstate Biotechnology, Inc., Lake Placid,
NY) for 4 h. Protein G-Sepharose beads were added, and the
resulting mixture was further incubated at 4 °C for 1 h on a
rotating device. The beads were washed three times with radio-
immune precipitation buffer and twice with phosphate-buff-
ered saline. The kinase reaction was carried out by incubating
the immunobeads in kinase assay buffer (50 mM Tris-HCl, pH
7.4, 10 nMMgCl2, 25mM �-glycerophosphate, 1mMdithiothre-
itol, 10 mM microcystin, and 1 mM Na3VO4) in the presence of
1 �g/ml purified unactivated Akt1/PKB� (Upstate Biotechnol-
ogy), and 20 �M cold ATP plus 5 �Ci of [�-32P]ATP for 30 min
at 30 °C (47). This reaction was stopped by the addition of 2�
sample buffer, after which the samples were subjected to 12.5%
SDS-polyacrylamide gel electrophoresis, and phosphorylated
unactivated Akt/PKB was visualized by autoradiography or
using a PhosphorImager. The bands were quantitated by den-
sitometry and/or PhosphorImager analysis. In other experi-
ments, PDK-1 activity was measured with a PDK-1 assay kit
(Upstate Biotechnology) according to the manufacturer’s rec-
ommendations. The immunoprecipitates were prepared as
described above, and after washing, the immunobeads were
incubated with PDK-1 assay dilution buffer containing inactive
SGK1 (serum- and glucocorticoid-regulated protein kinase-1)
for 30 min at 30 °C. Then an Akt/SGK substrate peptide and 5
�Ci of [�-32P]ATPwas added, and a second kinase reactionwas
allowed to continue for an additional 10min at 30 °C. The reac-
tions were spotted on P81 phosphocellulose paper and washed
four times with 1% phosphoric acid followed by an acetone
rinse. The amount of radioactivity incorporated into the sub-
strate was determined by scintillation counting.
Western Blotting Analysis—MC lysates were prepared as

described above for the PDK-1 activity assay. For immunoblot-
ting, proteins were separated using SDS-PAGE and transferred
to polyvinylidene difluoridemembranes. Themembranes were
blocked with 5% low fat milk in Tris-buffered saline and then
incubated with a rabbit polyclonal Nox4 antibody (catalog
number ab41886; Abcam) (dilution 1:500), a rabbit polyclonal
anti-phospho-PDK-1 (Tyr9) (catalog number PP1431; ECM
Biosciences) (1:1,000), a rabbit polyclonal anti-phospho-PDK-1
(Tyr373/376) (catalog number 1901-1; Epitomics Inc.) (1:1,000),
a rabbit anti-phospho-Src (Tyr416) antibody or a rabbit poly-
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clonal anti-Src (catalog numbers 2101 and 2108; Cell Signaling
Technology Inc.) (1:1,000), a rabbit polyclonal anti-p70S6K (cat-
alog number 9202; Cell Signaling Technology Inc.) (1:1,000), a
rabbit polyclonal anti-Pyk-2 (catalog number 07-437; Upstate/
Millipore) (1:500), a rabbit polyclonal anti-fibronectin antibody
(catalog number F3648; Sigma) (1:2,500), or a mouse mono-

clonal anti-�-actin (1:4,000) (cata-
log number A2066; Sigma). The
appropriate horseradish peroxi-
dase-conjugated secondary anti-
bodies were added, and bands were
visualized by enhanced chemilumi-
nescence. Densitometric analysis
was performed using NIH Image
software.
For the detection of PDK-1 total

tyrosine phosphorylation, MCs
lysates were subjected to immuno-
precipitation with anti-PDK1 anti-
body, and blots were incubated with
mouse monoclonal antiphos-
photyrosine antibody clone 4G10
(Upstate Biotechnology) or rabbit
anti-PDK-1 (Cell Signaling Tech-
nology) (1:1,000).
Immunofluorescence Confocal

Microscopy—MCs grown on 4-well
chamber slides were fixed with 4%
paraformaldehyde for 15 min and
permeabilized with 0.2% Triton
X-100 for 5 min. The cells were
then blocked with 5% normal goat
serum or 5% normal donkey serum
in phosphate-buffered saline for
30 min and incubated with appro-
priate primary antibodies (anti-
phospho-Src or anti-fibronectin)
for 30min. Cyanin-3- or fluorescein
isothiocyanate-conjugated second-
ary antibodies were then applied to
the appropriate cells for 30min. The
cells were washed 3 times with
phosphate-buffered saline, moun-
ted with antifade reagent with 4�,6-
diamidino-2-phenylindole, and
visualized on an Olympus FV-500
confocal laser scanningmicroscope.
As requested by the reviewer, to
estimate the brightness intensity of
phospho-Src and fibronectin sig-
nals, groups of cells randomly
selected from the digital image
were outlined (at least five groups
for each sample), and the average
brightness of the enclosed area
was semiquantified using either
the Image-Pro Plus 4.5 software
(Media Cybernetics) or NIH

Image/ImageJ software, as described (23). The data shown
represent three separate experiments and are expressed as
relative fluorescence intensity.
Detection of Intracellular ROS—The peroxide-sensitive fluo-

rescent probe 2�,7�-dichlorodihydrofluorescin diacetate
(Invitrogen/Molecular Probes) was used to assess the genera-

FIGURE 1. Effects of Ang II on PDK-1 kinase activity and tyrosine phosphorylation in MCs. Serum-deprived
MCs were stimulated with 1 �M Ang II for the indicated time periods. A, equivalent amounts of protein were
immunoprecipitated (IP) with anti-PDK-1 antibody and assayed for PDK-1 activity in an in vitro two-step kinase
assay using inactive SGK1 and SGK1 substrate peptide as described under “Experimental Procedures.” Data are
expressed as cpm/protein concentration. Values are the means � S.E. from three independent experiments. *,
p � 0.05; **, p � 0.01 versus control. B, immunoprecipitates were prepared as described in A, and PDK-1 total
tyrosine phosphorylation was analyzed by Western blot (IB) using anti-phosphotyrosine antibodies. C and D,
MCs were treated with Ang II (1 �M) for the time periods indicated, and PDK-1 tyrosine phosphorylation was
assessed by direct immunoblotting using anti-phospho-specific antibodies recognizing phosphorylated tyro-
sine 9 (P-Tyr9) or tyrosine 373/376 (P-Tyr373/376). E, MCs were infected with adenovirus encoding PDK-1 mutated
at tyrosine 9 (AdPDK-1Y9F) or a green fluorescent protein vector control lacking an insert (AdGFP) and treated
with Ang II (10 min), and PDK-1 immunoprecipitates were assayed for PDK-1 activity as described in A. The right
panel shows expression of PDK-1 from the adenovirus vector. Actin was used as a loading control. F, MCs were
transfected by electroporation with the Myc-tagged expression vector encoding PDK-1 mutated at tyrosine
373 (Myc-PDK-1Y373F) or an empty vector, treated with Ang II (10 min), and PDK-1 activity was assessed in PDK-1
immunoprecipitates as in A. Immunoblotting of lysates with anti-Myc antibody shows the expression of Myc-
tagged PDK-1 proteins (bottom). In B–D, the top panels are representative immunoblots of Ang II-induced
tyrosine phosphorylation of PDK-1. Each histogram at the bottom represents the ratio of the intensity of tyro-
sine-phosphorylated PDK-1 bands quantified by densitometry factored by the densitometric measurement of
total PDK-1 or actin band. The data are expressed as percentage of control (GFP- or vector-transfected cells
without Ang II), where the ratio in the control was defined as 100%. Values are the means � S.E. from three
independent experiments. *, p � 0.05; **, p � 0.01 versus control. In E and F, values are the means � S.E. from
three independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus Ang II in GFP- or vector-
transfected cells.
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tion of intracellular ROS, as described previously (23, 41). This
compound is converted by intracellular esterases to 2�,7�-di-
chlorodihydrofluorescin, which is then oxidized by hydrogen
peroxide to the highly fluorescent 2�,7�-dichlorodihydrofluo-
rescein (DCF). Differential interference contrast images were

