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Deoxycorticosterone Acetate in Mice: Role of Renin Genes
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GIULIO GABBIANI,‡ HANS R. BRUNNER,* and MICHEL BURNIER*
*Division of Hypertension and Vascular Medicine, Centre Hospitalier Universitaire Vaudois, Lausanne,
Switzerland; †Institute of Pharmacology and Toxicology, Lausanne, Switzerland; and ‡Department of
Pathology, Centre Médical Universitaire, Geneva, Switzerland.

Abstract. Several studies have demonstrated that mice are
polymorphic for the number of renin genes, with some inbred
strains harboring one gene (Ren-1c) and other strains contain-
ing two genes (Ren-1d and Ren-2). In this study, the effects of
1% salt and deoxycorticosterone acetate (DOCA)/salt were
investigated in one- and two-renin gene mice, for elucidation
of the role of renin in the modulation of BP, cardiac, and renal
responses to salt and DOCA. The results demonstrated that,
under baseline conditions, mice with two renin genes exhibited
10-fold higher plasma renin activity, 100-fold higher plasma
renin concentrations, elevated BP (which was angiotensin II-
dependent), and an increased cardiac weight index, compared
with one-renin gene mice (all P � 0.01). The presence of two
renin genes markedly increased the BP, cardiac, and renal
responses to salt. The number of renin genes also modulated
the responses to DOCA/salt. In one-renin gene mice, DOCA/

salt induced significant renal and cardiac hypertrophy (P �
0.01) even in the absence of any increase in BP. Treatment
with losartan, an angiotensin II AT1 receptor antagonist, de-
creased BP in two-renin gene mice but not in one-renin gene
mice. However, losartan prevented the development of cardiac
hypertrophy in both groups of mice. In conclusion, these data
demonstrate that renin genes are important determinants of BP
and of the responses to salt and DOCA in mice. The results
confirm that the Ren-2 gene, which controls renin production
mainly in the submaxillary gland, is physiologically active in
mice and is not subject to the usual negative feedback control.
Finally, these data provide further evidence that mineralocor-
ticoids promote cardiac hypertrophy even in the absence of BP
changes. This hypertrophic process is mediated in part by the
activation of angiotensin II AT1 receptors.

The development of genetically engineered animals in which
genes are either overexpressed or disrupted has been associated
with the increased use of mice in experimental research. There-
fore, for investigation of the complex phenotypes of hyperten-
sion and cardiovascular diseases, the classic renovascular and
mineralocorticoid models of experimental hypertension have
been adapted from rats to mice (1–3). However, as recently
reported by Johns et al. (1), transgenic mouse models relevant
to hypertension have sometimes yielded conflicting observa-
tions, probably because mouse strains with different genetic
backgrounds were used to generate the different models. Pre-
vious studies demonstrated that mice are polymorphic for the
number of renin genes, with some inbred strains (e.g.,
C57BL6/J) harboring one gene, Ren-1c, and other strains (e.g.,
129 strains) containing two genes, Ren-1d and Ren-2 (4–6).
The Ren-1 genes express renin in the juxtaglomerular appara-

tus of the kidney, whereas the Ren-2 gene controls renin
mainly in the submaxillary gland and at very low levels in the
kidney. The expression of Ren-2 in mouse submaxillary glands
is, on average, 150-fold greater than that of Ren-1 in inbred
strains (7). Therefore, Ren-2 is the predominant renin isozyme
in mice with two renin genes. Because of the importance of the
renin-angiotensin system in the control of BP and electrolyte
excretion, characterization of the number of renin genes and
analysis of their effects on the experimental model seem to be
necessary for the interpretation of results obtained with mice. It
was previously demonstrated that the Liddle mutation of the
epithelial sodium channel gene differently affects one- and
two-renin gene mice (8). Indeed, the BP increase induced by
salt was significantly greater in mice with the Liddle mutation
and two renin genes, compared with mice with one renin gene
(8). Similarly, in 129/SvEvTac mice, which have two renin
genes, blockers of the renin-angiotensin system were demon-
strated to prevent the development of hypertension and left
ventricular hypertrophy induced by deoxycorticosterone ace-
tate (DOCA)/salt; in one-renin gene mice with a different
genetic background (C57BL/6J), the same antihypertensive
agents prevented cardiac and renal hypertrophy induced by
DOCA without affecting the increase in BP (3,9). In this study,
we have investigated the effects of 1% salt and DOCA/salt in
one- and two-renin gene mice, to investigate the role of renin
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in modulating the BP, cardiac, and renal responses to salt and
DOCA.

