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Abstract. The in vito signal transduction pathway, responsible

for hypertension-induced gbomerular injury, remains to be clar-

ified. In this study, the effect of angiotensin II (Ang 11)-induced

hypertension was examined on gbomerular mitogen-activated

protein kinases (MAPK), including extracellular signal-regu-

bated kinase (ERK) and c-jun NH,-terminal kinase (iNK), and

on gbomerular transcription factors activator protein- 1 (AP- I)

and Sp I . MAPK activities were determined by in-gel kinase

assay. DNA binding activity of AP- I and Sp 1 was determined

by gel mobility shift assay. Continuous infusion of Ang II

(1000 ng/kg per mm, intravenously) to conscious rats rapidly

increased BP, followed by the rapid and transient activation of

gbomerubar p42 and p44 ERK and p46 and p55 JNK with the

peak at 15 to 180 ruin. Glomerular AP-l binding activity was

increased 2.6-fold (P < 0.01) at 24 h after the start of Ang !I

infusion. Supershift analysis showed that the activated AP-l

complexes contained c-Fos and c-Jun proteins. On the other

hand, glomerular Sp 1 DNA binding activity was not changed

throughout 7 d of Ang II infusion. These results provided the

first in vivo evidence that Ang Il-induced hypertension causes

the activation of glomerular ERK and JNK, leading to the

activation of AP- I . Thus, ERK and iNK signaling cascades,

via the activation of AP-l, may be implicated in the develop-

ment of hypertension-induced gbomerular injury. (J Am Soc

Nephrol 9: 372-380, 1998)

Hypertension plays an important role in the development of

various gbomerular diseases ( 1 ,2). Our recent reports on hyper-

tensive rats support that the changes in various gene expres-

sions such as transforming growth factor-�l (TGF-�l) and

extracellular matrix are involved in hypertensive gbomerular

injury (3-5). However, the signal transduction pathway, regu-

bating various gene expressions responsible for glomerular

injury, remains to be determined.

Mitogen-activated protein kinases (MAPK) are a ubiquitous

group of protein serine/threonine kinases and are important

mediators of the signal transduction pathway, which is respon-

sibbe for cell growth and proliferation (6,7). Extracellular sig-

nab-regulated kinases (ERK) and c-Jun NH2-terminal kinases

(iNK) are the main subgroups of the MAPK family. � vitro

studies show that ERK are rapidly activated by various growth

factors and vasoactive hormones such as Angiotensin I! (Ang

I!) (6-8). Unlike the ERK, JNK (also called stress-activated

protein kinases) are weakly activated by growth factors but are

strongly activated by inflammatory cytokines and cellular

stresses such as heat shock or ultraviolet radiation (9-12).

Activated ERK are responsible for induction of c-fos via the

phosphorylation of TCFIE1k- 1 ( 13), whereas INK stimulate the

transcription of c-Jun by phosphorylation of the N-terminal-

activating domain ( 13). Fos and Jun proteins form the tran-
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scription factor activator protein- 1 (AP- I ) ( 1 3), which regu-

bates the expression of various genes implicated in the

pathogenesis of gbomerular injury such as TGF-�l (14,15).

However, previous findings on the regulation and function of

MAPK have come largely from in vitro studies, using cultured

cells. The role of MAPK in glomerular disease in vito remains

unclear.

To elucidate the signal transduction pathway involved in the

development of hypertensive gbomerular injury, we examined

glomerular activities of ERK and JNK, and DNA-binding

activity of transcriptional factors in Ang Il-infused rats.

Materials and Methods
Materials

Ang II was obtained from Peptide Institute (Suita, Japan). Myelin

basic protein (MBP) was purchased from Sigma Chemical Co. (St.
Louis, MO). Rabbit anti-polyclonal IgG raised against p44 ERK

(C-l6), p42 ERK (C-l4), INK (C-l7), c-Fos (K-25), c-Iun (N), and Sp
I (PEP 2) were all purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). Normal rabbit IgG was purchased from Vector Laborato-

ries (Burlingame, CA). Recombinant protein A-agarose was pur-

chased from Upstate Biotechnology (Lake Placid, NY).

