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Impaired response of regulator of Gαq signaling-2
mRNA to angiotensin II and hypertensive renal injury
in Dahl salt-sensitive rats

Yaqiong Wu1, Hidenori Takahashi2, Etsu Suzuki3, Peter Kruzliak4, Miroslav Soucek4 and Yoshio Uehara5

Dahl salt-sensitive (Dahl S) rats are prone to salt-dependent hypertension with severe organ damage, including stroke, cardiac

failure and renal insufficiency. The mechanism for this susceptibility to kidney injury has not been elucidated. The present

study proposed that an upregulation of intracellular signaling of angiotensin II (Ang-II) is responsible for the susceptibility to

hypertensive kidney injury in Dahl S rats. Spontaneously hypertensive rats exhibited higher systolic blood pressure (SBP) and

lower kidney damage than Dahl S rats fed a high-salt diet for 2 weeks. Ang-II infusion for 4 weeks significantly increased SBP

in Dahl S and Dahl salt-resistant (Dahl R) rats fed a low-salt diet. The increase in SBP in Dahl S rats was associated with

significant kidney injury with greater glomerular sclerosis (Po0.001). The expression of regulatory protein of Gαq signaling-2

(RGS2) mRNA in the aortic walls in response to Ang-II infusion was lower in Dahl S than Dahl R rats (Po0.05). Ang-II

significantly increased RGS2 mRNA in the aorta in Dahl R rats, but the response was apparently blunted in Dahl S rats. These

results suggest that Dahl S rats exhibit a blunted RGS2 response to Ang-II, and this blunted response may be partially

responsible for the susceptibility to renal injury in Dahl S rats.
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INTRODUCTION

Recently, much attention has been given to the role of regulator of
G-protein signaling 2 (RGS2), a member of the RGS family, in the
pathogenesis of high blood pressure. RGS2 selectively inhibits the
receptor-mediated signal transduction of vasoconstrictor substances,
including angiotensin II (Ang-II), endothelin-1, and norepinephrine,
via transformation of active GTP-Gαq to inactive GDP-coupled
subunit by its GTPase activity.1–3 RGS2 also influences Gi- and
Gs-mediated signal transduction, including bradykinin, serotonin
and dopamine.4,5 The expression of RGS2 protein is not widely
investigated, but RGS2 mRNA expression is associated with changes in
phenotype expression.6 Heximer et al.7 demonstrated that knockout of
the RGS2 gene produced a hypertensive phenotype with prolonged
vasoconstrictor signaling in an RGS2-deficient mouse line.
Blood pressure elevation in RGS2− /− mice was due to an
Ang-II-dependent increase in vascular tone. A series of studies on
RGS2 mRNA expression strongly suggest that RGS2 has an important
role in Ang-II receptor-mediated signal transduction and cardiovas-
cular organ damage.8

Dahl salt-sensitive (Dahl S) rats represent a rat model of volume-
dependent hypertension. Dahl S rats are more likely to develop severe
arterial and renal injury when fed a high-salt diet compared with a

genetic rat model of spontaneous hypertension (SHR). Our prelimin-
ary study demonstrated that Dahl S rats exhibited greater proteinuria
and morphological damage in the kidney than SHR when blood
pressure and age were matched. This susceptibility may be due to
multiple factors, for example, increased shear stress following volume
expansion, abnormal metabolism of vasoconstrictor substances,
alterations of the renin–angiotensin system (RAS), and inflammatory
processes with an overgeneration of oxygen radicals.9–14

Angiotensin-converting enzyme inhibition attenuates blood
pressure elevation in a RAS model, which should be suppressed.9

We also demonstrated that Dahl S rats with salt-induced hypertension
have greater kidney injury in response to a continuous infusion of
subpressor doses of Ang-II.11 These studies highly suggest that the
signal transduction of Ang-II is upregulated in Dahl S rats, and this
upregulation is partially responsible for the susceptibility of Dahl S to
organ damage. Therefore, the present study highlighted the regulation
of intracellular Ang-II signal transduction and proposed that RGS2, a
modulator of the Ang-II-induced intracellular signal transduction
system, has a role in the susceptibility of Dahl S rats to hypertensive
renal injury. We investigated renal injury and RGS2 mRNA expression
in low-salt Dahl S rats with Ang-II induced hypertension to test our
hypothesis.
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METHODS

