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The present studies investigated whether the effect of high
glucose levels on angiotensinogen (ANG) gene expression in
kidney proximal tubular cells is mediated via reactive oxygen
species (ROS) generation and p38 MAPK activation. Rat im-
mortalized renal proximal tubular cells (IRPTCs) were cul-
tured in monolayer. Cellular ROS generation and p38 MAPK
phosphorylation were assessed by lucigenin assay and West-
ern blot analysis, respectively. The levels of immunoreactive
rat ANG secreted into the media and cellular ANG mRNA were
determined by a specific RIA and RT-PCR, respectively. High
glucose (25 mM) evoked ROS generation and p38 MAPK phos-
phorylation as well as stimulated immunoreactive rat ANG
secretion and ANG mRNA expression in IRPTCs. These effects
of high glucose were blocked by antioxidants (taurine and
tiron), inhibitors of mitochondrial electron transport chain

complex I (rotenone) and II (thenoyltrifluoroacetone), an in-
hibitor of glycolysis-derived pyruvate transport into mito-
chondria (�-cyano-4-hydroxycinnamic acid), an uncoupler of
oxidative phosphorylation (carbonyl cyanide m-chlorophe-
nylhydrazone), a manganese superoxide dismutase mimetic,
catalase, and a specific inhibitor of p38 MAPK (SB 203580), but
were not affected by an inhibitor of the malate-aspartate shut-
tle (aminooxyacetate acid). Hydrogen peroxide (>10�5 M) also
stimulated p38 MAPK phosphorylation, ANG secretion, and
ANG mRNA gene expression, but its stimulatory effect was
blocked by catalase and SB 203580. These studies demonstrate
that the stimulatory action of high glucose on ANG gene ex-
pression in IRPTCs is mediated at least in part via ROS gen-
eration and subsequent p38 MAPK activation. (Endocrinology
143: 2975–2985, 2002)

THE PATHOGENESIS of diabetic nephropathy involves
complex structural changes, including glomerular and

tubular hypertrophy, with progressive accumulation of ex-
tracellular matrix components in the glomerular mesangium
and tubulointerstitium (1–3). One of the early abnormalities
detected after the onset of diabetes is altered proximal tu-
bular cell growth (4). A growing body of evidence indicates
that high levels of glucose and/or angiotensin II (Ang II) may
directly or indirectly be responsible for renal proximal tu-
bular cell (RPTC) hypertrophy and tubulofibrosis in diabetes
(5–10). For example, in vitro studies have shown that murine
proximal tubular cells cultured in a high glucose medium
(�25 mm) containing Ang II (�10-8 m) exhibit increased
expression of TGF�1, cellular hypertrophy, and extracellular
matrix protein accumulation (5–10). These findings are sup-
ported by clinical observations that administration of angio-
tensin-converting enzyme (ACE) inhibitors or Ang II (AT1

subtype) receptor antagonists reduces proteinuria and slows
the progression of nephropathy in diabetic patients (11–13).

The presence of a local intrarenal renin-angiotensin system
(RAS) has been well documented. The mRNA components of
the RAS, including angiotensinogen (ANG), renin, ACE, and
Ang II receptors (AT1 and AT2 subtypes), are expressed in
rodent (mouse and rat) immortalized proximal tubular cell
lines (14–18). We have previously shown that high glucose
(25 mm) stimulates ANG gene expression in rat immortalized
RPTCs (IRPTCs) (19, 20). This stimulatory effect of high glu-
cose can be suppressed by inhibitors of aldose reductase,
protein kinase C (PKC) and p38 MAPK (19, 20). Furthermore,
we have reported that ACE inhibitors (perindopril and cap-
topril) and an Ang II (AT1) receptor antagonist (losartan)
blocked ANG gene expression and prevented the induction
of hypertrophy in IRPTCs stimulated by high glucose levels
(21). These data support the hypothesis that intrarenal RAS
activation may play an important role in the development of
renal hypertrophy in diabetes.

Recent studies have shown that hyperglycemia may in-
duce cellular oxidative stress by increasing superoxide or
reactive oxygen species (ROS) generation (22). Overproduc-
tion of ROS and/or impaired antioxidant defense in poorly
controlled diabetes could contribute to endothelial and vas-
cular dysfunction (23, 24). Studies have also shown that
elevated glucose levels per se enhance PKC activation, cause
oxidative stress, and augment membrane lipid peroxidation
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in glomeruli (25), suggesting that high glucose might play a
role in the induction of glomerular lipid peroxidation. Al-
though high glucose may induce oxidative stress (i.e. ROS
generation) in the diabetic kidney (26, 27), the underlying
molecular mechanism(s) remains incompletely understood.
Brownlee’s group (28, 29) demonstrated recently that hyper-
glycemia-induced mitochondrial superoxide formation
might be the unifying pathway that activates PKC activity,
increases intracellular sorbitol and advanced glycated end-
product formation, and subsequently induces endothelial
cell dysfunction.

In the present studies we investigated whether high glu-
cose levels could evoke cellular ROS generation and mod-
ulate ANG gene expression in IRPTCs. Our studies showed
that high glucose levels stimulate cellular ROS generation,
p38 MAPK phosphorylation, and ANG gene expression in
IRPTCs. This high glucose effect on ROS generation and
ANG gene expression was blocked by antioxidants, inhibi-
tors of mitochondrial electron transport chain complexes I
and II, an inhibitor of glycolysis-derived pyruvate transport
into mitochondria, an uncoupler of oxidative phosphoryla-
tion, a manganese superoxide dismutase (SOD) mimetic, a
catalase (CAT), and a specific inhibitor of p38 MAPK (SB
203580), but not by an inhibitor of the malate-aspartate shut-
tle. Hydrogen peroxide (H2O2) also stimulated p38 MAPK
phosphorylation and ANG gene expression in IRPTCs. Its
stimulatory effect was blocked in the presence of CAT and
SB 203580. These results demonstrate that high glucose stim-
ulates ANG gene expression in IRPTCs at least in part via the
generation of cellular ROS and subsequent activation of the
p38 MAPK signal transduction pathway.

Materials and Methods

d(�)-Glucose, l-glucose, taurine (an antioxidant), tiron (a superoxide
scavenger), rotenone (an inhibitor of mitochondrial electron transport
chain complex I), thenoyltrifluoroacetone (TTFA; an inhibitor of mito-
chondrial electron transport chain complex II), carbonyl cyanide m-

chlorophenylhydrazone (CCCP; an uncoupler of oxidative phosphory-
lation), �-cyano-4-hydroxycinnamic acid (4-OHCA; an inhibitor of
glycolysis-derived pyruvate transport into mitochondria), aminooxyac-
etate acid (AOAC; an inhibitor of the malate-aspartate shuttle), CAT, and
H2O2 were purchased from Sigma-Aldrich Canada Ltd. (Oakville, Can-
ada). SB 203580 (an inhibitor of p38 MAPK kinase) and manganese (III)
tetrakis (4-benzoic acid) porphorin chloride (MnTBAP) (a cell-permeable

FIG. 1. Effect of D-glucose on superoxide (ROS) generation in rat
IRPTCs. Measurement of ROS generation was started in the lumi-
nometer after the addition of lucigenin at time zero. Emission of
relative light units (RLU) was corrected for nonspecific luminescence
in the absence of cells. Representative tracings for ROS measurement
using the lucigenin method are shown for cells incubated in 5 or 25
mM D-glucose or 25 mM L-glucose medium for 15 min. f, 5 mM D-
glucose; �, 25 mM D-glucose; E, 25 mM L-glucose.

