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Cell Protein Synthesis and Fibronectin Expression via Akt/PKB
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ABSTRACT

Angiotensin II (Ang IT) induces protein synthesis and hypertrophy through arachidonic acid (AA)- and redox-
dependent activation of the serine-threonine kinase Akt/PKB in mesangial cells (MCs). The role of NAD(P)H
oxidase component p22rior was explored in this signaling pathway and in Ang II-induced expression of the ex-
tracellular matrix protein fibronectin. Ang II causes activation of Akt/PKB and induces fibronectin protein
expression, effects abrogated by phospholipase A, inhibition and mimicked by AA. Ang II and AA also elicited
an increase in fibronectin expression that was reduced with a dominant negative mutant of Akt/PKB. Expo-
sure of the cells to hydrogen peroxide stimulates Akt/PKB activity and fibronectin synthesis. The antioxidant
N-acetylcysteine abolished Ang II- and AA-induced Akt/PKB activation and fibronectin expression. Western
blot analysis revealed high levels of p22r#ox in MCs. Antisense (AS) but not sense oligonucleotides for p22»hox
prevented ROS generation in response to Ang Il and AA. AS p22»hox inhibited Ang II- or AA-induced Akt/PKB
as well as protein synthesis and fibronectin expression. These data provide the first evidence, in MCs, of acti-
vation by AA of a p22rtox-based NAD(P)H oxidase and subsequent generation of ROS. Moreover, this pathway
mediates the effect of Ang II on Akt/PKB-induced protein synthesis and fibronectin expression. Antioxid. Redox
Signal. 8, 1497-1508.

INTRODUCTION diseases (21, 35). For instance, diabetes is accompanied by an
upregulation of the components of the renin—angiotensin sys-
tem that may contribute to the increased generation of reac-

CELLULAR HYPERTROPHY AND EXTRACELLULAR MATRIX ac-
tive oxygen species (ROS) in the kidney (35). NAD(P)H oxi-

cumulation in the glomeruli contributes to the patho-

genesis of numerous renal diseases, such as diabetic
nephropathy, leading to the development of irreversible renal
changes including glomerulosclerosis (4, 13, 31, 37, 41).
Data from animal models, as well as cultured renal cells, indi-
cate that the octapeptide hormone angiotensin II (Ang II)
contributes to the initiation and the progression of these
events via induction of hypertrophy and extracellular matrix
expansion in glomerular mesangial cells (MCs) (4, 35, 41).

Ang Il-induced oxidative stress has emerged as a critical
pathogenic factor in the development of renal and vascular

dases of the Nox family are a major source of ROS in many
nonphagocytic cells, including renal cells such as MCs (17,
27, 39) . These NAD(P)H oxidases are isoforms of the neu-
trophil oxidase, in which the catalytic subunits, termed Nox
proteins, correspond to homologues of gp91riex (or Nox2),
the catalytic moiety found in phagocytes (11, 27, 39). The
catalytic center of this oxidase is the membrane-integrated
protein gp91#rhx/Nox2, tightly complexed in the membrane
with p22rhox and its activation requires the association with
p47phox, p67rhox and the small GTPase Rac, which normally
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resides in the cytoplasm (39). Seven members of the Nox
family have been identified in the human genome: Noxl
through Nox5, and the dual oxidases Duox1 and Duox2 (11,
39). We have previously reported that the homologue Nox4
mediates the arachidonic acid (AA)-dependent signaling
pathway leading to Ang II-induced protein synthesis in MCs
(17, 18), suggesting its potential involvement in kidney hy-
pertrophy under pathologic conditions. However, the molecu-
lar composition of the Nox oxidase present in MCs and its
biological role(s) are not well understood at present. Since re-
cent studies suggested that Nox4 forms a complex with
p22»hox to function as a ROS-producing oxidase (2, 29, 39),
we investigated the role of p22r#ox in Ang II-induced MC hy-
pertrophy and expression of the extracellular matrix protein
fibronectin.

We show that a p22rhox-containing NAD(P)H oxidase is
present in MCs and provide the first evidence, in MCs, that
ROS derived from this oxidase contribute to Ang II-induced
protein synthesis and fibronectin expression. We propose that
PLA,-mediated generation of AA is responsible for the acti-
vation by Ang II of the p22¢iox-based mesangial Nox. In turn,
ROS generated by the oxidase stimulate protein synthesis and
fibronectin expression through Akt/PKB activation. The
physiological relevance of these findings will be discussed.

MATERIAL AND METHODS

Cell culture and transfections

Rat glomerular MCs were isolated and characterized as
described (16). Cells were maintained in RPMI 1640 tissue
culture medium supplemented with antibiotic/antifungal so-
lution and 17% fetal bovine serum. MCs were transiently
transfected with plasmid DNA [15 pg of vector alone or HA-
Akt(K179M)] via electroporation (Gene pulser, Bio-Rad,
Hercules, CA), as previously described (16). Antisense
oligonucleotides were designed near the ATG start codon of
rat p227hox (5'-GATCTGCCCCATGGTGACGACC-3"). Anti-
sense and the corresponding sense oligonucleotides were
synthesized as phosphorothiolated oligonucleotides and puri-
fied by high performance liquid chromatography (Sigma
Genosys, The Woodlands, TX and University of Texas Health
Science Center at San Antonio). Antisense and sense oligonu-
cleotides for p22rhox were transfected by electroporation as
described above.

Immunoprecipitation and Akt/PKB activity assay

MCs were grown in 60- or 100-mm dishes and serum-
deprived for 48 h. All incubations were carried out in serum
free RPMI 1640 at 37°C for specified duration. The cells
were lysed in radioimmune precipitation buffer [20 mmol/L
tris(hydroxymethyl)aminomethane  hydrochloride  (Tris-
HCI), pH 7.5, 150 mM NaCl, 5 mM EDTA, 1 mM Na,VO,, 1
mM phenylmethylsulfonyl fluoride, 20 pg/ml aprotinin, 20
pg/ml leupeptin, 1% NP-40] at 4°C for 30 min. The cell
lysates were centrifuged at 10,000 g for 30 min at 4°C. Pro-
tein was determined in the cleared supernatant using the Bio-
Rad method. Immunoprecipitation and Akt/PKB activity
assay were performed as described (16). The bands were

BLOCKET AL.

quantitated by densitometric analysis using Phosphor-Im-
ager analysis (Molecular Dynamics, Sunnyvale, CA).

