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ABSTRACT

Background: Angiotensin converting enzyme inhib-
itor (ACEi) therapy delays the onset of renal failure in

diabetic nephropathy and inhibits or delays the onset

of proteinuria in several animal models.
Materials and Methods: We examined this question
using a transgenic model of chronic glomerulosclerosis
caused by an excess production of growth hormone
(GH) in which there is progressive glomerular scarring
leading to uremia. In addition, since GH mice do not
have systemic hypertension or an elevated glomerular
filtration rate, we could address the question of
whether ACEi or angiotensin II receptor antagonists
(AII RA) had an effect on the development of glomer-
ulosclerosis under these conditions. Since excess ma-

trix accumulates in glomerulosclerosis because of al-
terations in the balance between its synthesis and
degradation, we examined the effect of ACEi and AII
RA on these parameters.

Results: Systemic blood pressure was unaffected by
ACEi treatment, but the glomerular filtration rate de-
creased 85%. ACEi-treated mice had increased mes-
angial deposition of type I collagen and decreased 105
kD complex collagenase activity. In addition, ACEi-
treated GH mice had increased glomerular a l type I

collagen, al type IV collagen, and a-smooth muscle
cell actin mRNAs. No changes were noted in ,B actin, or
72 kD metalloproteinase mRNAs. The result of these
changes was a net increase in sclerosis. Surprisingly,
GH mice treated with ACEi or AnglI RA developed
marked renal arteriolar lesions.
Conclusions: In some forms of glomerulosclerosis,
the lesions develop independently of angiotensin II.
Pharmacological inhibition of angiotensin II, in this
circumstance, may aggravate the lesions through dis-
regulation of the levels and the balance between glo-
merular matrix synthesis and degradation.

INTRODUCTION

Angiotensin converting enzyme inhibitor (ACEi)
therapy delays the onset of end-stage renal fail-
ure in patients with diabetic nephropathy (1)
and prevents or attenuates the development of
proteinuria and renal lesions in rats with 5/6
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nephrectomy (2,3) and streptozotocin-induced
diabetes (4). Since angiotensin II receptor antag-
onists (AngII RA) have a comparable effect (5), it
has been postulated that the renin angiotensin
system (RAS) may play a role in the develop-
ment of glomerulosclerosis. Since ACEi therapy
did not consistently modify the course of glomer-
ulosclerosis in adriamycin- and aminonucleo-
side-treated rats (6-8), we thought it important
to determine the molecular effects of RAS block-
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TABLE 1. Oligonucleotides and PCR product size for seven target genes

Species 5' Primers 3' Primers Size

alIV Collagen TAGGTGTCAGCAATTAGGCAGG CGGACCACTATGCTTGAAGTGA 484

a2JV Collagen ACTCATTCCAACCGTCTGTCAGC GCAAATCATTGACAGTGGCGTCTA 562

all Collagen TGGTCCCTCTGGAAATGCTGGACC CAGGAGAACCAGGAGAACCAGG 297

a SMC Actin CCTGACGGACTACCTCATG CAAATCAAAGCTTTGGGCAG 434

M Actin TCTAGGCACCAAGGTGTG TCATGAGGTAGTCCGTCAGG 460

72 kD Gelatin CTTTGCAGGAGACAAGTTCTGG TTAAGGTGGTGCAGGTATCTGG 701

bovine GH GAGGAAACTGAGGAGTTCAGC TCCACTGCCATCCAACAACC 395

ade on glomerulosclerosis induced by excess

growth factors. Therefore, we examined mice

transgenic for bovine growth hormone (GH),
since the molecular basis of the glomerular lesion
had been studied (9). In this model the renal
lesions lead to death in uremia and the animals
are not hypertensive. Another reason for select-
ing this model is that GH has been shown to be a

requirement for the development of glomerulo-
sclerosis in both mice and rats (10). Finally, the
GH effect is not mediated through excess body
growth, since mice transgenic for a mutant GH

are of normal size but develop glomerulosclerosis
(11). The glomerular lesions in GH mice are
characterized by activation of several genes cod-
ing for extracellular matrix (ECM) components
(12,13). These changes could be mediated by a

direct effect of AngII on glomerular cells, since
exposure of mesangial cells to AngIl in vitro re-

