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Angiotensin II induces superoxide anion production by mesangial
cells.

Background. The recognized role of angiotensin II (Ang II) in
the pathogenesis of the progression of renal disease cannot be
solely attributed to Ang II’s hemodynamic effects. Indeed, growth
stimulating signals driven by Ang II promote mesangial cell (MC)
hypertrophy and extracellular matrix production, prominent fea-
tures of progressive glomerular injury. Superoxide anion (O2

2)
avidly interacts with nitric oxide, an endogenous vasodilator that
inhibits growth factor stimulated MC growth and matrix produc-
tion. In addition, O2

2 acting as an intracellular signal is linked to
growth related responses such as activation of mitogen activated
protein (MAP) kinases. The studies reported herein were de-
signed to investigate: (a) whether Ang II induces MC O2

2

production and (b) if increased O2
2 production elicits growth

responses in MC.
Methods. MC were exposed to Ang II for 24 or 48 hours. In

some experiments, in addition to Ang II, MC were exposed to:
diphenylenieodonium (DPI), an inhibitor of the flavin containing
NADH/NADPH oxidase; losartan (LOS), an Ang II type 1 (AT1)
receptor blocker; PD 98059, a MAP kinases inhibitor; the protein
kinase C inhibitors Calphostin C or H-7; and the tyrosine kinase
inhibitors, herbymycin A or genistein.

Results. Ang II (1025 M to 1028 M) dose dependently increased
MC O2

2 production up to 125% above control (ED 50 5 3 1027

M). LOS as well as DPI, and the PKC inhibitors blocked Ang II
stimulated MC O2

2production. Ang II dose dependently in-
creased MC 3H-leucine incorporation, and MC protein content,
two markers of MC hypertrophy, as well as 3H-thymidine incor-
poration, a marker of MC hyperplasia. PD98059, a specific
inhibitor of MAP kinases prevented Ang II induced MC hyper-
trophy. Moreover, LOS, DPI, and the PKC inhibitors each
independently inhibited MC 3H-leucine incorporation, thereby
establishing the specificity of Ang II induced O2

2 in driving MC
hypertrophy.

Conclusions. The current studies demonstrate a previously
unrecognized link between Ang II and MC O2

2 production that

may participate in the pathophysiology of progressive renal dis-
ease by concomitantly affecting the hemodynamics of the glomer-
ular microcirculation as well as growth related responses of MC to
injury.

The glomerular mesangium, which is composed of mes-
angial cells (MC) and extracellular matrix, occupies the
centrolobular area of the glomerulus, and also extends
outward a short distance into the capillary wall [1]. The
endothelial cell lining of the glomerulus is strategically
situated at the interface between the blood and the mes-
angium, without interposition of the glomerular basement
membrane. In this location, endothelial cells serve as direct
sensors and transducers of physical and biochemical signals
within the microenvironment of the glomerulus [1]. Due to
the direct juxtaposition of endothelial cells and MC, prod-
ucts synthesized by one of these cells can reach the other in
high concentrations with minimal inactivation or dilution
by circulating plasma [2]. In addition, the intrarenal con-
centration of Ang II is up to 1000-fold higher than in the
serum [3]. MC contain actin-myosin filaments that alter
their contractile state in response to vasoactive agents
acting in an autocrine and/or paracrine fashion [4]. Thus,
Ang II, eicosanoids, endothelin-1 and nitric oxide (NO)
synthesized and released locally, modulate the glomerular
microcirculation during physiologic and pathologic condi-
tions by acting upon the mesangium as well as the afferent
and efferent arterioles [5]. Moreover, similar to what
occurs in systemic vascular beds, these vasoactive agents
may also affect the response of glomerular cells to injury
and promote architectural changes, such as mesangial
hypertrophy and/or hyperplasia [6, 7], as well as increased
MC matrix production [8]. In this context Ang II modulates
MC synthesis of growth factors including platelet-derived
growth factor (PDGF) [9] and transforming growth fac-
tor-b (TGF-b) [8], which have been incriminated in the
pathological remodeling of the glomerulus in response to
injury [10].

Upregulation of the local tissue renin angiotensin system
(RAS) in response to injury has been shown in a variety of
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renal diseases [11]. Furthermore, in many patients with
chronic renal failure, blockade of the RAS with angiotensin
converting enzyme (ACE) inhibitors slows the decline of
renal function [12–15]. These effects of inhibition of the
RAS are in addition to, but independent of blood pressure
control [13, 15]. These clinical studies as well as a large
number of in vivo [16, 17] and in vitro [8, 18] experimental
studies support the notion that the nonhemodynamic ef-
fects of Ang II are pathophysiologically important in pro-
gressive glomerular injury. Thus, further understanding of
these mechanisms is necessary for the development of new
therapeutic strategies.

MC are endowed with a NADH/NADPH oxidase, a
flavin containing oxidase, whose components are antigeni-
cally related but not identical to that of phagocytes [19, 20].
Recent studies demonstrated that Ang II activates NADH/
NADPH oxidase in vascular smooth muscle cells resulting
in synthesis of superoxide anion (O2

2) [21, 22]. The
vascular smooth muscle cell NADH/NADPH oxidase is
structurally different from that present in leukocytes; in
addition it produces quantitatively less O2

2, but for a much
longer period of time [21]. O2

2 is a powerful intracellular
signal for the activation of responses linked to mitogen
activated protein (MAP) kinases-driven cell growth [23],
particularly cell hypertrophy [21]. Increased O2

2 in the
extracellular milieu, given its great affinity for NO, rapidly
interacts with this molecule and results in NO inactivation
and/or production of toxic peroxynitrite [24]. Within the
glomerulus a decrease in NO bioactivity: (a) would curtail
the capacity of NO to counteract Ang II actions on
mesangial contraction and arteriolar tone, and (b) would
reduce the homeostatic role of NO in antagonizing Ang II
driven growth related processes affecting MC and extracel-
lular matrix as well as preventing platelet and leukocyte
adhesion to the endothelium [5]. Heretofore no data are
available regarding whether Ang II can activate MC
NADH/NADPH oxidase and promote O2

2 synthesis.
Given the potential pathophysiologic and therapeutic

implications linked to increased MC O2
2 production within

the glomerular microcirculation is that we designed studies
aimed at elucidating whether Ang II activates MC NADH/
NADPH oxidase, as well as the mechanism(s) involved and
its relationship with MC hypertrophy and/or hyperplasia.