Materials and Methods
Animals and Experimental Protocol

Wild-type backcross N5–6(129Ola/C57BL/6J) mice that were ho-
mozygous for the Ren-1c gene locus (one-renin gene mice) and
wild-type backcross N5–6(129Ola/C57BL/6J) mice that were ho-
mozygous for the Ren-1d/Ren-2 gene loci (two-renin gene mice) were
used throughout these experiments. These mice were created by
crossing C57BL/6J mice, in which only the Ren-1c gene was detected,
with 129Ola mice, which possess both the Ren-1d and Ren-2 genes
(10). Because experimental animals could be either heterozygous for
the Ren-1c and Ren-1d/Ren-2 genes or homozygous for these genes, all
mice were characterized with respect to their renin gene backgrounds
by Southern blot analysis, as demonstrated in Figure 1. Only mice
homozygous for the Ren-1c gene and for the Ren-1d/Ren-2 genes were
used for our studies. Six to 10 animals were included in each group.
The characteristics of the animals are presented in Table 1. Seven-
week-old male animals of each strain (weight, 22 to 26 g) were
anesthetized with 1% halothane mixed with oxygen, and the left
kidney was removed. A silastic tube (inner diameter, 1.57 mm; outer
diameter, 2.4 mm; with sixteen 400-�m micropores) filled with 35 mg
of DOCA was subcutaneously placed in the abdomen of each mouse
(Figure 2). The DOCA release rate was calculated by serial weighing
of the tubes and was estimated to be 21.3 � 0.22 �g/h (mean � SD,
n � 78). As demonstrated in Figure 2, the DOCA release rate was
constant during the 4 wk of implantation. Mice receiving DOCA
(Sigma) were given 1% NaCl to drink. Control mice also underwent

uninephrectomy but DOCA was not administered; one control group
received 1% saline solution and another group received tap water as
the drinking fluid. All mice were investigated after 4 wk of DOCA/
salt administration. For evaluation of the changes in mineralocorticoid
activity induced by DOCA, the amiloride-sensitive rectal potential
difference (PD) was measured with light ketamine anesthesia (11). All
mice received the same chow, which contained 3 g Na�/kg food.

At the end of the experiment, the mice were weighed. BP and heart
rate were monitored, and blood was collected for the measurement of
serum electrolyte levels, plasma renin activity (PRA), and plasma
renin concentration (PRC). After BP measurements, mice were anes-
thetized and the heart and kidney were rapidly excised, weighed, and
fixed as described previously (12).

BP Measurements
BP and heart rate were recorded intra-arterially, with a computer-

ized data-acquisition system (13). For placement of the intra-arterial
catheter, mice were anesthetized via inhalation of 1 to 2% halothane
with oxygen. The right carotid artery was exposed for a length of
approximately 4 mm. A PE-10 catheter filled with 0.9% NaCl solution
containing heparin (300 IU/ml) was inserted into the artery. After
ligation, the catheter was subcutaneously tunneled to exit at the back
of the neck. Mice were allowed 3 h to recover from the anesthesia and
were placed in Plexiglas tubes for partial restriction of their move-
ments. Thirty minutes later, the arterial line was connected to a
pressure transducer; BP and heart rate were then monitored every 20 s
for 15 to 30 min.

BP Responses to Blockade of Angiotensin II
AT1 Receptors

For evaluation of the role of the renin-angiotensin system in main-
taining BP in the various mice, the angiotensin II receptor antagonist
irbesartan was injected intravenously (1.5 mg/kg, in 50 �l) and
changes in BP were measured. For injection of the antagonist, a
venous catheter was inserted into the left jugular vein.

In a second set of experiments, one- and two-renin DOCA/salt-
treated mice were treated with the angiotensin II receptor antagonist
losartan. Losartan was added to the drinking water at a dose of 0.2
mg/ml water. The treatment was started on the first day of adminis-
tration of DOCA and salt. Control groups received the vehicle. To test
the ability of the dose of losartan to block the renin-angiotensin
system, exogenous angiotensin II was injected intravenously into
DOCA/salt-treated mice receiving the vehicle and losartan. The BP
response to exogenous angiotensin II (40 ng/kg, administered intra-
venously) was markedly blunted by losartan (31 mmHg for the control
group and 4.5 mmHg for the losartan-treated group, P � 0.001).

