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Upregulation of autocrine-paracrine renin-
angiotensin systems in chronic renovascular
hypertension

Javid Sadjadi, MD,>® Krishna Puttaparthi, PhD,*® Li Li, MS,*>® M. Burress Welborn III, MD,*"
Thomas E. Rogers, MD, Orson Moe, MD, G. Patrick Clagett, MD,*® Richard H. Turnage, MD,"
Moshe Levi, MD,* and J. Gregory Modrall, MD,*>* Dallas, Tex

Introduction: The mechanism by which hypertension is maintained in renovascular hypertension remains poorly defined.
Because plasma angiotensin II does not correlate with blood pressure in RVH, we postulated that activation of
tissue-specific autocrine-paracrine renin-angiotensin systems may upregulate local production of angiotensin II and
maintain hypertension in chronic RVH.

Methods: RVH was induced with a two-kidney one-clip (2K1C) rat model. Animals were killed at 1 or 12 weeks after
surgery (acute or chronic RVH). Angiotensin II was quantitated with radioimmunoassay. Angiotensin II-type 1 (AT,)
receptor density was determined with immunoblotting and immunohistochemistry.

Results: Blood pressure was significantly elevated in 2K1C animals compared with sham animals at 1 week (141 = 5 mm
Hg versus 98 = 3 mm Hg; P < .0005) and at 12 weeks (164 = 14 mm Hg versus 110 = 7 mm Hg; P < .0005) after
surgery. No significant difference was seen in plasma angiotensin II levels between 2K1C and control animals during
acute (38.2 = 6.5 fmol/mL versus 27.6 £ 6.8 fmol/mL; P = not significant) or chronic (40.1 = 17.4 fmol/mL versus
27.1 = 6.5 fmol/mL; P = not significant) RVH. During acute RVH, intrarenal angiotensin IT was significantly increased
in both the clipped (126.0 = 16.2 fmol /g versus 62.0 = 6.2 fmol/g; P < .005) and unclipped (78.9 = 6.3 fmol /g versus
39.9 = 2.5 fimol/g; P < .05) kidneys of 2K1C animals compared with control animals. Increased intrarenal angiotensin
II levels persisted in chronic RVH in the clipped (147.4 = 37.7 fmol /g versus 59.2 = 8.7 fmol/g; P < .05) and unclipped
(130.8 = 31.8 fmol/g versus 63.0 = 11.0 fmol/g; P < .05) kidneys of 2K1C animals compared with controls. Adrenal
angiotensin II content of 2K1C animals was unchanged in acute RVH (493.7 = 51.4 fmol/g versus 522.6 = 80.5
fmol/g; P = not significant) but increased nearly three-fold over control animals during chronic RVH (1129.0 + 149.3
fmol /g versus 400.6 = 59.1 fmol/g; P < .0005). No significant difference in AT, receptor density was noted in renal
tubules of clipped and unclipped kidneys or in the adrenal glands of 2K1C animals during acute or chronic RVH
compared with control animals.

Conclusion: Tissue angiotensin II production is upregulated in the kidneys and adrenal glands in chronic RVH, and AT,
receptor density is maintained in these tissues, providing a potential mechanism for maintenance of hypertension in RVH.
(J Vasc Surg 2002;36:386-92.)

Renovascular hypertension (RVH) is postulated to be
the consequence of pathologic activation of the renin-
angiotensin system (RAS) induced by renal artery stenosis.
This assertion is supported by the observation that
angiotensin-converting enzyme (ACE) inhibitors have an-
tihypertensive effects in both clinical and experimental
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models of RVH.»* Despite evidence suggesting a central
role for the RAS in RVH, plasma levels of the hormone
angiotensin IT are not always increased in RVH.>® Brown
et al® showed that patients with long-standing unilateral
RVH may have normal levels of circulating angiotensin II
and that angiotensin II levels do not correlate with blood
pressure (BP). Similarly, the two-kidney one-clip (2K1C)
rat model of experimental RVH is characterized by a
chronic phase of hypertension in which circulating angio-
tensin II returns to normal.®>"® This observation presents a
paradox in which hypertension persists despite normal cir-
culating levels of angiotensin II.