Salt-induced hypertensive Dahl S rats and SHR
Sixteen male Dahl S rats and SHR were fed a regular chow after weaning (Dahl
S/Jr Sea, CLEA Japan, Tokyo, Japan). The rats were challenged with a high salt
(8% NaCl, w/w) diet at 4 weeks of age and maintained on this diet for 2 weeks.
Rats were given free access to water throughout the study. Urine was collected
for 24 h using a metabolic cage prior to the high-salt loading (week 0) and at
2 weeks.

Ang-II-induced hypertension in Dahl S rats
Twenty-four male Dahl S and Dahl salt-resistant (Dahl R) rats were fed a
low-salt (0.3% NaCl, w/w) diet immediately after weaning (Dahl S/Jr Sea and
Dahl R/Jr Sea, CLEA Japan). The rats were given free access to water
throughout the study.
Dahl S and Dahl R rats were divided into four experimental groups at the age

of 6 weeks: (1) six Dahl S rats fed a low-salt diet and given a pressor dose of
Ang-II (100 ngmin− 1 per kg body weight; Dahl S+Ang-II), (2) six Dahl S rats
fed a low-salt diet and given saline solution (Dahl S Control), (3) six Dahl R
rats fed a low-salt diet and given a pressor dose of Ang-II (100 ngmin− 1 per kg
body weight; Dahl R+Ang-II), and (4) six Dahl R rats fed a low-salt diet and
saline solution (Dahl R Control). Ang-II or the control saline solution was
subcutaneously infused for 4 weeks using mini-osmotic pumps (model 1002;
Alzet Corporation, Palo Alto, CA, USA).

Blood pressure determination and kidney processing
Systolic blood pressure (SBP) was determined weekly using a tail cuff and
oscillometric method according to previous studies.12–15 Blood samples and
organs of interest were obtained under pentobarbital anesthesia (75mg per kg
body weight) at the end of the study. The left kidney and aorta were quickly
plunged into liquid nitrogen for mRNA determination. The right kidney was
used for morphological investigation. Separated blood samples and urine were
stored at − 80 °C until the assays were performed. Twenty-four hour urine was
collected weekly using a metabolic cage.

Determination of renal function
Plasma and urinary creatinine concentrations were determined using an
autoanalyzer (Model Hitachi 736, Hitachi, Tokyo, Japan). Urinary protein
excretion was measured using a protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA).

Histological investigation
Renal tissue was processed for light microscopy as follows: half of the left
kidney was fixed in 3.5% formalin solution. Sagittal slices were cut, embedded
and stained with hematoxylin and eosin, periodic acid-methenamine silver and
periodic acid-Schiff stains.
An independent investigator who had no previous knowledge of the group to

which each rat belonged evaluated all sections. At least 100 glomeruli in each
specimen were examined, and the severity of lesions was graded 0 to 4+
according to the percentage of the glomerulus involved: 0 no lesions (group 1);
1+1–25% (group 2); 2+26–50% (group 3); 3+51–75% (group 4); and 4+76–
100% (group 5).9–15 Each percentage of glomerular sclerosis in each category
was multiplied by the corresponding grade, and the figures were summated to
obtain glomerular sclerotic index.