Western blot analysis

MC lysates were prepared as described above for Akt/PKB
activity assay. For immunoblotting, proteins were separated
using SDS-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. The mem-
branes were blocked with 5% low fat milk in Tris-buffered sa-
line, and then incubated with a rabbit polyclonal p22rhox
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) (dilu-
tion 1:200), a rabbit polyclonal anti-fibronectin antibody
(Sigma) (1:2,500) or a mouse monoclonal anti-B-actin
(1:4,000), and a rabbit anti-phospho-Akt (Ser473) antibody
or a rabbit polyclonal anti-Aktl/PKBa (Cell Signaling Tech-
nology Inc., Danvers, MA) (1:1,000). The appropriate horse-
radish peroxidase-conjugated secondary antibodies were
added and bands were visualized by enhanced chemilumines-
cence. Densitometric analysis was performed using the public
domain NIH Image software developed at the U.S. National In-
stitutes of Health and available on the Internet at http://rsb.info.
nih.gov/nih-image/).

NADPH oxidase assay

NADPH oxidase activity was measured by the lucigenin-
enhanced chemiluminescence method (17, 20). MCs were
washed five times in ice-cold phosphate-buffered saline and
were scraped from the plate in the same solution followed by
centrifugation at 800 g, 4°C, for 10 min. The cell pellets were
resuspended in lysis buffer containing 20 mM KH,PO,, pH
7.0, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10
ug/ml aprotinin, and 0.5 pg/ml leupeptin. Cell suspensions
were homogenized with 100 strokes in a Dounce homoge-
nizer on ice, and aliquots of the homogenates were used im-
mediately. To start the assay, 100 pl of homogenate was added
into 900 pl of 50 mM phosphate buffer, pH 7.0, containing 1
mM EGTA, 150 mM sucrose, 5 uM lucigenin as the electron
acceptor, and 100 uM NADPH as an electron donor in the
presence or absence of 30 pM AA. Photon emission in terms
of relative light units was measured either every minute for
12 min or every 30 sec for 10 min in a luminometer. There
was no measurable activity in the absence of NADPH. A
buffer blank (less than 5% of the cell signal) was subtracted
from each reading before calculation of the data. Superoxide
production was expressed as relative chemiluminescence
(light) units/mg protein. Protein content was measured using
the Bio-Rad protein assay reagent.

Detection of intracellular ROS

2',7'-Dichlorodihydrofluorescein  fluorescence.
The peroxide-sensitive fluorescent probe 2',7’-dichlorodihy-
drofluorescin diacetate (Invitrogen/Molecular Probes, Carlsbad,
CA) was used to assess the generation of intracellular ROS, as
described previously (16). This compound is converted by in-
tracellular esterases to 2',7’-dichlorodihydrofluorescin, which
is then oxidized by hydrogen peroxide to the highly fluorescent
2',7'-dichlorodihydrofluorescein (DCF). Differential interfer-
ence contrast images were obtained simultaneously using an
inverted microscope with X40 Aplanfluo objective (Olympus
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America Inc. Center Valley, PA) and an Olympus fluoview con-
focal 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 filter.

Alternatively, cells were grown in 12- or 24-well plates and
serum-deprived for 48 h. Immediately before the experi-
ments, cells were washed with Hank’s balanced salt solution
(HBSS) and loaded with 50 pAf 2',7'-dichlorodihydrofluo-
rescin diacetate dissolved in HBSS for 30 min at 37°C. They
were then incubated with the selected agonist or vehicle for
various time-periods. Subsequently, DCF fluorescence was
detected at excitation and emission wavelengths of 488 and
520 nm, respectively, and measured with a multiwell fluores-
cence plate reader (Wallac 1420 Victor?, Perkin Elmer,
Boston, MA), as described (26).

Dihydroethidium fluorescence. Superoxide anion
concentrations within MCs were monitored by measuring the
changes in fluorescence resulting from the oxidation of dihy-
droethidium (DHE) (Molecular Probes). DHE can enter the
cell and be oxidized by superoxide to yield ethidium (Eth),
which binds to DNA to produce bright red fluorescence. The
increase in Eth-DNA fluorescence is suggestive of superox-
ide production within cells. MCs were stimulated, washed
with HBSS, and loaded with 50 uM DHE for 10-30 min.
Fluorescence was monitored by laser confocal fluorescence
microscopy.

Protein synthesis

[3H]Leucine incorporation into trichloroacetic acid-
insoluble material was used to assess protein synthesis, as
described (16).

Statistical analysis

Results are expressed as mean + S.E. Statistical signifi-
cance was assessed by Student’s unpaired ¢ test. Significance
was determined as probability (p) <0.05.

RESULTS

Ang Il induces fibronectin expression via
an AA-dependent mechanism in MCs

To assess the effect of Ang II on matrix accumulation,
MCs were treated with 1 uM Ang 11, and fibronectin protein
expression was measured. Lysates of MCs incubated with
Ang II for different periods of time were immunoblotted with
antibody against fibronectin. Ang II increased fibronectin ex-
pression within 12 h and the expression was sustained until
48 h (Fig. 1A). AA mimicked the effect of Ang II on fi-
bronectin expression. Indeed, the direct addition of AA (30
uM) to MCs induced the expression of fibronectin protein in
a time-dependent manner with a time course that correlated
well with the kinetic of fibronectin expression after exposure
to Ang II (Fig. 1A). One of the mechanism by which Ang II
elicits an increase in AA production is hydrolysis of phospho-
lipids by PLA,. We examined the effect of PLA, inhibitors,
mepacrine and aristolochic acid. Preincubation of MCs with
mepacrine or aristolochic acid abolished induction of fi-
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FIG. 1. AA mediates Ang II-induced fibronectin expression
in MCs. (A) Time course of fibronectin expression by Ang II
and AA. Serum-deprived MCs were treated with 1 uM Ang II
or 30 uM for the indicated time periods. Fibronectin protein ex-
pression was determined by direct immunoblotting of cell
lysates. Actin was included as a control for loading and the
specificity of change in protein expression. Representative re-
sults of Western blot analysis were obtained from three inde-
pendent experiments. (B) Effect of PLA, inhibitors on Ang II-
induced fibronectin expression. Serum-deprived MCs were
preincubated with mepacrine (500 pA/, 5 min) or aristolochic
acid (50 pM, 30 min), followed by 1 uM Ang II for 24 h. Data
are expressed as in (A). In (A) and (B), each histogram at the
bottom panel represents the ratio of the intensity of fibronectin
bands quantified by densitometry factored by the densitomet-
ric measurement of actin band. Values are the means + S.E
from three independent experiments.**p < 0.01 versus control
and ##p < 0.01 versus Ang 1.

bronectin synthesis by Ang II (Fig. 2B). Collectively, these
data indicate that the effect of Ang II on fibronectin synthesis
is mediated by AA via activation of PLA,.