FIG. 2. Effects of antioxidants and inhibitors of mitochondrial metab-
olism on ROS production in IRPTCs. A, Cells were preincubated in 5 mM
D-glucose DMEM containing 1% depleted FBS (dFBS) for 4 h in the
absence or presence of tiron (1 � 10�4 M), taurine (5 � 10�3 M), catalase
(300 U/ml), or MnTBAP (8 � 10�5 M). B, Cells were preincubated in 5
mM D-glucose DMEM containing 1% dFBS for 4 h in the absence or
presence of rotenone (5 � 10�6 M), TTFA (1 � 10�4 M), CCCP (5 � 10�6

M), 4-OHCA (2.5 � 10�3 M), or AOAC (1 � 10�4 M). The cells were then
trypsinized and incubated in 5 or 25 mM D-glucose for the assessment of
ROS generation. The RLU measurements were compared after 10 min
of incubation. Cells incubated in 5 mM D-glucose plus 20 mM L-glucose
medium were considered controls (100%). Each point represents the
mean � SD of five and four independent experiments in A and B, re-
spectively. *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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synthetic manganese SOD mimetic) were purchased from Calbiochem
(La Jolla, CA). Normal glucose (5 mm) DMEM (catalog no. 12320) and
100� penicillin/streptomycin were purchased from Life Technologies,
Inc. (Burlington, Canada). Na125I was obtained from Amersham-Phar-
macia Biotech (Baie d’Urfé, Canada).

The Phospho Plus p38 MAPK antibody kit was purchased from New
England Biolabs, Inc. (Mississauga, Canada). This kit was used for the
rapid analysis of p38 MAPK (Thr180/Tyr182) phosphorylation status that
functions in the stress-activated protein kinase cascade.

Cell culture

IRPTCs at passages 13–18 were used in the present study. Their
characteristics have been described previously (30). These cells express
the mRNA and protein of ANG, renin, ACE, and Ang II receptors (30).

IRPTCs were grown in 100-mm plastic petri dishes (Life Technologies,
Inc.) in normal glucose (i.e. 5 mm glucose DMEM, pH 7.45) supple-
mented with 10% fetal bovine serum (FBS; Life Technologies, Inc.), 100
U/ml penicillin, and 100 �g/ml of streptomycin until used. The cells
were grown in a humidified atmosphere in 95% air/5% CO2 at 37 C and
passaged twice a week by harvesting with trypsin/EDTA. Cells were
synchronized for 24 h in serum-free 5 mm DMEM at 80–90% confluence
before the experiments.

Study design

To determine whether the stimulatory effect of high glucose on ANG
gene expression is mediated via ROS generation, cells were preincu-
bated in 5 mm glucose DMEM containing 1% dFBS for 4 h in the absence
or presence of tiron (1 � 10�4 m), taurine (5 � 10�3 m), rotenone (5 �

FIG. 3. Effects of antioxidants and inhibitors
of mitochondrial metabolism on p38 MAPK
phosphorylation in IRPTCs. A, Cells were pre-
incubated in 5 mM D-glucose DMEM contain-
ing 1% dFBS for 4 h in the absence or presence
of tiron (1 � 10�4 M), taurine (5 � 10�3 M), SB
203580 (1 � 10�5 M), MnTBAP (8 � 10�5 M),
or catalase (300 U/ml). B, Cells were preincu-
bated in 5 mM D-glucose DMEM containing
1% dFBS for 4 h in the absence or presence of
rotenone (5 � 10�6 M), TTFA (1 � 10�4 M),
CCCP (5 � 10�6 M), 4-OHCA (2.5 � 10�3 M),
or AOAC (1 � 10�4 M). Cells then were in-
cubated in 5 or 25 mM D-glucose for 30 min
and subsequently lysed and assayed for
phosphorylated p38 MAPK and total p38
MAPK. The relative densities of phosphory-
lated p38 MAPK were compared with total
p38 MAPK. The ratio of phosphorylated
p38 MAPK to total p38 MAPK in cells
cultured in 5 mM glucose (A) was consid-
ered the control (100%). Each point rep-
resents the mean � SD of six independent
experiments. Similarly, the ratio of phos-
phorylated p38 MAPK to total p38 MAPK
in cells cultured in 25 mM glucose (B) was
considered the control (100%). The inhib-
itory effect of various agents is compared
with cells incubated in 25 mM glucose
(without the presence of any agents). The
results are expressed as the percentage of
controls (mean � SD; n � 4 independent
experiments). *, P � 0.05; **, P � 0.01; ***,
P � 0.005.
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10�6 m), TTFA (1 � 10�4 m), CCCP (5 � 10�6 m), AOAC (1 � 10�4 m),
4-OHCA (2.5 � 10�3 m), MnTBAP (8 � 10�5 m), or CAT (300 U/ml).
Then, 20 mm l-glucose or 20 mm d(�)-glucose were added into the
culture medium, and the cells were cultured for an additional 30 min or
24 h. At the end of the incubation period, the media were collected and
analyzed by RIA for rat ANG (rANG). The cells were harvested for p38
MAPK phosphorylation assay or ANG mRNA quantification. To assess
the role of H2O2 on p38 MAPK phosphorylation and ANG gene ex-
pression, the cells were incubated with different concentrations of H2O2
(i.e. 10�7–10�4 m) in 5 or 25 mm glucose DMEM containing 1% dFBS for
30 min or 24 h. At the end of the incubation period, the media were
collected and assayed by RIA for rANG. The cells were harvested for p38
MAPK phosphorylation assay or ANG mRNA quantification.