Animals and Experimental Design

All procedures were in accordance with institutional guidelines for

the care and use of laboratory animals. Nine-week-old male Sprague

Dawley rats (Clea Japan, Tokyo, Japan) were used in this study. They

were fed a standard laboratory chow (CE-2, Clea Japan) and given tap

water ad libituin.

In the first series of experiments, rats were anesthetized with
sodium pentobarbital (50 mg/kg, intraperitoneally), and polyethylene

catheters were inserted into the right feruoral vein and artery for the
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intravenous infusion of Ang II and for direct measurement of arterial

pressure, respectively. Both catheters were tunneled through the sub-

cutaneous tissue to exteriorize in the dorsal midcervicab region of the

neck. The rats were then allowed to recover from anesthesia and

surgical procedure for I 8 to 23 h until the start of the experiments. All

experiments were performed on conscious rats. To examine the acute

effects of continuous infusion of Ang II, Ang II (1 , 10, 100, or 1000

nglkg per mm) or saline (control) was given via the femoral vein

catheter by syringe infusion pump (Harvard Apparatus) at a flow rate

of 2 mb/h. To infuse rats with Ang II for 24 h, Alzet osmotic

minipump (Alza Corp., Palo Alto, CA) containing Ang II dissolved in

saline was connected to the catheter, inserted into the femoral vein,

and implanted subcutaneously in the rat. BP was monitored by a

pressure transducer (P23 1D; Nihon Kohden, Tokyo, Japan) and re-

corded on a polygraph (RM 6100, Nihon Kohden). At specified times

after the start of Ang II infusion, rats were decapitated and bilateral

kidneys were immediately removed. Then, glomeruli were isolated

from bilateral kidneys of each animal by the sieving method (16) in

ice-cold phosphate-buffered saline containing 2.5 mmol/L ethylenedi-

amine tetra-acetic acid (EDTA), 10 mmolIL NaF, I mmolIL Na3VO4,

and 25 mmol/L f3-glycerophosphate. For each animal, half of the

isolated glomeruli were immediately frozen in liquid nitrogen and

stored at -80#{176}Cuntil protein kinase assay. Halfwere rapidly homog-

enized to extract nuclear proteins for gel mobility shift assay, as

described below.

The second series of experiments was performed to examine the

chronic effects of Ang II infusion. Alzet osmotic minipump contain-

ing Ang lb in saline solution or saline only (control) was implanted

subcutaneously in the rat under ether anesthesia, and Ang II (400

ng/kg per mm, subcutaneously) was infused into rats for 6 h and at I,

3, and 7 d. Systolic BP of conscious rats was measured by tail-cuff

method before and 1 , 3, and 5 d after the start of infusion. After

infusion, rats were decapitated, bilateral kidneys were immediately

excised, and glomeruli were isolated from bilateral kidneys, frozen,

and stored at -80#{176}C. in the same manner as in the first series of

experinlents.

Preparation of Glomerular Protein for Protein Kinase

Assay

For protein kinase assay, frozen gbomeruli from each rat were
homogenized on ice with a polytron homogenizer (PCU-l 1, Kine-

matica AG, LittaufLuzern, Switzerland) in 0.4 ml of buffer A (20

mmollL Hepes, pH 7.2, 25 mmollL NaC1, 2 mmollL ethyleneglycol-

bis(/3-aminoethyl ether)-N,N’-tetra-acetic acid [EGTA], 50 rumol/L

NaF, 1 rumol/L Na3VO4, 25 mruollL �3-glycerophosphate, 0.2

mmol/L dithiothreitol (DTT), I mmol/L phenylmethylsulfonyl fluo-

ride (PMSF), 60 p.g/ml aprotinin, and 2 p.g/ml leupeptin) and incu-

bated on ice for 30 ruin. After the homogenates were sonicated on ice

for I 5 5, the supernatants were obtained by centrifugation for 30 ruin

at 15,000 rpm at 4#{176}Cand stored at -80#{176}Cuntil use.