AA-dependent Akt/PKB activation mediates
Ang Il-induced fibronectin expression
We have recently shown that treatment of MCs with Ang II

or AA increases Akt/PKB activity (measured by in vitro ki-
nase assay), protein synthesis, and cell hypertrophy (16). To
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FIG. 2. AA-dependent Akt/PKB activation mediates Ang II-induced fibronectin expression. Akt/PKB activation by Ang II
(A) or AA (B) was assessed using anti-phospho-specific Akt/PKB antibodies (Serine 473). Serum-deprived MCs were treated
with 1 uM Ang IT and 30 uM AA. (C) Effect of PLA, inhibitors on Ang II-induced Akt/PKB activation. Serum-deprived MCs were
preincubated with mepacrine (500 pM, S min) or aristolochic acid (50 pd, 30 min), followed by 1 uM Ang II for 10 min. In (A),
(B) and (C), the middle panels show the immunoblot analysis of cell lysates with Akt/PKB antibody. Representative results of
Western blot analysis were obtained from three independent experiments. Each histogram at the botfom panel represents the ratio
of the intensity of phosphorylated Akt/PKB bands quantified by densitometry factored by the densitometric measurement of actin
band. The data are expressed as percent of control 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 and ##p < 0.01 versus Ang II. (D) MCs were transfected
with HA-tagged inactive Akt/PKB mutant [HA-Akt(179M)] or vector as control and treated with 1 uM Ang II or 30 uM AA for 24
h. Fibronectin protein expression was determined by direct immunoblotting of cell lysates. Actin was included as a control for
loading and the specificity of change in protein expression. The third panel from the top shows immunoblot of cells transfected
with vector or the dominant negative form of Akt/PKB using anti-HA antibody. Representative results of Western blot analysis
were obtained from three independent experiments. Data are expressed as in Fig. 1. Values are the means + S.E from three inde-
pendent experiments.**p < 0.01 versus control and ##p < 0.01 versus Ang II.
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further confirm Akt/PKB activation, Akt/PKB activity was
measured using an antibody that recognizes its phosphoryla-
tion on serine 473. Ang II (1 pM) induced a rapid and time-
dependent phosphorylation of Akt/PKB (Fig. 2A). Treatment
of MCs with AA (30 uM) also resulted in a time-dependent
increased phosphorylation of Akt/PKB (Fig. 2B). The time
course of Akt/PKB phosphorylation demonstrated that the ef-
fect of AA on Akt/PKB phosphorylation was more rapid
(maximum at 2.5-5 min) than the effect of Ang II (maximum
at 10 min), consistent with the contention that AA mediates
Akt/PKB phosphorylation induced by Ang II. This is further
confirmed by the finding that preincubation of MCs with the
same PLA, inhibitors as described above dramatically re-
duced Akt/PKB phosphorylation induced by Ang II (Fig. 2C).
We next investigated the involvement of Akt/PKB in Ang II
and AA-induced fibronectin protein synthesis by transiently
transfecting the cells with HA-tagged kinase-inactive
Akt/PKB with a point mutation in the ATP-binding site
[HA-Akt(K179M)]. As shown in Fig. 2D, expression of a
dominant-negative form of Akt/PKB dramatically reduced
stimulation of fibronectin synthesis by Ang II and AA. Im-
munoblotting of the cell lysates using anti-HA antibody con-
firmed the expression of the mutant protein (Fig. 2D, bottom
panel). These data demonstrate that Akt/PKB contributes to
Ang I1- and AA-induced fibronectin synthesis.

Role of ROS in Akt/PKB-mediated induction
of fibronectin synthesis by Ang Il and AA

The previous observation that ROS mediate Ang II- and
AA-induced Akt/PKB activation in MCs led us to investigate
a potential role for ROS on fibronectin synthesis. First, we
studied the effect of hydrogen peroxide (H,O,) on Akt/PKB
phosphorylation and fibronectin protein expression. As
shown in Fig. 3A and B, 200 uM H,0, induced a robust phos-
phorylation of Akt/PKB and increase in fibronectin protein
synthesis. This is consistent with the time courses of
Akt/PKB activation or fibronectin expression by Ang II or
AA described previously. These results confirm the previous
observations showing that Akt/PKB phosphorylation and fi-
bronectin synthesis are redox-sensitive in MCs (16, 24). The
data also indicate that ROS may play a role in the effects of
Ang II and AA on Akt/PKB activation and fibronectin syn-
thesis. To test this hypothesis, we examined the effect of
N-acetylcysteine (NAC), an antioxidant, on Ang II- and AA-
induced Akt/PKB phosphorylation and increase in fi-
bronectin synthesis. As shown in Figs. 3C and 4D, NAC
blocked Akt/PKB phosphorylation and fibronectin synthesis
stimulated by Ang II or AA. These findings are consistent
with a critical role for ROS in Akt/PKB-dependent Ang II-
and AA-induced fibronectin synthesis.

Role of p22rhox-containing NAD(P)H oxidase in
Ang Il and AA-induced ROS generation in MCs

We have described previously that the release of ROS
elicited by Ang Il and AA is mediated by Nox4 NAD(P)H ox-
idase in MCs (17, 18). It has been recently proposed that in-
teraction between Nox4 and p22»rter is required to form an
ROS-generating NAD(P)H oxidase( 2, 29, 39). Therefore, we
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investigated whether a p227ho*-based oxidase may account for
the ROS generation in response to Ang II and AA using an
antisense oligonucleotide approach. Western blot analysis re-
vealed that p22rhox protein is expressed in rat MCs and that
transfection of the cells with phosphorothioate-modified an-
tisense (AS) oligonucleotides but not sense (S) oligonu-
cleotides for p22riox markedly decreased p22rhor protein ex-
pression (Fig. 4A). The production of intracellular ROS by
MCs in response to Ang Il and AA was demonstrated with a
fluorescence-based assay using peroxide-sensitive fluo-
rophore 2',7'-dichlorodihydrofluorescin diacetate (DCF).
Quantification of DCF fluorescence was performed with a
multiwell fluorescence plate reader (Fig. 4B) and laser-
scanning confocal microscopy (Fig. 4C). Ang II- and AA-
stimulated ROS generation was significantly reduced in MCs
transfected with AS p22rkor (Fig. 4B and C). Conversely, fluo-
rescence was not affected by transfection of MCs with S
p22»hox, Alternatively, we evaluated the effect of AS p22»hox
on ROS generation using the superoxide-sensitive fluo-
rophore dihydroethidium (DHE). A strong increase in fluo-
rescence in MCs stimulated with Ang II or AA compared
with controls indicated increased ROS levels. Transfection of
AS p22rhox | but not S p22rhex| prevented the increase in ROS
generation in response to Ang Il or AA (Fig. 4D). In addition,
we also assessed the effect of AS p22rhor transfection on AA-
induced NADPH-dependent superoxide producing activity in
MCs. Using lucigenin-enhanced chemiluminescence, we
found that AS p22»/ex, but not S p22»ex inhibited the increase
in NADPH oxidase activity caused by addition of AA to MC
homogenates (Fig. 4E). Together, these results indicate that
p22rhex is required for increase of ROS production by Ang II
and AA in MCs.