The observation that individual components of the
RAS, such as renin, angiotensinogen, ACE, and the angio-
tensin II-type 1 (AT,) receptor, are expressed in multiple
tissues involved in BP regulation portends the possibility
that angiotensin II may be generated locally by tissue-
specific RAS. Upregulation of gene expression for elements
of the RAS may ultimately permit increased local produc-
tion of angiotensin II and its AT, receptor, without an
increase in plasma angiotensin II. Increased tissue angio-
tensin II levels in the kidney and adrenal gland may aug-
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ment sodium reabsorption” and aldosterone release,'© re-
spectively, to increase BP and reconcile the discrepancy
between BP and plasma angiotensin II in clinical RVH. In
support of this notion, our laboratory and others have
shown upregulation of components of the RAS in tissues
involved in BP regulation in RVH.®-**17 This study exam-
ined the hypothesis that renal artery stenosis upregulates
local angiotensin IT levels in the kidneys and adrenal glands
to maintain hypertension in chronic RVH.

METHODS

Animal protocol. The 2K1C model was used to in-
duce experimental RVH. This model is described else-
where.? The 2K1C model is characterized by three physi-
ologic phases.? Phase I (0 to 4 weeks) is marked by
increased plasma renin and angiotensin II content and
hypertension. Phase IT (5 to 8 weeks) is marked by decreas-
ing plasma renin and angiotensin II, salt retention, and
hypertension. In phase III (>9 weeks), hypertension be-
comes renin-independent because both plasma renin and
angiotensin II content return to normal, simulating clinical
RVH.?

Sprague-Dawley rats, weighing 200 to 250 g, were
randomly allocated to two treatment groups: 2K1C and
sham-operated control groups. Noninvasive BP was mea-
sured before surgery and again before death with a tail cuff
photosensor (IITC, Inc, Woodland Hills, Calif). A midline
laparotomy was used for placement of a 0.2-mm (internal
diameter) partially occlusive clip on the left renal artery of
2K1C animals. Control animals underwent laparotomy
without clip placement. Animals were killed at 1 or 12
weeks after surgery, corresponding to acute and chronic
phases of the 2K1C model.> The study was approved by the
Institutional Animal Care and Use Committee, and animal
care complied with the Guide for the Care and Use of
Laboratory Animals.*®

Plasma and tissue angiotensin IT assay. Angiotensin
IT assays were performed according to the technique of Fox
ctal.’? Blood from the infrarenal aorta was collected into a
chilled glass tube containing protease inhibitors (pepstatin
A and 1,10-phenanthroline) and enalapril maleate (Sigma,
St Louis, Mo). Tissues were homogenized in ice-cold
methanol. After clarification with centrifugation, samples
were applied to a phenyl-bonded solid phase extraction
column (Varian, Harbor City, Calif). After elution from the
column with 90% methanol, samples were dried and recon-
stituted for radioimmunoassay. The radioimmunoassay for
angiotensin IT was performed according to the technique of
Fox et al,'® with rabbit anti-angiotensin II antibody (Phoe-
nix Pharmaceuticals, Inc, Belmont, Calif), with cross reac-
tivity of less than 2% for angiotensin II precursors and
degradation products. After incubation of the radioimmu-
noassay for 48 hours at 4° C, bound and free angiotensin IT
were separated with dextran-coated charcoal. The superna-
tant was counted with a y-counter (ICN, Costa Mesa,
Calif). The ratio B/B, was corrected for nonspecific bind-
ing, expressed as a percentage of maximal binding, and read
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against a standard curve (log-logit transformation) with
linear regression.

Kidney brush border membrane isolation. Kidney
tubule brush border membranes (BBMs) were isolated for
determination of AT receptor density because this cell type
is most relevant to the kidney’s role in sodium reabsorption
and BP regulation. AT, receptor expression is differentially
regulated in glomeruli and tubules,?**! so isolation of
tubule BBMs also circumvents this potential pitfall. BBMs
were isolated with a standard magnesium precipitation
protocol.?? Briefly, superficial renal cortex was homoge-
nized and magnesium precipitated twice with 0.54 mL of 1
mol/L MgCl, solution in 15 mL H,0. Ultracentrifugation
at 39,8004 for 36 minutes yielded a BBM pellet for immu-
noblotting.

Adrenal protein preparation for immunoblotting.
Preparation of adrenal protein for immunoblotting was on
the basis of the protocol of Harrison-Bernard et al.2®
Briefly, adrenals were homogenized, clarified with centrif-
ugation, and treated with deoxycholate (0.05% weight/
volume, 30 minutes). A pellet was obtained with centrifu-
gation at 20,0004 for 30 minutes at 4° C.