METHODS

Materials

Ang II, lucigenin, xanthine, xanthine oxidase, herbimycin
A, genistein, H-7 and calphostin C were purchased form
Sigma Chemical Co. (St. Louis, MO, USA); 3H-leucine and
3H-thymidine were purchased from Amersham Life Sci-
ence (Little Chalfont, UK); diphenylenieodinium (DPI)
was purchased from Toronto Research Chemicals (Toron-
to, Canada). LOS was kindly provided by Dupont Merck

(Wilmington, DE, USA). PD98059 was purchased from
Park Davis (Ann Arbor, MI, USA).

Rat mesangial cells culture

Primary MC cultures were prepared from male Sprague-
Dawley rats as previously described [25]. Cells were grown
using techniques that yield macrophage-free homogenous
cultures, as previously characterized [26]. Cells were grown
in RPMI-1640 media (Gibco Laboratories, Grand Island,
NY, USA) supplemented with 17% heat-inactivated fetal
calf serum (FCS; Hyclone Laboratories, Logan, UT, USA),
100 U ml penicillin, 100 mg/ml streptomycin, 15 mM

HEPES, 10 ml/liter insulin-transferrin-selenium supple-
ment (Sigma Chemical Co.). Cells were passed by
trypsinization when confluent, and used between the third
and ninth passages. Cells were grown in either six-well
dishes or 75 cm2 flasks (see below).

Measurement of O2
2 anion production

O2
2 production was determined by chemiluminescence

of lucigenin, an acridylium dinitrate compound that emits
light on reduction and interaction with O2

2 [27]. Briefly,
MC grown in 75 cm2 flasks were made quiescent in RPMI
1640 with 0.5% FCS for 72 hours and exposed to Ang II
(1025 to 1028 M) for five hours. At the end of the incubation
period, MC were trypsinized, pelleted by centrifugation,
resuspended in 2 ml Krebs buffer and kept on ice until use.
A 50 ml aliquot was saved for protein determination. To
measure superoxide production cells suspensions were
incubated at room temperature for three minutes and then
added to a scintillation vial containing dark adapted lucige-
nin (250 mM) in 2 ml 100 mM phosphate buffer (pH 7.4).
Photon emission was measured every minute for 10 min-
utes in a scintillation counter in the out-of-coincidence
mode. A buffer blank was subtracted from each reading
and superoxide production calculated by comparison with a
standard curve generated using xanthine/xanthine oxidase
as described by Ohara et al [27]. Protein content was
determined by the Bio-Rad method (Hercules, CA, USA).

3H leucine incorporation

MC protein synthesis measured by 3H-leucine incorpo-
ration was used as an index of MC hypertrophy. MC cells
were grown in six well dishes, made quiescent in RPMI
1640 with 0.5% FCS for 72 hours. MC were then incubated
for 24 or 48 hours in the presence or absence of Ang II
(1028 to 1025 M). Six hours before harvesting MC were
pulsed with 3H-leucine 2 mCi/ml. At the end of this
incubation period, cells were washed three times with
phosphate buffered saline (PBS) and solubilized overnight
with 1.5 ml sodium dodecyl sulfate (SDS) 0.1%. The
content of two wells was pooled and transferred to a plastic
tube containing 60 ml 10% bovine serum albumin. Proteins
were precipitated with 300 ml 20% trichloroacetic acid
(TCA) and left overnight at 4°C. Samples were then spun at
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2,000 g 3 30 minutes, the supernatant discarded and pellet
resuspended in 0.5 N sodium hydroxide (NaOH). Duplicate
aliquots (0.5 ml) were removed and counted in a scintilla-
tion counter. Results were expressed as cpm/million cells.

Mesangial cell protein content

Mesangial cell total protein content was used as addi-
tional index of MC hypertrophy. MC were grown in six well
dishes, made quiescent in RPMI 1640 with 0.5% FCS for 72
hours. MC were then incubated for 48 hours in the
presence or abscence of Ang II (1025 M). At the end of the
incubation period MC were trypsinized, counted, and MC
total protein content determined by Bio-Rad (Hercules,
CA, USA). Results were expressed as mg protein/million
cells.

3H-thymidine incorporation
3H-thymidine incorporation by MC was used as an index

of MC proliferation. MC were grown in six well dishes, and
made quiescent in RPMI 1640–0.5% FCS for 72 hours.
MC were then incubated for 24 or 48 hours in the presence
or absence of Ang II (1025 M). Four hours before harvest-
ing, cells were pulsed with 3H-thymidine 1 mCi/ml. At the
end of this incubation period, cells were washed three times
with PBS. Protein precipitated with 1 ml TCA 10% for five
minutes and solubilized in 1 ml 0.5 N NaOH/0.1% SDS.
Duplicate aliquots (0.5 ml) were removed, neutralized with
50 ml 6 N hydrochloric acid and counted in a liquid
scintillation counter. Results were expressed as counts/
million cells.

Statistical analysis

Data are expressed as mean 6 SEM. For statistical
comparison involving two groups, an unpaired Student’s

t-test was used, while for comparison involving more than
two groups, ANOVA using the Statview 521 statistical
program was employed (Abacus Concepts, Inc., Berkeley,
CA, USA). Significance was considered present when P ,
0.05.

