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This study was performed to determine whether augmented intrarenal angiotensinogen may contribute to the enhanced renal
angiotensin II (Ang II) and associated tissue injury in spontaneously hypertensive rats (SHR). SHR and Wistar-Kyoto rats
(WKY) were maintained on a normal diet and killed at either 7 or 14 wk of age. Two groups of SHR received either an Ang
II type 1 receptor blocker (ARB; olmesartan, 5 mg/d) or a triple therapy (hydralazine 7.5 mg/d, reserpine 0.15 mg/d, and
hydrochlorothiazide 3 mg/d [HRH]) during weeks 7 through 14. Systolic BP and renal Ang II were significantly increased in
SHR-14 (n ⴝ 8) compared with WKY-7, WKY-14, and SHR-7 (n ⴝ 8 each), and ARB treatment prevented these increases (n ⴝ
8). However, whereas HRH treatment prevented the development of hypertension in SHR, this combination therapy failed to
decrease renal Ang II (n ⴝ 8). With the use of urine samples or fixed renal sections, renal injuries in rats were quantified in
a semiautomated manner by the following six parameters: (1) urinary excretion rate of total protein, (2) glomerular sclerosis,
(3) interstitial expansion, (4) and (5) numbers of monocytes/macrophages in interstitium or glomeruli, and (6) arterial
proliferation. Angiotensinogen mRNA and protein levels in kidney cortex, measured by real-time reverse transcriptase—PCR
and Western blot analysis, respectively, and all six parameters of renal damage were changed in parallel, and ARB treatment
also prevented these increases. However, HRH treatment failed to prevent these increases. These results indicate that SHR
have enhanced intrarenal angiotensinogen production that contributes to increased Ang II levels leading to the development
of hypertension and renal injury in this strain.
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pontaneously hypertensive rats (SHR) have been used
as a model of hypertension (1). Mature SHR are reported
to have low plasma renin activity (2), which has been
interpreted as being indicative of an overall suppression of the
renin-angiotensin system (RAS) (3). However, few studies of
angiotensinogen have been carried out in these rats. Although
generally considered to be characterized by a low activity of
circulating RAS, recent studies indicate that treatment with
angiotensin I (Ang I)-converting enzyme (ACE) inhibitors
and/or Ang II type I (AT1) receptor blocker (ARB) reduces
cardiac and/or renal dysfunction in SHR (4 – 6). These findings
suggest that the intrarenal RAS may be inappropriately activated and in turn contribute to the development of hypertension and hypertension-induced renal damages in this animal
model.
We recently reported that Dahl-salt sensitive rats on a highsalt diet have an inappropriate augmentation of intrarenal angiotensinogen, which may contribute to impaired sodium excretion and the development of hypertension in this strain (7,8).
These results prompted us to perform further experiments to
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evaluate the intrarenal level of angiotensinogen in other animal
models of hypertension. This study was performed to determine whether an augmented intrarenal angiotensinogen contributes to the enhanced renal Ang II and associated early tissue
injury in SHR as well as whether the elevated level of intrarenal
angiotensinogen in SHR is dependent on the activation of AT1
receptors. Therefore, SHR and age-matched Wistar-Kyoto rats
(WKY) were used in this study, and renal parameters of RAS
activity and tissue damage were evaluated with or without a
chronic ARB treatment.

Materials and Methods
Preparation of Animals
The experimental protocol was approved by the Animal Care and
Use Committee of Tulane University and Kagawa University. Male
SHR and WKY (7 wk of age; Charles River Laboratories, Wilmington,
MA; n ⫽ 48) were housed in metabolic cages and maintained in a
temperature-controlled room regulated on a 12-h light/dark cycle with
free access to water. Rats were maintained on a diet that consisted of
commercially available rat chow that contained normal salt (0.3% sodium chloride; #170950 Harlan Teklad, Madison, WI). Two groups of
SHR received doses of either an ARB, olmesartan (Sankyo, Tokyo,
Japan; 5 mg/d in food), or a triple therapy (hydralazine 7.5 mg/d,
reserpine 0.15 mg/d, and hydrochlorothiazide 3 mg/d in food [HRH];
Sigma, St. Louis, MO) during weeks 7 through 14. This amount of
olmesartan was shown effectively to block development of hypertension in our previous study performed on Ang II–infused SpragueDawley rats (9). Likewise, similar results were previously found by
others using the triple therapy in a study performed in SHR (10).
ISSN: 1046-6673/1607-2073
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Systolic BP was measured in conscious rats using tail-cuff plethysmography once a week as described previously (9,11–14).