obtained simultaneously using an Olympus inverted micro-
scope with �40 Aplanfluo objective and an Olympus Fluoview
confocal laser-scanning attachment. The DCF fluorescence
was measured with an excitation wavelength of 488-nm light,
and its emission was detected using a 510–550-nm bandpass
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filter. Semiquantification of DCF fluorescence was performed
as described above. Alternatively, cells were grown in 12- or
24-well plates and serum-deprived for 48 h. Immediately before
the experiments, cells were washed with Hank’s balanced salt
solution and loaded with 50 �M 2�,7�-dichlorodihydrofluores-
cin diacetate dissolved in Hanks’ balanced salt solution for 30
min at 37 °C. They were then incubated with the selected ago-
nist or vehicle for various time periods. Subsequently, DCF flu-
orescence was detected at excitation and emission wavelengths
of 488 and 520 nm, respectively, andmeasured with amultiwell
fluorescence plate reader (Wallac 1420 Victor2; PerkinElmer
Life Sciences), as described (42, 46).
Protein Synthesis—[3H]Leucine incorporation into trichloro-

acetic acid-insoluble material was used to assess protein syn-
thesis, as described (23, 24, 41).
Statistical Analysis—Results are expressed as mean � S.E.

Statistical significancewas assessed by Student’s unpaired t test.
Significance was determined as probability (p) less than 0.05.

RESULTS

Ang II Induces PDK-1 Tyrosine Phosphorylation and Kinase
Activity—Wehave recently shown that Akt/PKB is required for
Ang II-induced cell hypertrophy and fibronectin expression in
MCs (41, 46). There have been only few reports examining the
role of PDK-1, the upstream activator of Akt/PKB, in Ang II
signaling. None have explored the potential involvement of
PDK-1 in hypertrophy and fibrosis induced byAng II. To inves-
tigate the effect of Ang II on the activity of PDK-1, cultured
MCs were incubated with 1 �M Ang II for different periods of
time. PDK-1 activity was examined using an immune complex
kinase assay in an in vitro two-step kinase reaction, where
immunoprecipitated PDK-1 is first incubated with inactive
SGK1 as a substrate and then with a peptide fragment of a SGK
substrate. As shown in Fig. 1A, Ang II caused a rapid increase of
PDK-1 kinase activity in a time-dependent manner, an effect
that started at 2.5 min and peaked at 10–15 min (�1.65–1.8-
fold increase over control), remaining above the base line for at
least 60 min. There is recent evidence that PDK-1 can be phos-
phorylated on tyrosine residues, particularly on tyrosines 9,
373, and 376, leading to an increase in activity (28, 30, 32, 33,

35–37). PDK-1 tyrosine phosphorylationwas tracked by immu-
noprecipitating PDK-1, followed byWestern blottingwith anti-
phosphotyrosine antibodies or by an immunologic approach
with anti-PDK-1-phosphotyrosine 9 or 373/376 phosphoryla-
tion site-specific antibodies. We found that Ang II increased
PDK-1 tyrosine phosphorylation at 2.5 min and that this
response is sustained for at least another 60 min of agonist
stimulation (Fig. 1, B–D). Note the striking parallel existing
between the time courses of Ang II-induced PDK-1 kinase
activity and Ang II-induced tyrosine phosphorylation. These
data indicate that the increase in PDK-1 activity is accompanied
by an increase in tyrosine phosphorylation of PDK-1 and is
more likely a reflection of PDK-1 activation. In order to assess
the relationship between PDK-1 tyrosine phosphorylation and
PDK-1 activation, we tested the effect of site-specific PDK-1
mutants in which individual tyrosines were replaced with phe-
nylalanine (Y373F PDK-1 and Y9F PDK-1) on Ang II-induced
PDK-1 activation. The data indicate that infection of MCs with
adenovirus encoding PDK-1 mutated at tyrosine 9 (AdPDK-
1Y9F) or transfection with a Myc-tagged expression construct
with PDK-1 mutated at tyrosine 373 (Myc-PDK-1Y373F) signif-
icantly inhibited the ability of Ang II to enhance PDK-1 kinase
activity (Fig. 1, E and F). These findings demonstrate that acti-
vation of PDK-1 is dependent on phosphorylation of tyrosine 9
and 373/376. Adenovirus encoding green fluorescent protein
lacking an insert (AdGFP) or an empty vector was used as con-
trol.
Involvement of Src in Ang II-induced PDK-1 Tyrosine Phos-

phorylation and Activation—It has been previously docu-
mented that the tyrosine phosphorylation of PDK-1 could be
linked to the nonreceptor protein-tyrosine kinase Src that has
been implicated in the PDK-1 tyrosine 9 and tyrosine 373/376
phosphorylation pathway (28, 32, 35). To test this hypothesis,
we first evaluated whether Ang II activates Src. Src activation
was assessed bymeasuring its phosphorylation on tyrosine 416.
Indeed, it is known that tyrosine phosphorylation of the auto-
phosphorylation site (tyrosine 416) and Src homology 2 domain
of Src reflects its activation. As shown in Fig. 2A, stimulation
with Ang II results in activation of Src tyrosine kinase in a