RESULTS

Angiotensin II induces superoxide production by MC

Mesangial cells exposed to Ang II (1028 M to 1025 M) for
five hours significantly increased (O2

2) production in a
dose dependent manner (Fig. 1). This increased O2

2 was
fully blocked with losartan (LOS) 1026 M, suggesting that
the effects of Ang II on superoxide production are medi-
ated through the AT1 receptor: Control, 84.01 6 5 nmol
O2

2/mg protein/min; Ang II 1025 M, 189.66 6 28.4 nmol
O2

2/mg protein/min; Ang II 10-5 M 1 LOS 1026 M, 80.71 6
24.24 nmol O2

2/mg protein/min; P , 0.05, Ang II versus
control and Ang II1LOS (Fig. 2).

To determine whether mesangial NADH/NADPH oxi-
dase activation was responsible for the Ang II-induced
superoxide production, MC were exposed for one hour to
the flavin containing oxidase inhibitor diphenyleneiodo-
nium (DPI) 1025 M, prior to Ang II stimulation. DPI
inhibited Ang II-induced superoxide production by MC
(Ang II 1025 M, 189.66 6 28.4 nmol O2

2/mg protein/min vs.
Ang II 1025 M 1 DPI 1025 M, 31.8 6 17.07 nmol O2

2/mg
protein/min; P , 0.05). As shown in Figure 2, DPI also
inhibited basal O2

2 production in unstimulated MC. Thus,
Ang II in a dose dependent manner induced O2

2 produc-
tion by MC, the process involved NADH/NADPH oxidase
activation, and was mediated through AT1 receptor activa-
tion (Fig. 2).

Fig. 1. Angiotensin II (Ang II) induces
superoxide (O2

2) production in a dose
dependent manner. Mesangial cells (MC) were
exposed to Ang II in the indicated
concentrations for five hours. MC O2

2

production was estimated 10 minutes after
exposure to lucigenin. Data represent the
mean 6 SEM of 3 to 6 experiments by duplicate.
*P , 0.05 versus control.
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Angiotensin II induces MC hypertrophy

Mesangial cells exposed to Ang II (1025 to 1028 M) for 48
hours increased protein synthesis in a dose dependent
manner as measured by 3H-leucine incorporation (Fig. 3).
Furthermore, Ang II (1025 M) increased total MC protein
content for 48 hours (Control, 221 6 26.52 mg protein/106

cells vs. Ang II 1025 M, 312 6 36.9 mg/106 cells; N 5 3, P ,
0.05). Treatment with LOS was not accompanied by in-
creased cell lethality as assessed by trypan blue exclusion
(trypan blue exclusion . 90%). LOS completely blocked
the effects of Ang II on 3H-leucine incorporation, therefore
suggesting that these effects were mediated by activation of
the AT1 receptor (Ang II 1025 M, 50871 6 1854 cpm/106

cells versus Ang II 1025 M 1 LOS 1026 M, 17849 6 526
cpm/106 cells, P , 0.05; Fig. 4). Ang II (1025 M) exposure
for 24 hours, however, did not significantly increase MC
3H-leucine incorporation (Control, 27839.44 6 1486 cpm/
106 cells versus Ang II 1025 M, 30813.99 6 1198 cpm/106

cells; N 5 3, P 5 NS).

NADH/NADPH oxidase activation, superoxide production
and MC hypertrophy

To determine whether NADH/NADPH oxidase activa-
tion can mediate MC hypertrophy in response to Ang II,
MC were exposed to the NADH/NADPH oxidase inhibitor
DPI (1025 M), for one hour prior to Ang II. Treatment with

Fig. 2. Effect of diphenylenieodonium (DPI)
and losartan (LOS) on antiotensin II (Ang II)
induced superoxide (O2

2) generation by
mesangial cells (MC). MC were exposed to the
inhibitor of flavin containing oxidases
diphenyleneiodonium (DPI) or the AT1
receptor blocker losartan (LOS), prior to Ang
II (1025 M). DPI, as well as LOS abolished MC
O2

2 production induced by Ang II. DPI also
inhibited O2

2 production in unstimulated MC.
Data represent the mean 6 SEM of 3
experiments by duplicate. *P , 0.05 versus all
other conditions; #P , 0.05 versus control.

Fig. 3. Ang II induces MC hypertrophy in a
dose dependent manner. MC were exposed to
the indicated Ang II concentrations for 48
hours. MC 3H leucine incorporation was used
as an index of MC hypertrophy. Data represent
the mean 6 SEM of 3 experiments by duplicate.
*P , 0.05 versus control.
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DPI was not accompanied by increased cell lethality as
assessed by trypan blue exclusion (trypan blue exclusion .
90%). DPI completely abolished MC increased protein
synthesis in response to Ang II, suggesting that the hyper-
trophic response to Ang II in MC is linked to NADH/
NADPH oxidase activation (Fig. 4). DPI also significantly
inhibited basal O2

2 production and 3H-leucine incorpora-
tion in unstimulated MC (Figs. 2 and 4). To determine
whether ROS scavengers can inhibit Ang II induced MC
hypertrophy, MC were exposed to the O2

2 scavenger
superoxide dismutase (SOD; 150 U/ml) prior to Ang II.
SOD, which does not penetrate cell membranes [28], did
not inhibit Ang II induced MC protein synthesis (Ang II
1025 M, 36077.8 6 5515.6 cpm/106 cells versus Ang II 1025

M 1 SOD 150 U/ml, 38193.8 6 7243 cpm/106 cells; N 5 3,
P 5 NS). O2

2 can dismutate either spontaneously or
through SOD to H2O2 [29]. We therefore exposed MC to
the H2O2 scavenger catalase (800 U/ml), an enzyme that
penetrates cell membranes [30], prior to Ang II. Catalase
blunted Ang II induced MC protein synthesis, therefore
suggesting that H2O2 probably generated by O2

2 dismuta-
tion contributes to the Ang II-induced MC hypertrophy
(Fig. 5).