p22rhox mediates Ang Il-induced AA/redox-
dependent Akt/PKB activation and fibronectin
synthesis in MCs

We examined the effect of p22rior antisense oligonu-
cleotides on activation of the AA-mediated redox-dependent
activation of Akt/PKB by Ang II. Transfection of MCs with
AS p22prhex; but not S p22rhex, prevented the increase in
Akt/PKB kinase activity and phosphorylation in response to
Ang IT or AA (Fig. SA). These data support a role for p22phox
in the redox signaling cascade triggered by Ang II and medi-
ated by AA to activate Akt/PKB.

To assess the role of p22»rhor in fibronectin synthesis, we
tested the effect of AS p22¢rhox on Ang Il-and AA-stimulated
fibronectin protein expression by Western blot analysis. As
shown in Fig. 5B, AS p22rtox but not S p22rhox significantly
reduced stimulation of fibronectin synthesis induced by Ang
II and AA.

p22rhox mediates Ang Il-induced AA/redox-
dependent protein synthesis and MC hypertrophy

We have previously shown that Nox4-derived ROS medi-
ates Akt/PKB activation and MC hypertrophy in response to
Ang I and AA (17). Since Nox4 and p22rhex both act as up-
stream regulators of Akt/PKB activation, this suggests that
p22rhox is part of the signaling cascade engaged by Ang II to
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FIG. 3. ROS mediates Akt/PKB-dependent induction of fibronectin synthesis by Ang II and AA. Time courses of
Akt/PKB activation (A) and fibronectin protein expression (B) by H,O,. Serum-deprived MCs were treated with 200 uM H,O, for
the time periods indicated. Fibronectin protein expression was evaluated as in Fig. 1, and Akt/PKB activation was assessed as in
Fig. 2. Representative results of Western blot analysis were obtained from three independent experiments. (C) and (D) Role of re-
active oxygen species in Akt/PKB activation and fibronectin expression by Ang II and AA. Serum-deprived MCs were preincu-
bated with or without NAC (20 mM) for 30 min before treatment with 1 pM Ang 11 (top panels) or 30 uM AA (lower panels) for 5
min (C) and 24 h (D). Fibronectin protein expression was evaluated as in Fig.1, and Akt/PKB activation was assessed as in Fig. 2.
Representative results of Western blot analysis were obtained from three independent experiments. Data are expressed as in Figs.
1 and 2. Values are the means + S.E from three independent experiments.*p < 0.05; **p < 0.01 versus control and ##p < 0.01 ver-
sus Ang II.

regulate hypertrophy. To test this hypothesis, we evaluated the ~ AA-induced [*H]leucine incorporation, whereas S p22phox
effect of AS p22rhor on Ang I1-and AA-stimulated [3H]leucine  had no effect. These results suggest that p22»iox plays a criti-
incorporation. As shown in Fig. 6A and B, transient transfec-  cal role in Ang II- and AA-induced hypertrophy. Moreover,
tion of the cells with AS p22¢hox nearly abolished Ang II- and  these data support the concept that AA acts as a mediator of
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the signaling pathway activated by Ang II leading to MC hy-
pertrophy and fibronectin synthesis via a p22rhox-dependent
pathway that results in production of ROS.

DISCUSSION

In this study, we provide the evidence that in MCs, Ang 11
stimulates synthesis of the extracellular matrix protein fi-
bronectin through activation of Akt/PKB and a p22»hex-
containing NAD(P)H oxidase. We demonstrate that activation
of the p22rhor-containing oxidase is mediated by a PLA -
coupled generation of AA and that the ROS act as down-
stream signal transducers to activate Akt/PKB. Furthermore,
p22rhox regulates Ang II-stimulated protein synthesis and hy-
pertrophy in MCs.

Cell hypertrophy and accumulation of extracellular matrix
protein represent two major processes by which Ang II exerts
its deleterious action in the vasculature and the kidney,
thereby contributing to the pathogenesis of atherosclerosis
and renal fibrosis (4, 34, 40). Ang II stimulates the release of
AA upon PLA, activation in a variety of cell types, including
MCs (9, 16, 33, 38). AA is a critical mediator of Ang II-
induced vascular smooth muscle cell and MC hypertrophy
(16-18, 20, 43). The data presented in this study demonstrate
that AA mimics the stimulatory effect of Ang II on fi-
bronectin protein synthesis, suggesting that fibronectin up-
regulation by Ang II is also mediated via AA release. Of note
is that the concentrations of AA used in this study are within
the range of concentrations that can be achieved in cultured
cells or in vivo in cells and tissues (3). Use of PLA, inhibitors
mepacrine and aristolochic acid provides further evidence
that AA acts as a second messenger in mediating the stimula-
tory action of Ang II on fibronectin protein expression. We
also demonstrate that AA utilizes the serine-threonine protein
kinase Akt/PKB as downstream signal transducer to induce
fibronectin synthesis. Although several studies suggested that
Akt/PKB is involved in extracellular matrix accumulation (5,
12, 15, 36), the present study, to our knowledge, is the first
report that AA-dependent Akt/PKB activation mediates Ang
II-induced fibronectin expression.

In most mammalians cells, AA is oxidized through cy-
clooxygenases, lipoxygenases, and/or cytochrome P450 path-
ways to yield eicosanoids that mediate most of its biological
effects. For instance, metabolites of 12/15-lipoxygenases
contribute to Ang Il-induced cell growth and matrix protein
synthesis in vascular and renal cells (34, 43). Nevertheless, a
direct role of AA has been implicated in certain cellular re-
sponses via activation of protein kinases and/or phosphatases
(1, 6, 23, 30). Importantly, we have previously shown that AA
activates Akt/PKB and MC hypertrophy without the require-
ment of eicosanoid biosynthesis (16). These observations
strongly suggest that these metabolites of AA do not mediate
its effect on Akt/PKB-induced fibronectin protein expression
in MCs. However, further studies are required to confirm this
assumption.