FIGURE 2. Role of Src in Ang II-induced PDK-1 tyrosine phosphorylation and activation. A, serum-deprived MCs were treated with 1 �M Ang II for the time
periods indicated, and Src phosphorylation was assessed using anti-phospho-specific antibodies recognizing phosphorylated tyrosine 416 (P-Tyr416), an
indicator of its activation. Right, histogram representing the ratio of the intensity of tyrosine-phosphorylated Src bands quantified by densitometry factored by
the densitometric measurement of total Src bands. The data are expressed as percentage of control where the ratio in the control was defined as 100%. Values
are the means � S.E. from three independent experiments. **, p � 0.01 versus control. B, MCs grown on coverslips were treated with Ang II (1 �M) for the
indicated time and fluorescently stained for Src phosphorylated on tyrosine 416 and imaged with a confocal laser-scanning fluorescence microscope. The
photomicrographs are representative of three individual experiments. Right, fluorescence intensity was semiquantified as described under “Experimental
Procedures.” Values are the means � S.E. from three independent experiments. **, p � 0.01 versus control. C, MCs were untransfected (�) and transfected with
nontargeting siRNA (Scr) or with siSrc, and Src protein expression was determined by Western blot analysis. Right, histogram representing the ratio of the
intensity of Src bands quantified by densitometry factored by the densitometric measurement of actin bands. The data are expressed as percentage of control
(untransfected cells), where the ratio in the control was defined as 100%. Values are the means � S.E. from three independent experiments. ##, p � 0.01 versus
untransfected cells. D–H, cells were untransfected, transfected with nontargeting Scr or with siSrc, and stimulated with Ang II (1 �M) for 10 min. D, cell lysates
were immunoprecipitated (IP) with anti-PDK-1 antibodies. Kinase activity was measured and expressed as described in the legend to Fig. 1A. E, cell lysates were
immunoprecipitated with anti-PDK-1 antibodies, and kinase activity was determined by measuring [�-32P]ATP-labeled phosphorylation of the substrate
unactivated Akt/PKB (Un. Akt/PKB), as described under “Experimental Procedures” (note that PDK-1 autophosphorylation is also detected). The histogram
represents the ratio of the radioactivity incorporated into the substrate quantified by PhosphorImager analysis factored by the densitometric measurement of
PDK-1 band. The data are expressed as percentage of control, where the ratio in the untreated cells was defined as 100%. F, cell lysates were immunoprecipi-
tated with anti-PDK-1 antibodies, and PDK-1 tyrosine phosphorylation was determined as in Fig. 1B. G and H, PDK-1 phosphorylation on tyrosine 9 (P-Tyr9) and
373/376 (P-Tyr373/376) was determined by direct immunoblotting (IB) of cell lysates. F–H, the top panels are representative immunoblots, and the histograms
represent the ratio of the intensity of tyrosine phosphorylated PDK-1 bands quantified by densitometry factored by the densitometric measurement of total
PDK-1 or actin bands. The data are expressed as percentage of control (untransfected cells without Ang II), where the ratio in the control was defined as 100%.
Values are the means � S.E. from three independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus untransfected cells treated with Ang II.
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time-dependent manner, an effect that occurred as early as 1
min and peaked at 5 min and remained sustained up to
30–60 min. The Western blot analysis was confirmed by
immunofluorescence studies (Fig. 2B). Next, we investigated
whether Src is positioned upstream of PDK-1 tyrosine phos-
phorylation and subsequent activation. The cells were trans-
fected with siRNA for Src. Fig. 2C shows that the transfec-
tion of siRNA for Src (siSrc) but not nontargeting siRNA
(Scr) effectively down-regulates Src protein expression. Ang
II-induced PDK-1 kinase activity was significantly inhibited
in MCs transfected with siSrc (Fig. 2, D and E). To assess the
protein kinase activity of PDK-1, cell lysates were immuno-
precipitated using an antibody to PDK-1, and activity in the
immunoprecipitates was measured by an immune complex
kinase assay using either the in vitro two-step kinase reaction
described above (Fig. 2D) or unactivated Akt/PKB as sub-
strate (Fig. 2E). Importantly, siSrc also blocked the stimula-
tory effect of Ang II on PDK-1 tyrosine phosphorylation
(total, on tyrosine 9, and on tyrosine 373/376) (Fig. 2, F–H).
In contrast, nontargeting siRNA (Scr) did not alter the
actions of Ang II. Taken together, these data demonstrate
that Src mediates Ang II-stimulated PDK-1 tyrosine phos-
phorylation and activation in MCs.
A crucial role for the proline-rich tyrosine kinase-2

(Pyk-2) in phosphorylation of tyrosine residues 9, 373, and

376 of PDK-1 and its interaction
with Src has been described (28).
Pyk-2/Src/PDK-1 form a complex
with Pyk-2 as a scaffold, allowing
Src to phosphorylate and activate
PDK-1 (28). Down-regulation of
Pyk-2 with specific siRNAs
(siPyk-2) significantly reduced
Ang II-induced PDK-1 phospho-
rylation on tyrosine 9 and 373/376
(Fig. 3). Nontargeting siRNA (Scr)
had no effect. Our data demon-
strate that Pyk-2 and PDK-1 are in
the same axis of signal transduc-
tion and suggest that Pyk-2 plays a
role in Src-dependent PDK-1 tyro-
sine phosphorylation.
Effect of Exogenous Hydrogen Per-

oxide on Src and PDK-1 Activation
inMCs—Wenext sought to identify
the upstream mediators impli-
cated in Src-dependent activation
of PDK-1 in response to Ang II. Src
has been shown to be activated
by G-protein-coupled receptors,
includingAngIIreceptors,inaROS-
dependent manner (48–50). Fur-
thermore, it has been proposed
that ROS can directly target Src via
an oxidative modification of spe-
cific cysteine residues, leading to
activation of the tyrosine kinase
(43, 51). Therefore, ROS are

potential proximal mediators of Ang II-induced Src and
PDK-1 activation. The redox sensitivity of Src and PDK-1
was studied using hydrogen peroxide (H2O2) as a model oxi-
dant. The concentration used (200 �M) is similar to those
previously reported for H2O2-induced activation of a known
redox-sensitive kinase in MCs, Akt/PKB. As seen in Fig. 4,
A–E, exogenously applied H2O2 induced Src tyrosine 416
phosphorylation (an indicator of its activation), PDK-1 kinase
activity, and tyrosine phosphorylation (total and on residues
9 or 373/376) with time courses similar to those obtained
with Ang II. PDK-1 kinase activity was assessed as described
above. This confirms that Src and PDK-1 are potential target
of oxidants in MCs and suggests that ROS may play a role in
the effects of Ang II on these kinases. Studies using exog-
enously added H2O2 should be interpreted with caution.
Therefore, the next experiments focused on exploring the
role of endogenous ROS and identifying the source of ROS
generation to study their role in Src-dependent activation of
PDK-1.
The Up-regulation of Nox4 Mediates Ang II-induced ROS

Generation in MCs—Since NAD(P)H oxidase Nox4 is highly
expressed and plays a role in Ang II redox signaling inMCs (21,
23, 24), we hypothesized that Nox4-derived ROS are required
for Src/PDK-1 pathway activation. We first examined the tem-
poral effects of Ang II on ROS generation and Nox4 protein

