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Research article
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Hypertension is a leading contributor to cardiovascular mortality worldwide. Despite this, its underlying
mechanism(s) and the role of excess salt in cardiorenal dysfunction are unclear. Previously, we have identified
cross-talk between mineralocorticoid receptor (MR), a nuclear transcription factor regulated by the steroid
aldosterone, and the small GTPase Racl, which is implicated in proteinuric kidney disease. We here show
that high-saltloading activates Racl in the kidneys in rodent models of salt-sensitive hypertension, leading to
blood pressure elevation and renal injury via an MR-dependent pathway. We found that a high-salt diet caused
renal Racl upregulation in salt-sensitive Dahl (Dahl-S) rats and downregulation in salt-insensitive Dahl (Dahl-
R) rats. Despite a reduction of serum aldosterone levels, salt-loaded Dahl-S rats showed increased MR signal-
ing in the kidneys, and Racl inhibition prevented hypertension and renal damage with MR repression. We
further demonstrated in aldosterone-infused rats as well as adrenalectomized Dahl-S rats with aldosterone
supplementation that salt-induced Racl and aldosterone acted interdependently to cause MR overactivity and
hypertension. Finally, we confirmed the key role of Racl in modulating salt susceptibility in mice lacking Rho
GDP-dissociation inhibitor a. Therefore, our data identify Racl as a determinant of salt sensitivity and pro-

vide insights into the mechanism of salt-induced hypertension and kidney injury.

Introduction

Hypertension continues to be a substantial public health prob-
lem worldwide (1), contributing to death from stroke, myocardial
infarction, and end-stage renal disease. Although its causes remain
unclear, owing to the trait’s complexity, increased salt sensitivity
of blood pressure is a major contributing factor in a subgroup of
hypertensive subjects (2, 3). Notably, the findings of single gene dis-
orders that cause blood pressure variation have established the key
role of renal salt handling in the pathogenesis of hypertension (4, 5).
However, genetic defects that directly alter renal sodium transport
are observed only in a small percentage of hypertensive subjects, and
the mechanism of essential hypertension as well as that of interindi-
vidual variation in salt sensitivity remain poorly understood.

The partnership between aldosterone and mineralocorticoid
receptor (MR) in the kidneys tightly maintains sodium and fluid
status by changing serum aldosterone levels counterbalanced by
dietary salt. Nonetheless, the increased sodium intake in industri-
alized societies has caused an excess of salt in the body, leading to
hypertension (6), cardiovascular damage (7, 8), and kidney disease
progression (9) despite suppression of serum aldosterone. Several
lines of evidence indicate that an impaired feedback regulation
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between sodium and aldosterone/MR appears to impact the salt-
induced hypertension and cardiorenal damage (10-12). Indeed, in
subjects with primary aldosteronism, high-sodium intake aggra-
vates hypertension and end-organ damage that are associated with
the inappropriate suppression of aldosterone, and the salt-medi-
ated organ dysfunction is prevented by MR blockade, suggesting
that aldosterone and high-salt levels synergistically potentiate MR-
mediated signaling (13-15). In addition, excessive MR signaling is
considered to be the key mechanism of end-organ damage even with
low or normal serum aldosterone status, especially in the context
of a high-sodium intake (16-18). Although these observations sup-
port the existence of a definite pathway to augment MR signaling
in a high-salt status, its molecular basis remains largely speculative.
Recently, we have identified signaling cross-talk between MR and
the small GTPase Rac1 as a novel pathway that modulates MR func-
tion (19). In this study, we show that a high-salt status acts synergis-
tically with aldosterone to activate renal Racl in salt-sensitive hyper-
tension, leading to high blood pressure and renal damage through
potentiating MR signaling. We also show that the different response
of renal Rac1 to high-sodium loading is a key mechanism that mod-
ulates the salt sensitivity of blood pressure and kidney injury.

Results

Racl GTPase is involved in the heterogeneity of salt sensitivity through MR
modulation. We first used Dahl salt-insensitive (Dahl-R) and Dahl
salt-sensitive (Dahl-S) rats, a model with an inherited predisposi-
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Figure 1

Effects of high-salt loading on Rac1 activity and MR signaling activity in Dahl-R and Dahl-S rats. (A) Systolic blood pressure, (B) urinary albumin
excretion, and (C) serum aldosterone concentration in Dahl-R and Dahl-S rats fed a 0.3%- or 8%-salt diet for 3 weeks. (D) Expression of GTP-bound,
active Rac1 and total Rac1 in the kidneys. The bar graph shows the results of densitometric analysis. (E) Expression of Sgk1 and GAPDH in the
kidneys. The bar graph shows the results of densitometric analysis. (F) Nuclear expression of MR in the kidneys. Nucleophosmin (NPM) served as a
loading control. The bar graph shows the results of densitometric analysis. (G) An immunofluorescence study for MR in salt-loaded Dahl-R and Dahl-S
rats. Arrows indicate nuclear staining of MR in distal nephron. The MR staining was also noted in glomeruli (arrowheads). Scale bar: 50 um. Data are
expressed as mean + SEM; n = 9 rats per group in A—C; n = 4 or 5 rats per group in D; and n = 6 rats per group in E. *P < 0.05, **P < 0.01.