Sample Collection
Twenty-four-hour urine samples were collected on the day before the
harvesting day in centrifuge tubes that contained a protease inhibitor,
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (1 mmol/L in
final concentration; Sigma). Urine samples were centrifuged, and supernatant was separated and stored at ⫺20°C until assayed for total protein.
Urinary concentration of total protein was measured by colorimetric assays using commercially available kits (Bio-Rad, Hercules, CA).
Blood and kidney samples were harvested at either 7 or 14 wk of age.
After decapitation, trunk blood was collected into chilled tubes that
contained EDTA (5 mmol/L), enalaprilat (20 mol/L), pepstatin A (10
mol/L), and 1,10-phenanthrolene (1.25 mmol/L). Plasma was separated and stored at ⫺20°C until assayed for plasma Ang II as described
previously (9,11–14). Immediately after removal, one kidney was homogenized in cold methanol and renal Ang II was measured as described previously (9,11–14). The contralateral kidneys were separated
into three pieces and immersed in RNAlater (Ambion, Austin, TX) for
total RNA extraction, immersed in zinc-saturated formalin (Anatech,
Battle Creek, MI) for tissue fixation, and snap-frozen in liquid nitrogen
for protein extraction, respectively.

Quantitative Real-Time Reverse Transcriptase–PCR
Total RNA extraction of renal cortex and quantitative real-time reverse transcriptase–PCR for angiotensinogen and renin were performed as described previously (15). Data of quantitative real-time
reverse transcriptase–PCR were normalized by glyceraldehyde-3-phosphate dehydrogenase mRNA expression. The information of sequences
were as follows: angiotensinogen, forward primer 5⬘-AGG CAA GAG
GTG TAG CCA GT-3⬘, reverse primer 5⬘-AGG ACC TTA TGT CCG
TCC AG-3⬘, probe 5⬘-/56-FAM/TCT TTC TAC CTT GGA TCG TTG
GAT CCC/3BHQ-1/-3⬘; renin, forward primer 5⬘-TGC TAA AGG AGG
AAG TGT TT-3⬘, reverse primer 5⬘-TGA TGC TCA CGT AGT GAA
AG-3⬘, probe 5⬘-/56-FAM/TCT GTC TAC TAC AGC AGG GAG TCC
C/3BHQ-1/-3⬘; glyceraldehyde-3-phosphate dehydrogenase, forward
primer 5⬘-CAG AAC ATC ATC CCT GCA TC-3⬘, reverse primer 5⬘CTG CTT CAC CAC CTT CTT GA-3⬘, probe 5⬘-/5-HEX/CCT GGA
GAA ACC TGC CAA GTA TGA TGA/3BHQ-2/-3⬘.

Western Blot Analysis
Protein extraction of renal cortex and Western blot analysis for angiotensinogen and ␤-actin were performed as described previously
(7–9,11–14). Data of Western blot analysis for angiotensinogen protein
levels were normalized by ␤-actin protein levels.