sults in increased collagen synthesis (14,15).
Since most patients have established renal

disease when they come to medical attention, we
studied mice treated with ACEi or AngII RA after
the onset of glomerulosclerosis. Since glomeru-
losclerosis may result from an imbalance be-
tween matrix synthesis and degradation, we ex-

plored the effect of RAS blockade on both
processes. Glomerular a l type I collagen, al type
IV collagen, and a-smooth muscle cell (SMC)
actin mRNAs were increased in treated GH mice.
Type I collagen deposition in the mesangium was
increased and 105 kD complex collagenase activ-
ity was decreased. Thus, there were changes in

both the synthesis and degradation of ECM com-

ponents, resulting in a net increase in glomeru-
losclerosis.

MATERIALS AND METHODS

Drugs, Mice, and Treatment Protocols

Captopril (from Bristol-Myers-Squibb, Prince-
ton, NJ, U.S.A.) and the AnglI RA, L-158,809
(from Merck Sharp & Dohme, Rahway, NJ,
U.S.A.) were gifts. GH mice were treated from
age 6 to 12 weeks with either captopril (GH-
ACEi, 150 mg/kg/day, GH = 13) or with the
AngIl receptor antagonist L-158,809 (GH-AngII
RA, 20 mg/kg/day, GH = 7). Both were given
daily in drinking water. Control, age-matched
GH mice (GH-Ctrl, n = 12) drank regular water.
Additional controls consisted of non-transgenic
age-matched normal SJL/C57B1 Fl mice treated
with 150 mg/kg/day of captopril (WT-ACEi, n =

5) or regular water (WT-Ctrl, n = 8). Transgenic
animals were identified by PCR analysis per-
formed on detergent-extracted material from tail
biopsies, using specific primers for bovine growth
hormone cDNA that did not cross-react with the
mouse sequence (Table 1).

Serum Creatinine, Urine Albumin,
and Creatinine

Albumin and creatinine were measured in spot
urine samples. Albumin was determined by a
modified enzyme-linked immunoabsorbent as-
say, as previously described (9). Creatinine con-
centration was measured by a colorimetric
method (Stanbio Lab, San Antonio, TX, U.S.A.).

Blood Pressure and Glomerular
Filtration Measurement

Mice were anesthetized with Inactin (Byk, Gul-
den Konstanz, Germany; 200 mg/kg BW, i.p.) for
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measurements of kidney function, as previously
described in rats (16). Briefly, following trache-
otomy, in-dwelling polyethylene catheters (PE-
10, Clay Adams, Parsippany, NJ, U.S.A.) were
placed into the left jugular vein for infusion of
plasma, inulin, and para-aminohippurate (PAH),
and the left carotid artery was cannulated to
monitor mean systemic arterial pressure (MAP).
After priming doses of 0.2 ml of plasma and 0.2
ml of the inulin/PAH solution (3.6% v/v and
0.4% v/v, respectively), maintenance infusions
were continued at 0.5 ml/hr for both plasma and
inulin/PAH to maintain euvolemia. MAP was
measured directly with a pressure transducer
system as previously described (2). The bladder
was cannulated with PE-50, and after steady-
state urine flow was present, two consecutive
timed collections of urine samples were obtained
through bladder cannulations for determination
of urine flow rate and inulin and PAH concen-
trations. Arterial blood was collected into capil-
lary tubes for determination of plasma inulin and
PAH concentrations at the midpoint of urine col-
lection. Glomerular filtration rate and renal
plasma flow were then estimated by inulin and
PAH clearance, respectively. Inulin concentra-
tions in plasma and urine were determined by
the macroanthrone method (17). PAH concen-
trations in plasma and urine were assayed by the
method of Bratton and Marshall, modified by
Smith et al. (18). Micropuncture measurement
of glomerular capillary pressure was not per-
formed in these mice since they did not have
superficial glomeruli.

Light and Immunofluorescence
Microscopy

Coronal kidney sections were fixed in Carnoy's
fixative and embedded in paraffin. Five-micron
sections were stained with periodic acid-Schiff
and hematoxylin/eosin. Unstained sections were
deparaffinized and coated with rabbit antimouse
type IV collagen (Collaborative Research Inc.,
Bedford, MA, U.S.A.) or rabbit antimouse type I

collagen (Chemicon International Inc, Temecula,
CA, U.S.A.), followed by biotin-conjugated goat
antirabbit IgG (Tago, Burlingame, CA, U.S.A.)
and streptavidin-conjugated fluorescein isothio-
cyanate (Zymed Laboratories, San Francisco, CA,
U.S.A.) (12).