Immunoblotting. Multiple approaches were used for
quantitation of AT, receptor density in renal tubules and
adrenal glands. Radioligand binding is often used for de-
termination of receptor density. However, binding assays
with '?*T-angiotensin II consistently yielded high nonspe-
cific binding that precluded reliable quantitation of AT,
receptor density with this technique. Therefore, immuno-
blotting was used to quantitate AT, receptor density.

Twenty-microgram samples were boiled for 5 minutes
and separated with gel electrophoresis on 10% polyacryl-
amide gels. Appropriate negative controls were included.
Gels were transferred to nitrocellulose, blocked with
blotto, and reacted with rabbit anti-AT, receptor primary
antibody (Santa Cruz Biotechnology, Inc, Santa Cruz,
Calif) overnight at 4° C. Goat antirabbit secondary anti-
body (Research Diagnostics, Inc, Flanders, NJ) was added
for 2 hours. Signal was visualized with enhanced chemilu-
minescence (Pierce, Rockford, Ill) and quantitated with
densitometry (Biorad, Hercules, Calif).

Perfusion fixation and immunohistochemistry.
Perfusion fixation of tissues was described previously.??
After perfusion fixation with 3% paraformaldehyde, 0.1
mol/L cacodylic acid/sucrose bufter, 4% pentastarch, 3
mmol/L MgCl,, and 0.05% picric acid, tissues were im-
mersed in formalin for paraffin embedding. Sections were
treated with target retrieval solution (DAKO, Carpenteria,
Calif), quenched with 3% hydrogen peroxide, and blocked
with avidin/biotin blocking solution (Vector, Burlingame,
Calif) before staining with rabbit anti-AT) receptor primary
antibody (Santa Cruz Biotechnology) overnight at 4° C.
No cross reactivity of the anti- AT, receptor primary anti-
body with the AT, receptor was seen. Slides were treated
with biotinylated goat antirabbit secondary antibody (Vec-
tor) for 1 hour and stained with streptavidin peroxidase
(DAKO) before signal amplification with biotinylated
tyrimide (TSA Kit, NEN Life Science, Boston, Mass).
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Fig 1. A, Mean systolic BP (mm Hg) 1 week after surgery for 2K1C (n = 12) and control (n = 12) animals (*P <
.0005). B, Mean systolic BP (mm Hg) 10 weeks after surgery for 2K1C (n = 12) and control (n = 12) animals (*P <

.0005).
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Fig 3. A, Mcan plasma angiotensin II (fmol/mL) at 1 week after surgery for 2K1C (n = 11) and control (n = 10)
animals (P = notsignificant). B, Mean plasma angiotensin II (fmol/mL) 12 weeks after surgery for 2K1C (n = 12) and

control (n = 12) animals (P = not significant).

Staining was detected with diaminobenzidine (Vector).
Appropriate negative control slides (no primary antibody)
were included in each experiment. Antibody specificity was
confirmed with blocking with a 100-fold excess of AT,
receptor peptide. Slides were reviewed in a blinded manner
by a renal pathologist (TER) who examined multiple high-
power fields on each slide. Staining of the BBM was graded
on a scale from 0 to 3+. A score of 0 was given for slides
with no staining, 1+ for minimal staining, 2+ for moderate
staining, and 3+ for intense staining at the BBM.
Statistical methods. Sample size was determined with
power analysis. Ten animals per group were necesary to
achieve a power of 0.8 for angiotensin II assays at a signif-
icance level of 0.05. Continuous data were expressed as the
mean * the standard error of the mean and compared
between groups with an unpaired two-tailed Student # test.
A Pvalue of less than .05 defined statistical significance.

RESULTS

Morphometric and blood pressure data. Control
and 2K1C animals showed no significant difference in body
weight or BP before surgery or before death (data not
shown). Hypertension developed in 2K1C animals by 1
week after surgery (P < .0005; Fig 1, A) and persisted
during chronic RVH (P < .0005; Fig 1, B) compared with
control animals. Weight of clipped and unclipped kidneys
was not significantly different between 2K1C and control
animals at 1 week after surgery (data not shown). By 12
weeks after surgery, a significant increase in renal mass was

noted in the unclipped kidney of 2K1C animals compared
with control animals (P < .05; Fig 2, B, online only). No
significant difference was seen in mean weight of the
clipped kidney of 2K1C and control animalss at 12 weeks
after surgery (P = not significant; Fig 2, A, online only). A
significant increase was seen in the mean ratio of kidney
weights (unclipped/clipped) in chronic 2K1C animals
(1.23 = 0.05) compared with control animals (0.99 =
0.01; P<.001).