In-Gel Protein Kinase Assay
The activities of glomerular ERK and INK were determined by

in-gel kinase assay. The substrates of ERK and INK used were MBP

and glutathione 5-transferase (GST)-c-jun ( 1-79) fusion protein, re-

spectively. GST-c-Jun ( 1-79) fusion protein was produced according

to the method of Derijard et al. ( 17). Briefly, the GST-c-Jun (1-79)

plasruid, provided by Dr. Masahiko Hibi (Osaka University Medical

School, Osaka, Japan), was expressed as GST-fusion protein in Esch-

erichia coli. BL21(DE3) (Novagen, Madison, WI) by incubation with

0.4 mmollL isopropylthiogalactopyranoside at 28#{176}Cfor 3 h. The

expressed GST-c-Jun (1-79) protein was purified by using glutathi-

one-Sepharose 4B according to the manufacturer’s instructions (Phar-

macia Biotech, Uppsala, Sweden).

Samples of protein extracts (10 p.g of protein) were boiled for 5

ruin in Laemmli’s sample buffer (1 8) and subjected to electrophoresis

on 12% sodium dodecyl sulfate-polyacrylamide gels containing the

MBP (0.5 mg/ml) for ERK assay or GST-c-jun ( 1-79) (0. 1 mg/ml) for

INK assay (19,20). After electrophoresis, gels were washed for I h

with 20% isopropanol in 50 mmol/L Tris-HCI, pH 8.0, and then

washed for 1 h with 5 mmolIL 3-mercaptoethanol in 50 mmollL

Tris-HC1, pH 8.0. Proteins in the gels were denatured by incubation

for 1 h in 6 mol/L guanidine-HCI, 5 mmollL J3-mercaptoethanol, and

50 mmolIL Tris-HC1, pH 8.0; renatured in 0.04% Tween 40, 5

mmol/L �-mercaptoethanol, and 50 mmol/L Tris-HCI, pH 8.0, at 4#{176}C

for 16 h; equilibrated for I h in kinase buffer (40 mmollL Hepes, pH

7.5, 0. 1 mmolIL EGTA, 20 rumollL MgCI,, and 2 rumolIL DTT); and

then incubated at 25#{176}Cfor I h in kinase buffer with 25 p.mollL ATP

and 25 p.Ci [y-32P]ATP for kinase reaction. After kinase reaction, gels

were washed extensively with 5% trichloroacetic acid and 1 % sodium

pyrophosphate, dried, and subjected to autoradiography. To evaluate

kinase activities, we digitized autoradiograms and measured their

densities by using a bioimaging analyzer (BAS-2000; Fuji Photo Film,

Tokyo, Japan).

Immunoprecipitation of ERK and iNK

Immunoprecipitation experiments were carried out to identify ERK

and INK activities in whole glomerular protein extracts. Glomerular

protein extracts (200 p.g of protein) were incubated with a slurry of

recombinant protein A-agarose at 4#{176}Cfor 2 h and centrifuged by

15,000 rpm at 4#{176}Cfor I 5 mm. The supernatants were incubated with

rabbit polyclonal !gG against p44 ERK, p42 ERK, p46 INK, or

normal rabbit IgG (0.5 p.g of each) at 4#{176}Cfor 2 h, and then incubated

with 20 p.1 of recombinant protein A-agarose at 4#{176}Covernight. Sam-

ples were then centrifuged, and the pellets were washed once with

ice-cold buffer A with 0.5 mollL NaCI and 0. 1% Triton X-l00, and

three times with ice-cold buffer A. The immunoprecipitates were then

denatured in Laemmli’s sample buffer and subjected to in-gel kinase

assay as described above.

Preparation of Glomerular Nuclear Extracts

For gel mobility shift assay, nuclear protein extracts were prepared
according to the method of Schreiber et al. (2 1) with minor modifi-

cations. In brief, isolated glomeruli from each rat were rapidly sus-

pended in 0.4 ml of 10 mmollL Hepes, pH 7.9, 10 rumolIL KCI, 0.1

mruol/L EDTA, 0.1 mmollL EGTA, 1.5 mmollL MgCl,, 10 mmolIL

NaF, 1 mmolIL Na3VO4, 1 mmol/L DY!’, 20 mmol/L �-glycerophos-

phate, 0.5 mmollL PMSF, 60 p.g/ml aprotinin, and 2 p.g/ml leupeptin.