Measurement of superoxide or ROS generation in IRPTCs

ROS production was determined by the lucigenin method (31) with
minor modifications. Briefly, the cells were preincubated in 5 mm glu-
cose DMEM containing 1% dFBS for 4 h in the absence or presence of
tiron (1 � 10�4 m), taurine (5 � 10�3 m), rotenone (5 � 10�6 m), TTFA
(1 � 10�4 m), CCCP (5 � 10�6 m), AOAC (1 � 10�4 m), 4-OHCA (2.5 �
10�3 m), MnTBAP (8 � 10�5 m), or CAT (300 U/ml). Then, cells were
trypsinized and collected by centrifugation, and the pellet was washed
in modified Krebs buffer containing NaCl (130 mm), KCl (5 mm), MgCl2
(1 mm), CaCl2 (1.5 mm), K2HPO4 (1 mm), and HEPES (20 mm), pH 7.4.
After washing, the cells were resuspended in Krebs buffer with 1 mg/ml
BSA, and the cell concentration was adjusted to 1 � 107 in 900 �l buffer.
To measure ROS production, the cell suspension was transferred into
plastic tubes and assessed in a luminometer (LB 9507, Berthold, Wild-
bad, Germany). Measurement was started by an injection of 100 �l
lucigenin (final concentration, 5 � 10�4 m) and 25 �l 1 m l-glucose or
d-glucose (final concentration, 25 mm) with or without inhibitors, as
indicated. Photon emission was counted every 1 min for up to 20 min.
Modified Krebs buffer was used as a control (blank). Solutions contain-
ing glucose or inhibitors in the absence of cells did not display any
significant interference in the lucigenin assay.

Phosphorylation of p38 MAPK in IRPTCs

The activation of p38 MAPK signaling transduction pathways in
IRPTCs was evaluated by p38 MAPK phosphorylation with the Phospho
Plus p38 MAPK antibody kit (New England Biolabs, Inc., Beverly, MA),
as described previously (20). Briefly, 1 � 107 cells were plated in 100-mm
petri dishes in 5 mm glucose DMEM containing 10% FBS until 80–90%
confluence, then synchronized in 5 mm glucose medium for 24 h. Sub-
sequently, cells were incubated in high glucose in the presence or ab-
sence of inhibitors of ROS generation, or H2O2 for 30 min. Then cells
were lysed in 700 �l lysis buffer [62.5 mm Tris-HCl, pH 6.8, containing
2% (wt/vol) sodium dodecyl sulfate, 10% glycerol, 50 mm dithiothreitol,
and 0.1% (wt/vol) bromophenol blue] and transferred into Eppendorf
tubes (Ultident Scientific, St. Laurent, Québec, Canada). The cell lysates
were sonicated for 15 sec, heated at 95 C for 5 min, and centrifuged at
12,000 � g for 5 min. Thirty-five microliters of the supernatants were
subjected to SDS-10% PAGE, then transferred onto a polyvinylidene
difluoride membrane (Hybond-P, Amersham-Pharmacia Biotech). The
membrane was initially blotted for phosphorylated p38 MAPK and then
reblotted for total p38 MAPK according to the instructions of the sup-
plier (New England Biolabs, Inc.).

RIA for rANG

The RIA for rANG, developed in our laboratory (J.S.D.C.), has been
described previously in detail (32). Purified plasma rANG (i.e. �90% pure,
as analyzed by SDS-PAGE) and iodinated rANG were used as hormone
standard and tracer, respectively. This RIA is specific for intact rat (62–65
kDa) ANG and has no cross-reactivity with pituitary hormone preparations
or other rat plasma proteins (32). The lower limit of detection for the RIA
is approximately 2 ng rANG. The intra- and interassay coefficients of
variation were 9% (n � 10) and 14% (n � 10), respectively.

RT-PCR

Total RNA, isolated with TRIzol reagent (Life Technologies, Inc.)
according to the protocol of the supplier and quantified by its absorbance

at 260 nm, was used in RT-PCR to quantify the amount of ANG mRNA
expressed in IRPTCs. Briefly, 2 �g total RNA were used to synthesize
first strand cDNAs by employing the SuperScript preamplification sys-
tem, following the protocol described by the supplier (Life Technologies,
Inc.). Then, the first strand cDNA was diluted with water to a ratio of
1:4, and aliquots were used to amplify the rat ANG and �-actin cDNA
fragments with the PCR core kit according to the supplier’s instructions

FIG. 4. Effects of antioxidants and inhibitors of mitochondrial me-
tabolism on ANG secretion in IRPTCs. A, Cells were incubated in 5
or 25 mM D-glucose DMEM containing 1% dFBS for 24 h in the absence
or presence of tiron (1 � 10�4 M), taurine (5 � 10�3 M), catalase (300
U/ml), SB 203580 (1 � 10�5 M), or MnTBAP (8 � 10�5 M). B, Cells were
incubated in 5 or 25 mM D-glucose DMEM containing 1% dFBS for 24 h
in the presence or absence of rotenone (5 � 10�6 M), TTFA (1 � 10�4

M), CCCP (5 � 10�6 M), 4-OHCA (2.5 � 10�3 M), or AOAC (1 � 10�4

M). The media were then harvested and assayed for IR-rANG. The
IR-rANG levels in 5 mM glucose medium are expressed as 100%. The
inhibitory effect of various agents is compared with cells incubated in
25 mM glucose (without the presence of any agents). The results are
expressed as the percentage of controls (mean � SD; n � 7 independent
experiments in A or B). *, P � 0.05; **, P � 0.01; ***, P � 0.005.
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(La Roche Biochemicals, Inc., Laval, Canada). First strand cDNA (5 �l)
and primers of rat ANG (800 nm) and rat �-actin (100 nm) were added
in a final volume of 50 �l PCR mixture (final concentrations, 1� PCR
buffer, 0.2 mm deoxy-NTP, 2 mm MgCl2, and 2.0 U Taq DNA polymerase;
Life Technologies, Inc.). The PCR mixture was amplified in a Perkin
Elmer Cetus (Norwalk, CT) 2400 thermocycler. After denaturation at 94
C for 3 min, rANG and �-actin cDNA were coamplified in the same tube
under the following conditions: 94 C for 1 min, 60 C for 1 min, and 72
C for 1 min and 30 sec. After 30 cycles of amplification, PCRs were
further extended at 72 C for 7 min.

The sense and antisense rat ANG primers were 5�-CCT CGC TCT
CTG GAC TTA TC-3� and 5�-CAG ACA CTG AGG TGC TGT TG-3�,
corresponding to the nucleotide sequences of �676 to �695 and �882
to �901 of rANG cDNA (33), respectively. The sense and antisense rat
�-actin primers were 5�-ATG CCA TCC TGC GTC TGG ACC TGG C-3�
and 5�-AGC ATT TGC GGT GCA CGA TGG AGG G-3�, corresponding
to the nucleotide sequences of �155 to �139 of exon 3, and nucleotide
sequences of �115 to �139 of exon 5 of the rat �-actin gene (34),
respectively.