Reactive oxygen species (ROS), including O2
2, have

been shown to induce MAP kinases activation [30–33], a
process that is associated with cell growth but does not
affect O2

2 production [18, 34]. MC were treated with the
specific MAP kinase kinase (MEK) inhibitor PD98059 (50

Fig. 4. LOS and DPI prevents MC 3H leucine
incorporation induced by Ang II. MC were
exposed for 48 hours to Ang II 1025 M in the
presence of LOS or DPI. MC 3H leucine
incorporation was used as an index of MC
hypertrophy. Data represent the mean 6 SEM
of 4 experiments by duplicate. *P , 0.05 versus
all other conditions; #P , 0.05 versus control.

Fig. 5. Catalase prevents MC 3H leucine
incorporation induced by Ang II. MC were
exposed for 48 hours to Ang II 1025 M in the
presence of catalase (800 U/ml). MC 3H leucine
incorporation was used as an index of MC
hypertrophy. Data represent the mean 6 SEM
of 3 experiments by duplicate. *P , 0.05 versus
all other conditions; #P , 0.05 versus control
and catalase.

Jaimes et al: Angiotensin II induces superoxide in mesangial cells 779



mM) one hour prior to Ang II stimulation. Treatment with
PD98059 was not accompanied by increased cell lethality as
assessed by trypan blue exclusion (trypan blue exclusion .
90%). MAP kinases inhibition completely prevented MC
3H-leucine uptake in response to Ang II (Ang II 1025 M,
50440.1 6 4125 cpm/106 cell vs. Ang II 1025 M 1 PD98059,
9031.78 6 1782.2 cpm/106 cells; N 5 4, P , 0.05), suggest-
ing that MAP kinases were involved in the hypertrophic
response to Ang II that was initiated by increased O2

2

production. Similar to what we observed with DPI,
PD98059 also inhibited basal MC 3H-leucine uptake in
unstimulated MC (Control, 11099.55 6 231 cpm/106 cells
versus PD98059, 4759.3 6 499 cpm/106 cells; N 5 3, P ,
0.05).

Angiotensin II induces MC O2
2 production and

hypertrophy by a PKC-mediated mechanism

Angiotensin II binding to the AT1 receptor induces
several transduction signals that lead ultimately to in-
creased intracellular Ca21 concentration [34] and protein
kinase C (PKC) activation [35]. PKC is involved in NADPH
activation in polymorphonuclear cells [36] and macro-
phages [37], however, its role in vascular or MC NADH/
NADPH oxidase activation has not been previously eluci-
dated. To determine whether PKC activation is involved in
Ang II induced O2

2 generation, MC were treated with the
highly specific PKC inhibitor calphostin C (1026 M) prior to
Ang II stimulation. Calphostin C significantly inhibited Ang
II induced O2

2 generation, suggesting that Ang II induced
O2

2 generation by MC involves a PKC mediated mecha-
nism (Ang II 1025 M, 265.9 6 52.8 nmol O2

2/mg protein/
min vs. Ang II 1025 M 1 calphostin C, 39.41 6 25.18 nmol
O2

2/min/mg; N 5 3, P , 0.05; Fig. 6). Furthermore, the
less specific PKC inhibitor H-7 (1025 M) also inhibited Ang
II stimulated MC O2

2 production (data not shown).

Hence, PKC activation is necessary for Ang II induced O2
2

generation in MC.
Accompanying the inhibitory effects on O2

2 production,
calphostin C (1026 M), completely inhibited 3H-leucine
incorporation in response to Ang II (Ang II 1025 M,
42807 6 8419 cpm/106 cells versus Ang II 1025 M 1
calphostin C 1026 M, 65.97 6 12 cpm/106 cells; N 5 3 P ,
0.05; Fig. 7). These results suggest that PKC activation is
necessary to induce O2

2 generation and the subsequent
MC hypertrophy in response to Ang II. Treatment with
calphostin C was not accompanied by increased cell lethal-
ity as assessed by trypan blue exclusion (trypan blue
exclusion . 90%); however, the extent of 3H-leucine
incorporation inhibition obtained with calphostin C was
substantially larger compared with DPI or PD98059. This
suggested that in addition to MC NADH/NADPH oxidase,
calphostin C may be inhibiting other PKC dependent
cellular processes involved in cell growth. In addition, in
separate experiments calphostin C also inhibited basal
3H-leucine incorporation in unstimulated MC (Control,
11099.5 6 230.5 cpm/106 cells vs. Control 1 calphostin C,
1339.2 6 160.9 cpm/106 cells; N 5 3, P , 0.05). Further-
more, the less specific PKC inhibitor H-7 (1025 M) also
significantly inhibited Ang II stimulated 3H-leucine incor-
poration (Ang II 1025 M, 36078.5 6 5515.5 cpm/106 cells vs.
Ang II 1 H-7, 7573.2 6 1914.8 cpm/106 cells; N 5 3, P ,
0.05).

It has been suggested that tyrosine kinase phosphoryla-
tion partially mediates the growth responses to Ang II in
VSMC [38]. However, in our studies, treatment with the
tyrosine kinase inhibitors herbimycin A (1026 M) for 18
hours or genistein (1025 M) for one hour prior to Ang II
(1025 M) did not inhibit Ang II-mediated O2

2generation by
MC, therefore indicating that tyrosine kinases activation is
not necessary for Ang II-mediated O2

2 generation by MC

Fig. 6. Calphostin C inhibits Ang II induced MC O2
2 production. MC

were exposed to the PKC inhibitor calphostin C (1 mM) prior to Ang II
1025 M. Data represent the mean 6 SEM of 3 experiments by
duplicate.*P , 0.05 versus all other conditions; #P , 0.05 versus control.