Evaluation of Renal Injury
With the use of urine samples or fixed renal sections, renal injuries in
rats were quantified by the following six parameters: (1) Urinary excretion
rate of total protein (overall index of renal injury), (2) glomerular sclerosis,
(3) interstitial expansion, (4) and (5) numbers of monocytes/macrophages
in interstitium or glomeruli, and (6) arterial proliferation.
(1) Urinary concentration of total protein was measured using a commercially available kit as described in the Sample Collection section.
(2) The extent of glomerular sclerosis was evaluated quantitatively by
an automatic image analysis to each glomerulus using periodic acidSchiff–stained sections (Mass Histology Service, Worcester, MA) as
described previously (16). The ratio of the affected lesions to each
glomerulus was calculated using the Image-Pro plus software (Media
Cybernetics, Silver Spring, MD). For each glomerulus, the affected
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lesion where the intensity was beyond a threshold calculated by the
background signal (stronger pink in background pink) was measured
automatically by the software, and this affected area in turn was
divided by the total area of the glomerulus. Twenty glomeruli were
examined for each rat, and the averaged percentages of the affected
lesions were obtained for each rat.
(3) The extent of interstitial expansion was evaluated quantitatively
by an automatic image analysis to renal cortex occupied by interstitial
tissue staining positively for collagen in Masson’s trichrome–stained
sections (Mass Histology) as described previously (17). The fraction of
renal cortex occupied by interstitial tissue was performed using the
Image-Pro plus software. For each microscopic field, the collagenpositive area (blue) was calculated automatically by the software, and
this affected area was in turn divided by the total area of the microscopic field. Twenty consecutive microscopic fields were examined for
each rat, and the averaged percentages of the collagen-positive lesions
were obtained for each rat.
(4) and (5) The numbers of monocytes/macrophages were examined
by immunohistochemistry using a commercially available antibody
against CD68 (Serotec, Oxford, UK) as described previously (16). Immunohistochemistry was performed by a robotic system (Dako autostainer) as described previously (9,15) and counterstained with
hematoxylin-eosin. Twenty consecutive microscopic fields were examined for each rat, and CD68-positive cells (brown) were counted in
interstitium or glomeruli in each of the rats. The averaged numbers of
monocytes/macrophages in interstitium or glomeruli then were obtained for each rat.
(6) The magnitude of arterial proliferation of afferent arteriolar walls
was evaluated by immunohistochemistry using a commercially available antibody against ␣-smooth muscle isoform of actin (Sigma) as
described previously (18). Immunohistochemistry was performed by a
robotic system (Dako autostainer) as described previously (9,15). As
␣-smooth muscle actin was expressed on both afferent and efferent
arterioles, elastin was used, which stains only preglomerular vessels, to
identify afferent arterioles. The thickness of the wall of afferent arterioles then was measured with microscopy (brown vessels besides a
glomerulus in the center of the microscopic field). Twenty afferent
arteriolar walls were examined for each rat, and the averaged thickness
of the wall of afferent arterioles was obtained for each rat.
The above histologic analyses were performed by an outsourcing
company or a robotic system with an automatic image analysis software in a blind manner to avoid any biases.

Statistical Analyses
Statistical analysis was performed using a one-way factorial ANOVA
with post hoc Scheffe F test. All data are presented as mean ⫾ SEM. P ⬍
0.05 was considered significant.

Results
Systolic BP
Systolic BP (Figure 1A) values were similar among SHR and
WKY at 7 wk of age (126 ⫾ 5 and 127 ⫾ 3 mmHg, respectively).
SHR showed a progressive increase in systolic BP up to an average
of 206 ⫾ 5 mmHg at 14 wk of age, whereas WKY maintained their
systolic BP at the basal levels (123 ⫾ 7 mmHg at 14 wk of age).
ARB treatment with olmesartan and HRH from 7 to 14 wk of age
equally prevented the development of hypertension in SHR
(130 ⫾ 3 and 131 ⫾ 3 mmHg, respectively, at 14 wk of age).
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Figure 1. Systolic BP (A), kidney angiotensin II (Ang II) contents (B), angiotensinogen (AGT) mRNA levels in renal cortex (C), renin
mRNA levels in renal cortex (D), AGT protein levels in renal cortex (F), and urinary exertion rate of total protein (G) in each group.
(E) A representative Western blot analysis of AGT protein levels in renal cortex of each animal group. Each lane represents the
following: Molecular size maker at 40 and 50 kD, WKY-7, WKY-14, SHR-7, SHR-14, SHR⫹ARB, and SHR⫹HRH. *P ⬍ 0.05 versus
SHR-14 and WKY-14 groups. WKY, Wistar-Kyoto rats; SHR, spontaneously hypertensive rats; ARB, Ang II type 1 receptor blocker;
HRH, triple therapy with hydralazine, reserpine, and hydrochlorothiazide.

Plasma and Kidney Ang II
Plasma Ang II concentrations were unaltered among the
WKY groups (84 ⫾ 12 fmol/ml for WKY at 7 wk of age and
86 ⫾ 18 fmol/ml for WKY at 14 wk of age). ARB treatment and