Renin and TGF-fJ Immunostaining

Sections of kidneys fixed in aqueous Bouin's so-
lution and embedded in low melting point par-
affin were immunostained using a 1:1,000 dilu-
tion of a rabbit polyclonal antimouse renin
antibody (gift of Drs. P. Corvol and J. Gasc, Labo-
ratoire de Medecine Experimentale, College de
France, Paris, France). Affinity-purified rabbit
polyclonal antibodies directed against peptide se-
quences unique to TGF-11, TGF-f32, and TGF-,3
(gift of Dr. K. Flanders, Laboratory of Chemopre-
vention, National Cancer Institute, Bethesda,
MD, U.S.A.) were used as previously reported
(19). Immunostaining was performed using an
immunoperoxidase Vectastain kit (Vector Labo-
ratories Inc., Burlingame, CA, U.S.A.). Negative
controls, included in each experiment, consisted
of replacement of the primary antibody by pre-
immune rabbit serum or by an equivalent con-
centration of nonimmune rabbit IgG. The speci-
ficity of TGF-,B isoforms staining was assessed by
demonstrating complete blocking in the presence
of a 20-fold molar excess of the immunizing
peptide.

Autoradiography and Morphometry

Autoradiography was performed as previously
described (20). Body weight, 1 ,uCi/gm, of [3H]-
thymidine in 200 ,ul of saline was given intra-
peritoneally and animals were sacrificed 16-18
hr later. Kidney sections were deparaffinized,
coated with Kodak NTB-3 emulsion (Interna-
tional Biotechnology Inc., New Haven, CT,
U.S.A.), and exposed for 3 weeks at 40C in the
dark. The thymidine labeling index (TLI) was
expressed as the percentage of labeled cells found
by examining 50 glomerular profiles/animal. The
mean glomerular cross-sectional area was mea-
sured with a computer-assisted planimeter in
100 successive glomeruli/mouse. The mean glo-
merular volume was calculated from the har-
monic mean of the glomerular equatorial area,
using the method of De Hoff and Rhines for
mean size of particles of similar shape (21).

Isolation of Glomeruli and
Reverse Transcription

Glomeruli were isolated by microdissection in
the presence of RNase inhibitors as previously
described (22). Briefly, after sacrificing the
mouse by decapitation, the lower pole was iso-
lated and snap frozen on dry ice for zymography
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TABLE 2. GH mice treated with ACEi and AnglI RA from age 6 to 12 weeks

GH-AngII
Parameters (Units) GH-Ctrl GH-ACEi RA

Body Weight (g) 47.6 ± 2.5 44.0 ± 1.7 45.1 ± 3.7

Body Weight Increase (%) 143 11 144 4 148 17

Kidney Weight (mg) 467 ± 29 364 ± 26a 429 ± 39

Ratio KW/BW (Xl102) 98 4 83 5b 95 7

Serum Creatinine (mg/dl) 0.60 ± 0.10 0.59 ± 0.07 0.37 ± 0.09

Urine Alb./Creat. (10 2 ,tg/mg) 4.12 ± 0.96 4.34 ± 0.85 4.43 ± 1.21

Glomerular Volume (105,um3) 24.84 ± 0.85 24.02 ± 1.60 22.93 ± 1.63

Thymidine Labeling Index (%) 2.4 ± 0.3 3.5 ± 0.2c 3.3 0.3d

a p = 0.02, bp =0.03, cp = 0.006, dp 0.04, all comparisons versus GH-Ctrl.

analyses. The left kidney was first perfused with
saline and then by a collagenase solution con-
taining soluble RNase inhibitors. After collage-
nase digestion, 40-60 glomeruli were isolated at
40C in the presence of vanadyl ribonucleoside
complex for reverse transcription (RT). RT was

performed as previously described (22) except
that the glomeruli were freeze thawed once in
acetone dry ice and sonicated at 4°C for 5 min in
the presence of 2% Triton and 4 U/,ul of human
placenta derived RNase inhibitor (Boehringer
Mannheim, Indianapolis, IN, U.S.A.) just before
adding the RT components. The samples were
continuously cooled during sonication (Micro
Ultrasonic Cell Disrupter, Kontes, Vineland, NJ,
U.S.A.). The optimal conditions for cDNA recov-

ery from permeabilized and sonicated glomeruli
were determined in preliminary experiments
(data not shown).