To identify rANG and �-actin cDNA fragments, 10 �l of the PCR
product were electrophoresed on 1.2% agarose gels and transferred onto
a Hybond XL nylon membrane (Amersham Pharmacia Biotech). Digoxi-
genin-labeled oligonucleotide 5�-GAG GGG GTC AGC ACG GAC AGC
ACC-3�, corresponding to nucleotide �775 to �798 of rANG cDNA (33)
prepared with a digoxigenin oligonucleotide 3�-end labeling kit (La
Roche Biochemicals, Inc.), was used to hybridize the PCR products on
the membrane. After stringent washing, the membrane was detected
with a digoxigenin luminescent detection kit (La Roche Biochemicals,
Inc.) and exposed to Kodak BMR film (Eastman Kodak Co., Rochester,
NY). After rANG mRNA analysis, the same membrane was stripped and
rehybridized with a �-actin oligonucleotide probe (sequence: 5�-TCC
TGT GGC ATC CAT GAA ACT ACA TTC-3�, corresponding to nucle-

otides �9 to �35 of exon 4 of the rat �-actin gene) (34). ANG mRNA
levels were normalized by corresponding �-actin mRNA levels.

Statistical analysis

Four to seven separate experiments were performed per protocol, and
each treatment group was assayed in triplicate. The data were analyzed
with t test or ANOVA. P � 0.05 was regarded as statistically significant.

Results
Effects of high glucose on ROS generation in IRPTCs

The lucigenin assay revealed that ROS generation was sig-
nificantly higher (i.e. 2- to 4-fold increase) in IRPTCs cultured
in high glucose medium (i.e. 25 mm d-glucose) compared with
those in normal glucose medium (i.e. 5 mm d-glucose) or 25 mm
l-glucose medium (Fig. 1). The addition of tiron (1 � 10�4 m),
taurine (5 � 10�3 m), CAT (300 U/ml), or MnTBAP (8 � 10�5

m) to the culture medium abolished high glucose (25 mm)-
stimulated ROS generation (Fig. 2A). Likewise, the addition of
rotenone (5 � 10�6 m), TTFA (1 � 10�4 m), CCCP (5 � 10�6 m),
or 4-OHCA (2.5 � 10�3 m) abolished the stimulatory effect of
high glucose, but not the addition of AOAC (1 � 10�4 m; Fig.
2B). These results indicate that high glucose induces ROS gen-
eration at least in part via mitochondrial membrane-bound
electron transport chain complex I/II, oxidative phosphoryla-
tion, and glycolysis-derived pyruvate transport into mitochon-
dria, but not via the malate-aspartate shuttle.

FIG. 5. Effects of antioxidants on
ANG mRNA expression in IRPTCs.
After a 24-h incubation with 5 or 25
mM D-glucose DMEM in the absence
or presence of tiron (1 � 10�4 M),
taurine (5 � 10�3 M), catalase (300
U/ml), SB 203580 (1 � 10�5 M), or
MnTBAP (8 � 10�5 M), cells were
harvested and assayed for ANG
mRNA levels by RT-PCR. DNA frag-
ments of the RT-PCR mixture were
separated on 1.5% agarose gel, then
transferred onto a nylon membrane.
Subsequently, the membrane was
blotted with a digoxigenin-labeled
oligonucleotide corresponding to nu-
cleotides �775 to �798 of rat ANG and
�9 to �35 of exon 4 of rat �-actin, re-
spectively. The relative densities of the
PCR band of ANG were compared with
the �-actin control. The rANG mRNA
level in cells normalized in 5 mM glu-
cose was considered the control (100%).
Each point represents the mean � SD of
four independent experiments. *, P �
0.05; **, P � 0.01; ***, P � 0.005.
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Effect of high glucose and antioxidants on p38 MAPK
phosphorylation in IRPTCs

Figure 3A shows that 25 mm glucose stimulated p38
MAPK phosphorylation in IRPTCs compared with IRPTCs
in 5 mm glucose medium. The stimulatory effect of high
glucose (25 mm) was blocked in the presence of tiron (1 �
10�4 m), taurine (5 � 10�3 m), MnTBAP (8 � 10�5 m), or SB
203580 (1 � 10�7 m). The addition of rotenone (5 � 10�6 m),
TTFA (1 � 10�4 m), CCCP (5 � 10�6 m), or 4-OHCA (2.5 �
10�3 m) also inhibited p38 MAPK phosphorylation in IRPTCs
incubated in 25 mm (Fig. 3B). In contrast, the addition of
AOAC did not block the stimulatory effect of high glucose
on p38 MAPK phosphorylation (data not shown). These re-
sults demonstrate that the effect of high glucose on p38
MAPK phosphorylation is mediated at least in part via mi-
tochondrial ROS generation.

Effect of high glucose and antioxidants on ANG secretion
and mRNA expression in IRPTCs

Immunoreactive (IR)-rANG secretion by IRPTCs into the
culture medium was increased (i.e. 150%) in the presence of
a high glucose level (i.e. 25 mm) compared with that under
normal glucose conditions (i.e. 5 mm; P � 0.05) after a 24-h
incubation period (Fig. 4). The stimulatory effect of high
glucose (25 mm) was blocked by taurine (5 � 10�3 m), tiron
(1 � 10�4 m), CAT (300 U/ml), MnTBAP (8 � 10�5 m), or SB
203580 (1 � 10�5 m; Fig. 4A) as well as by rotenone (5 � 10�6

m), TTFA (1 � 10�4 m), CCCP (5 � 10�6 m), or 4-OHCA (2.5 �

10�3 m; Fig. 4B). In contrast, the addition of AOAC had no
such effect. These studies demonstrate that the hyperglyce-
mia-stimulated secretion of IR-rANG in IRPTCs is mediated
at least in part via ROS generation and p38 MAPK activation.

Figure 5 shows that 25 mm glucose enhanced ANG mRNA
accumulation to levels 2.5-fold higher than those found in
control cells cultured in medium containing 5 mm glucose
(P � 0.01). The addition of taurine, tiron, catalase, MnTBAP,
or SB 203580 inhibited ANG mRNA expression stimulated by
high glucose. Similarly, the addition of rotenone, TTFA,
CCCP, or 4-OHCA also inhibited ANG mRNA expression in
IRPTCs incubated in 25 mm glucose medium (Fig. 6). AOAC,
however, did not block the stimulatory effect of high glucose
on ANG mRNA expression (Fig. 6). These data demonstrate
that the stimulatory effect of high glucose levels on cellular
ANG mRNA expression is mediated at least in part via ROS
generation and p38 MAPK signal transduction pathways.