HRH treatment showed a tendency to increase plasma Ang II
concentrations in the SHR groups, but these changes were not
statistically significant (76 ⫾ 10 fmol/ml for SHR at 7 wk of age,
69 ⫾ 17 fmol/ml for SHR at 14 wk of age, 87 ⫾ 9 fmol/ml for
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SHR at 14 wk of age with ARB treatment, 83 ⫾ 2 fmol/ml for
SHR at 14 wk of age with HRH treatment).
Similar to plasma concentrations, intrarenal Ang II levels
(Figure 1B) were unchanged in WKY (90 ⫾ 8 fmol/g kidney wt
for WKY at 7 wk of age, 85 ⫾ 16 fmol/g kidney wt for WKY at
14 wk of age). However, intrarenal Ang II levels were significantly increased in SHR at 14 wk of age (151 ⫾ 11 fmol/g
kidney wt) compared with prehypertensive SHR (93 ⫾ 10
fmol/g kidney wt) and the age-matched WKY. ARB treatment
completely blocked this increase in intrarenal Ang II (87 ⫾ 13
fmol/g kidney wt). However, HRH treatment failed to prevent
this increase in intrarenal Ang II (173 ⫾ 10 fmol/g kidney wt)
even although HRH treatment effectively blocked the development of hypertension in SHR.
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excretion rate changed in a similar manner to intrarenal Ang II
levels. Urinary total protein levels were not changed in WKY
(31 ⫾ 4 mg/d per kg body wt for WKY at 7 wk of age, 29 ⫾ 7
mg/d per kg body wt for WKY at 14 wk of age). However,
urinary total protein excretion rates were significantly increased in SHR at 14 wk of age (65 ⫾ 8 mg/d per kg body wt)
compared with SHR at 7 wk of age (31 ⫾ 2 mg/d per kg body
wt) and the age-matched WKY. ARB treatment prevented the
increase in urinary protein excretion (30 ⫾ 3 mg/d per kg body
wt). In contrast, HRH treatment further enhanced the increase
in urinary protein excretion (91 ⫾ 13 mg/d per kg body wt).

Renal Cortical mRNA Expression of Angiotensinogen
and Renin
Angiotensinogen mRNA expression in the kidney cortex
(Figure 1C) changed in a similar manner to the intrarenal Ang
II levels. Angiotensinogen mRNA levels were not changed in
WKY (1.0 ⫾ 0.1 relative ratio for WKY at 7 wk of age, 0.9 ⫾ 0.1
relative ratio for WKY at 14 wk of age). However, angiotensinogen mRNA levels were significantly increased in SHR at 14 wk
of age (2.6 ⫾ 0.2 relative ratio) compared with SHR at 7 wk of
age (1.0 ⫾ 0.1 relative ratio) and the age-matched WKY. ARB
treatment prevented the augmentation of angiotensinogen
mRNA in the cortex (1.0 ⫾ 0.1 relative ratio). However, HRH
treatment failed to prevent this augmentation of angiotensinogen mRNA in cortex (3.3 ⫾ 0.5 relative ratio).
Meanwhile, renin mRNA levels in the kidney cortex (Figure
1D) were not different between SHR and WKY at 7 and 14 wk
of age (1.0 ⫾ 0.2 relative ratio for WKY at 7 wk of age, 0.9 ⫾ 0.1
relative ratio for WKY at 14 wk of age, 1.1 ⫾ 0.3 relative ratio for
SHR at 7 wk of age, 1.0 ⫾ 0.2 relative ratio for SHR at 14 wk of
age). However, ARB treatment to SHR markedly enhanced
renin mRNA expression in cortex (21.9 ⫾ 3.3 relative ratio).
HRH treatment to SHR also stimulated renin mRNA expression
in the cortex (3.3 ⫾ 0.4 relative ratio).

Renal Cortical Protein Expression of Angiotensinogen
Angiotensinogen protein expression in the kidney cortex (Figure 1, E and F) changed in a similar manner to the intrarenal Ang
II levels. Angiotensinogen protein levels were not changed in
WKY (1.0 ⫾ 0.1 relative ratio for WKY at 7 wk of age, 1.0 ⫾ 0.1
relative ratio for WKY at 14 wk of age). However, angiotensinogen
protein levels were significantly increased in SHR at 14 wk of age
(2.3 ⫾ 0.1 relative ratio) compared with SHR at 7 wk of age (1.1 ⫾
0.1 relative ratio) and the age-matched WKY. ARB treatment
prevented the augmentation of angiotensinogen protein in the
cortex (0.9 ⫾ 0.1 relative ratio). However, HRH treatment failed to
prevent this augmentation of angiotensinogen protein in the cortex (1.9 ⫾ 0.1 relative ratio). ␤-Actin protein levels in the kidney
cortex were not altered in any group (data not shown).