Biochemical Analyses
For measurement of plasma sodium and potassium levels, 300 �l of

blood was obtained from the carotid artery (after BP measurements),
in a 0.6-ml Multivette tube containing gel/clot activator (Sarstedt,
Numbrecht, Germany). Serum and urinary sodium and potassium
levels were measured by flame photometry (model 943; Instrumen-
tation Laboratory). PRA and PRC were measured using methods
described previously and adapted for small amounts of blood (13,14).
Blood was drawn from the arterial catheter after the BP measurements
were completed. Studies performed in our laboratory have demon-
strated that blood sampling via an intra-arterial catheter generates less

Figure 1. Southern blot analysis of DNA from offspring resulting
from the crossbreeding of wild-type C57BL/6J and wild-type 129Ola
mice. Southern blot analysis was performed on tail DNA digested
with PvuII. A cDNA coding for the mouse renin gene was used as a
probe. The Ren-1c gene (from the C57BL6/J strain) was detected as a
9-kb band, and the Ren-1d and Ren-2 genes (from the 129Ola strain)
were detected as 10- and 14-kb bands, respectively. All mice were
characterized with respect to their renin gene backgrounds, and only
homozygous mice (for Ren-1c or Ren-1d/Ren-2) were used in these
experiments.

1510 Journal of the American Society of Nephrology J Am Soc Nephrol 13: 1509–1516, 2002



Figure 2. Characteristics of the deoxycorticosterone acetate (DOCA) delivery system. (Upper left) Constant DOCA release rate for several
weeks of implantation. (Upper right) Relationship between the amount of DOCA released and the duration of the subcutaneous implantation.
Values are means � SEM. (Lower) Photograph of the homemade delivery system. The system is made of a silastic tube with sixteen 400-�m
micropores. It is filled with 35 mg of DOCA and placed subcutaneously in the mouse abdomen.

Table 1. Effects of DOCA and salt in one- and two-renin gene mice with the same genetic background [N5–6(129Ola/
C57BL/6J)]a

One Renin Gene Two Renin Genes

Tap Water 1% NaCl DOCA/Salt Tap Water 1% NaCl DOCA/Salt

Body weight (g)
initial 24 � 1 24 � 1 23 � 1 25 � 1 25 � 1 25 � 1
final 27 � 27 � 1 26.5 � 1 29 � 1 29 � 1 30 � 1

Mean BP (mmHg) 120 � 3 118 � 3 112 � 4 141 � 3b 159 � 4b,c 170 � 4b,d

Heart rate (beats/min) 613 � 18 611 � 29 572 � 14 595 � 23 582 � 16 578 � 21
Serum K� level (mM) 5.1 � 1.0 4.9 � 0.2 2.9 � 0.2e 4.7 � 1 5.4 � 0.1c 3.4 � 0.2e

Ami. rectal PD (mV) �11 � 2 �5 � 1f �50 � 1e �19 � 2g �9 � 2c �45 � 3e

Cardiac weight (g) 109 � 3 109 � 2 127 � 3e 130 � 5 145 � 6f 160 � 5
CWI (mg/g) 4.0 � 0.1 4.1 � 0.1 4.8 � 0.1e 4.4 � 0.1b 5.0 � 0.2b,f 5.4 � 0.1b

Kidney weight (g) 195 � 6 213 � 6f 318 � 10e 206 � 7 243 � 8f 318 � 12e

KWI (mg/g) 7.1 � 0.2 7.9 � 0.2f 12 � 0.4e 7.0 � 0.2 8.3 � 0.2c 11 � 0.4e

a Ami. rectal PD, amiloride-sensitive rectal potential difference; CWI, cardiac weight index; KWI, kidney weight index; DOCA,
deoxycorticosterone acetate; n � 6 to 10 mice/group.

b P � 0.01, two versus one-renin gene mice.
c P � 0.01, NaCl versus tap water.
d P � 0.05 versus 1% NaCl.
e P � 0.001 versus 1% NaCl.
f P � 0.05, NaCl versus tap water.
g P � 0.05, two- versus one-renin gene mice.
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stress in the mice then does decapitation or retro-orbital blood sam-
pling. Indeed, plasma norepinephrine levels were sixfold higher with
decapitation than with the use of a carotid artery catheter and were
almost twofold higher with retro-orbital blood sampling (E. Grouz-
man, C. Cavadas, D. Grand, M. Moratel, J. F. Aubert, H. R. Brunner,
and L. Mazzolai, submitted for publication).