RNA extraction
Kidney (20mg) samples frozen in liquid nitrogen and stored under − 80 °C

were homogenized under − 4 °C using a MagNA Lyser (Roche Diagnostics,

Mannheim, Germany) at 6500 r.p.m. for 50 s. Total RNA was extracted from

Figure 1 Hypertension and kidney injury in Dahl salt-sensitive (Dahl S) rats
and spontaneously hypertensive rats (SHR). We demonstrated the effects of
a high-salt diet on systolic blood pressure (SBP) (a) and renal biomarkers,
including urinary protein excretion (b) and glomerular sclerosing score (c), in
SHR and Dahl S rats (DS). SHR_0W, SHR aged 4 weeks old and fed a low-
salt (0.3%) NaCl diet after weaning; SHR_2W, 6-week-old SHR fed a 8%
NaCl (w/w) diet for 2 weeks; DS_0W, Dahl S rats aged 4 weeks and fed a
low-salt diet after weaning; DS_2W, 6-week-old Dahl S rats fed a 8% NaCl
diet for 2 weeks. Values are expressed as means± s.e.m. Differences
between the four groups were assessed using a one-way analysis of variance.
NS, not significant.
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the kidney and aortic walls using a High Pure Tissue/Isolation kit (Roche
Diagnostics) according to the manufacturer’s instructions. Total RNA concen-
trations and purity were determined using a spectrophotometer at 260/280 nm
wavelengths. The ratio of OD260/OD280 was 41.90 in all extracted RNA
samples. RNA (460 μg) was used for complementary DNA synthesis using a
Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics) according to
the manufacturer’s protocol.

Real-time PCR of RGS2 mRNA
RGS2 and GAPDH mRNA were quantified using a LightCycler 1.5 real-time
PCR (Roche Diagnostics) and LightCycler TaqMan Master (Roche Diagnos-
tics). Nihon Gene Research Laboratories, Tokyo, Japan, designed the primers.
Primer of RGS2 (forward), 5′-GTTGGGTAGTGAATCAGGAAGC-3′
Primer of RGS2 (reverse), 5′-GACCACCTATTCCCTTCTTGC-3′
Primer of GAPDH (forward), 5′-AATGTATCCGTTGTGGATCTGA-3′
Primer of GAPDH (reverse), 5′-GCTTCACCACCTTCTTGATGT-3′
The probes were selected from Universal Probe Library Probes 1–165 for

LightCycler (Roche Diagnostics). The reaction mixture (20 μl) was composed of
a 5× concentration of LightCycler TaqMan Master, 100 nmol l− 1 Universal
Probe Library probe, 100 nmol l− 1 forward primer, 200 nmol l− 1 reverse
primer and 5 μl of the template. Times and temperatures for the real-time
PCR configuration using the TaqMan probe and the LightCycler were 10 s at
95 °C for denaturation, 20 s at 62 °C for annealing and 10 s at 72 °C for
amplification (45 cycles).

Statistical analysis
Data are expressed as the means± s.e.m. Differences were analyzed using one-
way analysis of variance followed by post hoc analysis, and multiple regression
analysis was performed using STATISTICA software (StatSoft, Tulsa, OK,
USA). Po0.05 was considered statistically significant.

Guidelines for the handling of rats for experiments
The rats used in the studies were handled according to the University guideline
for animal husbandry and the management of experimental animals.

RESULTS

Salt-induced hypertensive Dahl S rats and SHR
A high-salt diet challenge significantly increased SBP in Dahl S rats
over 2 weeks, and SHR fed a high-salt diet also exhibited an increased
SBP, but this increase was significantly smaller in Dahl S rats than SHR
(Figure 1a). Challenge with a high-salt diet and the subsequent
increase in blood pressure were associated with more than a 20-fold
increase in urinary protein excretion in Dahl S rats (Figure 1b). These
excretions were not altered in hypertensive SHR, and the difference
between the two strains was marked (Po0.001). Glomerular sclerotic
lesions significantly progressed in Dahl S rats challenged by a high-salt
diet, but few glomerular sclerotic lesions were observed in SHR, even
SHR with higher SBP than Dahl S rats (Figure 1c).
These data strongly suggested that the Dahl S rat strain was prone to

hypertensive renal damage in contrast to the SHR strain. Volume
expansion in Dahl S rats following a high-salt diet may contribute to
the difference between the two strains. We attempted to minimize the
effects of volume expansion using a low-salt (0.3% NaCl, w/w) diet
and investigated the role of Ang-II in organ injury in Dahl S and Dahl
R rats on a low-salt diet.