Urinary Excretion Rate of Total Protein
Overall renal injury in rats was evaluated by urinary excretion rate of total protein (Figure 1G). Urinary total protein

Figure 2. Glomerular sclerotic index using periodic acid-Schiff–
stained sections. As evident by A through F, obvious morphologic changes were not observed in each group. However, an
automatic image analysis in this study readily detected an
increase in glomerular sclerotic index in SHR at 14 wk of age
(D) compared with other groups (WKY at 7 wk of age [A]; WKY
at 14 wk of age [B]; SHR at 7 wk of age [C]). ARB treatment
blocked this increase in SHR at 14 wk of age (E). HRH treatment failed to block this increase in SHR at 14 wk of age (F).
*P ⬍ 0.05 versus SHR-14 and WKY-14 groups.
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Figure 3. Interstitial (A through G) and glomerular (A through F and H) inflammation by the cell numbers of monocytes/
macrophages stained positively with CD68 antibody in interstitial space or glomeruli using immunohistochemistry robot. Again,
as evident by A through F, obvious morphologic changes were not observed in each group. However, an automatic image analysis
in this study readily detected an increase in interstitial and glomerular inflammation in SHR at 14 wk of age (D) compared with
other groups (WKY at 7 wk of age [A]; WKY at 14 wk of age [B]; SHR at 7 wk of age [C]). ARB treatment blocked these increases
in SHR at 14 wk of age (E). HRH treatment failed to block this increase in SHR at 14 wk of age (F). *P ⬍ 0.05 versus SHR-14 and
WKY-14 groups.

Glomerular Sclerosis
The extent of glomerular sclerosis was quantified using an
automatic image analysis of glomeruli in periodic acid-Schiff–
stained sections (Figure 2). The glomerular sclerotic index
changed in parallel with urinary protein excretion. The glomerular sclerotic index was found to be similar in WKY at 7 and 14
wk of age (12.7 ⫾ 0.8 and 13.4 ⫾ 0.3%, respectively; Figure 2, A
and B). However, SHR at 14 wk of age (17.1 ⫾ 0.2%; Figure 2D)
showed a significantly higher glomerular sclerotic index com-

pared with SHR at 7 wk of age (12.7 ⫾ 0.5%; Figure 2C) and the
age-matched WKY. ARB treatment normalized the increase in
the glomerular sclerotic index (13.2 ⫾ 0.5%; Figure 2E). However, HRH treatment failed to prevent the increase in the glomerular sclerotic index (16.1 ⫾ 0.4%; Figure 2F).

Interstitial Expansion
The extent of interstitial expansion was quantified by an
automatic image analysis of each microscopic field in the renal
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cortex using Masson’s trichrome–stained sections (data not
shown). The interstitial expansive index changed in parallel
with the glomerular sclerotic index. The extent of interstitial
expansion was not different in WKY at 7 and 14 wk of age
(0.21 ⫾ 0.06 and 0.23 ⫾ 0.03%, respectively). However, SHR at
14 wk of age (0.48 ⫾ 0.03%) showed a significantly higher
interstitial expansive index compared with SHR at 7 wk of age
(0.21 ⫾ 0.01%) and the age-matched WKY. ARB treatment
normalized the increase in the interstitial expansive index
(0.22 ⫾ 0.02%). However, HRH treatment failed to prevent the
increase in the interstitial expansive index (0.47 ⫾ 0.05%).

Interstitial Inflammation
The extent of the interstitial inflammation was quantified by
the cell numbers of monocytes/macrophages stained positively
with CD68 antibody in interstitial space using the immunohistochemistry robot (Figure 3). The interstitial inflammation
changed in a similar manner to the interstitial expansive index.
The extent of the interstitial inflammation was similar between
WKY at 7 and 14 wk of age (25 ⫾ 1 and 27 ⫾ 2 counts/mm2,
respectively; Figure 3, A and B). Only the SHR at 14 wk of age
(41 ⫾ 1 counts/mm2; Figure 3D) showed a significantly higher
interstitial inflammation compared with SHR at 7 wk of age
(26 ⫾ 1 counts/mm2; Figure 3C) and the age-matched WKY.
ARB treatment blocked the increase in interstitial inflammation
(22 ⫾ 2 counts/mm2; Figure 3E). However, HRH treatment
failed to prevent the increase in interstitial inflammation (38 ⫾
3 counts/mm2; Figure 3F).