Light Microscopy
Heart samples were fixed in 10% neutral buffered formol and

embedded in paraffin. Four-micron sections were used for immuno-
chemical analyses with anti-�-skeletal actin 1 (1:10 dilution in Tris-
buffered saline) (15). Immunoperoxidase staining was performed es-
sentially as described previously (16). After staining, sections were
observed with a Zeiss Axiophot photomicroscope (Zeiss Vision,
Oberkochen, Germany). Images were acquired with a high-sensitivity
Photonic Coolview color camera (Zeiss), stored, and printed as de-
scribed above. Images were subsequently analyzed by using KS400
software (Kontron System; Zeiss), as described previously (15).

Statistical Analyses
All results are presented as means � SEM. Statistical comparisons

between groups were performed with ANOVA, followed by t test or
Dunnett’s t test when appropriate. P � 0.05 was considered to be the
minimal level of significance.

Results
Characteristics of the Animals

Table 1 presents the characteristics of the two strains used in
these studies and investigated under various experimental con-
ditions. The parameters were measured 4 wk after unilateral
nephrectomy, in mice receiving normal mouse chow and either
tap water or 1% saline solution as drinking fluid or 1% saline
solution and DOCA. Under baseline experimental conditions,
two-renin gene mice exhibited higher BP and much greater
PRA and PRC values (Figure 3). Amiloride-sensitive rectal PD
values were more negative for two-renin gene mice; in the
latter mice, intravenous administration of the angiotensin II
receptor antagonist irbesartan induced a marked decrease in BP
(Figure 4). Cardiac weight indices were also significantly
greater at baseline for two-renin gene mice, compared with the
one-renin gene mouse strains.

Effects of Salt in One- and Two-Renin Gene Mice
In one-renin gene mice, use of 1% sodium chloride as the

drinking fluid had little effect. Indeed, as expected, PRA values
decreased slightly and amiloride-sensitive rectal PD values
became less negative with salt loading. In addition, a slight but
significant increase in the kidney weight index was observed.

Figure 3. Plasma renin concentrations (upper) and plasma renin activities (lower) in one- and two-renin gene mice receiving tap water, 1%
sodium chloride, or DOCA/salt. **P � 0.01 versus tap water; #P � 0.001 versus one-renin gene mice.
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In two-renin gene mice, in contrast, BP was significantly
increased with the administration of sodium chloride. PRA and
PRC values were not decreased with salt, and both cardiac and
kidney indices were significantly increased (Figure 3). During
salt-loading, the BP response to angiotensin II receptor block-
ade was still characterized by a marked decrease in BP in
two-renin gene mice (Figure 4).

Effects of DOCA/Salt in One- and Two-Renin
Gene Mice

Table 1 also presents the changes induced by the adminis-
tration of DOCA and salt. As expected, with the administration
of DOCA, marked decreases in amiloride-sensitive rectal PD
values were observed in association with the development of
hypokalemia in both strains. The administration of DOCA was
also associated with the development of alkalosis, with blood
pH increasing from 7.30 � 0.04 to 7.43 � 0.02 (P � 0.01, n
� 5 to 7). In one-renin gene mice, PRA and PRC values were
almost totally suppressed by the administration of DOCA/salt
but BP was not affected (Figure 3). However, both cardiac and
renal hypertrophy developed in those mice. In two-renin gene
mice, DOCA induced a further increase in BP and the admin-
istration of irbesartan still caused a marked decrease in BP.
Neither PRA nor PRC values were reduced by the administra-
tion of DOCA and salt (Figure 3). In those mice, DOCA
produced an additional increase in cardiac and kidney weight
indices. Because �-skeletal actin expression increases during
cardiac hypertrophy, we evaluated �-skeletal actin expression
in mouse myocardium with immunohistochemical staining
(Figure 5). The area of positive staining was significantly
increased in one-renin gene mice treated with DOCA/salt,
compared with one-renin gene mice treated with tap water (P
� 0.01). Moreover, under all experimental conditions, the sizes
of �-skeletal actin-positive areas were greater in two-renin
gene mice than in the corresponding one-renin gene mice, as
demonstrated in Figure 5.