There is now considerable evidence that ROS can function
as classic second messenger molecules (8). It has been re-
ported that extracellular matrix protein accumulation can be
stimulated by oxidative stress in MCs. Here, we provide new
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insights concerning the molecular mechanism involved in
these events and show that redox-dependent activation of
Akt/PKB contributes to fibronectin expression. Moreover,
the effect of Ang Il and AA on Akt/PKB and fibronectin ex-
pression is inhibited by the antioxidant NAC, indicating that
ROS act as potential signaling molecules responsible for
Akt/PKB-mediated induction of fibronectin expression by
Ang II and AA. Whereas multiple pathways may result in
ROS generation, recent studies indicate that a multicompo-
nent phagocyte-like NAD(P)H oxidase is a major source of
Ang Il-induced ROS in many nonphagocytic cells, including
renal cells such as tubular epithelial cells and MCs (10, 17,
18, 21, 27). NAD(P)H oxidase was originally found in neu-
trophils and is composed of two plasma membrane-associated
proteins, gp91»rhox (the catalytic subunit) and p22»/ix, which
comprise flavocytochrome by, and the cytosolic factors,
p47phox and p67rhox. The small GTPase Rac participates in the
assembly of the active complex (39). Electrons from
NAD(P)H are transferred through the enzyme to molecular
oxygen to generate superoxide and subsequently other ROS
such as H,0,. Gp91#ox is only one member of a family of ho-
mologous proteins termed Nox (11, 27, 38). Although the
NAD(P)H oxidase component p22riox is known to be ex-
pressed in MCs (25), its potential role in Ang II-induced ox-
idative stress and signaling has not been explored. Our data
demonstrate that p22rhor is clearly required for Ang II- and
AA-induced ROS generation and Akt/PKB activation, indi-
cating that a p22»iox-based oxidase is coupled to Ang II redox
signaling in MCs. Furthermore, p22/iox mediates the stimula-
tion of fibronectin expression and MC hypertrophy by Ang II
and AA. This report provides the first evidence that p22rhor ig
a critical component of ROS-generating mesangial NAD(P)H
oxidase and suggest a central role for this oxidase system in
Ang Il-induced hypertrophy and fibrosis in the kidney. The
observations described here are consistent with reports show-
ing a role for p22rkox in the effects of Ang Il and AA on cell
growth (22, 40, 43) as well as with data demonstrating that
p22rhox-containing NAD(P)H oxidase contributes to ROS
generation in response to thrombin or urotensin II in vascular
cells (7, 19). Importantly, our findings regarding the role of
p22»hox in fibronectin protein accumulation are in agreement
with the recent report from Xia et al. (42) showing that
p22rhox is implicated in collagen type IV expression and sup-
port the contention that p22rhox-based enzyme NAD(P)H oxi-
dases modulates MC extracellular matrix synthesis.

We have previously reported that Nox4-derived ROS medi-
ate AA-dependent Akt/PKB and protein synthesis stimulation
by Ang II in MCs (17, 18). Hence, p22rx and Nox4 appear to
both contribute to Ang II signaling and MC hypertrophy. In-
terestingly, recent studies show that direct interaction of
Nox4 protein with p22»iox is required for the formation of a
functionally active NAD(P)H oxidase in various cell systems
(2, 29, 39). In addition, p22rhex expression seems to facilitate
the Nox4-dependent ROS production (2, 29, 39). Therefore, it
is tempting to speculate that in MCs, p22rhor and Nox4 form
also a complex that account for Ang II- and AA-induced
NAD(P)H-dependent ROS generation and the subsequent hy-
pertrophic and fibrotic responses. It is appealing to consider
that p22rhor-containing oxidase may be a pivotal signal trans-
ducer commonly shared by both hypertrophic and fibrotic
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FIG. 5. p22rtox mediates Ang II- and AA-induced Akt/PKB activation and fibronectin expression in MCs. (A) Serum-de-
prived MCs were transfected with S p22rhox (1 uM) or AS p22»rhex (1 uM) and treated with 1 uM Ang II or 30 uM AA for 5 min.
Akt/PKB activation was assessed either by immunecomplex kinase assay in Akt/PKB immunoprecipitates with myelin basic pro-
tein as substrate (top panel) or using anti-phospho-specific Akt/PKB antibodies as described in Fig. 2 (middle panel). The bottom
panel shows the immunoblot analysis of cell lysates with Akt/PKB antibody. Representative autoradiogram and immunoblot were
obtained from three independent experiments. Each histogram of the bottom panel represents the ratio of the radioactivity incor-
porated into the phosphorylated myelin basic protein quantified by Phosphor-Imager analysis, factored by the densitometric mea-
surement of Akt/PKB band. The data are expressed as percent of control where the ratio in the untreated cells was defined as
100%. Values are the means + S.E from three independent experiments. **p < 0.01 versus control and ##p < 0.01 versus Ang II.
(B) Serum-deprived MCs were transfected with S p22rhox (1 uM) or AS p22rhox (1 uM) and treated with 1 uM Ang 11 or 30 pM AA
for 24 h, and fibronectin protein expression was determined by direct immunoblotting of cell lysates. Representative results of
Western blot analysis were obtained from three independent experiments. Data are expressed as in Fig. 1. Values are the means +
S.E from three independent experiments. **p < 0.01 versus control and ##p < 0.01 versus Ang II.

pathways triggered by Ang Il in MCs. This observation is
highly relevant for the design of therapeutic strategies able to
prevent the initiation or progression of the numerous renal
diseases where hypertrophic and fibrotic events are involved.
For instance, renal hypertrophy and extracellular matrix accu-
mulation are early and late features of diabetic nephropathy
(35, 37, 41). Moreover, we have recently described that acti-
vation of NAD(P)H oxidase Nox4 plays a critical role in dia-

betes-induced oxidative stress, kidney hypertrophy, and fi-
bronectin expression (15). However, it is important to note
that p22rhox interacts with other Nox isoform such as gp91phox
or Nox1 (2, 38). It has been suggested that these two Nox iso-
forms are expressed in MCs (28, 32). Therefore, their in-
volvement in Ang II effects cannot be excluded. Importantly,
diabetes is a disease characterized by activation of the renal
renin—angiotensin system, where it is well established that