PCR Assays

Primers (Table 1) for mouse aIV, a2IV, and a lI
collagen, a SMC actin, 3 actin, and 72 kD met-
alloproteinase mRNAs, and for bovine growth
hormone genomic DNA, which had been previ-
ously developed, were synthesized on a PCR-
Mate (Applied Biosystems, Foster City, CA,
U.S.A.). The identity of each amplified product
was assessed by size and by restriction enzyme
analysis. The specificity of these primers for
mRNA was determined by performing PCR on
reverse transcribed glomeruli in which the re-
verse transcriptase enzyme was omitted. PCR
was performed as previously described (22) us-

ing the GeneAmp DNA Amplification Kit (Perkin
Elmer Cetus, Norwalk, CT, U.S.A.). Competitive
PCR assays had been previously developed for
alIV and a2IV collagen, aSMC actin, (3 actin,
and 72 kD metalloproteinase cDNAs by con-
structing a cDNA mutant for each molecule, with
a small internal deletion or a new restriction
enzyme site. Analysis of PCR products was per-
formed using a PDI densitometer loaded with a
Quantity OneR image analysis software (PDI,
Huntington Station, NY, U.S.A.). Competitive
PCR assays were performed in duplicate or trip-
licate.

Statistical Analysis

The unpaired Student's t-test, with the Welch
approximation method, was used for compari-
sons between groups and a p value < 0.05 was
considered significant. All data are expressed as
mean ± SEM.

RESULTS

Body Growth, Kidney Weight, Urine
Creatinine, and Urine Albumin

At 6 weeks, there were no significant differences
in body weight (BW) between treated and un-
treated GH mice, thus high doses of ACEi and of
AngII RA were well tolerated (Table 2). The kid-
ney weight (KW) in GH-ACEi mice was 22%
lower than in GH-ctrl or GH-AngII RA mice,
resulting in a lower KW/BW ratio. The urine
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FIG. 1. Zymogram

(A) Ten percent SDS-PAGE gelatinase activity analy-
sis from six GH-Ctrl versus five ACEi mice. Molecu-
lar size standards are indicated on the left. The ab-
sence of the lower gelatinase band in the first three
animals is due to a technical artifact in the gel (pres-
ence of an air bubble). (B) Comparison of gelatinase
activity between four GH-ACEi and four GH-AngII
RA-treated mice.

albumin/creatinine ratio was increased in un-

treated GH mice (9), but was not influenced by
ACEi or AngIl RA therapy (Table 2). Serum cre-

atinine was not different between the three
groups.

GFR and Blood Pressure

Direct measurement of intra-arterial blood pres-

sure revealed no significant differences between
WT-Ctrl mice (119 ± 5 mm Hg, n = 5), GH-Ctrl
mice (99 19 mm Hg, n = 2), and GH-ACEi
mice (89 9 mm Hg, n = 3) in 12 week animals
(Fig. 1). The inulin clearance in GH-Ctrl mice
(0.43 ± 0.10 ml/min, n = 3) did not differ from
WT-Ctrl (0.52 ± 0.14 ml/min, n = 4), nor did the
PAH clearance (GH-ctrl = 1.33 0.55 ml/min,
n = 4; versus WT-Ctrl = 1.42 0.16 ml/min,
n = 3). However, there was an 85% reduction in
GFR in GH-ACEi mice (0.06 ± 0.03 ml/min, n =

4). PAH clearance, which could be measured in
only one GH-ACEi animal, was reduced (0.15
ml/min).