tion to salt-dependent hypertension. As compared with the control
group fed a normal-salt (0.3%) diet, Dahl-R rats fed an 8%-salt diet
did not show blood pressure elevation during 3 weeks of treatment
period (Figure 1A). In contrast, salt-loaded Dahl-S rats developed
significant hypertension at 3 weeks, which was accompanied by
pathological albuminuria (Figure 1, A and B). In the normal-salt
diet-fed groups, serum aldosterone concentrations were higher in
Dahl-R rats than Dahl-S rats (Figure 1C); the results were identical
to those in the previous studies (20). Salt loading suppressed serum
aldosterone in both strains to similar levels (Figure 1C). In order to
address the possibility that Racl is involved in the pathogenesis of
salt-sensitive hypertension in this model, we assessed Racl activity
in the kidneys. GST pull-down assay revealed that GTP-bound, active
Racl expression was significantly elevated in the kidneys of Dahl-S
rats by high-saltloading (Figure 1D). In sharp contrast, Rac1 activity
was significantly reduced in Dahl-R rats in response to high-salt diet.
The serine/threonine kinase Sgk1 is a key downstream effector of
MR signaling in the kidneys, orchestrating the early and late respons-
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es through the regulation of epithelial sodium channel activity, traf-
ficking, and transcription (21-23). The Sgk1 expression level also
serves as a surrogate marker for MR signaling activity in vivo (15, 24).
High-salt diet upregulated Sgk1 in the kidneys of Dahl-S rats, where-
as its expression was significantly reduced in salt-loaded Dahl-R rats
(Figure 1E). These results are in line with the previous observations
indicating the role of Sgk1 in the increased salt sensitivity of Dahl-
S rats (25, 26). When activated, MR translocates into the nucleus
to regulate the transcription of targeted genes. Consistent with
the Sgk1 expression, salt-loaded Dahl-S rats showed increased MR
expression in the nuclear fraction, whereas it was decreased in salt-
loaded Dahl-R rats (Figure 1F), indicating that MR signaling is actu-
ally enhanced in the salt-loaded Dahl-S model. We also performed
an immunofluorescence study for MR (Figure 1G). In salt-loaded
Dahl-S rats, MR was strongly stained with a nuclear pattern in the
distal nephron. In accordance with the previous studies, MR staining
was also noted in glomerular cells (27, 28). No signals were detected
in proximal tubules. Nuclear staining of MR in the distal nephron
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Inhibition of Rac1 ameliorates hypertension and renal damage in Dahl-S rats with the repression of MR signaling. (A) Mean arterial pressure and (B)
urinary albumin excretion were measured in salt-loaded Dahl-S rats treated with Nsc23766 (Nsc) or eplerenone (Epl). DSN, Dahl-S rats fed a 0.3%-salt
diet. DSH, Dahl-S rats fed an 8%-salt diet. (C) Rac1 activity, (D) nuclear MR accumulation, and (E) Sgk1 expression in the kidneys. Bar graphs show
the results of densitometric analysis. (F) Representative PAS-stained kidney sections. Scale bar: 50 um. (G) Histological analysis of glomeruloscle-
rosis by semiquantitative morphometric evaluation. (H) Representative micrographs of immunostaining for desmin in the glomeruli. Scale bar: 50 um.
(I) Semiquantitative analysis of immunostaining for desmin. Data are expressed as mean + SEM; n = 5 each group. *P < 0.05, **P < 0.01.

was less clear in salt-loaded Dahl-R rats. Taken together, salt-sensitive
hypertension in the Dahl-S model is associated with the increased
MR activity in the aldosterone-sensitive distal nephron. In further
support of this possibility, serum potassium concentrations were
significantly decreased in salt-loaded Dahl-S rats (4.34 + 0.12 mEq/1
in high-salt diet-fed Dahl-S rats versus 4.83 + 0.13 mEq/l in normal-
salt diet-fed Dahl-S group; P < 0.05). This is consistent with the pre-
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vious observation by another group that noted a modest decrease in
serum potassium levels in a similar model (29).

To prove more moderate levels of salt intake would cause renal
Racl elevation in Dahl-S rats, we examined the effects of a 4%-salt
diet. After 4 weeks of treatment period, 4%-salt diet induced hyper-
tension and albuminuria in Dahl-S rats (Supplemental Figure 1,
A and B; supplemental material available online with this article;
Volume 121~ Number 8
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Coadministration of salt and aldosterone causes blood pressure elevation with Rac1 and Sgk1 induction in the kidneys. (A) Systolic blood pres-
sure was measured at 2, 4, and 6 weeks in the indicated animals. Sham, sham-operated control rats that received a normal-salt (0.3%) diet. (B)
Sgk1 expression in the kidneys. Samples from Sham kidneys are indicated in left 2 lanes, samples from Aldo+LS kidneys are indicated in middle
2 lanes, and samples from Aldo+HS kidneys are indicated in right 2 lanes. The bar graph shows the results of densitometric analysis. (C) GTP-
bound active Rac1 expression in the kidneys. The bar graph shows the results of densitometric analysis. Data are expressed as mean + SEM;

n =4 each group. **P < 0.01.

doi:10.1172/JCI43124DS1). As expected, serum aldosterone levels
were significantly suppressed in 4%-salt diet-fed rats (Supplemen-
tal Figure 1C). Identical to that in the previous experiments, renal
Racl activity was significantly elevated by 4%-salt diet (Supplemen-
tal Figure 1D). Moreover, both nuclear MR and Sgk1 expression
levels were significantly elevated by the salt diet (Supplemental
Figure 1, E and F), and these observations were accompanied by the
significant decrease in serum potassium levels (4.46 + 0.08 mEq/1
in 4%-salt diet-fed Dahl-S group versus 4.96 + 0.13 mEq/l in nor-
mal-salt diet-fed Dahl-S group; P < 0.01).