The suspension was gently homogenized with Dounce homogenizer

and incubated on ice for 15 mm. Twenty-five ruicroliters of 10%

Nonidet P-40 was then added, and the homogenate was vigorously

vortex-mixed for 10 s. The nuclear fraction was precipitated by

centrifugation at 5000 rpm for 10 ruin at 4#{176}Cand then resuspended in

50 p.1 of 20 mmollL Hepes, pH 7.9, 0.4 mol/L NaCI, I mmol/L

EDTA, I mmolIL EGTA, 1.5 mruolIL MgC1,, 20% glycerol, 10
mmollL NaF, 1 mmolIL Na3VO4, 0.2 rumol/L DTT, 20 mmollL

f3-glycerophosphate, 0.5 mmol/L PMSF, 60 p.g/ml aprotinin, and 2

p.g/ml leupeptin. The mixture was incubated on ice for 15 ruin,

centrifuged at 15,000 rpm at 4#{176}Cfor 10 ruin, and the resulting

supernatants were stored at -80#{176}Cuntil use.
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Figure 1. In-gel kinase assay of extracellular signal-regulated kinase (ERK) and c-jun NH-,-terminal kinase (INK) in glomerular extracts. Whole

glomerular extracts and immunoprecipitated gbomerular extracts with specific antibodies were subjected to in-gel kinase assay with 12%

polyacrylamide gels containing myelin basic protein (MBP) (A) or glutathione S-transferase-c-jun ( 1-79) (B). (A) Lane I , whole gbomerular

extracts; lane 2, glomerular extracts immunoprecipitated with normal rabbit IgG; lane 3, anti-p42 ERK IgG; lane 4, anti-p44 ERK IgG. (B) Lane

1 , whole gboruerular extracts; lane 2, glomerular extracts immunoprecipitated with normal rabbit IgG; lane 3, specific anti-INK IgG recognizing

both p46 INK and p55 iNK. Gbomerular samples, treated with normal rabbit IgG, were devoid of bands (lane 2 in A and B).
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Gel-Mobility Shift Assay

The sequences of double-stranded oligonucleotide used for gel

mobility shift assays were as follows: consensus AP-l, 5’-CGCTT-

GATGACTCAGCCGGAA-3 , (22); mutant AP- 1 , 5 ‘-CGCTTGAT-

GACTFGGCCGGAA-3’; consensus Sp 1, 5’-ATFCGATCGGGGC-

GGGGCGAGC-3’ (23); mutant Sp 1, 5’-AUCGATCGGTFCG-

GGGCGAGC-3’. These consensus probes were end-labeled with

[‘y-32P]ATP, using T4 polynucleotide kinase, and purified by chro-

matography on a Bio-Spin column (Bio-Rad, Richmond, CA).

For DNA-protein-binding reaction, the samples of nuclear extracts

(5 p.g of protein, prepared as described above) were incubated with

32P-labeled consensus oligonucleotide for 20 ruin at room temperature
in 20 mmol/L Hepes, pH 7.9, 0.3 rumollL EDTA, 0.2 mmolIL EGTA,

80 mmollL NaC1, I rumollL Dli’, 0.2 mruolIL PMSF, 6% glycerol,

and 2 ;.�g of poly(deoxyinosinic-deoxycytidylic acid) (Pharruacia).

The DNA-protein complexes were separated from free DNA probe by
electrophoresis on 4% nondenaturing acrylamide gels in 6.7 rumolJL

Tris-HCI, pH 7.5, 3.3 rumollL sodium acetate, 0. 1 mmollL EDTA,

and 2.5% glycerol. Gels were run at 200 V at 4#{176}Cfor 3 h, dried, and
subjected to autoradiography.

To demonstrate the specificity of DNA-protein binding, the reac-

tions were performed in the presence of nonlabeled consensus oligo-

nucleotide competitor or nonlabeled mutant oligonucleotide compet-

itor. Furthermore, supershift assay was carried out using rabbit
polyclonal IgG against c-Fos, c-Jun. or Sp I . The specific antibodies

were added to samples after the initial binding reaction between

nuclear protein extracts and 32P-labeled consensus oligonucleotide,

and the reaction was performed at room temperature for 1 h.