Dahl S rats with Ang-II-induced hypertension
Figure 2a shows that a 100 ngmin− 1 infusion of Ang-II significantly
increased SBP in Dahl S and Dahl R rats in a time-dependent manner.
SBP was greater in Dahl S than Dahl R rats at the end of the study.
Basal blood pressure was higher in Dahl S than Dahl R rats, but there
was no difference in SBP changes in response to Ang-II infusion
between the two strains (Figure 2b).

Characterization of renal injury
Figure 3a shows that urinary protein excretions were greater in Dahl S
rats given a saline solution (Dahl S Control) than Dahl R Control.
Ang-II infusion significantly increased urinary protein excretion in
Dahl S rats, but protein excretions were unchanged in Dahl R rats.
Ang-II infusion decreased the creatinine clearance rate in Dahl S rats,
and the creatinine clearance rate was unchanged in Dahl R rats
(Figure 3b).
We morphologically investigated renal impairment. Figure 4 shows

that various degrees of kidney injury, from almost intact to completely
sclerotic glomeruli, were observed. We determined the percentage of
glomeruli that exhibited each degree of glomerular sclerosis and
estimated the sclerosis index, as described in the Methods section.
Glomerular sclerotic lesions were higher in control Dahl S rats than

Figure 2 Blood pressure in angiotensin II (Ang-II)-induced hypertension. We
demonstrated the effects of Ang-II infusion on systolic blood pressure in
Dahl salt-sensitive (Dahl S) and Dahl salt-resistant (Dahl R) rats (a). The
absolute changes in SBP are also shown in b. Open squares, Dahl S rats fed
a low-salt diet (Dahl S); closed squares, Dahl S rats fed a low-salt diet and
given Ang-II (100 ngmin−1 per kg body weight (BW); Dahl S+AII); open
triangles, Dahl R rats fed a low-salt diet (Dahl R) and; closed triangles, Dahl
R rats fed a low-salt diet and given Ang-II (100 ngmin−1 per kg BW; Dahl R
+AII). Values are expressed as means± s.e.m. Differences between the four
groups were assessed using a one-way analysis of variance. *Po0.01 versus
value at the same week in Dahl R+AII rats. NS, not significant.
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control Dahl R rats. Ang-II infusion significantly increased glomerular
sclerotic lesions in Dahl S rats, but it did not influence lesions in Dahl
R rats (Figure 5).

RGS2 mRNA expression
The renal impairment demonstrated in Dahl S rats with Ang-II-
induced hypertension was the result of the increased sensitivity to
mechanical stress from hypertension or Ang-II-mediated events. We
investigated alterations in mRNA levels of a regulator of intracellular
Ang-II signal transduction, RGS2, in the kidney and aorta. Dahl S rats
tended to exhibit decreased RGS2 mRNA expression compared with
Dahl R rats. However, Ang-II infusion increased mRNA expression in
Dahl R rats (Dahl R+AII in Figure 6a), but this trend of RGS2 mRNA
expression was blunted in Dahl S rats. A significant difference between

Dahl R and Dahl S rats was observed (Dahl R+AII and Dahl S+AII in
Figure 6a).
This difference was more clearly demonstrated in RGS2 mRNA

expression in aortic walls (Figure 6b). RGS2 mRNA expression
increased by ~ 150% in response to Ang-II infusion, which strongly
suggests a downregulation of Ang-II receptor-mediated signal trans-
duction. In contrast, the response of RGS2 mRNA expression to Ang-
II infusion was completely blunted in Dahl S rats, which suggests that
Ang-II receptor-mediated signal transduction more likely occurred
downstream.