The above observations led us to the speculation that enhanced
MR signaling and salt-dependent hypertension in Dahl-S rats can
be attributable to Racl activation in the kidneys and that the dif-
ferent response of renal Rac1 to salt intake is an underlying mecha-
nism for the variation in salt sensitivity in Dahl model. To provide
evidence that renal Racl activity affects salt sensitivity, Dahl-S rats
fed an 8%-salt diet were treated with Nsc23766, a small molecule
inhibitor that specifically reduces Rac activation (30, 31). We evalu-
ated mean arterial pressure by direct measurement, using catheters
inserted into lower aorta. As shown in Figure 2A, Nsc23766 par-
tially but significantly reduced the arterial pressure in salt-loaded
Dahl-S rats, confirming the causal role of Rac1 activation in salt-
dependent elevation of blood pressure. In Dahl-S rats treated with
the selective MR antagonist eplerenone, mean arterial pressure was
reduced to the same extent as after treatment with Nsc23766. Both
treatments successfully reduced the albuminuria in this model
(Figure 2B). We next investigated the effects of Racl inhibition
on MR signaling. Notably, the increased nuclear MR expression
in salt-loaded Dahl-S rats was markedly prevented by Nsc23766,
along with the repression of Rac1 activity (Figure 2, C and D). Sgk1
upregulation was also prevented by the treatment (Figure 2E).
Although we did not detect significant change in serum potassium
levels of Nsc23766-treated rats (4.70 + 0.15 mEq/1), urinary potassi-
um excretion was significantly decreased as compared with thatin
salt-loaded Dahl-S rats at 3 weeks of treatment (3.83 + 0.12 mEq/d
in Nsc23766-treated rats versus 4.41 + 0.13 mEq/d in 8%-salt-
loaded Dahl-S rats; P < 0.01). Consistent with the reduction in
albuminuria, Nsc23766 and eplerenone ameliorated the glomeru-
losclerotic changes seen in this model (Figure 2, F and G), and the
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protective effects were confirmed by desmin staining, a marker for
glomerular podocyte damage (Figure 2, H and I). We additionally
evaluated the role of Rho-mediated signaling in the development
of salt-dependent hypertension. In accordance with the findings
of a previous study (32), the Rho/Rho-kinase inhibitor fasudil had
no depressor effect in this model, and an antiproteinuric effect was
not observed at this stage (Supplemental Figure 2). These results
indicate that Rac1 activation induced by high-salt diet is a causal
mechanism for the development of salt-dependent hypertension
through potentiating MR activity in Dahl-S rats.

Role of Racl in the synergistic action of salt and aldosterone. Several lines
of evidence indicate that the injurious effect of aldosterone is aug-
mented by high-sodium intake and that salt and aldosterone act
synergistically to increase MR activity by an unidentified mecha-
nism (14, 15, 33). We next set out to examine a role of Racl GTPase
in the unsolved question, using Sprague-Dawley (SD) rats that
received a fixed dose of aldosterone. An 8%-salt diet did not elevate
blood pressure in SD rats in the absence of aldosterone infusion
(data not shown). In the normal SD rats, serum aldosterone was
suppressed by high-sodium diet (Supplemental Figure 3A). In addi-
tion, Rac1 activity and Sgk1 were significantly reduced by high-salt
diet (Supplemental Figure 3, B and C), similar to those observed in
Dahl-R rats. Next, in order to evaluate the influence of salt status
on Sgk1l and Rac1 activity under a fixed aldosterone condition, SD
rats were continuously infused with aldosterone (0.75 ug/h s.c.)
(10) and received a 0.05%-salt (Aldo+LS) or an 8%-salt (Aldo+HS)
diet. As shown in Figure 3A, blood pressure remained constant
in the Aldo+LS group, and there was no significant difference in
blood pressure between sham-operated control rats and Aldo+LS
rats after 6 weeks of treatment. In contrast, Aldo+HS rats showed
progressive blood pressure elevation (Figure 3A); the results were
consistent with those in previous studies in similar models (10, 11).
Compared with controls, Sgk1 was not altered in the kidneys of
Aldo+LS rats (Figure 3B). Interestingly, however, Sgk1 expression
was significantly increased in the Aldo+HS group (Figure 3B). We
then analyzed the profiles of renal Racl activity in this model.
Active Racl expression remained unchanged between control and
Aldo+LS rats (Figure 3C). In contrast, Aldo+HS rats showed signifi-
cant elevation of Rac1 activity in the kidneys (Figure 3C).
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Figure 4

Rac1 inhibition prevents hypertension and glomerular injury in Aldo+HS rats. (A) Effects of Nsc23766 treatment on systolic blood pressure in
Aldo+HS rats at 6 weeks of treatment. (B) Effects of Nsc23766 on urinary albumin excretion in Aldo+HS rats at 6 weeks. (C) Suppression of
GTP-bound Rac1 in the kidneys of Aldo+HS rats treated with Nsc23766. The bar graph shows the results of densitometric analysis. (D) Sgk1
expression in the kidneys of Aldo+HS rats treated with Nsc23766. The bar graph shows the results of densitometric analysis. (E) Quantitative
real-time RT-PCR analysis of Nphs1 in the glomeruli. The expression levels were normalized to those of Actb and are expressed relative to
those of Aldo+LS rats. (F) Representative immunofluorescence photomicrographs of nephrin in the glomeruli. Scale bar: 50 um. (G) Represen-
tative micrographs of immunostaining for desmin. Scale bar: 50 um. (H) Semiquantitative analysis of desmin staining. (I) Transmission electron
micrographs of podocyte foot processes in the kidneys of indicated animals. Scale bar: 1 um. Data are expressed as mean + SEM; n = 4 each

group for A-E, and H. *P < 0.05, **P < 0.01, #0.05 < P < 0.1.