Effects of Losartan in One- and Two-Renin Gene,
DOCA/Salt-Treated Mice

Table 2 presents the effects of losartan on BP, serum potas-
sium levels, and cardiac and renal hypertrophy in one- and
two-renin gene, DOCA/salt-treated mice. In one-renin gene
mice, losartan had no significant effect on BP or serum potas-
sium levels, although the BP response to exogenous angioten-
sin II was completely blocked. The cardiac weight index was
significantly reduced by losartan, however. In two-renin gene
mice, losartan induced a significant decrease in BP, which was
associated with a marked decrease in the cardiac weight index
and little if any change in the kidney weight index.

Discussion
Taken together, the main results of this study are that (1)

mice with two renin genes exhibit higher, angiotensin II-
dependent, baseline BP, in association with an increased car-
diac weight index, (2) the presence of two renin genes mark-
edly increases the BP, cardiac, and renal responses to salt, (3)
the renin gene background modulates the response to DOCA/
salt, and (4) DOCA/salt can induce renal and cardiac hyper-
trophy in the absence of any change in BP. Cardiac hypertro-
phy can be prevented by the administration of the angiotensin
II AT1 receptor antagonist losartan in one- and two-renin gene
mice. This suggests that activation of AT1 receptors contrib-
utes to the development of the cardiac hypertrophy induced by
DOCA and salt.

An intact renin-angiotensin system is fundamental to the
maintenance of basal BP in mice. Thus, several gene-targeting
experiments in mice noted that mice lacking genes for angio-
tensinogen (17), angiotensin-converting enzyme (18), or the
angiotensin type 1 receptor (19,20) exhibited lower BP, com-
pared with wild-genotype mice. However, it has been more
difficult to determine the relative contributions of the Ren-1d

Figure 4. Acute changes in BP induced by intravenous administration
of the angiotensin II (Ang II) receptor antagonist irbesartan (1.5
mg/kg, in 50 �l) in one- and two-renin gene mice. #P � 0.001 versus
one-renin gene mice.

Figure 5. Percentages of �-skeletal actin-positive areas in heart his-
tologic sections from one- and two-renin gene mice that received
either tap water, 1% saline, or DOCA/salt. o, one-renin gene mice; �,
two-renin gene mice. Bars represent SEM (n � 4 or 5 animals). ***P
� 0.005, one-renin gene versus two-renin gene mice; #P � 0.01,
DOCA-treated animals versus tap water-treated animals with the same
renin gene number.
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and Ren-2 genes to the maintenance of BP in mice. Bertaux et
al. (21) observed no change in BP in mice with a disrupted
Ren-1d gene, suggesting that the product of the Ren-2 gene is
physiologically active and can compensate for the loss of
Ren-1d, supporting BP. In contrast, Clark et al. (22) observed
that inactivation of the Ren-1d gene decreased BP in female
mice but not in male mice. The latter observation suggested
that the Ren-2 protein could not fully compensate for the loss
of Ren-1d in female mice, whereas the production of renin was
sufficient to compensate for the decrease in active renin and the
resulting decrease in BP in male mice, which express larger
amounts of Ren-2 in the submaxillary gland. No change in BP
was observed in adult mice homozygous for the mutated Ren-2
gene (10). Whereas most previous comparative studies were
conducted with strains with different genetic backgrounds, in
this study one-renin gene mice of the C57BL/6J strain were
crossbred with 129Ola mice, which have two renin genes, to
yield one- and two-renin gene mice with the same genetic
background.