Statistical Analyses

Data are expressed as mean ± SEM. Statistical significance was

determined with ANOVA and Duncan’s multiple-range test. Because

the values of kinase activities sometimes showed heteroscedasticity,

logarithmic transformation was made for data before analysis. Differ-

ences were considered statistically significant at P < 0.05.

Results
Identification of Glomerular ERK and iNK Activities

Figure 1 shows in-gel kinase assay of glomerular protein

extracts with 12% polyacrylamide gels containing MBP (Fig-

ure lA) or GST-c-Jun (1-79) (Figure 1B). As shown in Figure

1 A, whole glomerular extracts showed two major and three

broad minor distinct protein kinases. The molecular mass of

these kinases was approximately 55, 44, 42, 37, and 32 kD.

!mmunoprecipitation experiments with specific antibodies

demonstrated that the two main kinase bands of 44 and 42 kD

corresponded to p44 ERK and p42 ERK, respectively. As

shown in FigurelB, whole gbomerular extracts showed four

distinct protein kinases, with molecular masses of approxi-

mately 55, 46, 38, and 34 kD. Immunoprecipitation study,

using specific anti-JNK antibody, indicated that the kinase

bands of 46 and 55 kD corresponded to p46 JNK and p55 INK.

These results clearly showed that the in-gel kinase assay used

in this study allowed us to successfully measure ERK and INK.

Therefore, in this study, we used whole glomerular extracts to

analyze gbomerular ERK and JNK activities.

Effects ofAng II Infusion on Glomerular ERK and

iNK Activities

As shown in Figure 2A, BP was rapidly increased by con-

tinuous intravenous infusion of Ang II (1000 ng/kg per mm),

peaked at 5 to 30 mm (approximately 150 mmHg), but there-

after gradually decreased and returned to control levels by
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Figure 2. Time course of BP and glomerular kinase activities after intravenous infusion of angiotensin II (Ang II). (A) Line graph shows time

course of mean BP. The start of Ang II infusion is indicated by the arrow. (B) The top panel shows representative autoradiograms of ERK

activities. Bar graphs show glomerular p42 ERK and p44 ERK activities from control rats (saline-infused rats, n = 22) and Ang lI-infused rats

at a dose of 1000 nglkg per ruin for 5 (ii = 6), 15 (ii = 12), and 30 (ii = 7) mm, and 3 (ii = 6) and 24 (ii = 6) h. The mean value of p44

ERK activity from control rats is represented as I . (C) The top panel shows representative autoradiograms of INK activities. Bar graphs show
gbomerular p46 INK and p55 iNK activities from the same groups as in A. The mean value of p46 INK activity at 0 ruin is represented as 1 .

minute; h, hour. Each value represents mean ± SEM. *P < 0.05; **� < 0.01 compared with control rats.
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24 h. As shown in Figure 2B, p42 ERK and p44 ERK activities

were progressively increased, reached maximal levels (approx-

imately threefold) at 15 ruin, remained at similar levels until

3 h, and returned to control levels at 24 h. As shown in Figure

2C, both p46 JNK and p55 INK were markedly increased by

Ang !! infusion, peaked at 15 to 30 ruin, and were reduced to

control levels by 24 h.

In another experiment, to examine whether the above-men-

tioned activation of ERK and INK by Ang I! was dose-

dependent, the effects of 1 , 10, or 100 nglkg per mm of Ang!!

infusion for 15 ruin were compared with those of 1000 nglkg

per ruin. As shown in Figure 3A, Ang !! infusion at a dose of

1 ng/kg per ruin did not elevate BP. Ang II infusion at doses of

10 and 100 nglkg per ruin significantly increased BP in a

dose-dependent manner. BP of 100 nglkg per ruin of Ang

Il-infused rats was siruilarto that of 1000 ng/kg per ruin of Ang

!!-infused rats during 10 to 15 ruin after the infusion.
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As shown in Figure 3, B and C, Ang II infusion at a dose of

either I or 10 nglkg per ruin did not significantly affect

glomerular ERK and INK activities. Ang II infusion at doses of

100 and 1000 nglkg per mm significantly enhanced glomerular

ERK and INK activities in a dose-dependent manner.