DISCUSSION

The present study demonstrated that Dahl S rats are likely to develop
kidney injury compared with SHR with similar high blood pressure.
This result may be due to an increased shear or mechanical stress from
salt retention and/or intrinsic susceptibility to hypertensive injury. We
investigated the inherent mechanisms for this hypersensitivity. We
demonstrated that inhibition of the (RAS) by angiotensin-converting
enzyme inhibitors attenuated blood pressure elevation in salt-
dependent hypertension in Dahl S rats, and this effect was associated
with reduced glomerular sclerosis.9 In addition to shear or mechanical
stress, RAS likely participates in the susceptibility to renal injury in
salt-induced hypertension.16–18 An increase in body fluid generally
suppresses RAS activity. Therefore, the contribution of RAS to the
renal injury in volume-dependent hypertension should be investigated.
We examined the effects of Ang-II on renal injury when the

influence of volume expansion was minimized to understand the
mechanisms of this susceptibility in Dahl S rats. The present study
demonstrated that Ang-II infusion induced hypertension in Dahl S
and Dahl R rats fed a low-salt diet. The blood pressure was higher in
Dahl S than Dahl R rats, but the absolute changes during Ang-II
infusion were nearly equivalent between Dahl S and Dahl R rats
(Figure 2b).
However, there was a marked difference in renal injury between

Dahl S and Dahl R rats. Urinary protein excretions were much greater
in Dahl S than Dahl R rats. Plasma creatinine concentrations were
increased in Dahl S rats, which decreased the creatinine clearance rate.
The morphological findings were consistent with changes in biomar-
kers that indicate renal function. Ang-II-induced hypertension of Dahl
S rats was associated with worsening of glomerulosclerotic lesions,
compared with Dahl R rats. We could not neglect the possibility that
Dahl S rats were more sensitive to the mechanical stress due to
hypertension. However, if the pathophysiological implications of RAS
are considered, then we may presume that intracellular Ang-II signal
transduction was upregulated in Dahl S rats.
Intracellular RGS2 regulates Ang-II signal transduction, and RGS2

knockout mice exhibit an increase in blood pressure of ~ 50mmHg.7

Reduced RGS2 expression in peripheral blood mononuclear cells of
hypertensive patients increases calcium mobilization and Ang-II-
induced ERK1/2 phosphorylation.19 Notably, Freson et al.20 demon-
strated that − 391 C to G substitution in the RGS2 promoter increased
the susceptibility to metabolic syndrome in white European men.
Therefore, we hypothesized that the kidney injury in Dahl S rats

with Ang-II-induced hypertension is partially due to RGS2 function.
This study first investigated RGS2 mRNA expression in aortic
homogenates and found that RGS2 expression was upregulated in
Dahl R rats with Ang-II induced hypertension, which suggests a
downregulation of Ang-II signal transduction. This effect likely
minimizes Ang-II-mediated untoward influence, and it is consistent
with previous data on RGS2 upregulation following Ang-II stimulation
in vascular smooth muscle cells in culture.21–23

Figure 3 Renal impairment in angiotensin II (Ang-II)-induced hypertension.
The alterations in urinary excretions of protein and creatinine clearance rate
are shown in a and b, respectively. Dahl salt-resistant (Dahl R) rats, Dahl R
rats fed a low-salt diet; Dahl R+AII, Dahl R rats fed a low-salt diet and given
Ang-II (100 ngmin−1 per kg body weight (BW)). Dahl salt-sensitive (Dahl S)
rats, Dahl S rats fed a low-salt diet and; Dahl S+AII, Dahl S rats fed a low-
salt diet and given Ang-II (100 ngmin−1 per kg BW). Values are expressed
as means± s.e.m. Differences between the four groups were assessed using
a one-way analysis of variance. NS, not significant.
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We also demonstrated that the basal levels of RGS2 mRNA tended
to be decreased in Dahl S rats compared with Dahl R rats. Notably, the
upregulation of RGS2 mRNA in response to Ang-II infusion was
almost completely abolished in the arterial vessels of Dahl S rats. This
result strongly suggests that the intracellular signal transduction of
Ang-II is enhanced in Dahl S rats. However, our preliminary study
found that RGS2 mRNA levels in the aortic walls from young SHR
was greater than those in Wistar Kyoto rats (1.89± 0.47 (n= 6) vs
1.12± 0.11 (n= 6), Po0.05; unpublished data). These data suggested
that the blunted upregulation of RGS2 mRNA following Ang-II
infusion contributed to the susceptibility of Dahl S rats to organ
and vascular damage.
In the present study, we examined RGS2 mRNA levels, but we