<

FIG. 4. Role of p22rhex.containing NAD(P)H oxidase mediates Ang II and AA-induced ROS generation in MCs. (A) MCs
were not (-) or transfected by electroporation with S p22rkox (1 uM) or AS p22rhex (1 uM), and p22rhox protein expression was de-
termined by direct immunoblotting with rabbit polyclonal p227ir antibodies. (B) Untransfected and S p22riox- or AS p22phox-
transfected MCs were serum-starved and then treated with 1 uM Ang II or 30 uM for 5 min. DCF fluorescence, reflecting the rel-
ative levels of intracellular ROS, was measured with a multiwell fluorescence plate reader as described under “Materials and
methods”. Values are the means + S.E. of three independent experiments. **p < 0.001 versus control; ##p < 0.01, compared with
treatment with Ang Il or AA in untransfected cells. (C) and (D) Representative photomicrographs of DCF fluorescence (C) and
DHE staining (D) imaged with a confocal laser scanning fluorescence microscope in untransfected, S p22riox-transfected or AS
p22rhex-transfected MCs after exposure to 1 pM Ang IT or 30 uM AA for 10 min. (E) NADPH oxidase activity was measured by
incubating homogenates from MCs untransfected, S p22rtox-transfected or AS p22rhox-transfected with 100 uM NADPH and 5 pM
lucigenin alone (open bars) or lucigenin in the presence of 30 uM AA (filled bars). Superoxide generation was determined by
photoemission every minute for 12 min and expressed as relative light units (RLU)/mg protein. The initial rate of enzyme activity
was calculated over the first 30 to 120 sec of exposure to NADPH. NADPH-driven superoxide production was expressed as
RLU/min/mg protein. Values are the mean + S.E. of three independent experiments. **p < 0.01 versus control and ##p < 0.01 ver-
sus treatment with AA in untransfected cells.
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FIG. 6. p22rhox mediates Ang II- and AA-induced protein synthesis in MCs.

Serum-deprived MCs were transfected with S

p22phox (1 uM) or AS p22rhox (1 uM) and treated with (filled bars) or without (open bars) 1 uM Ang 11 (A) or 30 uM AA (B) for 48
h. Protein synthesis was measured by [*H]leucine incorporation into TCA precipitable material. Values are the means = S.E. of
three independent experiments. **p < 0.01 compared with control. ##p < 0.01, compared with treatment with Ang II or AA.

Ang II exerts potent effects on several renal cell types to stim-
ulate hypertrophy and synthesis of extracellular matrix pro-
teins (35, 41). Therefore, it is possible that diabetes and high
glucose cause the release of Ang II that in turn stimulates hy-
pertrophy and fibronectin expression via activation of the
p22»rhex-containing NAD(P)H oxidase. This hypothesis is sup-
ported by recent studies in MCs showing that high glucose-
induced ROS generation by p22rker is required for collagen IV
accumulation (42) and that Nox4 mediates the upregulation of
fibronectin expression by glucose (15). Interestingly, trans-
forming growth factor-f, the major mediator of Ang II fi-
brotic effects in diabetes, also causes fibronectin and collagen
IV expression via Akt/PKB activation in MCs (12, 36). Fur-
thermore, transforming growth factor-f also upregulates ex-
tracellular matrix expression via NAD(P)H oxidase-derived
ROS in MCs (14, 28). In conclusion, specific inhibition of the
redox pathway involving AA- and p22rher-dependent Akt/PKB
activation leading to MC hypertrophy and fibronectin expres-
sion may selectively target several important biological re-
sponses to prevent or reverse pathophysiologic manifestations
of renal diseases including diabetic nephropathy.
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oligonucleotides; DCFE, 2',7'-dichlorodihydrofluorescein;
DHE, dihydroethidium; Eth, ethidium; H,O,, hydrogen per-
oxide; MCs, mesangial cells; NAC, N-acetylcysteine; Nox4,
NAD(P)H oxidase 4; PLA,, phospholipase A,; ROS, reactive
oxygen species; S, phosphorothioated sense oligonucleotides.

REFERENCES

1. Alexander LD, Cui XL, Falck JR, and Douglas JG. Arachi-
donic acid directly activates members of the mitogen-
activated protein kinase superfamily in rabbit proximal
tubule cells. Kidney Int 59: 2039-2053, 2001.

2. Ambasta RK, Kumar P, Griendling KK, Schmidt HH,
Busse R, and Brandes RP. Direct interaction of the novel
Nox proteins with p22riox is required for the formation of a
functionally active NADPH oxidase. J Biol Chem 279:
4593545941, 2004.

3. Brash AR. Arachidonic acid as a bioactive molecule. J
Clin Invest 107: 13391345, 2001.

4. Chatziantoniou C and Dussaule JC. Insights into the mech-
anisms of renal fibrosis: is it possible to achieve regres-
sion? LidemlbbusialRepalRDivsial 289: F227-F234, 2005.

5. Crean JK, Finlay D, Murphy M, Moss C, Godson C, Mar-
tin F, and Brady HR. The role of p42/44 MAPK and pro-
tein kinase B in connective tissue growth factor induced
extracellular matrix protein production, cell migration, and
actin cytoskeletal rearrangement in human mesangial
cells. J Biol Chem 277: 44187—44194, 2002.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2006.8.1497&iName=master.img-011.jpg&w=338&h=176

p22°hox IS REQUIRED FOR ANG II SIGNALING IN MCS

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cui XL and Douglas JG. Arachidonic acid activates c-jun
N-terminal kinase through NADPH oxidase in rabbit prox-
imal tubular epithelial cells. DraeNatldegd S LIS 94:
3771-3776, 1997.

. Djordjevic T, BelAiba RS, Bonello S, Pfeilschifter J, Hess

J, and Gorlach A. Human urotensin II is a novel activator
of NADPH oxidase in human pulmonary artery smooth

muscle cells. ddcuioselcimbbamblasenlial 75: 519-525,
2005.

. Droge W. Free radicals in the physiological control of cell

function. Physiol Rev 8: 47-95, 2002.

. Dulin NO, Alexander LD, Harwalkar S, Falck JR, and

Douglas JG. Phospholipase A2-mediated activation of
mitogen-activated protein kinase by angiotensin II. Proc
Natldcad Sci US4 95: 8098-8102, 1998.

Feliers D, Gorin Y, Ghosh—Choudhury G, Abboud HE, and
Kasinath BS. Angiotensin II stimulation of VEGF mRNA
translation requires production of reactive oxygen species.
i Rhsial ReualDivsial 790: F927-936, 2006.

Geiszt M and Leto TL. The Nox family of NAD(P)H oxi-
dases: host defense and beyond. J Biol Chem 279: 51715—
51718, 2004.

Ghosh-Choudhury G and Abboud HE. Tyrosine phospho-
rylation-dependent PI 3 kinase/Akt signal transduction
regulates TGFB-induced fibronectin expression in mesan-
gial cells. Cell Signal 16: 31-41, 2004.

Gomez—Guerrero C, Hernandez—Vargas P, Lopez—Franco
O, Ortiz-Munoz G, and Egido J. Mesangial cells and
glomerular inflammation: from the pathogenesis to novel
therapeutic approaches. (ki
lergy 4: 341-351, 2005.

Gooch JL, Gorin Y, Zhang BX, and Abboud HE. Involve-
ment of calcineurin in transforming growth factor-f3-
mediated regulation of extracellular matrix accumulation.
JBiol Chem 279: 15561-15570, 2004.