Glomerulosclerosis, Vascular Lesions

There was no apparent difference in the severity
of the light microscopic glomerular lesions in

GH-ACEi, GH-AII RA, or GH-Ctrl mice (Fig. 2).
All treated mice developed juxtaglomerular ap-
paratus. (JGA) hypertrophy and conspicuous ar-
teriolar changes directly adjacent to the JGA,
consisting of intimal and medial hypercellularity,
which considerably narrowed the lumen of both
afferent and efferent arterioles (Fig. 2). There
were no thrombotic or necrotic glomerular le-
sions, even in the vicinity of the arteriolar le-
sions. To determine whether the vascular lesions
were related to the presence of high levels of GH
in transgenic mice, five normal littermate mice
were treated with ACEi, at the same dose, for 6

weeks. While vascular changes with the same
distribution as in GH-ACEi and GH-AngII RA

mice were observed, they appeared less severe

(Fig. 3).
To determine if the lesions were due to the

high drug dosage used in this study, five 6-week-
old GH mice were given 1/1Oth the dose (15
mg/kg/day) for 6 weeks. The vascular lesions
were identical to animals given the higher ACEi
doses (data not shown).

Type I collagen was increased in the glomer-
uli of GH-ACEi and GH-AngII RA mice, com-
pared with GH-Ctrl by immunofluorescence mi-

croscopy (Figs. 4A and 4B). The increased
deposition was concentrated in the zone close to
the vascular pole of the glomerular tuft. The
affected arterioles also contained large amounts
of type I collagen in their walls (Fig. 4B),
whereas normal afferent and efferent arterioles
resembled controls.

The intensity and distribution of glomerular
type IV collagen immunostaining did not differ
between treated and control GH mice and was
not increased in the vascular lesions (data not
shown).

Glomerular TLI and Glomerular Volume

There was a 1.4-fold increase in the glomerular
TLI of GH mice treated with either ACEi or AnglI
RA (Table 2). There was no increase in the num-
ber of [3H]-thymidine-labeled smooth muscle
cells within the affected arterioles. Neither drug
regimen influenced the glomerular volume of
GH mice (Table 2).

Gelatinase Activity

Gelatinase activity was detected by zymography
at three main sites in WT-Ctrl mice (Fig. 1A):
approximately at 65 kD, which is within the
molecular size range previously described for the

ri I ACEI 1 r..ANGII RA
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FIG. 2. Histology in Adult GH Mice after Six Weeks of Treatment

PAS stained sections from GH mice treated from 6 to 12 weeks of age with water (A), or captopril (B). There was
no effect on glomerulosclerosis and the treated mice developed juxtaglomerular vascular lesions (arrows). Similar
lesions were observed with AngII RA treatment.

72 kD gelatinase, at 75 kD, and at 105 kD as

found previously (23). The latter presumably
corresponded to the latent 92 kD complex. There
was also weak gelatinase activity at approxi-
mately 120 kD and 97 kD. There was a decrease
(Fig. LA), or disappearance (Fig. iB), of the 105

kD and the 75 kD gelatinase activity, but no

change in the 97 kD activity in GH-ACEi or GH-

AngII RA mice. There was no difference in the
120 kD and in the 65 kD activity between GH-

Ctrl and GH-ACEi mice, but there was a decrease
in the activity of the 120 kD complex in GH-

AngII RA mice (Fig. LB and Table 3).

clIV and all Collagen and aSMC Actin
mRNA Levels

alIV collagen and aSMC actin mRNA levels
were elevated in GH-ACEi mice, 2- and 1.8-fold,
respectively (Fig. 5). There was no difference

between GH-control and treated GH mice in the
levels of a2IV collagen, ,B actin, and 72 kD met-

alloproteinase mRNAs (data not shown). a lI col-
lagen mRNA levels were increased in both GH-

ACEi and GH-AII RA mice (Fig. 4A).

Renin Immunostaining in JGAs and
Vascular Lesions

Renin was present in the JGAs of GH-Ctrl mice,
and the intensity or distribution was not signifi-
cantly different from that in WT-Ctrl mice. Renin
immunostaining was considerably more intense
in all treated mice (Fig. 6). The JGAs appeared
hypertrophied and contained an increased
amount of renin in both treatment groups. There
was an extension of renin-positive arteriolar
smooth muscle cells toward the interlobular ar-

teries. Renin was not detected in glomeruli, ex-
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FIG. 3. Histology in Adult
WT Mice after 6 Weeks
of Treatment

PAS stained kidney sections from
WT mice treated from 6 to 12
weeks of age with water (left) or
captopril (right). (Top) Interlobular
artery showing medial hypercellu-
larity (B) compared with a normal
vessel (A). (Bottom) Glomerulus
displaying a hypertrophic JGA
with an abnormal afferent arteriole
(D) compared with a normal
glomerulus (C).