Our results clearly demonstrated that mice with two renin
genes exhibited higher baseline BP. This finding was mainly
attributable to overactivity of the renin-angiotensin-aldoste-
rone cascade. Indeed, we observed that mice with two renin
genes exhibited 100-fold higher PRA and PRC values. These
differences cannot be attributed to more stressful conditions
during sampling for two-renin gene mice, which could release
great amounts of salivary gland renin, as suggested previously
(23). Indeed, we have observed that catheter blood sampling is
much less stressful than decapitation or retro-orbital blood
sampling and produces the lowest serum catecholamine levels
(E. Grouzmann, personal communication). Furthermore, selec-
tive blockade of angiotensin type 1 receptors induced a marked
decrease in BP in two- but not one-renin gene mice. The

amiloride-sensitive rectal PD, which is an indirect indicator of
mineralocorticoid activity (11), was significantly more nega-
tive in two-renin gene mice receiving tap water, suggesting that
aldosterone activity was also increased in those mice. As a
direct consequence of the elevated BP, the cardiac weight
index was significantly increased in two-renin gene mice.
These observations thus demonstrate that the Ren-2 gene is
physiologically active in two-renin gene mice and participates
in the increase in BP under basal conditions, even when the
Ren-1d gene is active. This finding is consistent with the results
of recent studies demonstrating that overexpression of the
mouse Ren-2 gene induces severe hypertension in rats (24).
However, the possibility that linked genes may still be produc-
ing strain effects and that some differences may not be attrib-
utable exclusively to the presence of the Ren-2 gene cannot be
excluded.

The second major finding of these experiments was that the
presence of two renin genes markedly increased the sensitivity
of the mice to salt. Indeed, in contrast to one-renin gene mice,
mice with Ren-1d and Ren-2 genes became hypertensive when
1% NaCl was provided, instead of tap water, as the drinking
fluid. The development of salt-sensitive hypertension in two-
renin gene mice can most likely be explained by the fact that
the renin-angiotensin system was not suppressed by the in-
creased salt intake. Hall et al. (25) demonstrated in dogs that
BP became salt-sensitive when the activity of the renin-angio-
tensin system could not be adapted to the sodium intake.
Interestingly, two-renin gene mice receiving 1% salt solution
to drink became even more dependent on the activity of the
renin-angiotensin system, as demonstrated by the greater de-
crease in BP induced by AT1 receptor blockade. Whether this
is attributable to higher levels of angiotensin II or to upregu-
lation of AT1 receptors cannot be concluded from these stud-

Table 2. Effects of losartan in one- and two-renin gene, DOCA/salt-treated mice with the same genetic background [N5–

6(129Ola/C57BL/6J)]a

One Renin Gene Two Renin Genes

DOCA/Salt
DOCA/Salt
� Losartan
(0.2 mg/ml)

DOCA/Salt
DOCA/Salt
� Losartan
(0.2 mg/ml)

n 20 8 9 9
Body weight (g)

initial 23.2 � 0.2 22.7 � 0.4 23.5 � 0.4 23.7 � 0.3
final 27.3 � 0.4 27.3 � 0.6 28.5 � 0.6 30.5 � 0.8

Mean BP (mmHg) 113 � 3 109 � 3 165 � 4 121 � 6b

Heart rate (beats/min) 575 � 11 574 � 17 587 � 16 602 � 26
Serum K� level (mM) 2.8 � 0.15 2.8 � 0.15 3.3 � 0.2 3.4 � 0.2
Cardiac weight (g) 133 � 5 116 � 3c 153 � 3 138 � 5b

CWI (mg/g) 4.96 � 0.1 4.3 � 0.07c 5.4 � 0.1 4.5 � 0.1b

Kidney weight (g) 330 � 8 291 � 14d 342 � 11 352 � 17
KWI (mg/g) 12.4 � 0.3 10.7 � 0.3d 12 � 0.4 11.5 � 0.3

a CWI, cardiac weight index; KWI, kidney weight index.
b P � 0.001 versus DOCA/salt.
c P � 0.01 versus DOCA/salt.
d P � 0.05 versus DOCA/salt.
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ies. However, it is also interesting to note that amiloride-
sensitive rectal PD values became less negative with a high-salt
diet even in two-renin gene mice, suggesting decreased activity
of the epithelial sodium channel in the colon. We previously
reported that high angiotensin II levels decrease and AT1

receptor blockade increases amiloride-sensitive rectal PD val-
ues in mice (11).

As expected on the basis of the increase in BP, two-renin
gene mice receiving salt developed even more cardiac hyper-
trophy than under normal conditions. However, with respect to
renal hypertrophy, increased kidney weight indices were ob-
served for both one- and two-renin gene mice. High dietary salt
intake has been demonstrated to induce cardiac hypertrophy
and collagen deposition in rats (26,27). With a very high-salt
diet (8% NaCl), increased kidney weights have also been
documented in rats (28). The effects of salt itself in mice,
particularly after uninephrectomy, have not been reported.
These results are thus the first to demonstrate that even a
modest increase in salt intake induces renal hypertrophy in
uninephrectomized mice.