Effect of H2O2 on p38 MAPK phosphorylation, ANG
secretion, and ANG mRNA expression in IRPTCs in
high glucose

Figure 7A shows that H2O2 (i.e. 10�7–10�4 m) stimulated
p38 MAPK phosphorylation in IRPTCs incubated in 5 or 25
mm glucose in a dose-dependent manner with a maximal
impact observed at 10�4 m. This dose of H2O2 (10�4 m) was
then used routinely in all subsequent experiments. Its stim-
ulatory effect on p38 MAPK phosphorylation in IRPTCs was
prevented by CAT and SB 203580 (Fig. 7B). These studies

FIG. 6. Effects of inhibitors of mitochon-
drial metabolism on ANG mRNA expres-
sion in IRPTCs. After 24-h incubation
with 5 or 25 mM D-glucose DMEM in the
absence or presence of TTFA (1 � 10�4 M),
rotenone (5 � 10�6 M), CCCP (5 � 10�6 M),
4-OHCA (2.5 � 10�3 M), or AOAC (1 �
10�4 M), the cells were then harvested and
assayed for ANG mRNA levels by RT-
PCR according to the method described in
Fig. 5. The relative densities of the PCR
band of ANG were compared with the
�-actin control. The rANG mRNA level in
cells normalized in 5 mM glucose was con-
sidered the control (100%). Each point
represents the mean � SD of four inde-
pendent experiments. *, P � 0.05; **, P �
0.01; ***, P � 0.005.
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demonstrate that H2O2 could directly stimulate p38 MAPK
phosphorylation in IRPTCs.

H2O2 (i.e. 10�7–10�4 m) had no effect on IR-rANG secretion
in IRPTCs incubated in 5 mm glucose (Fig. 8A), whereas it
stimulated IR-rANG secretion in IRPTCs incubated in 25 mm
glucose medium in a dose-dependent manner with a max-
imal effect observed at 10�5–10�4 m (Fig. 8B). Its stimulatory
effect was inhibited in the presence of CAT and SB 203580
(Fig. 8C). H2O2 (i.e. 10�4 m) also enhanced ANG mRNA
expression in IRPTCs in high glucose medium (Fig. 9). This
stimulatory effect on ANG mRNA expression in IRPTCs was
blocked in the presence of CAT and SB 203580 (Fig. 9). These
studies demonstrate that H2O2 stimulates IR-rANG secretion
and ANG mRNA expression in IRPTCs via p38 MAPK ac-
tivation in high glucose medium.

Discussion

Here we report a novel mechanism by which high glucose
induces ANG gene expression in rat RPTCs via ROS gener-
ation and subsequent activation of the p38 MAPK
phosphorylation.

p38 MAPK is a member of the MAPK superfamily, i.e. the
extracellular signal-regulated kinase (p42/p44 MAPKs), p38
MAPK, and stress-activated protein kinases(s) (SAPK)/Jun-
N terminal kinase (35). These three kinases represent distinct,
but related, signal transduction pathways by which kinases
are activated by extracellular signals and then translocated
into the nucleus to stimulate specific gene expression (36).
Studies have shown that p42/p44 MAPKs are activated by
a variety of growth and neurotropic factors and are linked to

FIG. 7. Effect of H2O2 on p38 MAPK phos-
phorylation in IRPTCs. A, After a 24-h in-
cubation period in 5 mM glucose, the cells
were incubated in 5 or 25 mM glucose me-
dium for 30 min in the presence or absence
of various concentrations of H2O2. B, Cells
were incubated in 25 mM glucose plus H2O2
in the absence or presence of catalase or SB
203580. Then, cells were harvested and as-
sayed for p38 MAPK phosphorylation with
the Phospho Plus p38 MAPK antibody kit.
The same membrane was reblotted for total
p38 MAPK. The upper panel shows the raw
data, and the lower panel shows the relative
densities for phosphorylated p38 MAPK to
total p38 MAPK. Cells incubated in 5 mM
glucose medium were considered controls
(100%). Each point represents the mean �
SD of four independent experiments. *, P �
0.05; **, P � 0.01; ***, P � 0.005.
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cell growth and differentiation (37). In contrast, the p38
MAPK and SAPK/Jun-N terminal kinase pathways have
been implicated in the cellular response to environmental
stress, such as high extracellular osmolarity, UV irradiation,
heat shock, and inflammatory cytokines (38–40). We have
previously demonstrated that high glucose levels (i.e. 25 mm)
stimulate ANG gene expression and p38 MAPK phosphor-
ylation in IRPTCs in a time-dependent manner that can be
prevented by SB 203580 (20). These studies suggest that the
stimulatory effect of high glucose (25 mm) on ANG gene
expression may be mediated at least in part via the p38
MAPK signal transduction pathway. High glucose was re-
ported to stimulate p38 MAPK phosphorylation consistently
in rat mesangial cells and vascular smooth muscle cells (41,
42). The molecular mechanism(s) of high glucose action on
p38 MAPK activation in IRPTCs, however, remain(s)
undefined.

To elucidate the molecular mechanism(s) by which high
glucose activates p38 MAPK and induces ANG gene expres-
sion in IRPTCs, we investigated the possibility that high
glucose may stimulate superoxide generation and subse-
quently activate p38 MAPK signaling. The present studies
showed that, indeed, 25 mm d-glucose stimulates ROS gen-
eration in a time-dependent manner compared with 5 mm
glucose, whereas 25 mm l-glucose has no effect (Fig. 1).
Moreover, the addition of antioxidants (tiron, taurine, SOD
mimetic, and CAT) and inhibitors of mitochondrial oxidation
(rotenone, TTFA, CCCP, and 4-OHCA) prevented ROS gen-
eration stimulated by high glucose (Fig. 2, A and B). These
results are in agreement with previous studies reporting that
antioxidants, superoxide scavengers, and inhibitors of mi-
tochondrial oxidation prevent ROS formation in various cell
lines, i.e. vascular smooth muscle cells, endothelial cells, mes-
angial cells, and murine proximal tubular cells (23, 24, 27–29,
43). The addition of AOAC did not block the stimulatory
effect of high glucose (25 mm) on ROS generation in IRPTCs,
indicating that the role of high glucose on ROS generation is
not mediated via the malate-aspartate shuttle. These results
are in agreement with the findings of Brownlee’s group (29)
that AOAC had no influence on mitochondrial ROS gener-
ation in bovine endothelial cells. Furthermore, the effective
doses of the inhibitors used here were similar to those of
reported by Brownlee’s group (29). On the other hand, the
inhibitory effect of retenone on ROS generation in IRPTCs is
in disagreement with the results of Brownlee’s group (29).
The exact reasons for these discrepancies are not known at
present. One possible explanation might be that the response
to rotenone is specific to the cell type involved (endothelial
compared with epithelial cells).