FIG. 4. Type I Collagen mRNA
and Peptides, GH Glomeruli

(Top) RT-PCR on isolated glomer-
uli for alI collagen mRNA: cDNA
was amplified from five GH-Ctrl
(A), three GH-ACEi (B), and three
AngII RA (C)-treated mice. Under
the PCR conditions selected (40
PCR cycles on 1/10th of glomeru-
lar cDNA as template) alI collagen
mRNA was barely detectable in
GH-Ctrl mice. Under these condi-
tions, all collagen mRNA levels
were elevated by both treatments.
(Bottom) Immunostaining for
type I collagen on kidney sections
of GH mice treated with water
(A), captopril (B), and L158,809
(AngII RA) (C). Type I collagen
deposition was increased in the
glomeruli of the treated GH mice
and in the adjacent juxtaglomeru-
lar arterial lesions.
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TABLE 3. Effect of ACEi and AngIl RA
treatment on collagenase activity

Molecular
Weight
(kD) GH-Ctrl GH-ACEi GH-AngII RA

120 + ± l

105 + I 4

97 + + +

75 + I 4.
65 + + +

cept occasionally in the immediate vicinity of the
vascular pole in any group.

TGF-,8 Immunostaining

TGF-/31, P,2, and 133 staining was prominent in
proximal tubules and in smaller amounts in vas-
cular walls and glomeruli. There was no change
in TGF-/31, 32, or 13 staining in the kidneys of
treated GH mice. Interestingly, the hypertro-
phied JGA and the vascular lesions contained a
similar staining density for each of the three
TGF-j3 isoforms.

DISCUSSION

The role of the RAS system in the development
and the progression of glomerular diseases has
attracted considerable attention, since ACEi

FIG. 5. cDNA, Control, and
Treated Adult GH Mice

Competitive PCR quantitation of
glomerular cDNA for alIV colla-
gen, aSMC actin, a2IV collagen,
and 13-actin in GH-Ctrl, GH-ACEi,
and GH-AngII RA-treated mice (n
= 5 for each group). Data are ex-
pressed as relative units compared
with levels in controls (*p = 0.01
for alIV and 0.007 for aSMC actin
versus GH-Ctrl).
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treatment appears to prevent the development
or progression of glomerular lesions in some an-
imal models (3,4,24-27). In addition, ACEi ther-
apy prolongs the time to doubling of the serum
creatinine in type I diabetics with advanced ne-
phropathy (1). ACEi has been postulated to have
renoprotective effects that are separate from its
vasopressor actions on the glomerulus, especially
at high (10-fold) doses (27). At this high level the
local glomerular RAS may be inhibited, prevent-
ing mesangial cell activation and glomerular hy-
pertrophy (28).

The current study was undertaken to exam-
ine the potential role of AII in a model of growth
factor-induced glomerulosclerosis. Six-week-old
GH mice were given ACEi or AngIl RA for a
period of 6 weeks. At 12 weeks, untreated GH
mice had a normal glomerular filtration rate and
blood pressure, but had glomerulosclerosis with
elevated levels of glomerular types I and IV col-
lagen mRNAs, as well as an increased glomerular
cell turnover rate. While systemic blood pressure
in ACEi GH mice did not differ from either nor-
mal littermates or untreated GH mice, their GFR
was reduced by 85%. Neither treatment affected
body weight increase, serum creatinine, urine
albumin/creatinine ratio, or glomerular volume.

The glomerular lesions in ACEi or AngII RA-
treated GH mice were not attenuated and dif-
fered from one another. In both groups there
was an increase in the glomerular labeling index,
the deposition of type I collagen by immunoflu-
orescence microscopy, and the levels of type I

collagen mRNA. There was also decreased 105
kD and 75 kD metalloproteinase activity by zy-

*
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FIG. 6. Renin Immunostaining
in Control and Treated Adult
GH Mice

Immunoperoxidase staining for
renin on sections of GH mice
treated from 6 to 12 weeks of age
with water (A), high doses of cap-
topril (B), low doses of captopril
(C), and high doses of L158,809,
an AngII RA. Renin staining is in-
creased in hypertrophic JGAs and
in adjacent vascular lesions in all
treated mice.

mography. Whereas there was a 2-fold increase
in alIV collagen and aSMC actin mRNAs in GH
mice treated with ACEi, neither were increased
in AnglI RA mice. Since the alIV and aSMC
actin mRNA levels were not elevated in AngIl RA
mice, the mRNA increase in ACEi GH mice may
have resulted from potentiation of a local brady-
kinin effect.