Gorin Y, Block K, Hernandez J, Bhandari B, Wagner B,
Barnes JL, and Abboud HE. Nox4 NAD(P)H oxidase me-
diates hypertrophy and fibronectin expression in the dia-
betic kidney. J Biol Chem 280: 39616-39626, 2005.
Gorin Y, Kim NH, Feliers D, Bhandari B, Choudhury GG,
and Abboud HE. Angiotensin II activates Akt/protein ki-
nase B by an arachidonic acid/redox-dependent pathway
and independent of phosphoinositide 3-kinase. FASEB J
15: 1909-1920, 2001.

Gorin Y, Ricono JM, Kim NH, Bhandari B, Choudhury
GG, and Abboud HE. Nox4 mediates angiotensin II-
induced activation of Akt/protein kinase B in mesangial
cells. ghidmbeblsiobReicbebisial 285: F219-229,
2003.

Gorin Y, Ricono JM, Wagner B, Kim NH, Bhandari B,
Choudhury GG, and Abboud HE. Angiotensin II-induced
ERK1/ERK2 activation and protein synthesis are redox-
dependent in glomerular mesangial cells. Biochem J 381:
231-239, 2004.

Gorlach A, Diebold I, Schini-Kerth VB, Berchner—
Pfannschmidt U, Roth U, Brandes RP, Kietzmann T, and
Busse R. Thrombin activates the hypoxia-inducible factor-
1 signaling pathway in vascular smooth muscle cells: Role
of the p22rhox-containing NADPH oxidase. Circ Res 89:
47-54,2001.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

1507

Griendling KK, Minieri CA, Ollerenshaw JD, and Alexan-
der RW. Angiotensin II stimulates NADH and NADPH ox-
idase activity in cultured vascular smooth muscle cells.
Circ Res 74: 1141-1148, 1994.

Hanna IR, Taniyama Y, Szocs K, Rocic P, and Griendling
KK. NAD(P)H oxidase-derived reactive oxygen species as
mediators of angiotensin II signaling. dutigxid Redox Sios
nal 4: 899-914, 2002.

Hannken T, Schroeder R, Stahl RA, and Wolf G. An-
giotensin II-mediated expression of p27&ir! and induction
of cellular hypertrophy in renal tubular cells depend on the
generation of oxygen radicals. Kidney Int 54: 1923-1933,
1998.

Huang S, Konieczkowski M, Schelling JR, and Sedor JR.
Interleukin-1 stimulates Jun N-terminal/stress-activated
protein kinase by an arachidonate-dependent mechanism
in mesangial cells. Kidney Int 55: 1740-1749, 1999.
Iglesias—De La Cruz MC, Ruiz—Torres P, Alcami J, Diez—
Marques L, Ortega—Velazquez R, Chen S, Rodriguez—
Puyol M, Ziyadeh FN, and Rodriguez—Puyol D. Hydrogen
peroxide increases extracellular matrix mRNA through
TGF-B in human mesangial cells. Kidney Int 59: 87-95,
2001.

Jones SA, Hancock JT, Jones OT, Neubauer A, Topley N.
The expression of NADPH oxidase components in human
glomerular mesangial cells: detection of protein and
mRNA for p47rhox, p67rhex, and p22rho~. J 4w Soc Nephrol
5:1483-1491, 1995.

Kim NH, Rincon—Choles H, Bhandari B, Ghosh Choud-
hury G, Abboud HE, and Gorin Y. Redox dependence of
glomerular epithelial cell hypertrophy in response to
glucose. dilimmimnbiialeReiaiebbasial 790: F741-F751,
2006.

Lassegue B and Clempus RE. Vascular NAD(P)H oxi-
dases: specific features, expression, and regulation. 4m J
Slebeltckiiitiitiimmitiasial 235: R277-R297,
2003.

Lee HB, Yu MR, Yang Y, Jiang Z, and Ha H. Reactive oxy-
gen species-regulated signaling pathways in diabetic
nephropathy. J4m Soc Nephrol 14: S241-S245, 2003.
Martyn KD, Frederick LM, von Loehneysen K, Dinauer
MC, and Knaus UG. Functional analysis of Nox4 reveals
unique characteristics compared to other NADPH oxi-
dases. Cell Signal 18: 6982, 2006.

Metzler B, HuY, Sturm G, Wick G, and Xu Q. Induction of
mitogen-activated protein kinase phosphatase-1 by arachi-
donic acid in vascular smooth muscle cells. J Biol Chem
273:33320-33326, 1998.

Okada H and Kalluri R. Cellular and molecular pathways
that lead to progression and regression of renal fibrogene-
sis. Curr Mol Med 5: 467-474, 2005.

Pleskova M, Beck KF, Behrens MH, Huwiler A,
Fichtlscherer B, Wingerter O, Brandes RP, Mulsch A, and
Pfeilschifter J. Nitric oxide down-regulates the expression
of the catalytic NADPH oxidase subunit Nox1 in rat renal
mesangial cells. FASEB J 20: 139141, 2006.

Rao GN, Lassegue B, Alexander RW, and Griendling KK.
Angiotensin II stimulates phosphorylation of high-molecular-
mass cytosolic phospholipase A, in vascular smooth-mus-
cle cells. Biochem J 299: 197-201, 1994.



1508

34.

35.

36.

37.

38.

39.

40.

Reddy MA, Adler SG, Kim YS, Lanting L, Rossi J, Kang
SW, Nadler JL, Shahed A, and Natarajan R. Interaction of
MAPK and 12-lipoxygenase pathways in growth and ma-
trix protein expression in mesangial cells. 4dm_J Physiol
Renal Physiol 283: F985-F994, 2002.

Rincon—Choles H, Kasinath BS, GorinY, and Abboud HE.
Angiotensin II and growth factors in the pathogenesis of
diabetic nephropathy. Kidney Int 82: 8—11, 2002.

Runyan CE, Schnaper HW, and Poncelet AC. The phos-
phatidylinositol 3-kinase/Akt pathway enhances Smad3-
stimulated mesangial cell collagen I expression in re-
sponse to transforming growth factor-B1. J Biol Chem
279:2632-2639, 2004.

Schena FP and Gesualdo L. Pathogenetic mechanisms of
diabetic nephropathy. L dm Soc Nephrol 16: S30-S33,
2005.

Schlondorff D, DeCandido S, and Satriano JA. An-
giotensin II stimulates phospholipases C and A, in cul-
tured rat mesangial cells. dm J Physiol 253: C113-C120,
1987.

Sumimoto H, Miyano K, and Takeya R. Molecular compo-
sition and regulation of the Nox family NAD(P)H oxi-
dases. Rineltiiniicohlitbiimimaiitie 335 677-636,
2005.