FIGURE 3. Role of Pyk-2 in Ang II-induced PDK-1 tyrosine phosphorylation. A, MCs were untransfected or
transfected with nontargeting siRNA (Scr) or with siRNA for Pyk-2 (siPyk-2), and Pyk-2 protein expression was
determined by Western blot analysis. Right, histogram representing the ratio of the intensity of Pyk-2 bands
quantified by densitometry factored by the densitometric measurement of actin bands. The data are expressed
as percentage of control (untransfected cells), where the ratio in the control was defined as 100%. Values are
the means � S.E. from three independent experiments. ##, p � 0.01 versus untransfected cells. B and C, cells
were untransfected, transfected with nontargeting Scr or with siPyk-2, and stimulated with 1 �M Ang II for 10
min. PDK-1 phosphorylation on tyrosine 9 (P-Tyr9) and 373/376 (P-Tyr373/376) was determined by direct immu-
noblotting (IB) of cell lysates. The left panels are representative immunoblots, and the histograms represent the
ratio of the intensity of tyrosine-phosphorylated PDK-1 bands quantified by densitometry factored by the
densitometric measurement of total PDK-1 or actin bands. The data are expressed as percentage of control
(untransfected cells without Ang II), where the ratio in the control was defined as 100%. Values are the means �
S.E. from three independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus untransfected cells
treated with Ang II.
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expression. Ang II elicited a rapid and sustained time-depend-
ent increase in DCF fluorescence, a peroxide-sensitive fluoro-
phore that detects intracellular ROS (Fig. 5A). Quantification of
DCF fluorescence was performedwith amultiwell fluorescence
plate reader. These experiments also showed that after stimu-
lation with Ang II, Nox4 protein expression increased within
2.5 min with a maximum up-regulation of Nox4 occurring at
10–15min andmaintained up to 60min. Importantly, the time
course of ROS generation by Ang II correlated well with the
kinetics of Nox4 protein expression by Ang II with significant

increase seen as early as 2.5 min
after treatment (Fig. 5, compare A
and B). Note that induction of Nox4
expression slightly preceded the
release of ROS by Ang II. These
observations are consistent with the
contention thatNox4 contributes to
ROS generation in response to Ang
II. Identification of Nox4 protein
was performed by Western blot
analysis using a commercially avail-
able rabbit polyclonal antibody.
This antibody detected a 65 kDa
band that corresponded to the pre-
dicted molecular weight of the oxi-
dase and was inhibited by depleting
MCs ofNox4 using siRNA (Fig. 5D).
These observations were confirmed
using an anti-Nox4 antibody that
we have generated in our laboratory
(23, 46) (see supplemental Fig. S1).
Interestingly, there was no change
in Nox4 mRNA levels in cells
treated with Ang II for the same
time period.
In order to establish that Nox4 is

necessary for Ang II-induced ROS
production, Nox4 expression was
down-regulated with specific
siRNA. First, we confirmed that
transfection of siRNA for Nox4
(siNox4), but not nontargeting
siRNA (Scr), reduces Nox4 mRNA
(Fig. 5C) and protein abundance
(Fig. 5D and supplemental Fig. S1).
Note that for every RNA interfer-
ence experiment described in this
report, the siRNAs transfected
obtained from Dharmacon corre-
sponded to a SMARTpool consist-
ing of four siRNA specific for the
protein of interest. Importantly,
siNox4 abolished the increase in
DCF fluorescence caused by Ang II
(Fig. 5E). In these experiments, DCF
fluorescence was measured using
laser-scanning confocal micros-
copy. These findings indicate that

Nox4 is responsible for the increased generation of ROS in
response to Ang II and that this increase is most likely due to an
acute up-regulation of Nox4 protein expression.
Nox4 Is Required for Ang II-induced Src and PDK-1 Tyrosine

Phosphorylation and Activation in MCs—Down-regulation of
Nox4 protein by siNox4 almost totally inhibits Ang II-induced
activation of Src assessed by its phosphorylation on tyrosine
416 by Western blotting and immunofluorescence analyses
(Fig. 6,A andB). Transfection ofMCswith siNox4 also dramat-
ically reduced the stimulatory effect of Ang II on PDK-1 kinase

FIGURE 4. Effects of hydrogen peroxide on Src and PDK-1 tyrosine phosphorylation and activation.
A, serum-deprived MCs were treated with 200 �M hydrogen peroxide (H2O2) for the time periods indicated,
and Src phosphorylation on tyrosine 416 was assessed. The data were expressed as in Fig. 2A. B, time course of
PDK-1 activation by H2O2. PDK-1 kinase activity was assessed and expressed as in Fig. 1A. C–E, time course of
PDK-1 tyrosine phosphorylation by H2O2. C, total tyrosine phosphorylation of PDK-1 was determined and
expressed as in Fig. 1B. D and E, phosphorylation on tyrosine 9 (P-Tyr9) or tyrosine 373/376 (P-Tyr373/376) was
determined as described in the legend to Fig. 1. A and C–E, histograms represent the ratio of the intensity of
P-Src or P-PDK-1 bands quantified by densitometry factored by the densitometric measurement of Src, PDK-1,
or actin bands. The data are expressed as percentage of control, where the ratio in the control was defined as
100%. In each panel, values are the means � S.E. from three independent experiments. **, p � 0.01 versus
control. IB, immunoblot; IP, immunoprecipitation.
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activity (Fig. 6,C andD) and tyrosine phosphorylation (total, on
residue 9, and on residue 373/376) (Fig. 6, E, F and G). In con-
trast, nontargeting siRNA (Scr) did not influence the effects of
Ang II on Src and PDK-1. It was predictable that Nox4 controls
both PDK-1 tyrosine phosphorylation and activation, since the
data shown in Fig. 1E indicated that the induction of PDK-1
activity by Ang II is dependent on tyrosine 9 and tyrosine 373/
376 phosphorylation. These results demonstrate that Nox4-de-
rived ROS are critical for activation of Src as well as tyrosine

phosphorylation and activation of
PDK-1 in response to Ang II in
MCs. To validate the presence of a
linear pathway of Nox4, Src activa-
tion, and PDK-1 tyrosine phospho-
rylation/activation, we used the
phosphotyrosine mutants of
PDK-1. Infection with AdPDK-1Y9F
or transfection with Myc-PDK-
1Y373F did not alter Ang II-induced
ROS generation or Src activation,
indicating that phosphorylation on
tyrosine 9 and 373/3736 is not
required for these events (data not
shown). This clearly implicates
Nox4 and Src as upstream media-
tors of PDK-1 tyrosine phosphoryl-
ation and activation.
Nox4-derived ROS, Src, and

PDK-1 Are Required for the Expres-
sion of Fibronectin in Response to
Ang II—Using MCs as a model to
study the mechanism of abnormal
matrix accumulation by kidney
cells, we have recently shown that
Ang II induced chronic fibronectin
expression through a redox-
dependent pathway (42). In order to
establish the link between the vari-
ous signal transducers identified
above and the fibrotic response of
MCs to Ang II, we examined the
effect of siSrc or siPDK-1 on Ang II-
mediated fibronectin protein
expression by Western blot and
immunofluorescence analyses.
Transfection of MCs with siSrc or
siPDK-1, but not nontargeting
siRNA, prevented the increase in
fibronectin synthesis and deposi-
tion stimulated by prolonged expo-
sure of MCs to Ang II (Fig. 7, A and
B). Fig. 6C confirmed the reduction
in PDK-1 protein expression by
siPDK-1, but not nontargeting
siRNA (Scr). To confirm that the
inhibition by siPDK-1 is due to com-
promised kinase activity, we showed
that infection of MCs with an ade-

novirus encoding a kinase-inactive form of PDK-1, AdPDK-
1K11N, significantly reducedAng II-induced fibronectin expres-
sion (Fig. 7D). Since PDK-1 activation is associated with its
phosphorylation on tyrosines 9, 373, and 376, we also tested the
role of these events in Ang II-induced fibronectin synthesis by
expressing in MCs the site-specific PDK-1 mutants AdPDK-
1Y9F or Myc-PDK-1Y373F. As shown in Fig. 7, D and E, expres-
sion in the cells of PDK-1 mutated at tyrosine 9 or mutated at
tyrosine 373 reduced Ang II-induced fibronectin expression,