Plasma and tissue angiotensin II. For determination
of whether plasma angiotensin II is upregulated in either
the acute or chronic RVH, animals were killed at 1 week or
12 weeks after surgery for quantitation of plasma angioten-
sin II. Despite significant hypertension in 2K1C animals,
no significant difference was seen in plasma angiotensin II
levels between 2K1C and control animals during acute
RVH (Fig 3, A). A similar pattern of plasma angiotensin 1T
was observed in chronic RVH (Fig 3, B); the plasma
angiotensin II levels of 2K1C animals were not significantly
different from control animals.

For determination of whether renal artery stenosis up-
regulates local RAS in tissues involved in BP regulation,
angiotensin II was extracted from the kidneys of 2K1C
animals. During acute RVH, intrarenal angiotensin II of
the clipped kidney was increased two-fold in 2K1C animals
compared with control animals (P < .005; Fig 4, A).
Interestingly, a similar pattern was observed in the con-
tralateral unclipped kidney of 2K1C animals compared with
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Fig 4. A, Mean intrarenal angiotensin II (fmol/g) in clipped kidney 1 week after surgery for 2K1C (n = 12) and
control (n = 12) animals (*P < .005). B, Mean intrarenal angiotensin II (fmol/g) in unclipped kidney 1 week after
surgery for 2K1C (n = 12) and control (n = 12) animals (**P < .05).
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Fig 5. A, Mean intrarenal angiotensin II (fmol/g) in clipped kidney 12 weeks after surgery for 2K1C (n = 12) and
control (n = 12) animals (*P < .05). B, Mean intrarenal angiotensin II (fmol/g) in unclipped kidney 12 weeks after
surgery for 2K1C (n = 12) and control (n = 12) animals (*P < .05).
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Fig 6. A, Mean adrenal angiotensin II (fmol/g) 1 week after surgery for 2K1C (n = 12) and control (n = 12) animals
(P = not significant). B, Mean adrenal angiotensin II (fmol/g) 12 weeks after surgery for 2K1C (n = 12) and control

(n = 12) animals (*P < .0005).

control animals (P < .05; Fig 4, B). The difference in
intrarenal angiotensin IT levels between 2K1C and control
animals persisted in chronic RVH (Fig 5). At 12 weeks after
surgery, intrarenal angiotensin II levels remained elevated
in the clipped kidney of 2K1C animals (P < .05; Fig 5, A).
The unclipped kidney of 2K1C animals showed a similar
increase in intrarenal angiotensin II content compared with
control animals (P < .05; Fig 5, B).

Because local angiotensin IT levels in the adrenal gland
are a known stimulant for induction of aldosterone produc-
tion and secretion,'® the angiotensin II content of the
adrenal glands of 2K1C animals was examined (Fig 6). At 1

week after surgery, no difference was seen in adrenal angio-
tensin IT content between 2K1C and control animals (Fig
6, A). However, adrenal angiotensin II content of 2KI1C
animals was increased nearly three-fold over control ani-
mals at 12 weeks (P < .0005; Fig 6, B). For determination
of which of the adrenal glands was responsible for the
observed upregulation of adrenal angiotensin II content in
2K1C animals, left and right adrenal glands of chronic
RVH animals were processed separately and compared for
angiotensin IT content. The angiotensin II content of both
adrenal glands of 2K1C animals was upregulated equally
compared with control rats (data not shown).
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Fig 7. Immunoblot for AT, receptor protein (49 kDa) of BBMs
from either unclipped (A) or clipped (B) kidneys of 2K1C and
control animals at 12 weeks after surgery. Densitometry data for
respective treatment groups (n = 12 /group) are depicted (P = not
significant).