Fig. 7. Calphostin C prevents MC 3H leucine incorporation induced by
Ang II. MC were exposed for 48 hours to Ang II 1025 M in the presence
of the PKC inhibitor calphostin C (1 mM). MC 3H leucine incorporation
was used as an index of MC hypertrophy. Data represent the mean 6 SEM
of 3 experiments by duplicate. *P , 0.05 versus all other conditions; #P ,
0.05 versus control.

Jaimes et al: Angiotensin II induces superoxide in mesangial cells780



[Ang II 1025 M, 253.18 6 60 nmol O2
2/mg protein/min

(N 5 6); Ang II 1 herbimycin A, 213 6 77 nmol O2
2/mg

protein/min (N 5 4); Ang II 1 genistein, 292 6 13 nmol
O2

2/mg protein/min (N 5 3); P 5 NS; Fig. 8).

Superoxide generation mediates angiotensin II induced
MC hyperplasia

Mesangial cells exposed to Ang II (1025 M) for 48 hours
increased MC proliferation measured by 3H-thymidine
incorporation (Control, 19579.2 6 1596.2 cpm/106 cells vs.
Ang II 1025 M, 28905.95 6 2410. 87 cpm/106 cells; N 5 3,
P , 0.05; Fig. 9). To determine whether NADH/NADPH
oxidase activation participates in MC hyperplasia in re-
sponse to Ang II, MC were exposed to the NADH/NADPH
oxidase inhibitor DPI (1025 M), for one hour prior to Ang
II. Treatment with DPI was not accompanied by increased
cell lethality as assessed by trypan blue exclusion (trypan
blue exclusion . 90%). DPI completely abolished Ang II
stimulated MC 3H-thymidine incorporation, suggesting
that the hyperplastic response to Ang II in MC is linked to
NADH/NADPH oxidase activation (Ang II 1025 M,
28,906 6 2411 cpm/106 cells vs. Ang II 1025 M 1 DPI,
909 6 152; N 5 3, P , 0.05; Fig. 9). MC exposure to Ang
II (1025 M) for 24 hours, however, did not increase 3H-
thymidine incorporation (Control, 13,069 6 1380 cpm/106

cells vs. Ang II 1025 M, 14,894 6 1920 cpm/106 cells; N 5 3,
P 5 NS).

DISCUSSION

These studies demonstrate that, to the best of our
knowledge for the first time, Ang II induces NADH/
NADPH oxidase-dependent O2

2 production by MC. The

effects of Ang II were blocked by the selective AT1
receptor blocker LOS as well as the NADH/NADPH
oxidase inhibitor, DPI. Current evidence suggests that
NADH/NADPH oxidase systems are an important source
of O2

2 in endothelial cells [27], vascular smooth muscle
cells (VSMC) [21] and MC [19]. Studies by Griendling and
Minieri have shown that Ang II activates NADH/NADPH
oxidase system in VSMC [21]. Our studies demonstrate a
similar effect to be initiated by Ang II in MC. Although all
the mechanisms that lead to NADH/NADPH activation by
Ang II in VSMC are not completely elucidated [21], it is
clear that specific binding to the AT1 receptor is necessary.
Binding of Ang II to the AT1 receptor is known to initiate
intracellular signaling responses that include G proteins,
phospholipase C, and adenylate cyclase, resulting in an
increase in 1,4,5-inositol triphosphate and diacylglycerol
[39], which ultimately results in increased intracellular
calcium concentration [34] as well as PKC activation [35].
PKC is involved in NADPH oxidase activation in inflam-
matory cells such as polymorphonuclear cells [36] and
macrophages [37], however, its role in MC NADH/
NADPH oxidase activation has not been previously stud-
ied. In the current studies, Ang II induced O2

2 generation
and MC hypertrophy were inhibited by PKC inhibitors,
thereby suggesting that in MC, NADH/NADPH oxidase
activation by Ang II is a PKC dependent process.

Ang II not only increases intracellular calcium and
activates PKC, but also stimulates some of the signal
transduction events activated by growth factors, including
protein-tyrosine phosphorylation [40], stimulation of c-fos
[41], and activation of mitogen-activated protein (MAP)
kinases [42, 43]. ERK1 and ERK2, the most well studied
MAP kinases, require phosphorylation of MEK to be
activated [44] and are involved in the early response to a

Fig. 8. Tyrosine kinase inhibition does not inhibit Ang II induced MC
O2

2 production. MC were exposed to the tyrosine kinase inhibitors
herbimycin (1 mM) or genistein (10 mM) prior to Ang II 1025 M. Neither
herbimycin nor genistein had a significant effect on Ang II induced MC
O2

2 production. Data represent the mean 6 SEM of 3 to 6 experiments by
duplicate. P 5 NS.

Fig. 9. DPI prevents MC 3H thymidine incorporation induced by Ang II.
MC were exposed for 48 hours to Ang II 1025 M in the presence of DPI.
MC 3H thymidine incorporation was used as an index of MC hyperplasia.
Data represent the mean 6 SEM of 3 experiments by duplicate. *P , 0.05
versus all other conditions; #P , 0.05 versus control.
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variety of stimuli involved in cellular growth [45], transfor-
mation and differentiation [46]. Studies from several labo-
ratories have shown that reactive oxygen species (ROS),
including O2

2 and hydrogen peroxide, are an important
intracellular signal for the activation of ERK1 and ERK2
[23], synthesis of growth factors [47, 48], and synthesis of
vasoactive agents [49]. Our results show that the specific
MEK inhibitor PD98059 inhibited MC hypertrophy in-
duced by Ang II, thereby suggesting that ERK1 and ERK2
activation is at a distal point of convergence along the
pathway triggered by the ROS generated by NADH/
NADPH oxidase, and which ultimately leads to MC hyper-
trophy. Whether similar intracellular signaling mechanisms
mediate Ang II-induced MC hyperplasia has not been
explored and it is beyond the scope of the current studies.