FIGURE 5. Nox4 is up-regulated by Ang II and mediates Ang II-induced ROS production in MCs. A, serum-
starved MCs were stimulated with 1 �M Ang II for the indicated time periods, and intracellular ROS generation
was measured using the peroxide-sensitive probe DCF with a multiwell fluorescence plate reader as described
under “Experimental Procedures.” Values are the means � S.E. of three independent experiments. **, p � 0.001
versus control. B, serum-starved MCs were treated for the indicated time with Ang II (1 �M), and Nox4 protein
expression was evaluated by Western blot analysis. The histogram at the bottom represents the ratio of the
intensity of Nox4 bands quantified by densitometry factored by the densitometric measurement of actin band.
The data are expressed as percentage of control, where the ratio in the control was defined as 100%. Values are
the means � S.E. from three independent experiments. **, p � 0.01 versus control. C and D, MCs were untrans-
fected (�) or transfected with nontargeting siRNA (Scr) or siRNA for Nox4 (siNox4). Nox4 mRNA or protein
knockdown with siNox4, but not Scr, was confirmed by RT-PCR or Western blot analysis. Bottom, histograms
representing the ratio of the intensity of Nox4 bands quantified by densitometry factored by the densitometric
measurement of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or actin bands. The data are expressed
as percentage of control, where the ratio in the control was defined as 100%. Values are the means � S.E. from
three independent experiments. ##, p � 0.01 versus untransfected cells. E, top, representative photomicro-
graphs of DCF fluorescence imaged with a confocal laser-scanning fluorescence microscope in MCs after
exposure or no exposure to Ang II for 10 min with or without Scr and siNox4. Bottom, relative DCF fluorescence
(arbitrary units) was semiquantified. Values are the means � S.E. from three independent experiments. **, p �
0.01 versus control (no Ang II); ##, p � 0.01 versus Ang II in untransfected cells.

Role of Nox4/Src/PDK-1 Pathway in Ang II Redox Signaling

24068 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 35 • AUGUST 29, 2008



indicating that the tyrosine phosphorylation of PDK-1 is crucial
for extracellular matrix protein synthesis in response to Ang II.
Adenovirus encoding green fluorescent protein lacking an
insert (AdGFP) or an empty vector was used as control.
Although there is evidence that in MCs Ang II stimulates

synthesis of the extracellular matrix protein fibronectin
through activation of a p22phox-containing NAD(P)H oxidase
(42), the nature of the catalytic subunit involved in this
response remains unknown. To assess the role of Nox4 in

fibronectin synthesis, we tested the
consequence of the oxidase deple-
tion by siNox4 on Ang II-induced
fibronectin protein expression and
deposition by Western blot analy-
sis and immunofluorescence. As
shown in Fig. 8,A andB, siNox4, but
not nontargeting siRNA (Scr), sig-
nificantly reduced the stimulation
of fibronectin synthesis and deposi-
tion by Ang II.
Finally, in order to further

explore the functional link between
ROS generation by Ang II and sub-
sequent stimulation of Src/PDK-1-
mediated fibronectin synthesis, we
used a redox-insensitive mutant of
Src. It has been reported that Src
tyrosine kinase undergoes activa-
tion via oxidation of cysteine 245
located in the kinase domain (43).
The mutant C487A in which the
cysteine 487 was replaced by an ala-
nine residue (SrcC487A) is known to
behave as an oxidation-resistant
mutant of the kinase (43). Ang II-
induced fibronectin accumulation
is significantly reduced in cells
transfected with SrcC487A (Fig. 9),
but not vector control, indicating a
critical role for direct Src oxidation
in the fibrotic pathway engaged by
Ang II. These data support a role for
Nox4, Src, and PDK-1 in the redox
signaling cascade triggered by Ang
II and leading to extracellular
matrix protein production in MCs.
Acute Effects of Ang II on

Fibronectin Synthesis and Deposi-
tion—It has been proposed that
recurrent acute stimulation of
extracellular matrix protein synthe-
sis by renal cells participates in the
significant expansion of matrix
leading to fibrosis in kidney disease
(52). This observation prompted us
to investigate the effect of short
term exposure of MCs to Ang II on
the fibronectin synthesis and depo-

sition. Western blot analysis showed that stimulation of MCs
with Ang II resulted in a robust time-dependent increase in
fibronectin synthesis, apparent 5–10 min after treatment and
withmaximal effect at 30–60min (Fig. 10A). As illustrated Fig.
10B, immunofluorescence studies confirmed these acute
effects of Ang II on fibronectin production and deposition in
MCs. The comparison of the different time courses demon-
strated that the effects of Ang II on Nox4-dependent ROS gen-
eration as well as Src and PDK-1 activation were more rapid

FIGURE 6. Role of Nox4 in Ang II-induced Src and PDK-1 tyrosine phosphorylation and activation.
A–G, cells were untransfected, transfected with nontargeting siRNA (Scr) or siNox4, and stimulated with Ang II
(1 �M) for 10 min. A and B, Src phosphorylation on tyrosine 416 (P-Tyr416) was detected by Western blot analysis
or immunofluorescence, respectively. B, the right panel represents the semiquantification of the fluorescence
intensity. C and D, PDK-1 kinase activity was determined as described in the legends to Figs. 1A and 2E,
respectively. E, PDK-1 total tyrosine phosphorylation was assessed as described in the legend to Fig. 1B. F and
G, PDK-1 phosphorylation on tyrosine 9 (P-Tyr9) or tyrosine 373/376 (P-Tyr373/376) was detected by direct immu-
noblotting. In A and D–G, the histograms represent the ratio of the intensity of tyrosine-phosphorylated PDK-1
bands quantified by densitometry factored by the densitometric measurement of total Src, PDK-1, or actin
bands. The data are expressed as percentage of control (untransfected cells without Ang II), where the ratio in
the control was defined as 100%. In each panel, values are the means � S.E. from three independent experi-
ments. **, p � 0.01 versus control; ##, p � 0.01 versus untransfected cells treated with Ang II. IB, immunoblot; IP,
immunoprecipitation.