The pathogenetic role of Rac1 elevation in this model was con-
firmed by the effects of Nsc23766, because the treatment signifi-
cantly ameliorated hypertension and albuminuria in this model
(Figure 4, A and B). In addition, Nsc23766 significantly reduced
Rac1 activity and Sgk1 (Figure 4, C and D). We also evaluated the
effects on glomerular podocyte damage in this model. The gene
expression of nephrin (NphsI), a principle component of the slit
diaphragms, was considerably reduced in the glomerular fraction
of Aldo+HS rats, and Nsc23766 treatment significantly prevented
its downregulation (Figure 4E). An immunofluorescence study
showed that the decrease in nephrin protein was also prevented
by Racl inhibition (Figure 4F). Desmin was upregulated along
the capillary loop in Aldo+HS rats but to a lesser degree in the
Nsc23766-treated rats (Figure 4, G and H). Consistent with these
results, a structural analysis using transmission electron micros-
copy (TEM) revealed that the retraction of the podocyte foot pro-
cesses in Aldo+HS rats was ameliorated by Nsc23766 (Figure 4I).
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These results indicate that the Racl-mediated pathway is involved
in the unfavorable synergism between salt and aldosterone.

In SD rats, we observed that the fixed aldosterone condition was
necessary for salt-induced Racl activation. These results were some-
what different from the data of Dahl-S rats, in which salt loading acti-
vated Racl despite the suppression of aldosterone. To gain further
insights into this difference, we next investigated the contribution of
aldosterone in salt-loaded Dahl-S rats. For this purpose, Dahl-S rats
were adrenalectomized, followed by high-sodium loading. Serum
aldosterone levels were undetectable at 3 weeks after adrenalectomy
(Figure SA). As shown in Figure 5, B and C, hypertension and albu-
minuria in salt-loaded Dahl-S rats were almost completely blocked
by adrenalectomy. Notably, renal Rac1 activity was significantly sup-
pressed in the adrenalectomized group (Figure 5D), indicating that
the presence of aldosterone is essential for the salt-induced Rac1 acti-
vation in this model. Nuclear MR accumulation and Sgk1 expression
were also significantly reduced in adrenalectomized group (Figure S,
Volume 121~ Number 8
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Effects of adrenalectomy and aldosterone supplementation in salt-loaded Dahl-S rats. (A) Serum aldosterone, (B) systolic blood pressure, and
(C) urinary albumin excretion were measured in salt-loaded Dahl-S rats that received adrenalectomy (DSH+ADXx rats) or adrenalectomy followed
by aldosterone supplementation (DSH+ADx+aldo rats). ND, not detected. (D) GTP-bound active Rac1 expression in the kidneys. Samples from
DSH rats are indicated in left 2 lanes, samples from DSH+ADXx rats are indicated in middle 2 lanes, and samples from DSH+ADx+aldo rats are
indicated in right 2 lanes. The bar graph shows the results of densitometric analysis. (E) Nuclear MR accumulation in the kidneys. The bar graph
shows the results of densitometric analysis. (F) Sgk1 expression in the kidneys. The bar graph shows the results of densitometric analysis. Data
are expressed as mean + SEM; n =5 to 10 each group. *P < 0.05, **P < 0.01.

E and F). In order to validate that the effects of adrenalectomy are
actually attributable to the depletion of aldosterone, we supple-
mented adrenalectomized Dahl-S rats with aldosterone (8 ug/kg/d,
s.c.). In these rats, serum aldosterone levels were nearly identical to
those of salt-loaded Dahl-S rats (Figure 5A). Aldosterone supplement
reversed the depressor effect of adrenalectomy and its effects on
reducing albuminuria (Figure 5, B and C). Importantly, the reduced
Racl activity in adrenalectomized rats was also reversed by aldoste-
rone infusion (Figure 5D). In addition, nuclear MR and Sgk1 were
significantly increased in aldosterone-supplemented group (Figure S,
E and F). These data illustrate the interdependent nature of aldoste-
rone and the Racl-mediated pathway in causing excess MR signaling
and salt-sensitive hypertension in vivo.

Arhgdia~/~ mice exhibit salt-sensitive elevation of blood pressure and renal
injury. We have shown that Racl GTPase in the kidneys is an impor-
tant determinant of salt sensitivity. Rac1 activity is known to be regu-
lated by 3 groups of molecules: GDP/GTP exchange factor (GEF),
GTPase-activating protein (GAP), and GDP-dissociation inhibitor
(GDI) (34). Therefore, it is possible that the genetic variation in these
regulatory molecules affects blood pressure through modulating
salt susceptibility. In support of this possibility, the gene encoding
human GDIa (ARHGDIA) is located in chromosome 17q25.3, in
which several genome-wide linkage analyses in human hyperten-
sion detected evidence of a quantitative trait loci influencing blood
pressure among people of African descendant and North American
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Indians (35, 36). GDIa binds to the GDP-bound, inactive form of
Racl and inhibits both basal and GEF-stimulated dissociation of
GDP from the inactive Racl (34). Thus, deletion of this molecule
can affect blood pressure response to salt through the dysregulation
of Racl. To test this, we next evaluated the effects of high-salt loading
on blood pressure in mice lacking GDIa. (Arhgdia~~ mice). As expect-
ed, blood pressure remained constant in wild-type mice regardless
of the salt status (Figure 6A). By contrast, blood pressure was sig-
nificantly altered between high- and low-salt diet groups in Arhgdia”/~
mice (Figure 6A), indicating the increased salt sensitivity in this
model. In a radiotelemetry analysis, we consistently found the salt-
dependent elevation of blood pressure in Arhgdia”~ mice (Figure 6B),
confirming the role of GDIo. in salt susceptibility. We addition-
ally evaluated the histology of the kidney. As shown in Figure 6C,
the renal phenotype, including glomerulosclerosis and associated
tubulointerstitial damage, was substantially augmented by high-
sodium loading. Furthermore, renal Racl activity in Arhgdia”~ mice
was significantly influenced by salt status (Figure 6D). GDIa. not
only inhibits basal Racl activity but also prevents Rac1 activation
through inhibiting GEF-stimulated GDP dissociation (34). There-
fore, the increased Racl activity in salt-loaded Arhgdia~~ mice is likely
to result from GEF-stimulated GDP dissociation. We thus explored
the activity of several Rac-specific GEFs known to be present in the
kidneys usinga G15ARac1 pull-down assay (37). We found that T cell
lymphoma invasion and metastasis 1 (Tiam1), but not fpix or Sos1,
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Figure 6