Angiotensin II-type 1 receptor density. During
acute RVH, no significant difference in AT, receptor pro-
tein was noted with immunoblotting of renal tubule BBMs
from clipped and unclipped kidneys of 2K1C animals com-
pared with control animals (data not shown). During
chronic RVH, both clipped (Fig 7, B) and unclipped (Fig 7,
A) kidneys showed no significant difference in AT, recep-
tor density between 2K1C and control animals. A similar
pattern of AT, receptor density was noted in the adrenal
glands; no detectable difference in AT, receptor density
was observed between 2K1C and control animals at 1 or 12
weeks after surgery (data not shown).

Immunohistochemistry for AT, receptor density cor-
roborated the immunoblotting data. No difference in BBM
staining for the AT, receptor was observed in clipped and
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unclipped kidneys of 2K1C (n = 4) and control (n = 4)
animals during acute (data not shown) or chronic (Fig 8,
online only) RVH. Furthermore, no difference in AT,
receptor staining was noted in the adrenal glands of acute
and chronic 2K1C animals (n = 4) compared with control
animals (n = 4; data not shown).

DISCUSSION

This study showed marked upregulation of local RAS in
tissues involved in BP regulation in a 2K1C model of
chronic RVH. During both acute and chronic RVH, no
significant increase was seen in plasma angiotensin II. In
contrast, tissue angiotensin II content was markedly up-
regulated in both the clipped kidney and the unclipped
kidney of both acute and chronic 2K1C animals. In addi-
tion, adrenal angiotensin II content was augmented during
chronic RVH. These observations confirm that local RAS
are upregulated in RVH, providing a potential explanation
for the persistence of hypertension in RVH despite a lack of
increased plasma angiotensin II.

The mechanism by which chronic hypertension is
maintained in RVH is poorly understood. Several investi-
gators have noted that activation of the systemic RAS
cannot fully explain the maintenance of hypertension in
chronic RVH.>7"*3 In fact, plasma levels of renin and
angiotensin IT are not always increased in RVH.®"” Plasma
angiotensin II may be unchanged or increased in the acute
phase of the 2K1C model but is certainly not significantly
elevated in the chronic phase of the 2K1C model or clinical
RVH.?*2° To reconcile the dissociation between plasma
angiotensin II content and BP in chronic RVH, our labo-
ratory hypothesized that local angiotensin II production is
upregulated in tissues involved in BP regulation.'*'” To
date, most investigators have attempted to deduce the
activity of local RAS by examining expression of its compo-
nents, such as renin, ACE, and angiotensinogen.**"*” This
approach is predicated on the notion that differential ex-
pression of components of the RAS could provide a means
of increasing local production of angiotensin II. However,
examination of expression of components of the local RAS
in RVH is a surrogate measure of angiotensin II content
in the tissues examined. Posttranslational regulation of
protein expression of RAS components may influence
local biosynthesis of angiotensin II. In addition, receptor-
mediated accumulation of circulating angiotensin II in
tissues may augment local biosynthesis to increase local
angiotensin II activity.?” Hence, direct measurement of
tissue angiotensin II content, as performed in this study, is
essential to examination of the activity of the local RAS in
RVH.

Only rarely have investigators attempted to directly
measure tissue angiotensin II content in RVH, and even
fewer studies have measured angiotensin II in the clinically
relevant chronic phase of the 2K1C model. Guan et al**
found that the angiotensin II content of the unclipped
kidney is elevated during the acute phase of 2K1C hyper-
tension, despite normal plasma angiotensin II content and
depressed renin messenger RNA (mRNA). Before this
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study, however, no studies had examined kidney angioten-
sin II content during chronic 2K1C hypertension, which
most closely simulates clinical RVH. Morishita et al'”
found that brain and adrenal angiotensin II levels were
unchanged in chronic RVH. This study found that adrenal
angiotensin II levels were increased in chronic RVH. This
discrepancy may be attributed to a difference in technique
for isolation and quantitation of tissue angiotensin II con-
tent. This study used a protocol shown by Fox et al*® to be
least prone to artifactual changes in tissue angiotensin II
levels. Thus, the findings of this study provide the most
direct evidence to date of upregulation of local RAS in the
kidneys and adrenal glands of 2K1C rats in chronic RVH.

This study also addressed the role of the AT, receptor
in RVH. Without sufficient expression of the AT receptor,
increased tissue angiotensin II is of dubious consequence.
Many cell types, such as vascular smooth muscle cells and
adrenal fasciculata cells,*®° respond to prolonged agonist
stimulation by downregulating AT, receptors. If normal or
increased AT, receptor density is observed despite pro-
longed agonist exposure, pathologic activation of the RAS
may ensue.''2° Consequently, expression of the AT, re-
ceptor may be a key determinant of whether homeostasis is
maintained or hypertension persists.