Role of Nox4/Src/PDK-1 Pathway in Ang II Redox Signaling

AUGUST 29, 2008 • VOLUME 283 • NUMBER 35 JOURNAL OF BIOLOGICAL CHEMISTRY 24069



(maximum at 5 min) than the effects of Ang II (maximum at 30
min) on fibronectin synthesis, consistent with the concept that
the oxidase and the two protein kinases may also act as
upstream mediators of the acute regulation of fibronectin syn-
thesis by Ang II. We found that depletion of Nox4, Src, or
PDK-1 protein by specific siRNA significantly inhibited Ang

II-induced acute increase in
fibronectin synthesis as measured
by Western blotting and immuno-
fluorescence (Fig. 10, C–E). In addi-
tional experiments, we introduced
in MCs an active form of PDK-1
using an adenovirus encoding for
wild type PDK-1 (AdWTPDK-1)
(28). The data show that basal
fibronectin protein expression was
increased in MCs infected by
AdWTPDK-1 (Fig. 10F), indicating
a role for PDK-1 for the increase in
fibronectin expression observed.
Collectively, these data indicate that
the Nox4/Src/PDK-1 signal trans-
duction axis mediates both the
acute and chronic actions of Ang II
on fibronectin synthesis in MCs.
Downstream Effectors of PDK-1

Involved in Ang II-induced
Fibronectin Synthesis—Since the
primary function of PDK-1 is to
phosphorylate and modulate the
activity of other protein kinases, we
next sought to define the potential
downstream target of PDK-1. We
have previously reported that the
principal substrate of PDK-1, Akt/
PKB, is required for Ang II-medi-
ated fibronectin accumulation in
MCs (42). We now investigated the
role of p70S6K, another well known
downstream substrate of PDK-1.
Knockdown of p70S6K (Fig. 10A)
inhibits the up-regulation of
fibronectin expression induced by
exposure toAng II (Fig. 11,B andC).
This strongly suggests that p70S6K is
a potential downstream effector of
PDK-1 in the pathway linkingAng II
to fibronectin accumulation.
Src and PDK-1 Are Involved in

Ang II-induced MC Hypertrophy—
Wehave previously shown that gen-
eration of ROS by Nox4 contributes
to MC hypertrophy in response to
Ang II (21). The fact thatNox4 func-
tions as an upstream regulator of
Src and PDK-1 activation led us to
explore whether these two protein
kinases are part of the signaling cas-

cade linking Ang II to MC hypertrophy. As shown in Fig. 12A,
siRNA for Src or PDK-1 dramatically reduced Ang II-induced
[3H]leucine incorporation, a measure of protein synthesis.
Therefore, Src and PDK-1 appear to play an important role in
Ang II-stimulated MC hypertrophy. Similar to the fibronectin
expression, infection of MCs with AdPDK-1K11N and AdPDK-

FIGURE 7. Roles of Src and PDK-1 tyrosine phosphorylation and activation in Ang II-induced fibronectin
expression in MCs. A and B, MCs were untransfected; transfected with nontargeting siRNA (Scr), siSrc, or
siPDK-1; and exposed or not to Ang II (1 �M) for 24 h. A, fibronectin protein expression was determined by direct
immunoblotting of cell lysates. B, MCs grown on coverslips were fluorescently stained for fibronectin and
imaged with a confocal laser-scanning fluorescence microscope. The photomicrographs are representative of
three individual experiments. Bottom, semiquantification of fluorescence intensity. C, PDK-1 knockdown with
siPDK-1, but not Scr, was confirmed by Western blot analysis. Right, histogram representing the ratio of the
intensity of PDK-1 bands quantified by densitometry factored by the densitometric measurement of actin
bands. The data are expressed as percentage of control (untransfected cells), where the ratio in the control was
defined as 100%. Values are the means � S.E. from three independent experiments. ##, p � 0.01 versus untrans-
fected cells. D, after infection with adenovirus encoding kinase-inactive PDK-1 (AdPDK-1K11N), AdPDK-1Y9F,
or AdGFP, fibronectin protein expression in response to Ang II (1 �M, 24 h) was evaluated by Western blot
analysis. The bottom panel shows expression of PDK-1 from the adenovirus vectors. Actin was used as a loading
control. E, MCs were transfected by electroporation with Myc-PDK-1Y373F, exposed to 1 �M Ang II for 24 h, lysed,
and immunoblotted with fibronectin antibody. Actin was used as a loading control. A, D, and E, the histograms
represent the ratio of the intensity of fibronectin bands quantified by densitometry factored by the densito-
metric measurement of the actin band. The data are expressed as percentage of control (untransfected or GFP-
or vector-transfected cells without Ang II), where the ratio in the control was defined as 100%. Values are the
means � S.E. from three independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus untrans-
fected or GFP- or vector-transfected cells treated with Ang II.
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1Y9F or transfection with Myc-PDK-1Y373F expression con-
struct significantly inhibited Ang II-induced protein synthesis
(Fig. 12, B and C), revealing the important function played by
PDK-1 tyrosine phosphorylation in the hypertrophic response
to Ang II. Similar to its effect on fibronectin, the redox-insen-
sitive mutant of Src inhibited Ang II-induced cell hypertrophy

(Fig. 11D), indicating that redox-de-
pendent regulation of Src may be
required for the propagation of the
hypertrophic signal.

DISCUSSION

Ang II contributes to the initia-
tion and the progression of glomer-
ular fibrosis via hypertrophy and
extracellular matrix expansion in
glomerular MCs (5–7). In this
study, we demonstrate that in MCs
Ang II triggers cell hypertrophy and
fibronectin synthesis through acti-
vation of the serine-threonine pro-
tein kinase PDK-1. We show that
phosphorylation of specific tyrosine
residues (tyrosines 9, 373, and 376)
is associated with stimulation of
PDK-1 kinase activity and is
required for the hypertrophic and
fibrotic response of MCs to Ang II.
We also describe a role for oxidation
in tyrosine phosphorylation and
activation of PDK-1 after Ang II
stimulation. We provide the first
evidence that ROS generated by
Nox4 NAD(P)H oxidase are proxi-
mal to the Src-dependent PDK-1
activation in the pathway linking
Ang II to MC hypertrophy and
fibronectin synthesis.
We have previously reported that

Akt/PKB is critical for Ang II-in-
duced hypertrophy and fibronectin synthesis in MCs (21, 42).
However, the role of an upstream activator, PDK-1, in Ang
II-mediated MC injury has not yet been investigated. In the
present study, we clearly establish that PDK-1 tyrosine phospho-
rylation on residues 9, 373, and 376 is required for the increase in
its activity andpromotesMChypertrophy and fibronectin protein
expression in response to Ang II. The identification of PDK-1 and
its tyrosine phosphorylation as a criticalmediator of Ang II effects
was demonstrated using siRNA-mediated knockdown and con-
structs overexpressing kinase-inactive PDK-1 as well as PDK-1
mutated on tyrosine 9 or tyrosine 373. It is important to note that,
aside from few recent reports (28, 55), data related to the regula-
tionof PDK-1byG-protein-coupled receptors andparticularly via
tyrosinephosphorylationare relatively scarce.Therefore, thepres-
ent finding thatPDK-1phosphorylationon tyrosine9and tyrosine
373 is a prerequisite for the propagation of Ang II hypertrophic
and fibrotic actions is novel. This new function of PDK-1 tyrosine
phosphorylation can be added to its previously reported involve-
ment in platelet-derived growth factor-induced migration in vas-
cular smooth muscle cells, the regulation of glucose uptake by
insulin and the formation of focal adhesions in response to Ang II
(28, 37, 44).
In this study, the observation that the increase in Ang II-

mediated PDK-1 activation depends on tyrosine phosphoryla-

FIGURE 8. Role of Nox4 in Ang II-induced fibronectin expression in MCs. A and B, MCs were untransfected,
transfected with nontargeting 100 nM Scr or siNox4, and exposed or not to Ang II (1 �M) for 24 h. A, fibronectin
protein expression was determined by direct immunoblotting of cell lysates. Bottom, the histogram represents
the ratio of the intensity of fibronectin bands quantified by densitometry factored by the densitometric meas-
urement of actin band. The data are expressed as percentage of control (untransfected cells without Ang II),
where the ratio in the control was defined as 100%. B, MCs grown on coverslips were fluorescently stained for
fibronectin and imaged with a confocal laser-scanning fluorescence microscope. The photomicrographs are
representative of three individual experiments. Bottom, semiquantification of fluorescence intensity. In each
panel, values are the means � S.E. from three independent experiments. **, p � 0.01 versus control (no Ang II);
##, p � 0.01 versus untransfected cells treated with Ang II.