Blood pressure and renal injury in Arhgdia- mice are salt sensitive. (A) Systolic blood pressure in wild-type and Arhgdia-- mice that received a
0.05%-salt (LS) or 8%-salt (HS) diet for 4 weeks (n = 8, except n = 6 for Arhgdia~- mice that received LS diet [Arhgdia”-+LS mice]). (B) Hourly
averages of 3-day recordings of mean arterial pressure by radiotelemetry before (gray) and after (red) salt loading. White and black boxes below
the graphs represent subjective day and night, respectively. Mean arterial pressure was elevated by high salt in Arhgdia-- mice (red arrows).
(C) Representative PAS-stained kidney sections. Scale bar: 100 um. (D) GTP-bound and total Rac1 in kidneys. The bar graph shows the results
of densitometric analysis (n = 4). (E) Activity of Rac-GEFs evaluated by G15ARac1 pull-down assay (n = 4). Equal protein amounts of kidney
homogenates were used as samples for each analysis. (F) Serum aldosterone concentration in Arhgdia=-+LS mice (n = 6) and Arhgdia-- mice
that received HS diet (Arhgdia--+HS mice) (n = 8). (G) Sgk1 expression in the kidneys (n = 4). (H) Effects of Nsc23766 and eplerenone on
albuminuria (wild-type mice that received LS diet [WT+LS mice], n = 5; wild-type mice that received HS diet [WT+HS mice], n = 4; Arhgdia--+LS
mice, n = 7; Arhgdia”-+HS mice, n = 8; Arhgdia--+HS mice that received Nsc23766, n = 8; Arhgdia--+HS mice that received eplerenone, n = 4).
(I) Representative renal histology in the Nsc23766- or eplerenone-treated group. Scale bar: 100 um. (J) Quantitative analysis of Ccl2, Tnfa, and
116 MRNA expression. *P < 0.05, **P < 0.01, #0.05 < P < 0.1.

was activated in response to salt loading in this model (Figure 6E).
Tiam1 is known to activate several nuclear transcription factors
through Rac1 induction (38). It is also of note that Nsc23766 blocks
the interaction of Racl and several GEFs, including Tiam1, thereby
suppressing Racl activation (30). The role of Tiam1 in salt-medi-
ated Racl activation was further validated in an aldosterone infu-
sion model (Supplemental Figure 4). Although serum aldosterone
levels were suppressed in salt-loaded Arhgdia”~ mice (Figure 6F), Sgk1
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expression was significantly upregulated (Figure 6G). In order to
evaluate the contribution of Rac1 and MR activation in this model,
we administered Nsc23766 or eplerenone. The blood pressure eleva-
tion seen in salt-loaded Arhgdia~~ mice was significantly reduced by
both treatments (103.8 + 4.2 mmHg in salt-loaded Arhgdia”~ mice,
90.3 + 1.1 mmHg in Nsc23766-treated group, P < 0.05 versus salt-
loaded Arhgdia~~ mice; 91.8 + 2.7 mmHg in eplerenone-treated group,
P <0.05 versus salt-loaded Arhgdia”~ mice). Notably, albuminuria in
Volume 121~ Number 8
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Arhgdia”/~ mice was markedly aggravated by high-salt loading (Fig-
ure 6H), consistent with the histological observations of the kidneys.
Nsc23766 treatment could significantly reduce albuminuria in this
model (Figure 6H). The renoprotective effect of eplerenone was even
more marked (P < 0.01 versus salt-loaded Arhgdia”~ mice; P < 0.05
versus Nsc23766-treated group). The results were different from
those in the Dahl-S model, because there was no significant differ-
ence in the renoprotective effect between Nsc23766 and eplerenone
in salt-loaded Dahl-S rats. These 2 models were also different in that
we did not observe renal injury in Dahl-S rats without a high-salt
diet (Figure 1B), whereas pathological albuminuria was present in
Arbgdia”~ mice even with a low-salt diet. These differences between
Dahl-S rats and Arhgdia”/~ mice might result from the artificial
nature of Arhgdia”/~ mice, or alternatively, the observations can be
attributed to the species difference. It is also possible that an addi-
tional mechanism may coexist in causing renal injury in this model.
The renoprotective effects of the pharmacological interventions in
salt-loaded Arhgdia”~ mice were confirmed by histology (Figure 6I)
and by the reduction of inflammarory cytokines (Figure 6]). These
results establish an important role of the Racl-mediated pathway in
the pathogenesis of salt-sensitive hypertension and renal injury.