Glomerular Inflammation
The extent of the glomerular inflammation was quantified by
the cell numbers of monocytes/macrophages stained positively
with CD68 antibody in glomeruli using immunohistochemistry
robot (Figure 3, A through F and H). The glomerular inflammation changed in parallel with the glomerular sclerotic index.
The extent of glomerular inflammation was similar between
WKY at 7 and 14 wk of age (3.1 ⫾ 0.6 and 3.4 ⫾ 0.5 counts/
glomerulus, respectively; Figure 3, A and B). However, SHR at
14 wk of age (8.1 ⫾ 1.2 counts/glomerulus; Figure 3D) showed
significantly higher glomerular inflammation compared with
SHR at 7 wk of age (3.4 ⫾ 0.3 counts/glomerulus; Figure 3C)
and the age-matched WKY. ARB treatment blocked the increase
in glomerular inflammation (3.3 ⫾ 0.3 counts/glomerulus; Figure 3E). However, HRH treatment failed to prevent the increase
in glomerular inflammation (8.9 ⫾ 0.9 counts/glomerulus; Figure 3F).

Arterial Proliferation of Afferent Arteriolar Walls
The magnitude of the arterial proliferation was evaluated by
the thickness of afferent arteriolar walls, stained positively with
␣-smooth muscle isoform of actin antibody and elastin, using
an immunohistochemistry robot (data not shown). The afferent
arteriolar walls’ thickness changed in a similar manner to other
parameters. The afferent arteriolar wall thickness was similar
between WKY at 7 and 14 wk of age (4.0 ⫾ 0.2 and 4.2 ⫾ 0.1 m,
respectively). However, SHR at 14 wk of age (5.1 ⫾ 0.4 m)
showed significant arterial proliferative change on afferent ar-
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teriolar walls compared with SHR at 7 wk of age (4.0 ⫾ 0.3 m)
and the age-matched WKY. ARB treatment normalized the
increase in afferent arteriolar walls thickness (4.0 ⫾ 0.1 m). In
contrast, HRH treatment further enhanced the increase in the
afferent arteriolar walls thickness (6.7 ⫾ 0.1 m).