Effects ofAng II Infusion on Glomerular AP-I and Sp

1 DNA-Binding Activity

Figure 4 shows glomerular DNA binding activities of AP- 1

and Sp 1 after 24 h of Ang I! infusion ( 1000 ng/kg per ruin). As

shown in the left panel of Figure 4A, the incubation of con-

sensus AP- 1 oligonucleotide with glomerular nuclear extracts

resulted in the formation of one broad shift band of AP- 1

complexes. This shifted band was found to be specific binding

for AP- 1 , because the addition of unlabeled AP- 1 consensus

oligonucleotide resulted in a decrease in the formation of AP- 1

complexes in a dose-dependent manner, but the addition of
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excess amounts of unlabeled mutant AP- 1 oligonucleotide did

not affect the AP- 1 complexes. The addition of either anti-c-

Fos or anti-c-Jun antibodies to the binding reaction resulted in

the slower migration of the binding complexes. The right panel

of Figure 4A indicates the presence of two bands of Sp 1

complexes in rat gloruerular nuclear extracts, whose binding

was inhibited by addition of unlabeled Spb consensus oligo-

nucleotide in a dose-dependent manner but not by unlabeled

mutant Sp I oligonucleotide. The addition of anti-Sp 1 anti-

body to the binding reaction resulted in the appearance of the

slower-migrated band.

As shown in Figure 4B, Ang II infusion for 24 h increased

gbomerular AP-l binding activity by 2.6-fold (P < 0.01) com-

pared with the control group. On the other hand, gbomerular Sp

1 DNA binding activity was not changed by Ang I! infusion for

24 h. In addition, Ang II infusion for 15 ruin did not signifi-

cantly affect gbomerular AP- I or Sp I binding activity (data not

shown).

Long-Term Effects of Ang II on Glomerular Kinase

Activities, and AP-I and Sp I DNA Binding Activities

We also examined the chronic effects of Ang II infusion

(400 nglkg per ruin, subcutaneously) on gbomerular MAPK and

transcription factors. BP of Ang !I-infused rats for I or 3 d did

not differ from that of saline-infused rats (control), but 5 d of

Ang II infusion significantly increased BP compared with

control ( 141 ± 5 versus 1 1 3 ± 2 mruHg; P < 0.01 ) (data not

shown).

Ang !! infusion for 1 , 3, and 7 d had no effects on rat

gloruerular activity of ERK or INK (data not shown), indicat-

ing no chronic activation of gbomerular ERK or INK. Figure 5

shows chronic effects of Ang I! infusion on gbomerular AP-l

and Sp I DNA binding activities. Glomerular AP-l binding

activity was increased by 1 .5-fold at 24 h after the start of Ang

II infusion, remained increased until 3 d, and returned to

control levels by 7 d (Figure 5A). On the other hand, glomer-
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Figure 4. Gloruerular AP-l and Sp 1 binding activity from rats infused with Ang II (1000 nglkg per ruin, intravenously) for 24 h. (A) The

bracket in the left panel indicates gloruerular specific AP-l binding complexes from the Ang Il-infused rat. NS, nonspecific binding; F, free

probe. A competition assay for AP-l was carried out in the presence of 10-, 50-, 100-, and 200-fold molar excess of unlabeled AP-l

oligonucleotide (competitor) or unlabeled 200-fold molar excess of mutant AP- 1 oligonucleotide (mutant). Supershift analysis was performed

with specific anti-c-Fos and anti-c-Iun antibodies. The bracket in the right panel indicates specific 5p 1 binding complexes. A competition assay

for Sp 1 was carried out in the presence of 10-, 50-, 100-, and 200-fold molar excess of unlabeled Sp 1 consensus oligonucleotide (competitor)

or unlabeled 200-fold molar excess of Sp I mutant oligonucleotide (mutant). Supershift assay was performed with anti-Sp 1 antibody. (B) Bar

graph shows glomerular AP-l and Sp 1 binding activities after 24 h of Ang II intravenous infusion (a = 6) or saline infusion (control, ii =

6). The mean value in control is represented as 1 . cont, control rats; Ang II, Angiotensin Il-infused rats. Each value is expressed as mean ±

SEM. **P < 0.01 compared with control rats.
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A

ular Sp 1 binding activity was not changed throughout Ang I!

infusion (Figure 5B).