Ushio-Fukai M, Zafari AM, Fukui T, Ishizaka N, and
Griendling KK. p22rhox is a critical component of the su-
peroxide-generating NADH/NADPH oxidase system and
regulates angiotensin II-induced hypertrophy in vascular

41.

42.

43.

BLOCKET AL.

smooth muscle cells. J _Biol Chem 271: 23317-23321,
1996.

Wolf G and Ziyadeh FN. Molecular mechanisms of dia-
betic renal hypertrophy. Kidney Int 56: 393-405, 1999.
Xia L, Wang H, Goldberg HJ, Munk S, Fantus IG, and
Whiteside CI. Mesangial cell NADPH oxidase upregula-
tion in high glucose is protein kinase c-dependent and re-
quired for collagen IV expression. L Phusiol Reual
Physiol 290: F345-F356, 2005

Zafari AM, Ushio—Fukai M, Minieri CA, Akers M,
Lassegue B, and Griendling KK. Arachidonic acid
metabolites mediate angiotensin Il-induced NADH/
NADPH oxidase activity and hypertrophy in vascular
smooth muscle cells. datiguid Redax Sigugl 1: 167-179,
1999.

Address reprint requests to:

Yves Gorin, Ph.D.

The University of Texas Health Science Center
Department of Medicine

Division of Nephrology MC 7882

7703 Floyd Curl Drive

San Antonio, Texas 78229-3900

E-mail: gorin@uthscsa.edu

Date of first submission to ARS Central, April 14, 2006; date
of acceptance, April 15, 2006.



Thisarticle has been cited by:

1. Yuxing Zhang , Yanzhi Du, Weidong Le , Kankan Wang , Nelly Kieffer , Ji Zhang . 2011. Redox Control of the Survival
of Healthy and Diseased Cells. Antioxidants & Redox Sgnaling 15:11, 2867-2908. [Abstract] [Full Text HTML] [Full Text
PDF] [Full Text PDF with Links]

2. Arun Prasath Lakshmanan, Kenichi Watanabe, Rajarajan A. Thandavarayan, Flori R. Sari, Meilel Harima, Vijayasree V.
Giridharan, Vivian Soetikno, Makoto Kodama, Y oshifusa Aizawa. 2011. Telmisartan attenuates oxidative stress and renal
fibrosis in streptozotocin induced diabetic mice with the ateration of angiotensin-(1-7) mas receptor expression associated
with its PPAR-# agonist action. Free Radical Research 45:5, 575-584. [ CrossRef]

3. Jeffrey L Barnes, Yves Gorin. 2011. Myofibroblast differentiation during fibrosis: role of NAD(P)H oxidases. Kidney
International 79:9, 944-956. [ CrossRef]

4. Wai Han Yiu, Paul A Mead, Hyun Sik Jun, Brian C Mansfield, Janice Y Chou. 2010. Oxidative stress mediates nephropathy
in type laglycogen storage disease. Laboratory Investigation 90:4, 620-629. [ CrossRef]

5. Algjandro Illanes, Jorge M. Martinez-Montejano. 2009. Compactifications of [0,infinity) with unique hyperspace Fn(X).
Glasnik Matematicki 44:2, 457-478. [ CrossRef]

6.Yong-Soo Lee. 2009. Arachidonic Acid Mediates Apoptosis Induced by N-Ethylmaleimide in HepG2 Human
Hepatoblastoma Cells. Biomolecules and Therapeutics 17:4, 379-387. [ CrossRef]

7. Lakshmipathi Khandrika, Binod Kumar, Sweaty Koul, Paul Maroni, Hari K. Koul. 2009. Oxidative stressin prostate cancer.
Cancer Letters 282:2, 125-136. [ CrossRef]

8. Abd Martin Garrido, Kathy K. Griendling. 2009. NADPH oxidases and angiotensin |l receptor signaling. Molecular and
Cellular Endocrinology 302:2, 148-158. [ CrossRef]

9. Yong Soo Lee. 2009. Arachidonic Acid Activates K+-Cl--cotransport in HepG2 Human Hepatoblastoma Cells. The Korean
Journal of Physiology and Pharmacology 13:5, 401. [CrossRef]

10. Ravi Nistala , Adam Whaley-Connell , James R. Sowers . 2008. Redox Control of Rena Function and Hypertension.
Antioxidants& Redox Sgnaling 10:12, 2047-2089. [Abstract] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]

11. Maria José Soler, Josep Lloveras, Daniel Batlle. 2008. Enzima conversiva de la angiotensina 2 y su papel emergente en la
regulacién del sistema renina-angiotensina. Medicina Clinica 131:6, 230-236. [CrossRef]

12.Y. Wittrant, Y. Gorin, K. Woodruff, D. Horn, H.E. Abboud, S. Mohan, S.L. Abboud-Werner. 2008. High d(+)glucose
concentration inhibits RANK L-induced osteoclastogenesis. Bone 42:6, 1122-1130. [ CrossRef]

13. Daniela D. de Carvalho, Amine Sadok, Véronique Bourgarel-Rey, Florence Gattacceca, Claude Penel, Maxime Lehmann,
Hervé Kovacic. 2008. Nox1 downstream of 12-lipoxygenase controls cell proliferation but not cell spreading of colon cancer
cells. International Journal of Cancer 122:8, 1757-1764. [ CrossRef]

14. Kathy K. Griendling . 2006. NADPH Oxidases: New Regulators of Old Functions. Antioxidants & Redox Signaling 8:9-10,
1443-1445. [Citation] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3685
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3685
http://dx.doi.org/10.3109/10715762.2011.560149
http://dx.doi.org/10.1038/ki.2010.516
http://dx.doi.org/10.1038/labinvest.2010.38
http://dx.doi.org/10.3336/gm.44.2.12
http://dx.doi.org/10.4062/biomolther.2009.17.4.379
http://dx.doi.org/10.1016/j.canlet.2008.12.011
http://dx.doi.org/10.1016/j.mce.2008.11.003
http://dx.doi.org/10.4196/kjpp.2009.13.5.401
http://dx.doi.org/10.1089/ars.2008.2034
http://online.liebertpub.com/doi/full/10.1089/ars.2008.2034
http://online.liebertpub.com/doi/pdf/10.1089/ars.2008.2034
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2008.2034
http://dx.doi.org/10.1157/13124619
http://dx.doi.org/10.1016/j.bone.2008.02.006
http://dx.doi.org/10.1002/ijc.23300
http://dx.doi.org/10.1089/ars.2006.8.1443
http://online.liebertpub.com/doi/pdf/10.1089/ars.2006.8.1443
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2006.8.1443