Discussion
In this study, SHR at 14 wk of age exhibited augmentation of
systolic BP (Figure 1A) and kidney Ang II contents (Figure 1B)
in association with angiotensinogen mRNA (Figure 1C) and
protein (Figure 1, E and F) increases in the renal cortex compared with SHR at 7 wk of age. As shown in Figures 1G
through 3, all six parameters of renal injury (urinary protein
excretion rate, glomerular sclerosis, interstitial expansion, interstitial inflammation, glomerular inflammation, and arterial
proliferation of afferent arteriolar wall) were also increased in
SHR in the hypertensive stage compared with SHR in the
prehypertensive stage. These phenomena were not observed in
the age-matched WKY groups. The enhanced renal Ang II
levels in SHR compared with WKY were consistent with a
previous study (19). Moreover, ARB treatment completely abolished increases in kidney Ang II contents, angiotensinogen
mRNA, protein in the renal cortex, and systolic BP, which is
consistent with our recent finding in Ang II–infused hypertensive rats (9). ARB treatment also entirely normalized all six
parameters of renal injury. It is interesting that HRH treatment
failed to prevent these increases even though this combination
therapy of HRH effectively blocked the development of hypertension in SHR. These data suggest that angiotensinogen
mRNA and protein enhancement in renal cortex participates in
the development and the progression of hypertension and/or
renal damage in SHR and that angiotensinogen mRNA and
protein augmentation in renal cortex is involved in AT1 receptor–mediated mechanisms.
We used urinary protein excretion rate as a marker of overall
renal damages. As shown in Figure 1G, SHR at the hypertensive stage showed almost twice the urinary protein excretion
compared with SHR in the prehypertensive stage and the agematched WKY. This increase indicated, somehow, mild renal
injury for the severe hypertension in SHR. For instance, we
previously reported that deoxycorticosterone acetate salt–induced hypertensive Sprague-Dawley rats, which is a common
model of volume-dependent hypertension, showed much
higher amounts of urinary protein (166 ⫾ 41 mg/d per kg body
wt) even for a mild increase of systolic BP (155 ⫾ 9 mmHg) (14).
These data may indicate that other mechanisms than hypertension participate in renal injury in SHR. This interpretation is
also supported by the dissociation of systolic BP and urinary
protein excretion of SHR that were treated with the triple
therapy in this study. Consistent with the mild increase in
urinary protein in hypertensive SHR, Figures 2 and 3 did not
exhibit severe morphologic changes in kidney tissues of SHR in
the hypertensive stage even though these animals showed severe hypertension. Therefore, classical tissue examinations will
not work well to evaluate such mild renal damages in this
study. It is important to emphasize that our methods to quantify renal injury in multiple aspects would avoid any bias
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entirely by using an outsourcing company for tissue staining or
a robotic system for immunohistochemical analysis equipped
with automatic image analysis software, in a blind manner.
Successfully, our methods readily detected renal injury in SHR
in the hypertensive stage.
We previously demonstrated that intrarenal renin protein
levels showed an opposite pattern of intrarenal Ang II levels in
Sprague-Dawley rats with chronic Ang II infusion with or
without ARB treatment (9). In this study, we showed that
intrarenal renin mRNA levels have no correlation with intrarenal Ang II levels. Angiotensinogen is the only known substrate
for renin, which is the rate-limiting enzyme of the RAS. Because
the level of angiotensinogen in humans is close to the Michaelis-Menten constant value for renin (20,21), angiotensinogen
levels can control the activity of the RAS as well as renin levels,
and intrarenal angiotensinogen upregulation may lead to elevated Ang II levels in the kidney even though intrarenal renin
levels are not particularly elevated.
Within the cortex, there is distribution of Ang II in the
interstitial fluid, tubular fluid, and the intracellular compartments. The interstitial as well as the intratubular compartments
contribute to the disproportionately high total Ang II levels.
Studies using microdialysis probes implanted in the renal cortex demonstrated that Ang II concentrations in the interstitial
fluid are much higher than the plasma concentrations found
recently by us (22,23) and others (24,25). Therefore, it is speculated that interstitial Ang II and intracellular Ang II play a role
in the increased intrarenal Ang II levels in this study. However,
another study will be required to clarify this issue.
Ang II–infused rats have increases in renal angiotensinogen
mRNA (11,26) and protein (12). Several in vitro studies have
demonstrated Ang II–induced augmentation of angiotensinogen mRNA expression. Klett et al. (27) presented evidence that
Ang II enhances hepatic angiotensinogen synthesis by inhibiting degradation of angiotensinogen mRNA in hepatocytes. Li
and Brasier (28) suggested that activation of the angiotensinogen gene by Ang II is mediated by the NF-B p65 transcription
factor in hepatocytes. Tamura et al. (29) showed that Ang II
activates transcription of the angiotensinogen gene exclusively
via the AT1 receptor pathway in cardiac myocytes. Mascareno
et al. (30) showed that activation of the angiotensinogen promoter by Ang II depends on the signal transducer and activator
of transcription protein signal pathway in cardiac myocytes.
Although less is known about the amplification mechanisms in
renal tissues, Ingelfinger et al. (31) demonstrated an enhanced
angiotensinogen mRNA expression by Ang II in an immortalized proximal tubular cell line. These findings support the
concept that the elevated Ang II stimulates its precursor, angiotensinogen, thus leading to enhanced intrarenal Ang II formation. When this positive feedback effect of intrarenal Ang II
on intrarenal angiotensinogen is taken into consideration, it is
not clear whether the enhanced intrarenal angiotensinogen in
SHR is a consequence or a cause of the increased intrarenal Ang
II. Apparently, it is hard to address in vivo. We therefore propose in vitro studies to address this issue.
In conclusion, this study demonstrates that SHR at 14 wk of
age exhibits hypertension and increases in kidney Ang II con-
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tents, angiotensinogen mRNA, and protein levels in the renal
cortex, which are associated with enhanced parameters of renal
injury (urinary protein excretion rate, glomerular sclerosis, interstitial expansion, interstitial inflammation, glomerular inflammation, and arterial proliferation of afferent arteriolar
wall). These augmentations are not observed in the agematched WKY groups and are completely blocked by ARB
treatment but not blocked by HRH treatment even though both
treatments equally prevent the development of hypertension in
SHR. These data indicate that the AT1 receptor– dependent
enhancement of intrarenal angiotensinogen contributes to the
development and the progression of hypertension and/or renal
injury in SHR.
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