FIGURE 9. Role of Src oxidation by ROS in Ang II-induced fibronectin
expression. MCs were transfected by electroporation with a cysteine to ala-
nine oxidation-resistant mutant of Src (SrcC487A) and exposed to 1 �M Ang II
for 24 h. Fibronectin protein expression was determined by direct immuno-
blotting of cell lysates. The immunoblot at the bottom shows increased
expression of Src protein in SrcC487A-transfected cells as compared with vec-
tor-transfected cells. Right panel, the histogram represents the ratio of the
intensity of fibronectin bands quantified by densitometry factored by the
densitometric measurement of the actin band. The data are expressed as
percentage of control (untransfected cells without Ang II), where the ratio in
the control was defined as 100%. Values are the means � S.E. from three
independent experiments. **, p � 0.01 versus control; ##, p � 0.01 versus
untransfected cells treated with Ang II.
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FIGURE 10. Roles of Nox4, Src, and PDK-1 in the acute effect of Ang II on fibronectin expression and deposition. MCs were treated for the indicated times with
Ang II (1 �M), and fibronectin protein expression was evaluated by Western blot analysis (A) or by immunofluorescence (B). C and D, MCs were untransfected,
transfected with 100 nM nontargeting Scr or siNox4, and treated or not with Ang II (1 �M) for the indicated time periods (10 or 60 min). Fibronectin protein expression
was evaluated by Western blot analysis (B) or by immunofluorescence (C). E, MCs were untransfected; transfected with nontargeting Scr, siSrc, or siPDK-1; and exposed
or not to Ang II (1 �M for 10 or 60 min), and fibronectin expression was assessed by direct immunoblotting. The knockdown of Src and PDK-1 protein by their respective
siRNA is shown in the middle panels. F, MCs were infected with AdGFP or virus expressing wild type PDK-1 (AdWTPDK-1), lysed, and immunoblotted with fibronectin
antibody. Immunoblotting with PDK-1 antibody confirmed the overexpression of the kinase from the adenovirus vector. In A, C, E, and F, each histogram represents the
ratio of the intensity of fibronectin bands quantified by densitometry factored by the densitometric measurement of actin band. The data are expressed as percentage
of control (untransfected or GFP-transfected cells without Ang II), where the ratio in the control was defined as 100%. B and D, the photomicrographs are represent-
ative of three individual experiments. B and D, the photomicrographs are representative of three individual experiments, and the bottom panels represent the
semiquantification of fluorescence intensity. For all panels, values are the means � S.E. from three independent experiments. **, p � 0.01 versus control (untransfected
or GFP-transfected cells without Ang II); ##, p � 0.01 versus untransfected cells treated with Ang II.
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tion of PDK-1 is consistent with recent evidence that the intrin-
sic catalytic activity of PDK-1 is regulated through tyrosine
phosphorylation (32–35). In particular, PDK-1 is known to be
constitutively active and to be further activated by phosphoryl-
ation on tyrosine 9 and tyrosine 373/376 in response to various
stimuli (28, 30, 32, 33, 35–37, 53). Importantly, PDK-1 tyrosine
phosphorylation has been reported to be an ordered process
where tyrosine 373/376 phosphorylation is dependent on tyro-
sine 9 phosphorylation (28, 32). This hierarchy in phosphoryl-
ation implies that the inhibition of Ang II-induced PDK-1
kinase activity observed with AdPDK-1Y9F mutant prevents
phosphorylation on tyrosine 373/376. It is somewhat surprising
that a rather modest increase in kinase activity exerts such
influence on fibronectin.One possibility is that PDK-1may play
a role in Ang II signaling not only via changes in its activity but
also by facilitating the spatial and temporal organization of sig-
naling complexes, whose activation is critical for fibronectin
accumulation. PDK-1 tyrosine phosphorylation may also con-
tribute to the association of PDK-1 with its downstream effec-
tors through the creation of binding sites. Such functions for
PDK-1 tyrosine phosphorylation have been suggested by sev-
eral published reports (28, 44, 45). In vascular smooth cells,
whereAng II also causes a small increase in PDK-1 kinase activ-
ity, it appears that PDK-1 favors the formation of signaling
complexes in specific domains of the cell such as focal adhe-
sions. PDK-1 tyrosine phosphorylation, particularly on tyrosine
9, is critical for these events (28, 44, 45). Interestingly, PDK-1

has been also reported to bring key
signaling molecules into proximity
and nucleate receptor-induced sig-
naling complex for downstream
activation of NF-�B (54). In previ-
ously published work (42), we found
that Akt/PKB is required for Ang II-
mediated fibronectin expression. In
this study, we nowdemonstrate that
p70S6K is also required, supporting
the idea that these kinases are
potential downstream effectors of
PDK-1 and part of a signaling com-
plex assembled around PDK-1 in
MCs (Fig. 13).
Nonreceptor tyrosine kinase Src

has been implicated in tyrosine
phosphorylation of PDK-1 (28, 30,
32, 33, 35). PDK-1 phosphorylation
on tyrosine 9 generates a consensus
sequence for the SH2 domain of Src,
leading to the recruitment of Src
and Src-dependent phosphoryla-
tion of PDK-1 on tyrosine 373/376
(28, 32). We investigated the role of
Src as a proximal activator of PDK-1
tyrosine phosphorylation and acti-
vation. First, we assessed Src phos-
phorylation on tyrosine 416, which
accompanies and provides a surro-
gate measure of Src activity. We

found that Ang II acutely and robustly activates Src in MCs.
Second, knockdown of Src significantly attenuates the stimula-
tory effects of Ang II on PDK-1 activation and tyrosine phos-
phorylation (including on tyrosine 9 and tyrosine 373/376) as
well as on cellular hypertrophy and synthesis of fibronectin.
These findings demonstrate that Src functions upstream of
PDK-1. Our results show for the first time that Src-dependent
tyrosine phosphorylation of PDK-1 plays an integral role in
mediating the biological responses to Ang II. Of note, our data
are consistent with recent findings showing that Src is critical
for Ang II-induced collagen synthesis in MCs (38, 39). It has
been shown that the calcium-dependent protein kinase Pyk-2
plays a critical role in the tyrosine phosphorylation of PDK1 in
response to Ang II (28). More specifically, Pyk-2 appears to act
as amolecular scaffold, binding to both PDK-1 and Src, thereby
allowing Src to phosphorylate tyrosine 9 and tyrosine 373/376on
PDK-1 (28). Consistent with these observations, we demonstrate
thatAng II-inducedPDK-1 tyrosinephosphorylationon these res-
idues is abolished by knockdown of Pyk-2with siRNAs. This indi-
cates that PDK-1 is downstream of Pyk-2. It is likely that Pyk-2-
and Src-dependent tyrosine phosphorylation of PDK-1 play an
integral role in the response ofMCs to Ang II.
There is now considerable evidence that ROS (superoxide,

hydrogen peroxide) serve as classic second messenger mole-
cules. It has been reported that MC hypertrophy and extracel-
lular matrix protein accumulation are stimulated by oxidative
stress in response to various agonists, such as high glucose and