To further investigate the role of renin genes in the devel-
opment of hypertension in mice, the DOCA/salt model was
developed in one- and two-renin gene mice. The deoxycorti-
costerone/salt hypertension model is a low-renin, salt-depen-
dent model of acquired experimental hypertension that has
been extensively used to investigate the epithelial and extra-
epithelial effects of mineralocorticoids (29). In contrast to
previous studies, we administered DOCA subcutaneously, us-
ing a homemade delivery system (Figure 2), and not as a pellet.
Our system provides a constant release of DOCA for several
weeks. The marked decrease in serum potassium levels and the
decrease in amiloride-sensitive rectal PD values clearly dem-
onstrated that a hypermineralocorticoid state was achieved
with this system. Despite the development of severe hypoka-
lemia, no increase in BP with the administration of DOCA was
observed in one-renin gene mice, whereas an additional in-
crease in BP was measured in two-renin gene animals. PRA
and PRC values were totally suppressed in one-renin gene mice
but were not affected in two-renin gene mice, again suggesting
that renin production in the latter mice was not suppressed by
salt or DOCA. Moreover, the BP response to AT1 receptor
blockade remained greater in two-renin gene mice. This find-
ing may be attributable to upregulation of AT1 receptors or
increased production of angiotensin II. Several previous arti-
cles suggested that mineralocorticoids could promote upregu-
lation of AT1 receptors (30,31). Our finding would be in
accordance with that hypothesis. The reason why one-renin
gene mice remain normotensive with the administration of
DOCA/salt, despite the development of hypokalemia, is not yet
clear. In this respect, mice differ from rats, which also have one
renin gene but still develop low-renin hypertension with
DOCA/salt (32). Because BP was measured several hours after
anesthesia, small changes in BP soon after surgery might have
been masked. The lack of changes in BP with the administra-
tion of the angiotensin II receptor antagonist losartan suggests
that the mice were not particularly stressed. Another possible
explanation involves the lower dose of DOCA used in these

experiments, although a hypermineralocorticoid state was
clearly obtained in our animals. Of note, most reported DOCA/
salt-treated mouse models of hypertension have been created
with two-renin gene mice (1–3).

The last finding of our study was that DOCA/salt induced
cardiac and renal hypertrophy in both one-renin gene normo-
tensive and two-renin gene hypertensive mice. This DOCA-
induced hypertrophic response is in agreement with several
other reports demonstrating that hypermineralocorticoid states
are associated with cardiac hypertrophy and cardiac fibrosis in
rodents (26–30). We did not detect myocardial fibrosis with
light microscopy. However, two-renin gene mice were charac-
terized by a significant increase in �-skeletal actin expression,
which is an early marker of the development of myocardial
muscle hypertrophy (33–35). The DOCA/salt-treated mouse
model constitutes an additional example of the induction of
�-skeletal actin expression in normotensive animals, as de-
scribed for mice that overexpressed angiotensinogen exclu-
sively in the heart (36). As mentioned above, there is evidence
suggesting that mineralocorticoids could promote the upregu-
lation of AT1 receptors (30,31). Our observation that losartan
prevents the development of cardiac hypertrophy in both nor-
motensive one-renin gene and hypertensive two-renin gene
mice supports the hypothesis that DOCA-induced cardiac hy-
pertrophy is mediated by activation of angiotensin II AT1

receptors.
In summary, this study demonstrates that the number of

renin genes is an important determinant of BP and the re-
sponses to salt and DOCA in mice. Therefore, careful charac-
terization of the renin gene background should be performed
whenever mice are used to investigate the pathophysiologic
features of hypertension. Our data also suggest that the Ren-2
gene, which controls renin production mainly in the submax-
illary gland and to a lesser degree in the kidney, is physiolog-
ically active in mice and is not subject to the usual negative
feedback control. Finally, our data provide further evidence
that mineralocorticoids promote cardiac and renal hypertrophy
even in the absence of BP changes. Activation of angiotensin
II AT1 receptors seems to contribute to the DOCA/salt-induced
cardiac hypertrophy.
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