As described above, high-salt loading augmented Tiam1 activity in
Arhgdia”~ mice and in aldosterone-infused rats. In the Dahl-S model,
however, we observed that adrenalectomy abolished Rac1 activation
and that aldosterone supplementation reversed the effects, indicat-
ing that aldosterone can also be an important regulator of Racl. To
gain further insights into the mechanisms for the regulation of Rac1
activity, we finally evaluated Tiam1 activity in the Dahl model. Tiam1
levels changed differently with high-salt diet in Dahl-S and Dahl-R
rats, with upregulation in the former and downregulation in the lat-
ter (Figure 7A). Importantly, Tiam1 activation in salt-loaded Dahl-S
rats was prevented by adrenalectomy, and this effect was abolished in
the aldosterone-supplemented adrenalectomized group (Figure 7B).
These data provide additional support for the hypothesis that salt
and aldosterone interdependently regulate Rac1 activity. Moreover,
the decreased Tiam1 activity in salt-loaded Dahl-R rats underscores
the role of Tiam1 in the regulation of Rac1-MR signaling.

Discussion

The current study demonstrates that high-salt loading triggers
Racl activation in the kidneys in salt-sensitive hypertension, which
is the key event in the pathogenesis of blood pressure elevation and
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kidney injury via an MR-dependent pathway. We first showed that
renal Rac1 activation caused salt-dependent hypertension and renal
injury in Dahl-S rats via potentiating MR signaling. Conversely,
Racl activity was reduced in salt-loaded Dahl-R rats, supporting
the close relationship between Racl and salt susceptibility. Using
an aldosterone infusion model and adrenalectomized Dahl-S rats,
we next showed that Racl was involved in the unfavorable interac-
tion between salt and aldosterone; salt-induced Racl and aldoste-
rone synergistically caused blood pressure elevation and renal dam-
age. Finally, the key role of Racl and its regulatory molecules in
determining salt susceptibility was confirmed in Arhgdia~~ mice.
The aldosterone/MR signaling is closely related to dietary salt
intake in both health and disease. Although several investigators
have provided evidence that supports the paradoxical response of
MR activity to sodium loading in models of salt-sensitive hyperten-
sion (15, 25, 26), the mechanism that augments MR activity in a
high-salt status has long been a mystery. In this study, we showed
that salt loading increased not only Sgk1 but also nuclear MR
accumulation in Dahl-S rats and that the enhanced MR signaling
was prevented by Racl inhibition. In contrast, high-salt loading
decreased Racl and MR signaling in salt-resistant models, including
Dahl-R and SD rats, indicating that high-salt loading potentiates
Rac1l-MR signaling only in salt-sensitive models, not in salt-resistant
subjects. The negative action of high salt on Racl1 in salt-resistant
models can be attributed to the suppression of serum aldosterone,
because high-salt loading activated Racl in SD rats that received a
fixed dose of aldosterone. In Dahl-S rats, however, serum aldoste-
rone, even at low levels, is an important positive regulator of Racl,
considering the data that adrenalectomy decreased Racl activity
during the high-salt diet and that aldosterone supplementation
reversed the effect. Our data that aldosterone removal in Dahl-S rats
influenced the activity of Rac-specific GEF Tiam1 further support
an essential role of aldosterone in regulating Rac1 activity. Taking
these observations together, we consider that aldosterone and high-
salt diet interdependently regulate Rac1 activity, and, presumably
due to the augmented response of Rac1 to these factors, Dahl-S rats
show salt-dependent hypertension (see our cartoon; Figure 8). From
our data, it is not entirely clear what level of aldosterone allows Racl
to respond to salt loading in the Dahl-S model. Nevertheless, our
study sheds light on the long-standing mystery and establishes what
we believe to be a novel role of Rac1 as a key factor for the paradoxi-
cal increase of MR activity in the context of a high-salt intake.
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Figure 8

Involvement of Rac1 in the paradoxical response of MR to salt load-
ing in salt-sensitive hypertension. In the salt-resistant model, high-salt
loading decreases Rac1 and MR activity. In contrast, high-salt loading
causes Rac1 and MR activation in salt-sensitive hypertension. Salt and
aldosterone interdependently regulate Rac1 (shown as blue lines), and
Rac1 activity goes up in salt-sensitive subjects due to the pathological
response of Rac1 to salt and aldosterone. Rac1 can exert a permissive
effect on aldosterone-induced MR activation (shown in red).