For determination of the level of AT, receptor expres-
sion in RVH, prior studies quantitated AT, receptor
mRNA levels in RVH.'""'* Haefliger et al'* noted a de-
crease in AT, mRNA in both kidneys during acute experi-
mental RVH. In contrast, our laboratory found increased
AT, receptor mRNA levels in both the clipped and un-
clipped kidneys during chronic RVH.'! This study is the
first to directly measure AT, receptor protein in the kidneys
and adrenal glands of animals with RVH. AT, receptor
protein abundance, as measured with immunoblotting and
immunohistochemistry, was unchanged in both kidneys
and adrenal glands of 2K1C animals during acute and
chronic RVH. However, the semiquantitative techniques
of immunoblotting and immunohistochemistry possibly
may not detect minor changes in AT, receptor density. The
discrepancy between mRNA and protein abundance may
be a product of posttranslational regulation of AT, receptor
protein expression or the result of the different fractions of
the kidney examined (whole kidney homogenates versus
BBMs in this study). Maintenance of AT, receptor expres-
sion, without downregulation of receptor numbers, is rel-
evant to the pathogenesis of RVH. In the context of
increased tissue angiotensin II content, this level of AT,
receptor expression provides a mechanism for sustained
signaling and physiologic effects to augment BP.

Upregulation of angiotensin II and maintenance of
AT receptor expression in the chronic phase of experimen-
tal RVH is consistent with the known pathophysiology of
the 2K1C model.> As RVH evolves in this model, hyper-
tension becomes progressively more renin-independent be-
cause both plasma renin and angiotensin II return to nor-
mal in the chronic phase of the model. Concurrently, 2K1C
hypertension evolves into the volume hypertension that
characterizes clinical RVH. Because intrarenal angiotensin
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II is known to augment tubular sodium reabsorption in
normotensive and 2K1C rats,® the observation that chronic
2KI1C rats have increased intrarenal angiotensin IT levels in
both kidneys is particularly relevant to the evolution of
volume hypertension in RVH. Increased adrenal angioten-
sin IT is known to stimulate aldosterone secretion,'® so our
demonstration of increased adrenal angiotensin II levels in
2K1C animals provides a mechanism for aldosterone re-
lease despite normal plasma angiotensin II. Taken together,
our findings provide a mechanism for promoting volume
retention and hypertension in RVH.

Although increased tissue angiotensin IT in the kidneys
and adrenal glands of 2K1C animals is presumed to lead to
hypertension, a limitation of this study is its inability to
directly establish a causal relationship between increased
tissue angiotensin II and hypertension. Standard ap-
proaches to showing causality, such as blockade of the RAS
during RVH, are problematic because ACE inhibitors af-
fect both the systemic RAS and local RAS. Such a global
effect on angiotensin II production would preclude any
determination regarding the pathogenetic role of tissue-
specific RAS in maintaining hypertension in chronic RVH.
Future studies will likely require the use of alternative
approaches, such as gene delivery of antisense DNA, to
block the local RAS of specific organs to determine their
pathogenetic role in RVH.

This study cannot exclude alternative scenarios involv-
ing interactions between the systemic RAS and local RAS.
Plasma renin activity was not measured, and a previous
report noted that plasma renin activity may be increased in
rats during chronic RVH.?° Thus, this study cannot ex-
clude the possibility that renin may be synthesized in the
ischemic kidney, released into the plasma, and transported
to the nonischemic kidney and adrenal glands. After arriv-
ing in these tissues, renin could convert angiotensinogen to
angiotensin I. This scenario would require activation of
tissue RAS because plasma ACE activity is not increased in
2K1C hypertension and tissue ACE activity is upregulated
in both the clipped and unclipped kidneys of 2K1C ani-
mals.