The tyrosine kinase inhibitors herbimycin A and
genistein did not inhibit Ang II induced O2

2 generation by
MC, therefore suggesting that in MC, Ang II activation of
NADH/NADPH oxidase is not tyrosine kinase dependent
[38].

Functional, biochemical and molecular biological studies
clearly support the existence of a local tissue RAS [50]. Ang
II concentration in several intrarenal compartments, in-
cluding the glomerulus, is 1000 times higher than those
found systemically [3], sustaining the notion that a local
tissue RAS can operate in the kidney in vivo and affect
renal function independently of systemic Ang II. In fact, in
the above described studies intrarenal Ang II was found to
be in concentrations similar to those used in our current in
vitro studies. Upregulation of the local tissue RAS in
response to injury has been demonstrated in a variety of
renal diseases including diabetes [12, 17]. In vivo transfec-
tion of human ACE into intact rat carotid arteries induces
vascular hypertrophy without modifying blood pressure or
serum ACE levels [47], thus suggesting that tissue RAS can
generate Ang II in concentrations sufficient to elicit VSMC
growth responses independently of hemodynamic changes
[50]. Of particular interest are recent studies that demon-
strate that NO modulates tissue ACE and in vivo inhibition
of NO synthesis increases vascular ACE content and activ-
ity, and promotes cardiac and vascular hypertrophy inde-
pendently of systemic blood pressure [51].

The current studies show that Ang II stimulates MC to
synthesize O2

2 in quantities similar to those reported and
which are known to be sufficient for reducing the bioactivity
of NO within the vascular wall in vivo and in vitro [22].
Within the glomerulus, the interaction of NO and Ang II
plays a pivotal role in mesangial regulation of glomerular
microcirculation [52]. Furthermore, it has become increas-
ingly clear that NO and Ang II have the capacity to induce
long-term changes in cell growth, with NO being a pro-
apoptotic and antiproliferative agent and Ang II antiapop-
totic [53] and stimulatory of cell growth via synthesis of O2

2

[21] and growth factors such as PDGF [9] and TGF-b [8].
Therefore, the antagonistic interaction between NO and

Ang II may play an important role in the modulation of the
structural changes that result as a consequence of the
glomerular response to injury in diseases such as hyperten-
sion and diabetes.

Clinically, ACE inhibitors do not achieve complete and
permanent suppression of plasma Ang II, which returns to
almost normal levels despite maintenance of ACE inhibitor
administration and effective control of systemic hyperten-
sion [54]. The mechanism(s) involved in the rebound of
plasma Ang II during ACE inhibition remain unclear and
may include Ang II synthesis via enzymes other than ACE
[54]. It is therefore reasonable to assume that the rebound
of Ang II levels would permit actions of Ang II at the tissue
level to remain pathophysiologically active. This may ex-
plain, at least in part, why in all clinical studies performed
thus far, blockade of the RAS with ACE inhibitors
achieved only a 50% risk reduction for decline in renal
failure [12–15].

In conclusion, the current studies demonstrate a previ-
ously unrecognized link between Ang II and MC superox-
ide production, due to NADH/NADPH oxidase activation.
Superoxide may participate in the pathophysiology of pro-
gressive renal disease by affecting the hemodynamics of the
glomerular microcirculation as well as growth related re-
sponses of MC to injury.
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APPENDIX

Abbreviations used in this article are: ACE, angiotensin converting
enzyme; Ang II, angiotensin II; AT1, angiotensin II type 1 receptor; DPI,
diphenyleneiodonium; H2O2, hydrogen peroxide; LOS, losartan; MC,
mesangial cell; MAP, mitogen activated protein; MEK, mitogen-activated
protein kinase kinase; NO, nitric oxide; O2

2, superoxide anion; PDGF,
platelet-derived growth factor; PKC, protein kinase C; RAS, renin-
angiotensin system; TGF-b, transforming growth factor b; VSMC, vascu-
lar smooth muscle cell.

REFERENCES

1. MICHAEL AF, KEANE WF, RAIJ L, VERNIER RL, MAUER SM: THE
GLOMERULAR MESANGIUM. Kidney Int 17:141–154, 1980

2. SWEENEY C, SHULTZ P, RAIJ L: Interactions of the endothelium and
mesangium in glomerular injury. J Am Soc Nephrol 1:(Suppl 1)S13–
S20, 1990

3. SEIKALY MG, ARANT BS JR, SENEY FD JR: Endogenous angiotensin
concentrations in specific intrarenal fluid compartments of the rat.
J Clin Invest 86:1352–1357, 1990

4. MENE P, SIMONSON MS, DUNN MJ: Physiology of the mesangial cell.
Physiol Rev 69:1347–1424, 1989

Jaimes et al: Angiotensin II induces superoxide in mesangial cells782



5. RAIJ L, BAYLIS C: Glomerular actions of nitric oxide. Kidney Int
48:20–32, 1994

6. HUWILER A, STABEL S, FABBRO D, PFEILSCHIFTER J: Platelet-derived
growth factor and angiotensin II stimulate the mitogen-activated
protein kinase cascade in renal mesangial cells: Comparison of
hypertrophic and hyperplastic agonists. Biochem J 305:777–784, 1995

7. STEFFES MW, BILOUS RW, SUTHERLAND DE, MAUER M: CELL AND
MATRIX COMPONENTS OF THE GLOMERULAR MESANGIUM IN TYPE I
DIABETES. DIABETES 41:679–684, 1992

8. KAGAMI S, BORDER WA, MILLER DA, NOBLE NA: Angiotensin II
stimulates extracellular matrix protein synthesis through induction of
transforming growth factor b in rat glomerular mesangial cells. J Clin
Invest 93:2431–2437, 1994

9. TANAKA R, SUGIHARA K, TATEMATSU A, FOGO A: Internephron
heterogeneity of growth factors and sclerosis-modulation of platelet
derived growth factor by angiotensin II. Kidney Int 47:131–139, 1995