High glucose stimulated p38 MAPK phosphorylation in
IRPTCs. This stimulatory effect was suppressed in the pres-
ence of antioxidants (i.e. tiron, taurine, CAT, and SOD mi-
metic), inhibitors of mitochondrial metabolism (i.e. rotenone,
TTFA, CCCP, and 4-OHCA), and an inhibitor of p38 MAPK
(i.e. SB 203580). These results demonstrate that the stimula-
tory action of high glucose levels on p38 MAPK phosphor-
ylation is mediated at least in part via mitochondrial ROS
generation. Our data are in agreement with previous studies
showing that ROS-dependent p38 MAPK activation in var-
ious cell types (44–47). Taken together, these findings sup-

FIG. 8. Effect of exogenous H2O2 on ANG secretion in IRPTCs. A,
Cells were incubated in 5 mM glucose DMEM with various concen-
trations of H2O2 for 24 h. B, Cells were incubated in 25 mM glucose
DMEM with various concentrations of H2O2 for 24 h. C, Cells were
incubated in 25 mM glucose DMEM plus 10�4 M H2O2 in the absence
or presence of catalase (300 U/ml) or SB 203580 (10�5 M) for 24 h. Then
the media were collected and assayed for IR-rANG. The IR-rANG
levels in medium containing 5 mM glucose in A, B, or C were consid-
ered controls (100%). The inhibitory effect of catalase or SB 203580
is compared with cells incubated in 25 mM glucose and 10�4 M H2O2
(in the absence of catalase or SB 203580). Each point represents the
mean � SD of seven independent experiments. *, P � 0.05; **, P � 0.01;
***, P � 0.005.
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port the idea that the high glucose (i.e. 25 mm) effect on p38
MAPK phosphorylation is mediated at least in part via mi-
tochondrial ROS generation.

The addition of antioxidants, inhibitors of mitochondrial
electron transport complex I/II, inhibitors of glycolysis-
derived pyruvate transport into mitochondria, uncoupler of
oxidative phosphorylation, and SB 203580 blocked IR-rANG
secretion and ANG mRNA expression in IRPTCs stimulated
by high glucose. These studies provide evidence that the
effect of high glucose levels on ANG gene expression in
IRPTCs may be mediated at least in part via ROS generation
and p38 MAPK signal transduction pathways. At present it
is not known whether high glucose levels and/or p38 MAPK
increase the transcription or affect the stability of ANG
mRNA in IRPTCs. Experiments are underway in our labo-
ratory to investigate these possibilities.

Oxidative defense is provided by several key enzymes,
such as SOD and CAT, and by chain-breaking scavengers,
such as vitamin E, vitamin C, and glutathione (48). SOD is the
key antioxidant enzyme involved in the detoxification of
superoxide radicals. It is a metalloprotein and its manganese
form (MnSOD) is present in mitochondria. Two other forms,
containing copper and zinc, have cytoplasmic or extracellu-
lar location (49). Our studies revealed that cell-permeable
MnSOD mimetic, i.e. MnTBAP, and CAT prevented the stim-
ulatory effect of high glucose on ROS generation, p38 MAPK
activation, and ANG mRNA expression in IRPTCs, suggest-
ing that the expression of endogenous MnSOD and CAT is
effective in preventing cellular ROS accumulation and sub-
sequently cellular injury.

Recent evidence suggests that certain forms of ROS, such
as H2O2, may act as signal molecules. Indeed, studies have
shown that H2O2 significantly increases extracellular matrix
proteins (collagen types I, III, and IV and fibronectin) and
TGF�1 mRNA by approximately 2-fold in human mesangial
cells (50). This increase in extracellular matrix mRNA may be
mediated via TGF� (50). Our present studies showed that
H2O2 stimulates p38 MAPK phosphorylation, IR-rANG se-
cretion, and ANG mRNA expression in IRPTCs. This stim-
ulatory effect of H2O2 is inhibited in the presence of CAT and
SB 203580. These studies suggest that the stimulatory impact
of ROS on p38 MAPK phosphorylation and ANG gene ex-
pression could be mediated at least in part via H2O2 gener-
ation in IRPTCs. The molecular mechanism(s) of H2O2 action
on p38 MAPK phosphorylation is not clear at present. In-
vestigations are ongoing along this line in our laboratory.

At present we do not know the exact molecular mecha-
nism(s) underlying the stimulatory effect of high glucose
(that is, the downstream pathway after p38 MAPK activa-
tion) on rat ANG gene expression in IRPTCs. One possibility
might be that high glucose induces the phosphorylation of
nuclear activating transcription factor-2 (ATF-2) via the p38
MAPK signal transduction pathway. Indeed, studies have
shown that p38 MAPK phosphorylates ATF-2 (51, 52). The
phosphorylated ATF-2 then forms the heterodimer complex
with phosphorylated cAMP-responsive element binding
protein (CREB). CREB phosphorylation is induced by high
glucose levels via the PKC signal transduction pathway, as
demonstrated by Kreisberg et al. (53). The phosphorylated
ATF-2/CREB heterodimer then binds to the cAMP-respon-

FIG. 9. Effect of exogenous H2O2 on the ex-
pression of rat ANG mRNA in IRPTCs. After
a 24-h incubation period in 5, 25, or 25 mM
glucose DMEM plus H2O2 (10�4 M) in the
absence or presence of catalase (300 U/ml) or
SB 203580 (10�5 M), cells were harvested and
assayed for ANG mRNA levels by RT-PCR
according to the method described in Fig. 5.
The relative densities of the PCR band of
ANG were compared with those of the �-actin
control. The rANG mRNA level in cells cul-
tured in 5 mM glucose was considered the
control (100%). Each point represents the
mean � SD of four independent experiments.
*, P � 0.05.
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sive element in the 5�-flanking region of the rANG gene (54,
55) and subsequently enhances gene expression. This pos-
sibility is supported by our recent studies which showed that
high glucose levels stimulated the phosphorylation of 43-
kDa CREB and ATF-2 in IRPTCs (56). Indeed, experiments
are ongoing in our laboratory to explore the downstream
molecular mechanism(s) of the stimulatory effect of high
glucose on ANG gene expression in IRPTCs.

In summary, the present studies showed that high glucose
levels directly stimulate ROS generation, p38 MAPK phos-
phorylation, and ANG gene expression in IRPTCs. The
addition of antioxidants, inhibitors of mitochondrial oxi-
dation, and SB 203580 blocked the stimulatory effect of
high glucose, implicating mitochondrial ROS and the p38
MAPK signal transduction pathway in up-regulation of
renal ANG gene expression under hyperglycemic condi-
tions. These results suggest that blockade of ROS generation
may represent a novel therapeutic approach to prevent or
attenuate glucose-induced ANG gene expression and, con-
sequently, the development of diabetic nephropathy. How-
ever, it remains to be seen whether long-term blockade of
ROS generation may indeed be beneficial in the treatment of
diabetic nephropathy. This interesting possibility warrants
further investigation.
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john.chan@umontreal.ca.

This work was supported by a grant from the Canadian Diabetes
Association (No. 1061), the Kidney Foundation of Canada, the Canadian
Institutes of Health Research [MT-13420 (to J.S.D.C.), MT-15070 (to
J.S.D.C. and J.G.F.), and MT-12573 (to J.G.F.)], and the NIH [HL-48455
(to J.R.I.) and DK-50836 (to S.S.T.)].

S.-L.Z. is the recipient of a Canadian Institutes of Health Research
Doctoral Research Award.