This study raises additional questions regarding activa-
tion of local RAS. How the local RAS of the unclipped
kidney and adrenal glands are activated in RVH remains
unclear from this study. Recent reports suggest that small
incremental increases in plasma angiotensin II, such as that
observed in RVH, may have profound affects on tissue
angiotensin II levels in distant organs.?”>*'*? Such in-
creases in tissue angiotensin IT could not be explained with
“trapping” of plasma in these organs because the concen-
tration of angiotensin II in the kidney and adrenal glands
are several-fold higher than plasma angiotensin II concen-
tration. Instead, small incremental increases in plasma an-
giotensin II likely activate local RAS to induce angiotensin
II production in the unclipped kidney and adrenal glands.
Increased tissue angiotensin II could then act in an
autocrine-paracrine fashion to increase BP. Careful deduc-
tion of the complex interactions between local and systemic
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RAS will be critical to understanding the mechanisms by
which hypertension is maintained in RVH.

In summary, this study confirmed that local RAS are
upregulated in the kidneys and adrenals of chronic RVH
animals. In addition, AT, receptor expression was main-
tained in proximal tubules and adrenal glands despite in-
creased local angiotensin IT content. These data provide a
means by which increased tissue angiotensin IT may aug-
ment BP. The mechanism by which such local RAS are
activated remains unknown. Decreased perfusion pressure
at the juxtaglomerular apparatus may activate the ischemic
kidney’s RAS, but how the local RAS of the nonischemic
kidney and adrenal glands are subsequently activated is not
known. Despite the questions that remain, this study offers
further insight into the pathogenesis of RVH.

REFERENCES

1. Oates HF, Stokes GS, Storey BG. Plasma renin concentration in hyper-
tension produced by unilateral renal artery constriction in the rat. Clin
Exp Pharmacol Physiol 1975;2:289.

2. Martinez-Maldonado M. Pathophysiology of renovascular hyperten-
sion. Hypertension 1991;17:707-19.

3. Abdi A, Johns EJ. The effect of angiotensin II receptor antagonists on
kidney function in two-kidney, two-clip Goldblatt hypertensive rats.
Eur J Pharmacol 1997;331:185-92.

4. Hodsman GP, Brown JJ, Cumming AM, Davies DL, East BW, Lever
AF, et al. Enalapril in the treatment of hypertension with renal artery
stenosis. Br Med J (Clin Res Ed) 1983;287:1413-7.

5. Brown JJ, Davies DL, Lever AF, Robertson JS. Plasma renin concen-
tration in human hypertension: II. Renin in relation to etiology. Br
Med J 1965;2:144-58.

6. Antonaccio MJ, Rubin B, Horovitz ZP. Effects of captopril in animal
models of hypertension. Clin Exp Hypertens 1980;2:613-37.

7. Derkx F, Schalekamp MA. Renal artery stenosis and hypertension.
Lancet 1994;344:237-9.

8. MacDonald GJ, Boyd GW, Peart WS. Effect of the angiotensin II
blocker 1-Sar-8-Ala-angiotensin II on renal artery clip hypertension in
the rat. Circ Res 1975;37:640-6.

9. Harris PJ, Navar LG, Ploth DW. Evidence for angiotensin-stimulated
proximal tubular fluid reabsorption in normotensive and hypertensive
rats: effect of acute administration of captopril. Clin Sci (Colch) 1984;
66:541-4.

10. Douglas J, Aguilera G, Kondo T, Catt K. Angiotensin II receptors and
aldosterone production in rat adrenal glomerulosa cells. Endocrinology
1978;102:685-96.

11. Modrall JG, Quinones MJ, Frankhouse JH, Hsuch WA, Weaver FA,
Kedes L. Upregulation of angiotensin II type 1 receptor gene expres-
sion in chronic renovascular hypertension. J Surg Res 1995;59:135-40.

12. Modrall JG, Frankhouse JH, Weaver FA. Angiotensin converting en-
zyme gene expression is upregulated in chronic renovascular hyperten-
sion. Surg Forum 1996;47:367-9.

13. Morishita R, Higaki J, Okunishi H, Tanaka T, Ishii K, Nagano M, et al.
Changes in gene expression of the renin-angiotensin system in two-
kidney, one-clip hypertensive rats. ] Hypertens 1991;9:187-92.

14. Haefliger JA, Bergonzelli G, Waeber G, Aubert JF, Nussberger J,
Gavras, et al. Renin and angiotensin II receptor gene expression in
kidneys of renal hypertensive rats. Hypertension 1995;26:733-7.

15. Schricker K, Holmer S, Hamann M, Riegger G, Kurtz A. Interrelation
between renin mRNA levels, renin secretion, and blood pressure in
two-kidney, one clip rats. Hypertension 1994;24:157-62.