A key area of interest is the molecular basis for high-salt loading
changes renal Rac1 activity. We showed that Rac1 activity was altered
in opposite directions by high-salt diet in Dahl-S and Dahl-R rats.
Because environmental conditions were identical, the differences
in response to the same treatment can be attributed to the genomic
heterogeneity in these models. One possibility is that genetic altera-
tion in molecules that regulate Racl might be involved. Although the
causative genes for hypertension in Dahl model remain unknown,
previous studies have identified several loci cosegregating with blood
pressure. As an example, congenic strain analysis revealed that chro-
mosome 10 contains a quantitative trait locus (QTL) affecting blood
pressure in Dahl-S model (39, 40). The gene encoding CAMGAP1, a
GAP toward Racl thatis abundantly expressed in the kidneys (41), is
located within the QTL. In addition, another Rho family regulator,
Arhgap] gene (encoding RhoGAP1), is located within the blood pres-
sure QTLs in chromosome 3 (42). Although we showed that Tiam1
activity is altered in the Dahl model, involvement of other regula-
tors is not excluded, considering that a multitude of GEFs and GAPs
coordinately regulate small GTPases. The other possibility is that the
humoral factors that affect Racl activity can be altered between the
2 strains. Local angiotensin II within the kidneys modulates renal
function independently of systemic angiotensin II (43) and causes
sodium and water retention that is at least partly attributable to the
enhanced reabsorption in distal nephron (44-46). Of note, Kobori
et al. revealed the paradoxical enhancement of intrarenal angioten-
sinogen levels in salt-loaded Dahl-S rats (47). Interestingly, angio-
tensin II can activate MR via mechanisms other than intracellular
aldosterone synthesis (48). Tiam1 is activated by Src kinase, a key
player in angiotensin II-mediated cellular response (49). Moreover,
angiotensin II is shown to elevate Rac1 activity in vitro, leading to
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nuclear transcription factor induction (50). Thus, it is also possible
that humoral factors such as angiotensin Il are involved in the differ-
ent responses between 2 strains. Although it remains elusive how salt
loading upregulates and downregulates Racl in Dahl-S and Dahl-R
rats, respectively, future research on key alterations in genes that con-
fer the different responses would be promising.

A potential limitation of our study is that we have not fully excluded
other mechanisms that might be involved in pathological MR acti-
vation. One hypothesis that has been postulated to explain the dis-
crepancy between circulating aldosterone levels and tissue MR signal-
ing activity is that the extraadrenal production of aldosterone might
induce organ-specific MR activation. Indeed, tissue aldosterone levels
in the heart are reported to be increased in cardiac hypertrophy, with
the upregulation of aldosterone synthase (51). However, adrenalec-
tomy almost completely prevented hypertension and kidney damage
in this study, supporting the importance of systemic aldosterone, at
least in our model. It is also of note that aldosterone supplementation
to the same level as that of salt-loaded Dahl-S rats fully reversed the
effects of adrenalectomy. Another hypothesis explaining the discrep-
ancy is that glucocorticoid might act as a ligand for MR. Endogenous
glucocorticoids, cortisol in humans and corticosterone in rodents,
manifest a similar affinity for MR as aldosterone. The agonistic activ-
ity of glucocorticoids is considered to be negligible in physiological
milieu; however, they can act as agonists in some pathological con-
ditions (18, 52, 53). Although we acknowledge that glucocorticoids
can activate MR, especially in tissue damage in heart failure (52, 54),
corticosterone may not potentiate the development of salt-sensitive
hypertension in our study, considering that aldosterone supplemen-
tation fully nullified the protective effects of adrenalectomy. As an
alternative mechanism that modulates MR activity, we have previously
demonstrated the interaction between Racl and MR (19). In the cur-
rent study, we show that Racl activity was increased in response to
high-sodium loading and that Rac1 inhibition reduced blood pressure
and renal injury along with MR repression, underscoring the role of
Racl as a regulator of MR activity and salt susceptibility. Nonetheless,
several other possibilities have also been postulated to modulate MR-
dependent responses (55, 56). In our study, the renoprotective effects
of Nsc23766 were moderate as compared with those of eplerenone in
salt-loaded Arhgdia”~ mice, although there were no significant differ-
ences between Nsc23766 and eplerenone in blood pressure-lowering
and renoprotective effects in salt-loaded Dahl-S rats. One possible
explanation for this observation is that alternative factors in addition
to Rac1 are involved in the regulation of MR overactivity. There are sev-
eral factors modulating nuclear receptors, including estrogen recep-
tor, glucocorticoid receptor, and MR; MR is also activated by protein
kinase A and Ubc9 (56, 57). Therefore, it is possible that additional
pathways are involved in the regulation of MR-dependent responses
in this model, and Racl-mediated signaling represents one of the key
mechanisms modulating MR activity in a high-salt status in salt-sensi-
tive hypertensive animals. Another potential limitation is that, in some
experiments, we evaluated blood pressure only by the indirect method.
Although we acknowledge this limitation, the use of tail-cuff method
can be validated, considering the substantial differences among groups
in these studies (58). In addition, the albumin excretion data in our
study certainly are consistent with the blood pressure data.

In summary, we demonstrate that renal Racl GTPase regulates
salt susceptibility of blood pressure and kidney injury via an MR-
dependent mechanism. We also show that salt-induced Racl and
aldosterone act in concert to induce pathological MR overactiv-
ity, providing a theoretical basis for the unfavorable interaction
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between salt and aldosterone in causing organ dysfunction. We
suppose that this local MR regulatory system through Racl might
have originally served to ensure the efficient sodium handling in
the kidneys. However, the excessive dietary salt intake in Western
societies can induce the abnormal MR activation through Racl,
contributing to the development of hypertension and end-organ
damage. Our data indicate that the Racl-mediated pathway in the
kidneys can be an alternative therapeutic target for salt-sensitive
hypertension and salt-mediated kidney injury.

Methods
Animals and experimental design. All experimental procedures were approved
by the Animal Care Committee of the University of Tokyo.