FIGURE 11. Role of p70S6K in Ang II-induced fibronectin. A, MCs were untransfected or transfected with
nontargeting Scr or with siRNA for p70S6K (sip70S6K), and p70S6K protein expression was determined by West-
ern blot analysis. Right, histogram representing the ratio of the intensity of p70S6K bands quantified by densi-
tometry factored by the densitometric measurement of actin bands. The data are expressed as percentage of
control (untransfected cells), where the ratio in the control was defined as 100%. Values are the means � S.E.
from three independent experiments. ##, p � 0.01 versus untransfected cells. B and C, cells were untransfected
or transfected with nontargeting Scr or with sip70S6K and stimulated with Ang II (1 �M) for 10 or 60 min,
respectively. Fibronectin was determined by direct immunoblotting of cell lysates. The left panels are repre-
sentative immunoblots, and the histograms represent the ratio of the intensity of tyrosine fibronectin bands
quantified by densitometry factored by the densitometric measurement of actin bands. The data are expressed
as percentage of control (untransfected cells without Ang II), where the ratio in the control was defined as
100%. Values are the means � S.E. from three independent experiments. **, p � 0.01 versus control; ##, p � 0.01
versus untransfected cells treated with Ang II.
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Ang II (21, 23, 24, 41, 42, 55–58). Here, we provide new insights
concerning the molecular mechanism involved in these events
and demonstrate that redox-dependent tyrosine phosphoryla-
tion/activation of Src and PDK-1 contributes toAng II-induced
cell hypertrophy and fibronectin expression.We show that sub-
millimolar concentrations of hydrogen peroxide lead to tyro-
sine phosphorylation and activation of Src or PDK-1, suggest-
ing that these kinases are modulated by ROS. This is in
agreement with previous published studies reporting the redox
sensitivity of Src and PDK-1 in other cell types (30, 43, 45, 48,
53). These observations prompted us to test the hypothesis that
endogenous ROS act as upstream intermediates in Ang II-me-
diated and Src-dependent activation of PDK-1. We also identi-
fied the source of ROS stimulated by Ang II that may regulate
Src/PDK-1 activity. We and others have shown that NAD(P)H
oxidases of the Nox family are a major source of ROS in kidney

tissue and renal cells, includingMCs (16, 19, 20, 21, 23, 57).We
also reported that, in MCs, Ang II stimulates ROS release via a
Nox4- and p22phox-based NAD(P)H oxidase that is coupled to
Ang II redox signaling (21, 24, 42). Furthermore, there is evi-
dence that p22phox is required for Ang II-induced MC hyper-
trophy or fibronectin expression and that Nox4-derived ROS
mediate Ang II hypertrophic response (21, 42). However, no
data are available concerning the catalytic subunit accounting
for the fibrotic response to Ang II. In the current study, we
demonstrate that Ang II elicits a rapid increase in intracellular
ROS that correlates with the up-regulation of Nox4 protein.
Down-regulation of Nox4 with siRNA prevents ROS genera-
tion, Src and PDK-1 tyrosine phosphorylation/activation, and
fibronectin expression. Interestingly, it has been documented
that Src can be directly oxidized by ROS at specific cysteine
residues and that thismodification enhances kinase activity (43,
51). Therefore, it is tempting to speculate that the most proxi-
mal event physically tethering Nox4 activation by Ang II to the
rest of the signaling cascade is a redox-dependent posttransla-
tional modification of Src induced by Nox4-derived ROS. Our
data demonstrating that the Src redox-insensitive mutant can
block PDK-1-dependent stimulation of cell hypertrophy and
fibronectin accumulation in response to Ang II support this
contention. The increase in ROS generation by Ang II may be
primarily due to the rapid up-regulation ofNox4 protein. Inter-
estingly, we found that Nox4 protein up-regulation is not
accompanied by an increase in its mRNA expression. The
extreme rapidity of Nox4 protein up-regulation by Ang II with-
out change in mRNA expression suggests that the control of
Nox4 expression occurs by translation.
Importantly, we demonstrate that the Nox4/Src/PDK-1

pathway also mediates rapid up-regulation of fibronectin syn-
thesis by the hormone. Thus, the intermediates that integrate
extracellular matrix formation with Ang II signaling appear to
be the same for the acute and prolonged actions of Ang II. The
biological relevance of the rapid increase in fibronectin expres-
sion by Ang II in kidney disease may be that recurrent episodes
of high renal Ang II may stimulate accumulation of a small
amount of fibronectin, which over time may contribute to sig-
nificant mesangial matrix expansion.

FIGURE 12. Roles of Src and PDK-1 tyrosine phosphorylation and activa-
tion in Ang II-induced hypertrophy. A, MCs transfected with Scr, siSrc, or
siPDK-1 were used for measurement of [3H]leucine incorporation induced or
not by Ang II (1 �M, 48 h). B, MCs were infected with AdPDK-1Y9F or AdGFP, and
[3H]leucine incorporation in response to Ang II (1 �M) was measured at 48 h.
C, MCs were transfected by electroporation with Myc-PDK-1Y373F or vector as
control and treated with or without 1 �M Ang II for 48 h before [3H]leucine
incorporation was assayed. D, MCs were transfected by electroporation with
SrcC487A and exposed to 1 �M Ang II for 48 h before measuring [3H]leucine
incorporation. Values are the means � S.E. from three independent experi-
ments. **, p � 0.01 versus control (untransfected cells without Ang II) and ##,
p � 0.01 versus untransfected cells treated with Ang II.

FIGURE 13. Proposed molecular mechanisms of Ang II-induced hypertro-
phy and fibronectin synthesis in MCs. See “Discussion” for details.
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The present data, together with previously published find-
ings, indicate that Nox4 and p22phox both contribute to MC
hypertrophy and fibronectin accumulation by Ang II. It is
known that p22phox interactswithNox4 and enhance its activity
(17, 20, 22, 59, 60). It is reasonable to think that in MCs, Nox4
and p22phox may form a complex that accounts for Ang II-in-
duced NAD(P)H-dependent ROS generation and the subse-
quent hypertrophic and fibrotic responses. It is appealing to
consider that a Nox4- and p22phox-containing oxidase may be a
pivotal signal transducer commonly shared by both hyper-
trophic and fibrotic pathways triggered by Ang II in MCs. This
observation is highly relevant for the design of therapeutic
strategies to prevent the initiation or progression of fibrotic
renal diseases where the renal renin-angiotensin system is
activated.
In conclusion, we have identified a novel role for Nox4 as an

essential mediator of Src-dependent PDK-1 tyrosine phospho-
rylation/activation in response to Ang II and established the
significance of this redox pathway in Ang II-mediated MC
hypertrophy and extracellular matrix accumulation. Specific
inhibition of this redox pathway may selectively target several
important biological responses to prevent or reverse patho-
physiologic manisfestations of renal diseases, including dia-
betic nephropathy.
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