JOURNAL OF VASCULAR SURGERY
August 2002

16. Morishita R, Higaki J, Nagano M, Nakamura F, Tomita N, Zhao Y,
et al. Discrepancy between renin mRNA and plasma renin level in
angiotensin-converting enzyme inhibitor-treated rats. Clin Exp Phar-
macol Physiol 1993;20:15-20.

17. Morishita R, Higaki J, Okunishi H, Nakamura F, Nagano M, Mikami
H, et al. Role of tissue renin angiotensin system in two-kidney, one-clip
hypertensive rats. Am J Physiol 1993;264:F510-4.

18. Institute of Laboratory Animal Resources, Commission on Life Science,
National Research Council. Guide for the care and use of laboratory
animals. Washington: National Academy Press; 1996.

19. Fox J, Guan S, Hymel AA, Navar LG. Dietary Na and ACE inhibition
effects on renal tissue angiotensin I and II and ACE activity. Am J
Physiol 1992;262:F902-9.

20. Harrison-Bernard LM, El-Dahr SS, O’Leary DF, Navar LG. Regulation
of angiotensin II type 1 receptor mRNA and protein in angiotensin
II-induced hypertension. Hypertension 1999;33:340-6.

21. Wang ZQ, Millat L], Heiderstadt NT, Siragy HM, Johns RA, Carey
RM. Differential regulation of renal angiotensin subtype AT1A and
AT2 receptor protein in rats with angiotensin-dependent hypertension.
Hypertension 1999;33:96-101.

22. Molitoris BA, Simon FR. Renal cortical brush border and basolateral
membranes: cholesterol and phospholipid composition and relative
turnover. ] Membr Biol 1985;83:207-15.

23. Lotscher M, Kaissling B, Biber J, Murer H, Levi M. Role of microtu-
bules in the rapid regulation of renal phosphate transport in response to
acute alterations in dietary phosphate content. J Clin Invest 1997;96:
1302-12.

24. Guan S, Fox J, Mitchell KD, Navar LG. Angiotensin and angiotensin
converting enzyme tissue levels in two-kidney, one-clip hypertensive
rats. Hypertension 1992;20:763-7.

25. Von Thun AM, Vari RC, El-Dahr SS, Navar LG. Augmentation of
intrarenal angjotensin II levels by chronic angiotensin IT infusion. Am J
Physiol 1994;266:F120-8.

26. Caravaggi AM, Bianchi G, Brown JJ, Lever AF, Morton JJ, Powell-
Jacobson JD, et al. Blood pressure and plasma angiotensin IT concen-
tration after renal artery constriction and angiotensin infusion in the
dog. Circ Res 1976;38:315-21.

27. Zou LX, Hymel A, Imig JD, Navar LG. Renal accumulation of circu-
lating angiotensin II in angiotensin IT-infused rats. Hypertension 1996;
27:658-62.

28. Lassegue B, Alexander RW, Nickenig G, Clark M, Murphy TJ, Grien-
dling KK. Angiotensin IT down-regulates the vascular smooth muscle
AT1 receptor by transcriptional and post-transcriptional mechanisms:
evidence for homologous and heterologous regulation. Mol Pharmacol
1995;48:601-9.

29. Ouali R, Berthelon MC, Begeot M, Saez JM. Angiotensin II receptor
subtypes AT1 and AT2 are down-regulated by angiotensin II through
AT1 receptor by different mechanisms. Endocrinology 1997;138:725-
33.

30. Morton JJ, Wallace EC. The importance of the renin-angiotensin
system in the development and maintenance of hypertension in the
two-kidney one-clip hypertensive rat. Clin Sci (Colch) 1983;64:359-
70.

31. Zou LX, Imig JD, Von Thun AM, Hymel A, Ono H, Navar LG.
Receptor-mediated intrarenal angiotensin IT augmentation in angioten-
sin IT-infused rats. Hypertension 1996;28:669-77.

32. Von Thun AM, Vari RC, el-Dahr SS, Navar LG. Augmentation of
intrarenal angjotensin II levels by chronic angiotensin IT infusion. Am J
Physiol 1994;266:F120-8.

Submitted Dec 6, 2001; accepted Feb 25, 2002.

Additional material for this avticle may be found online
at www.mosby.com/vs.