In the Dahl model, 4-week-old male Dahl-S or Dahl-R rats (SLC) were fed
an 8%- or 0.3%-NaCl diet for 3 weeks. In some experiments, Dahl-S rats were
fed a 4%-salt diet for 4 weeks. In the drug treatment studies, Dahl-S rats
were randomly assigned to one of the following treatment groups 3 days
before salt loading: eplerenone (Pfizer; 1.25 g/kg chow); Nsc23766 (Tocris
Biosciences; at a dose of 8 mg/kg/d, s.c.); and fasudil (Asahi Kasei Pharma;
100 mg/kg/d in drinking water). The doses of eplerenone used in this study
correspond to the estimated intake of 100 mg/kg/d, which effectively inhib-
its aldosterone/salt-induced hypertension and provided end-organ protec-
tive effects in the kidneys in previous studies (10). The dosages of Nsc23766
used were determined according to the inhibitory effects of renal Rac1 activ-
ity in vivo without apparent toxicity. The dosage of fasudil was in accor-
dance with that in the previous studies, which has been shown to prevent
Rho-kinase activation (59). Bilateral adrenalectomy was performed through
a dorsal incision under ether anesthesia. Adrenalectomized rats received
dexamethasone (Wako) at a dose of 60 ug/kg/d s.c., 3 days per week.

In aldosterone infusion experiments, SD rats (Tokyo Laboratory Animals
Science), weighing 250-270 g, received either sham operation or implanta-
tion of osmotic minipump (Alzet) containing aldosterone (0.75 ug/h s.c.).
Aldosterone-infused rats were randomly assigned to 8%- or 0.05%-salt diet
group for 6 weeks. Sham-operated rats received normal chow.

Arhgdia”/~ mice were generated as described previously (60). Male off-
spring derived from Arhgdia”~ intercrosses were analyzed in this study.
The mice were divided into 8%- and 0.05%-NaCl diet groups at 4 weeks of’
age. In some experiments, Nsc23766 or eplerenone was given at a dose of
20 mg/kg/d s.c. or 1.67 g/kg, respectively.

Urine was collected for 24 hours using an individual metabolic cage (Nat-
sume). Urine collecting tubes were lubricated with mineral oil to avoid evap-
oration. We determined urine albumin using a rat or mouse albumin ELISA
according to the manufacturer’s instructions (Shibayagi). Serum aldosterone
was measured at SRL. Glomeruli were isolated by the sieving method (61).

Blood pressure measurements. Systolic blood pressure of conscious animals
was measured using the tail-cuff method (27). A dark cover was placed over
animals to reduce stress. We also performed direct blood pressure measure-
ment. Under light anesthesia, a polyethylene catheter was implanted through
the left femoral artery into the lower aorta. The distal end of catheter was
threaded through the s.c. space and exteriorized from the subcapsular region.
The catheter was filled with heparinized saline to avoid clotting. Mean arte-
rial pressure was monitored in a conscious and unrestrained condition. In
some experiments, arterial pressure was monitored by radiotelemetry. Mice
were anesthetized with ether, and the left carotid artery was isolated. The
tip of the catheter of the PhysioTel Transmitters (model PA-C10, Data Sci-
ences International) was inserted in the carotid artery and advanced in the

aortic arch, with the telemeter body positioned in a s.c. pocket on the left
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flank. After more than 7 days of recovery from surgery, mean artery pressure
was continuously monitored using a model RPC-1 Receiver, APR-1 Ambient
Pressure Monitor, and a Data Quest ART Silver 4.2 acquisition system (Data
Sciences International). At 10-minute intervals, the system was set to sample
the mean, systolic, and diastolic arterial pressure over 1 minute and record
their average values. The recording room was maintained at a constant tem-
perature and humidity with a 12-hour-light/12-hour-dark cycle.

Western blot analysis and Rho GTPases activation assay. Western blotting
was performed as previously described (19). Nuclear extracts were pre-
pared as described previously (19). Primary antibodies used included Sgk1
(Cell Signaling Technology), GAPDH (Abcam), MR (Perseus Proteomics),
Nucleophosmin (Sigma-Aldrich), and Racl (Millipore). Activity of Racl
was assessed by the pull-down assay (19).

Quantitative RT-PCR. Gene expression was quantitatively analyzed by real-
time RT-PCR as described previously (61).

Immunobistochemistry. Immunostaining was performed as described previ-
ously (61). Antibody to nephrin was provided by H. Kawachi (Niigata Uni-
versity, Niigata, Japan). Desmin staining in the glomeruli was semiquantita-
tively scored in accordance with the previously described method (62).

Histomorphometric analysis and TEM. After dissection, kidneys were rinsed
in phosphate-buffered saline, fixed in 4% paraformaldehyde solution, and
embedded in paraffin. The degree of glomerulosclerosis was semiquanti-
tatively scored according to an established scoring system (19, 27). In TEM
analysis, small pieces of cortex were fixed, dehydrated, and embedded as
described previously (61).

Rac-GEF activation assay. Activity of GEFs was determined by the pull-down
assay using nucleotide-free Racl mutant (G15ARac1), which forms a high-
affinity binary complex with active GEFs (37), in accordance with the man-
ufacturer’s instruction (Cell Biolabs Inc.). Kidneys were homogenized in a
buffer consisting of 1% NP-40, 20 mM HEPES, pH 7.5, 150 mM NacCl, 5 mM
MgCly, protease inhibitors, and phosphatase inhibitors. Lysates were centri-
fuged at 14,000 g for S minutes, and equal amounts of protein (3,000-4,000
ug) were incubated at 4°C for 60 minutes with 20 ul G15ARacl agarose
beads. Samples were immunoblotted using antibodies against Tiam1 (Cell
Biolabs Inc.), Sos1 (BD Biosciences), and BPIX (Millipore).

Statistics. The data are summarized as mean + SEM. Unpaired ¢ test was
used for comparisons between 2 groups. For multiple comparisons, statis-
tical analysis was performed by ANOVA with Tukey post-hoc tests. Histo-
logical data were analyzed using nonparametric analysis with Kruskal-Wal-
lis test, followed by Mann-Whitney U test. P values of less than 0.05 were
considered to be significant.
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