Discussion
It has been well established that hypertension is one of the

most important accelerators of gloruerubar disease ( 1 ,2). How-

ever, the molecular mechanism of hypertension-induced gb-

ruerular injury in vivo is poorly understood. Accumulating

evidence indicates that Ang I! plays a central role not only in

the pathophysiology of hypertension, but also in the develop-

ment of gbomerulosclerosis (24-26). Therefore, detailed inves-

tigation of the molecular actions of Ang Il-induced hyperten-

sion on glorueruli in vivo is essential to elucidate the

mechanism of gloruerulosclerosis, which encouraged us to

examine the effects of Ang II infusion on gboruerular MAPK

and transcription factors.

Recently, Xu et al, who examined the in vivo effects of

B Cont AngII

Sp
NS

NS

Cont

restraint-induced acute hypertension on p42 ERK (ERK2) and

p46 INK (INK1) activities in various tissues of rats by using

irumunocoruplex kinase assay instead of in-gel kinase assay,

found no evidence that restraint-induced hypertension activates

p42 ERK and p46 INK in the kidney (27). However, these

investigators used whole kidney to measure MAPK but did not

examine gbomerular MAPK. Furthermore, in their work, p44

ERK or p55 INK activities were not examined. In the present

study, the use of in-gel kinase assay permitted us to success-

fully measure all ERK (p42 ERK and p44 ERK) and INK (p46

JNK and p55 iNK) isoforms. Our present study first examined

the effects of acute hypertension on glomerular MAPK in t’ivo

and provided the first evidence that Ang !!-induced hyperten-

sion induces the activation of gboruerular p42 ERK, p44 ERK,

p46 JNK, and p55 INK in a dose-dependent manner.

In vitro studies show that ERK is activated mainly by growth

factors and other mitogens, whereas INK is preferentially
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Figure 5. Glomerular AP- 1 and Sp I binding activities after infusion of Ang II (400 ng/kg per ruin, subcutaneously) for 6 h and I , 3, and 7 d,

respectively. Top panels in A and B show representative autoradiograms of AP-l and Sp 1 binding activities, respectively, from rats infused

with Ang II (a = 5 or 7) for the indicated times. Bar graph in A and B shows gloruerular AP-l and Sp 1 binding activities, respectively, from

rats infused with Ang II for the indicated times. Each value is mean ± SEM. The mean value in the control group (a = 5 or 6) at each time

point is represented as I . *,P < 0.05 compared with control rats.

activated by stress stimuli rather than mitogenic stimuli

(6,7,10). In spite of the significant differences between ERK

and JNK with regard to the in vitro regulating mechanism, it is

worth noting that our present in vito data showed that glomer-

ular ERK and iNK are activated by Ang I!-induced hyperten-

sion in a similar manner. The precise mechanism of activation

of ERK and INK is unclear in the present study. !t has been

shown that stretching of cultured cells (cardiac myocytes) can

activate both ERK (28) and iNK (29), although the effects of

stretch on MAPK in gbomerular cells in vitro remain to be

determined. In our study, no significant activation of MAPK by

I and 10 nglkg per ruin of Ang II infusion indicated that Ang

!I, at either subpressor dose or the dose causing mild elevation

of BP, cannot activate glomerular MAPK in viva. These oh-

servations suggest that Ang !!-ruediated gboruerular MAPK

activation in vito may be due mainly to hypertension rather

than its direct action. However, it cannot be completely cx-

cluded that the activation of glomerular ERK and INK might

be due in part to the direct action of Ang II, because Ang II

activates ERK in cultured mesangiab cells (8) and is recently

shown to activate INK in cultured cardiac myocytes (30).

Further study is needed to elucidate the precise mechanism of

glomerular ERK and INK activation in Ang Il-induced hyper-

tension.