could not determine the expression of RGS2 protein because the tissue
concentration of RGS2 protein was too low to detect using a
commercially available antibody and western blot analysis. This
problem was observed in many previous studies from other labora-
tories as noted by Ross et al.2 However, RGS2 mRNA is associated
with changes in its downstream signaling pathways, and it is highly
possible that changes in RGS2 mRNA expression observed in the
present study were related to the susceptibility of Dahl S rats to
hypertensive organ damage.
Heximer and associates clearly demonstrated that RGS2 is an

important regulatory element that decreases Gαq-coupled receptor
signaling in vivo.7 These receptors are critical to the pathogenesis of
hypertension and target organ damage. Ang-II activates G-protein-
coupled angiotensin II subtype-1 receptors (AT1R) via conformational

Figure 4 Representative glomerular lesions in Dahl salt-resistant (Dahl R) and Dahl salt-sensitive (Dahl S) rats. A large number of glomeruli were
almost normal in appearance in Dahl R rats fed a low-salt diet (a) (0% sclerosis). In Dahl S rats, sclerosis of the glomeruli was greater than Dahl R rats
(b) (25–50% sclerosis). Angiotensin II (Ang-II) infusion enhanced the glomerular sclerosis in Dahl R rats (c) (0–25% sclerosis) and Dahl S rats
(d) (50–75% sclerosis). However, glomerular sclerosis was apparently greater in Dahl S rats than Dahl R rats. Periodic acid Schiff stain, original
magnification ×400.

Figure 5 Morphological assessment of renal injury. Alterations in glomerular
sclerosis following angiotensin II (Ang-II) infusion in Dahl salt-resistant (Dahl
R) and Dahl salt-sensitive (Dahl S) rats. Dahl R, Dahl R fed a low-salt diet;
Dahl R+AII, Dahl R rats fed a low-salt diet and given Ang-II (100 ngmin−1

per kg body weight (BW)). Dahl S, Dahl S rats fed a low-salt diet and; Dahl
S+AII, Dahl S rats fed a low salt-diet and given Ang-II infusion
(100 ngmin−1 per BW). Values are expressed as means± s.e.m. Differences
between the four groups were assessed using one-way analysis of variance.
NS, not significant.
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changes, with transformation from GDP to GTP on the Gαq subunit.
The Gαq-GTP and Gβγ subunits dissociate, which frees their activation
of downstream effector proteins and results in physiological actions,
such as vasoconstriction and MAP kinase activation. RGS2 enhances
the Gαq-catalyzed hydrolysis of GTP to GDP, which terminates signal
transduction between the Gα-system and the subsequent effects. If the
regulator dysfunction demonstrated in the present study is a gene-
related event, then we may hypothesize that some alterations occur in
the promotor area of RGS2 gene in Dahl S rats. Our next step is to
disclose the possible hypersensitivity to Ang-II events in Dahl S rats.
The present data suggest that Ang-II-mediated signal transduction

must be completely abolished in salt-sensitive hypertension because
only a slight change in Ang-II may promote post-receptor signal
transduction. We found that the AT1R-specific antagonist olmesartan

completely abolishes Ang-II-induced RGS2 mRNA expression in
vascular smooth muscle cells in culture (unpublished data). This
mechanism may support the rationale for the requirement for a total
RAS inhibition strategy in clinical settings. If ARB antagonism with
RGS2 upregulation is available, then it is likely very helpful as an
antihypertension strategy. We are now searching for these types of
drugs in ARBs.
In conclusion, we demonstrated that Dahl S rats were prone to

hypertensive renal injury because of hypersensitivity to mechanical
stress and/or an upregulation of Ang-II signal transduction via a
blunted response of RGS2 mRNA expression. The alterations in the
RGS2 mRNA response to Ang-II infusion in Dahl S rats were
strikingly different from Dahl R rats. The difference may be due to
alterations in the expression of the RGS2 gene, particularly in its
promotor region. This hypothesis appears very promising, and a direct
gene analysis will provide the answer to this important question.
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