References

1. Wolf G, Ziyadeh FN 1999 Molecular mechanisms of diabetic renal hypertro-
phy. Kidney Int 56:393–405

2. Ibrahim HN, Hostetter TH 1997 Diabetic nephropathy. J Am Soc Nephrol
8:487–493

3. Gilbert RE, Cooper ME 1999 The tubulointerstitium in progressive diabetic
kidney disease: more than an aftermath of glomerular injury. Kidney Int
56:1627–1637

4. Bak M, Thomsen K, Christiansen T, Flyvberg A 2000 Renal enlargement
precedes renal hyperfiltration in early experimental diabetes in rats. J Am Soc
Nephrol 11:1287–1292

5. Larkins RG, Dunlop ME 1992 The link between hyperglycaemia and diabetic
nephropathy. Diabetologia 35:499–504

6. Ziyadeh FN, Snipes ER, Watanabe M, Alvarez RJ, Goldfarb S, Haverty TP
1990 High glucose induces cell hypertrophy and stimulates collagen gene
transcription in proximal tubules. Am J Physiol 259:F704–F714

7. Wolf G, Neilson EG 1990 Angiotensin II induces cellular hypertrophy in
cultured murine tubular cells. Am J Physiol 259:F768–F777

8. Wolf G, Neilson EG, Goldfarb S, Ziyadeh FN 1991 The influence of glucose
concentration on angiotensin II-induced hypertrophy of proximal tubular cells
in culture. Biochem Biophys Res Commun 179:902–909

9. Wolf G, Killen PD, Neilson EG 1991 Intracellular signaling of transcription
and secretion of type IV collagen after angiotensin II-induced cellular hyper-
trophy in cultured proximal tubular cells. Cell Regul 2:219–227

10. Wolf G, Mueller E, Stahl RAK, Ziyedah FN 1993 Angiotensin II-induced
hypertrophy of cultured murine proximal tubular cells is mediated by en-
dogenous transforming growth factor-�. J Clin Invest 92:1366–1372

11. Bakris GL 1993 Angiotensin-converting enzyme inhibitors and the progres-
sion of diabetic nephropathy. Ann Intern Med 118:643–644

12. Lewis EJ, Hunsicker LG, Bain KP, Phode RD 1993 The effect of angiotensin-
converting enzyme inhibition on diabetic nephropathy. N Engl J Med 329:
1456–1462

13. Ruilope LM 1997 Renoprotection and renin-angiotensin system blockade in
diabetes mellitus. Am J Hypertens 10:3255–3315

14. Ingelfinger JR, Zuo WM, Fon EA, Ellison KE, Dzau VJ 1990 In situ hybrid-
ization evidence for angiotensinogen mRNA in the rat proximal tubule. A
hypothesis for the intrarenal renin-angiotensin system. J Clin Invest 85:
417– 423

15. Wolf G, Neilson EG 1993 Angiotensin II as a hypertrophogenic cytokine for
proximal tubular cells. Kidney Int 43(Suppl 39):S100–S107

16. Chen M, Harris MP, Rose D, Smart A, He X-R, Kretzler M, Briggs JP,
Schnermann J 1994 Renin and renin mRNA in proximal tubule of the rat
kidney. J Clin Invest 94:237–243

17. Tang SS, Jung FF, Diamant D, Brown D, Bachinsky D, Hellman P, Ingel-
finger JR 1995 Temperature-sensitive SV 40 immortalized rat proximal tubule
cell line has functional rennin-angiotensin system. Am J Physiol 268:F435–F436

18. Loghman-Adham M, Rohrwasser A, Helin C, Zhang S, Terreros D, Inoue I,
Lalouel J-M 1997 A conditionally immortalized cell line from murine proximal
tubule. Kidney Int 52:229–239

19. Zhang S-L, Filep JG, Hohman TC, Tang S-S, Ingelfinger JR, Chan JSD 1999
Molecular mechanisms of glucose action on angiotensinogen gene expression
in rat proximal tubular cells. Kidney Int 55:454–464

20. Zhang S-L, Tang S-S, Chen X, Filep JG, Ingelfinger JR, Chan JSD 2000 High
levels of glucose stimulate angiotensinogen gene expression via the p38 mi-
togen-activated protein kinase pathway in rat kidney proximal tubular cells.
Endocrinology 141:4637–4646

21. Zhang S-L, To C, Chen X, Filep JG, Tang S-S, Ingelfinger JR, Carrière S, Chan
JSD 2001 Effect of renin-angiotensin system blockade on the expression of the
angiotensinogen gene and induction of hypertrophy in rat kidney proximal
tubular cells. Exp Nephrol 9:109–117

22. Baynes JW and Thorpes SR 1999 Role of oxidative stress in diabetic compli-
cations. Diabetes 48:1–9

23. Ammar Jr RF, Gutterman DD, Brooks LA, Dellsperger KC 2000 Free radicals
mediate endothelial dysfunction of coronary arterioles in diabetes. Cardiovasc
Res 47:596–601

24. Jakus V 2000 The role of free radicals, oxidative stress and antioxidant systems
in diabetic vascular disease. Bratisl Lel Listy 101:541–551

25. Ha H, Yoon SJ, Kim KH 1994 High glucose can induce lipid peroxidation in
the isolated rat glomeruli. Kidney Int 46:1620–1626

26. Yaqoob M, McClelland P, Patrick AW, Stevenson A, Mason H, White MC,
Bell GM 1994 Evidence of oxidant injury and tubular damage in early diabetic
nephropathy. Q J Med 87:601–607

27. Ha H, Lee HB 2000 Reactive oxygen species as glucose signaling molecules in
mesangial cells cultured under high glucose. Kidney Int(Suppl 77)58:S19–S25

28. Nishikawa T, Edelstein D, Brownlee M 2000 The missing link: a single
unifying mechanism for diabetic complications. Kidney Int 58:26–30

29. Nishikawa T, Edelstein D, Du XL, Yamagishi S-I, Matsumura T, Kaneda Y,
Yorek MA, Beebe D, Oates PJ, Hammes H-P, Glardino I, Brownlee M 2000
Normalizing mitochondrial superoxide production blocks three pathways of
hyperglycaemic damage. Nature 404:787–790

30. Ingelfinger JR, Jung F, Dramant D, Haveran L, Lee E, Brem A, Tang S-S 1999
Rat proximal tubule cell line transformed with origin-defective SV40 DNA:
autocrine Ang II feedback. Am J Physiol 276:F218–F227

31. Griendling KK, Minieri CA, Ollerenshaw JD, Alexander RW 1994 Angio-
tensin II stimulates NADH and NADPH oxidase activity in cultured vascular
smooth muscle cells. Circ Res 74:1141–1148

32. Wang L, Lei C, Zhang S-L, Roberts KD, Tang S-S, Ingelfinger JR, Chan JSD
1998 Synergistic effect of dexamethasone and isoproterenol on the expression
of angiotensinogen in immortalized rat proximal tubular cells. Kidney Int
53:287–295