The transcription factor AP- 1 is composed of horuodimers of

Jun proteins or heterodimers of Fos and Jun proteins, and

importantly regulates the expression of various genes by bind-

ing the AP- 1 consensus sequence present in their promoter

region (6, 1 3). ERK can phosphorylate Elk- l/TCF transcription

factors, which form a ternary complex with the serum response

factor, leading to the induction of c-fos gene expression. Re-

cently, INK has also been shown to induce c-fos expression

(3 1 ). Furthermore, INK can increase c-Jun transactivational

activity by phosphorybating c-Jun on two critical N-terminal

serines (32). Thus, accumulating in vitro evidence shows that

ERK and INK play the major role in the activation of AP-l.

However, it is still unknown whether the activation of AP- 1 by

MAPK can occur in vivo. In the present study, however, using

gel mobility shift assay, we obtained the first in vivo evidence

that the activation of gbomerular ERK and INK by Ang !I

infusion was followed by the activation of AP- 1 . Furthermore,

supershift analysis with anti-c-Fos and anti-c-Jun antibodies

indicated that gbomerubar AP- 1 binding complexes activated by

Ang I! contain both c-Fos and c-Jun proteins. Thus, the acti-
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vated AP- 1 complexes may be composed of c-Fos and c-Jun

heterodimers. These observations strongly suggest that the

activation of gloruerular ERK and INK by Ang 11 infusion may

be involved in the activation of AP- 1 , although our present

work did not provide the direct evidence for it.

Accumulating evidence indicates that TGF-f31 is implicated

in the development of glomerulosclerosis by increasing extra-

cellular matrix accumulation (33). Previously, we have re-

ported that gloruerular TGF-f3 1 expression is increased in

hypertensive rats (3-5) and that treatment of hypertensive rats

with angiotensin I! type 1 receptor antagonist improves renal

injury, being associated with the significant suppression of

TGF-�l expression (4,5). Furthermore, in vivo infusion of Ang

I! to rats causes the increased expression of glomerular

TGF-f3l (26). These findings support the notion that Ang

Il-induced gbomerubar injury may be explained, at least in part,

by the enhanced expression of TGF-� 1 . However, the mech-

anisru of the enhanced gbomerular TGF-�l expression remains

to be determined. TGF-�l gene has AP-l and Sp 1 consensus

sequences in its promoter region (14,15,34). Therefore, in the

present study, we examined not only AP-l binding activity, but

also Spl binding activity in Ang LI-induced hypertension. In

contrast to the significant activation of gloruerular AP- 1 , gb-

ruerular Sp 1 binding activity was not significantly affected

throughout Ang II infusion (Figures 4 and 5). These observa-

tions, together with the fact that AP-l is indeed responsible for

the increase in TGF-�3l expression in cultured cells (14,15),

suggest that the activation of AP- 1 , but not Sp 1 , is involved in

the enhanced expression of glomerular TGF-f31 by Ang !I-

induced hypertension. However, further study is needed to

determine the possible role of Sp 1 , because the transcriptional

activity of Sp 1 is also regulated by its phosphorylation (35-

37).

In vitro studies on mesangial cells (8) and isolated gborueruli

(38) have shown that the peak of increase in ERK activity is

about 10 ruin. Furthermore, in vivo study by Xu ci’ al. has also

shown that the activation of vascular ERK by restraint-induced

hypertension reach a peak at 10 ruin, followed by the rapid

decline to control levels. Interestingly, in our study, the acti-

vation of ERK by continuous Ang II administration was char-

acterized by the slow and prolonged peak ( 15 to 180 ruin after

the start of Ang II infusion), which is different from the

above-mentioned previous data (27,38). The difference in the

time course of ERK activation between our data and the data

by Xu et a!. (27) is most likely due to the difference in the

hypertensive effects between Ang I! infusion and restraint,

because Ang II infusion caused stable and sustained hyperten-

sion, whereas restraint-induced hypertension was characterized

by the significant fluctuation. Alternatively, it is also possible

that the difference in time course of ERK may be attributed to

the difference between gbomerular and vascular tissues.

In summary, our present work provided the first in vivo

evidence that Ang Il-induced hypertension leads to the activa-

tion of gboruerular ERK and INK, followed by the activation of

AP-l binding activity. The activation of ERK and JNK signal-

ing cascades, through the activation of AP- 1 , may be respon-

sible for the development of gloruerular injury. Our present

work provides new insight into the mechanism of hypertensive

glomerular disease.
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