10. BORDER WA, OKUDA S, LANGUINO LR, SPORN MB, RUOSLAHTI E:
Suppresion of experimental glomerulonephritis by antiserum against
transforming growth factor beta-1. Nature 346:371–374, 1990

11. JOHNSON RJ, ALPERS CE, YOSHIMURA A, LOMBARDI D, PRITZL P,
FLOEGE J, SCHWARTZ SM: Renal injury from angiotensin II-mediated
hypertension. Hypertension 19:464–474, 1992

12. ROSENBERG ME, SMITH LJ, CORREA ROTTER R, HOSTETTER TH: The
paradox of the renin-angiotensin system in chronic renal disease.
Kidney Int 45:403-410, 1994

13. BJOERCK S, MULEC H, SA JOHNSEN, NORDEN G, AURELL M: Renal
protective effect of enalapril in diabetic nephropathy. Br Med J
304:339–343, 1992

14. CATTRAN DC, GREENWOOD C, RITCHIE S: Long-term benefits of
angiotensin-converting enzyme inhibitor therapy in patients with
severe immunoglobulin A nephropathy: A comparison to patients
receiving treatment with other antihypertensive agents and to patients
receiving no therapy. Am J Kidney Dis 23:247–254, 1994

15. LEWIS EJ, HUNSICKER LG, BAIN RP, ROHDE RD: The effect of
angiotensin-converting-enzyme inhibition on diabetic nephropathy.
N Engl J Med 329:1456–1462, 1993

16. ANDERSON S, RENNKE HG, BRENNER BM: Therapeutic advantage of
converting enzyme inhibitors in arresting progressive renal disease
associated with systemic hypertension in the rat. J Clin Invest 77:1993–
2000, 1986

17. ANDERSON S, JUNG FF, INGELFINGER JR: Renal renin-angiotensin
system in diabetes: Functional, immunohistochemical and molecular
biological correlations. Am J Physiol 265:F477–F486, 1993

18. ANDERSON PW, DO YS, HSUEH WA: Angiotensin II causes mesangial
cell hypertrophy. Hypertension 21:29–35, 1993

19. RADEKE HH, CROSS AR, HANCOCK JT, JONES OT, NAKAMURA M,
KAEVER V, RESCH K: Functional expression of NADPH oxidase
components a and b subunits of cytochrome b-245, 45 kD flavoprotein
by intrinsic mesangial cells. J Biol Chem 266:21026–21029, 1991

20. 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 p47phox, and
p22phox. J Am Soc Nephrol 5:1483–1491, 1995

21. GRIENDLING KK, MINIERI CA, OLLERENSHAW JD, ALEXANDER RW:
Angiotensin II stimulates NADH and NADPH oxidase activity in
cultured vascular smooth muscle cells. Circ Res 74:1141–1148, 1994

22. RAJAGOPALAN S, KURZ S, MUNZEL T, TARPEY M, FREEMAN BA,
GRIENDLING KK, HARRISON DG: Angiotensin II-mediated hyperten-
sion in the rat increases vascular superoxide production via membrane
NADH/NADPH oxidase activation. J Clin Invest 97:1916–1923, 1996

23. MAYER AM, BRENIC S, GLASER KB: Pharmacological targeting of
signaling pathways in protein kinase C-stimulated superoxide gener-
ation in neutrophils-like HL-60 cells: Effect of phorbol ester, arachi-
donic acid and inhibitors of kinase(s) phosphatase(s) and phospho-
lipase A2. J Pharmacol Exp Ther 279:633–644, 1996

24. BECKMAN JS, BECKMAN TW, CHEN J, MARSHALL PA, FREEMAN BA:
Apparent hydroxyl radical production by peroxynitrite: Implications
for endothelial injury from nitric oxide and superoxide. Proc Natl Acad
Sci USA 87:1620–1624, 1990

25. JAIMES EA, NATH KA, RAIJ L: Hydrogen peroxide downregulates
IL-1 stimulated iNOS activity in mesangial cells: Implications for
glomerulonephritis. Am J Physiol 272:F721–F728, 1997

26. SHULTZ PJ, TAYEH MA, MARLETTA MA, RAIJ L: Synthesis and action

of nitric oxide in rat glomerular mesangial cells. Am J Physiol
261:F600–F606, 1991

27. OHARA Y, PETERSON TE, HARRISON DG: Hypercholesterolemia
increases endothelial superoxide anion production. J Clin Invest
91:2546–2551, 1993

28. MUGGE A, ELWELL JH, PETERSON TE, HOFMEYER TG, HEISTAD DD,
HARRISON DG: Chronic treatment with polyethylene-glycolated su-
peroxide dismutase partially restores endothelium-dependent vsacular
relaxations in cholesterol-fed rabbits. Circ Res 69:1293–1300, 1991

29. HALLIWELL B: Reactive oxygen species in living systems: Source,
biochemistry, and role in human disease. Am J Med 91(Suppl 3C):
14S–22S, 1991

30. SUNDARESAN M, YU ZX, FERRANS VJ, IRANI K, FINKEL T: Require-
ment for generation of H2O2 for platelet-derived growth signal
transduction. Science 270:296–299, 1995

31. LO YYC, WONG JMS, CRUZ TF: Reactive oxygen species mediate
cytokine activation of c-Jun NH2-terminal kinases. J Biol Chem
271:15703–15707, 1996

32. GOLDSTONE SD, HUNT NH: Redox regulation of the mitogen-acti-
vated protein kinase pathway. Biochim Biophys Acta 1355:353–360,
1997

33. ESPOSITO F, CUCCOVILLO F, VANONI M, CIMINO F, ANDERSON CW,
APPELLA E, RUSSO T: Redox-mediated regulation of p21(waf1/cip1)
expression involves a post-transcriptional mechanism and activation of
the mitogen-activated protein kinase pathway. Eur J Biochem 245:
730–737, 1997