33. Ohkubo H, Kageyama R, Ujihara M, Hirose T, Inayama S, Nakanishi S 1983
Cloning and sequence analysis of cDNA for rat angiotensinogen. Proc Natl
Acad Sci USA 80:2196–3000

34. Nudel U, Zakut R, Shani M, Neuman S, Levy Z, Yaffe D 1983 The nucleotide
sequence of the rat cytoplasmic �-actin gene. Nucleic Acids Res 11:1759–1771

35. Davis RJ 1996 MAPKs: new JNK expands the group. Trends Biochem Sci
19:470–473

36. Canman CE, Kastan MB 1996 Three paths to stress relief. Nature 384:213–214
37. Marshall CJ 1995 Specificity of receptor tyrosine kinase signaling: transient

versus sustained extracellular signal regulated kinase activation. Cell 80:
179 –185

38. Han J, Lee JD, Bibbs L, Ulevitch RJ 1994 A MAP kinase targeted by endotoxin
and hyperosmolarity in mammalian cells. Science 265:808–811

39. Lee JC, Laydon JC, McDonnell PC, Gallapher TF, Kumar S, Green D, Mc-
Nulty D, Blumenthal MJ, Heyes JR, Landvatter SW, Strickler JE, McLaughlin
MM, Siemens IR, Fisher SM, Livi GP, White JR, Adams JL, Young PR 1994

2984 Endocrinology, August 2002, 143(8):2975–2985 Hsieh et al. • Reactive Oxygen Species and Angiotensinogen Gene Expression

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/143/8/2975/2989615 by guest on 23 April 2024



A protein kinase involved in the regulation of inflammatory cytokine biosyn-
thesis. Nature 372:739–746

40. Leonard M, Ryan MP, Watson AJ, Schramek H, Healy E 1999 Role of MAP
kinase pathway in mediating Il-6 production in human primary mesangial and
proximal tubular cells. Kidney Int 56:1366–1377

41. Kang MJ, Wu X, Ly H, Thai K, Scholey JW 1999 Effect of glucose on stress-
activated protein kinase activity in mesangial cells and diabetic glomeruli.
Kidney Int 55:2203–2214

42. Igarashi M, Wakasaki H, Takahara N, Ishii H, Jiang ZY, Yamauchi T, Kuboki
K, Meir M, Rhodes CJ, King GL 1999 Glucose or diabetes activates p38
mitogen-activated kinase via different pathways. J Clin Invest 103:185–195

43. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T, Etoh
T, Hashimoto T, Naruse M, Sano H, Utsumi H, Nawata H 2000 High glucose
levels and free fatty acid stimulate reactive oxygen species production through
protein kinase C-dependent activation of NAD(P)H oxidase in culture vascular
cells. Diabetes 49:1939–1945

44. Hashimoto S, Gon Y, Matsumoto K, Takeshita I, Horie T 2001 N-Acetylcys-
teine attenuates TNF-�-induced p38 MAPK kinase activation and p38 MAPK
kinase-mediated IL-8 production by human pulmonary vascular endothelial
cells. Br J Pharmacol 132:270–276

45. Herrera B, Fernandez M, Roncero C, Ventura JJ, Porras A, Valladares A,
Benito M, Fabregat I 2001 Activation of p38 MAPK by TGF-� in fetal rat
hepatocytes requires radical oxygen production, but is dispensable for cell
death. FEBS Lett 499:225–229

46. Benhar M, Dalyot I, Engelberg D, Levitzki A 2001 Enhanced ROS production
in oncogenically transformed cells potentiates c-Jun N-terminal kinase and p38
mitogen-activated protein kinase activation and sensitization to genotoxic
stress. Mol Cell Biol 21:6914–6926

47. Sano M, Fukuda K, Sato T, Kawaguchi H, Suematsu M, Matsuda S, Koyasu
S, Matsui H, Yamauchi-Takihara K, Harada M, Saito Y, Ogawa S 2001 ERK
and p38 MAPK, but not NF-kappaB, are critically involved in reactive oxygen

species-mediated induction of IL-6 by angiotensin II in cardiac fibroblasts. Circ
Res 89:661–669

48. Nuttall SL, Dunne F, Kendall MJ, Martin U 1999 Age-independent oxidative
stress in elderly patients with non-insulin-dependent diabetes mellitus.
Q J Med 92:33–38

49. Chistyakov DA, Savost’anov KV, Zotova EV, Nosikov VV 2001 Polymor-
phisms in the Mn-SOD and EC-SOD genes and their relationship to diabetic
neuropathy in type 1 diabetes mellitus. BMC Med Genet 2:4–10

50. Iglesias-De La Cruz MC, Ruiz-Torres P, Alcami J, Diez-Marqués L, Ortega-
Valazquez R, Chen S, Rodriquez-Puyol M, Ziyadeh FN, Rodriquez-Puyol D
2001 Hydrogen peroxide increases extracellular matrix mRNA through TGF-�
in human mesangial cells. Kidney Int 59:87–95

51. Jiang Y, Chen C, Li Z, Guo W, Segner JA, Lin S, Han J 1996 Characterization
of the structure and function of a new mitogen-activated protein kinase (p38�).
J Biol Chem 271:17920–17926

52. Cheong J, Coligan JE, Shuman JD 1998 Activating transcription factor-2
regulates phosphenolpyruvate carboxy kinase transcription through a stress-
inducible mitogen-activated protein kinase pathway. J Biol Chem 273:22714–
22718

53. Kreisberg JI, Radnik RA, Kreisberg SH 1996 Phosphorylation of cAMP re-
sponsive element binding protein after treatment of mesangial cells with high
glucose plus TGF� or PMA. Kidney Int 50:805–810

54. Wu J, Jiang Q, Chen X, Wu X-H, Chan JSD 1998 Identification of a novel
mouse hepatic 52 kDa protein that interacts with the cAMP response element
of the rat angiotensinogen gene. Biochem J 329:623–629

55. Wang TT, Chen X, Wu X-H, Zhang S-L, Chan JSD 1999 Molecular mecha-
nism(s) of action of isoproterenol on the expression of the angiotensinogen
gene in opossum kidney proximal tubular cells. Kidney Int 55:1713–1723

56. Zhang S-L, Chen X, Filep JG, Tang S-S, Ingelfinger JR, Chan JSD 2000 High
glucose levels stimulate phosphorylation cAMP-response element binding
protein, activating transcription factor-2, and angiotensinogen gene expression
in renal proximal tubular cells. J Am Soc Nephrol 11:A2480 (Abstract)

Hsieh et al. • Reactive Oxygen Species and Angiotensinogen Gene Expression Endocrinology, August 2002, 143(8):2975–2985 2985

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/143/8/2975/2989615 by guest on 23 April 2024