An intriguing finding in this study was the
decrease in metalloproteinase activity in both
ACEi and AnglI RA mice. To our knowledge this
has not previously been described in vivo, but
exposure of rat mesangial cells in vitro to ACEi
resulted in decreased 72 kD and 92 kD metallo-
proteinase activity (29). Since their activity de-
pends on the presence of divalent cations, the
authors attributed the observed decrease to the
chelation of zinc by ACEi. This mechanism may
not be applicable to our results, since we found
comparable results with AngIl RA. Thus a de-
crease in the rate of ECM degradation may have
contributed to the worsening of the glomerular
lesions in GH mice treated with ACEi or AII RA.

The role of AngIl in renal diseases has been
recently reviewed (30). AngIl infusion in rats
resulted in mesangial cell proliferation and in-

creased mesangial aSMC actin expression, a po-
tential marker of mesangial activation (31). The
reduction of glomerular lesions in rats treated
with ACEi, and more recently with AngII RA,
supports the postulate that AnglI may play an

important role in the development of glomerular
injury in some animal models (3-5). The exact
mechanisms of action of ACEi are not yet com-

pletely elucidated. However, the renoprotective
effects of ACEi may occur in the absence of a

reduction in systemic blood pressure (5,27) or
modifications of local glomerular hemodynam-
ics. Other antihypertensive agents, while reduc-
ing systemic blood pressure to levels similar to
those obtained with ACEi, failed to prevent glo-
merulosclerosis. This suggests that this aspect of
their action is mediated through another path-
way, not shared by other antihypertensive drugs

(3,27).
Another consequence of ACEi and AngIl RA

treatment in GH mice was the development of
vascular lesions. Arteriolar lesions were also in-

duced in normal controls treated with ACEi, al-
though they were less marked than in treated
GH mice. They consisted of intimal and medial
hyperplasia in the afferent and efferent arte-

=_ _.
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rioles close to the hypertrophied JGAs. The se-
vere narrowing of the arterioles and a reduction
of efferent arteriolar tone by All may explain the
sharply reduced glomerular filtration rate in
treated GH mice. Both ACEi- and AngII RA-
treated animals had increased amounts of immu-
noreactive renin in the hypertrophic JGA regions
and in the arteriolar lesions, and this extended
toward the interlobular arteries. The accumula-
tion of renin was likely due to the interruption of
the negative feedback between AngII and renin
production, through the angiotensin type 1 re-
ceptor on the JGA cells (32). The mechanism of
the vascular lesions is not clear from the present
experiments, but the development of compara-
ble lesions in nontransgenic mice rules out a
major role for GH. A toxic effect of the high doses
of ACEi used is unlikely, since much lower doses
resulted in the same lesions. It is also very un-
likely that potentiation of the bradykinin system
was involved since both ACEi and AngII RA mice
had the same vascular changes.

TGF-/1 and TGF-,B3 have been implicated in
large blood vessel injury (33), and TGF-/32 is
upregulated in JGA cells by renin stimulation
(34,35). Therefore, we examined TGF-j31, ,32,
and /33 immunostaining. There were no changes
in the pattern of TGF-f31, /2, or /3 isoform stain-
ing, making it unlikely that increased TGF-,B was
the cause of the vascular lesions. Other growth
factor(s) could have been synthesized locally in
response to ACE or AnglI ATI receptor blockade.
Since AngIl induces hypertrophy and hyperpla-
sia in vascular smooth muscle cells (36), it is a
potential candidate.

In conclusion, angiotensin II appears to have
a direct effect on both glomerular and arteriolar
cells in vivo. Additionally, GH mice represent a
disease model in which blockade of the RAS has
deleterious effects. It may be important to study
the molecular basis of AII effect(s) on other
forms of glomerulosclerosis, especially those in
which AII does not appear to play a major role.
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