34. ALEXANDER RW, BROCK TA, GIMBRONE MAJ, RITTENHOUSE SE:
Angiotensin increases inositol triphosphate and calcium in vascular
smooth muscle. Hypertension 7:447–451, 1985

35. BROCK TA, RITTENHOUSE SE, POWERS CW, EKSTEIN LS, GIMBRONE
MAJ, ALEXANDER RW: Phorbol ester and 1-oleoyl-2acetylglycerol
inhibit angiotensin activation of phospholipase C in cultured vascular
smooth muscle cells. J Biol Chem 260:14158–14162, 1985

36. PARK JW, HOYAL CR, BENNA JE, BABIOR BM: Kinase-dependent
activation of the leukocyte NADPH oxidase in a cell free system. J Biol
Chem 272:11035–11043, 1997

37. DIETER P: Relationship between intracellular pH changes, activation
of protein kinase and NADPH oxidase in macrophages. FEBS Lett
298:17–20, 1992

38. TOUYZ RM, SCHIFFRIN EL: Angiotensin II regulates vascular smooth
cell pH, contraction, and growth via tyrosine kinase-dependent sig-
naling pathways. Hypertension 30(part 1):222–229, 1997

39. GRIENDLING KK, RITTENHOUSE SE, BROCK TA, EKSTEIN LS, GIM-
BRONE MAJ, ALEXANDER RW: Sustained diacylglycerol formation
from insoitol phospholipids in angiotensin II-stimualted vascular
smooth muscle cells. J Biol Chem 261:5901–5906, 1986

40. BERK BC, CORSON MA: Angiotensin II signal transduction in vascular
smooth muscle role of tyrosine kinases. Circ Res 80:607–616, 1997

41. TAUBMAN MB, BERK BC, IZUMO S, TSUDA T, ALEXANDER RW:
Angiotensin II induces c-fos mRNA in aortic smooth muscle: Role of
Ca21 mobilization and protein kinase C activation. J Biol Chem
264:526–530, 1989

42. DUFF JL, BERK BC, CORSON MA: Angiotensin II stimulates the pp44
and pp42 mitogen-activated protein kinases in cultured rat aortic
smooth muscle cells. Biochem Biophys Res Commun 188:257–264,
1992

43. SADOSHIMA J, QIU Z, MORGAN JP, IZUMO S: Angiotensin II and other
hypertrophic stimuli mediated by G protein-coupled receptors acti-
vate tyrosine kinase mitogen-activated protein kinase, and 90-kD S6
kinase in cardiac myocytes: The critical role of Ca21-dependent
signaling. Circ Res 76:1–15, 1995

44. SEGER R, KREBS EG: The MAPK signaling cascade. FASEB J
9:726–735, 1995

45. SERVANT MJ, GIASSON E, MELOCHE S: Inhibition of growth factor-
induced protein synthesis by a selective MEK inhibitor in aortic
smooth muscle cells. J Biol Chem 271:16047–16052, 1996

46. COWLEY S, PATERSON H, KEMP P, MARSHALL CJ: Activation of MAP
kinase kinase is neccesary and sufficient for PC12 differentiation and
for transformation of NIH 3T3 cells. Cell 77:841–852, 1994

47. RUEF J, HU ZY, YIN LY, WU Y, HANSON SR, KELLY AB, HARKER
LA, RAO GN, RUNGE MS, PATTERSON C: Induction of vascular
endothelial growth factor in balloon-injured baboon arteries. A novel

Jaimes et al: Angiotensin II induces superoxide in mesangial cells 783



role for reactive oxygen species in atherosclerosis. Circ Res 81:24–33,
1997

48. DELAFONTAINE P, KU L: Reactive oxygen species stimulate insulin-like
growth factor I synthesis in vascular smooth muscle cells. Cardiovasc
Res 33:216–22, 1997

49. LANDINO LM, CREWS BC, TIMMONS MD, MORROW JD, MARNETT LJ:
Peroxynitrite, the coupling product of nitric oxide and superoxide,
activates prostaglandin synthesis. Proc Natl Acad Sci USA 93:15069–
15074, 1996

50. MORISHITA R, GIBBONS GH, ELLISON KE, LEE W, ZHANG L, YU H,
KANEDA Y, OGIHARA T, DZAU VJ: Evidence for direct local effect of
angiotensin in vascular hypertrophy in vivo gene transfer of angioten-
sin converting enzyme. J Clin Invest 94:978–984, 1994

51. TAKEMOTO M, EGASHIRA K, USUI M, NUMAGUCHI K, TOMITA H,
TSUTSUI H, SHIMOKAWA H, SUEISHI K, TAKESHITA A: Important role

of tissue angiotensin-converting enzyme activity in the pathogenesis of
coronary vascular and myocardial structural changes induced by long
term blockade of nitric oxide synthesis in rats. J Clin Invest 99:278–
287, 1997

52. ITO S, JOHNSON CS, CARRETERO OA: Modulation of angiotensin-II
induced vasoconstriction by endothelium-derived relaxing factor in
the isolated microperfused rabbit afferent arteriole. J Clin Invest
87:1656–1663, 1991

53. POLLMAN MJ, YAMADA T, HORIUCHI M, GIBBONS GH: Vasoactive
substances regulate vascular smooth muscle cell apoptosis. Counter-
vailing influences of nitric oxide and angiotensin II. Circ Res 79:748–
756, 1996

54. WOLNY A, CLOZEL J-P, REIN J, MORY P, VOGT P, TURINO M, KIOWSKI
W, FISCHILI W: Functional and biochemical analysis of angiotensin
II-forming pathways in the human heart. Circ Res 80:219–227, 1997

Jaimes et al: Angiotensin II induces superoxide in mesangial cells784




