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Abstract
Background—The intrarenal renin–angiotensin system contributes to hypertension by
regulating sodium and water reabsorption throughout the nephron. Sex differences in the intrarenal
components of the renin–angiotensin system have been involved in the greater incidence of high
blood pressure and progression to kidney damage in males than females.

Objective—This study investigated whether there is a sex difference in the intrarenal gene
expression and urinary excretion of angiotensinogen (AGT) during angiotensin II (Ang II)–
dependent hypertension and high-salt (HS) diet.

Methods—Male and female Sprague-Dawley rats were divided into 5 groups for each sex:
Normal-salt control, HS diet (8% NaCl), Ang II–infused (80 ng/min), Ang II–infused plus HS
diet, and Ang II–infused plus HS diet and treatment with the Ang II receptor blocker, candesartan
(25 mg/L in the drinking water). Rats were evaluated for systolic blood pressure (SBP), kidney
AGT mRNA expression, urinary AGT excretion, and proteinuria at different time points during a
14-day protocol.

Results—Both male and female rats exhibited similar increases in urinary AGT, with increases
in SBP during chronic Ang II infusion. HS diet greatly exacerbated the urinary AGT excretion in
Ang II–infused rats; males had a 9-fold increase over Ang II alone and females had a 2.5-fold
increase. Male rats displayed salt-sensitive SBP increases during Ang II infusion and HS diet, and
female rats did not. In the kidney cortex, males displayed greater AGT gene expression than
females during all treatments. During Ang II infusion, both sexes exhibited increases in AGT gene
message compared with same-sex controls. In addition, HS diet combined with Ang II infusion
exacerbated the proteinuria in both sexes. Concomitant Ang II receptor blocker treatment during
Ang II infusion and HS diet decreased SBP and urinary AGT similarly in both sexes; however, the
decrease in proteinuria was greater in the females.

Conclusion—During Ang II–dependent hypertension and HS diet, higher intrarenal renin-
angiotensin system activation in males, as reflected by higher AGT gene expression and urinary
excretion, indicates a mechanism for greater progression of high blood pressure and might explain
the sex disparity in development of salt-sensitive hypertension.
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INTRODUCTION
Young female humans and animals are protected from the development of hypertension and
the consequences of end-organ damage as compared with age-matched males.1,2 Because
sex hormones have been found to influence blood pressure and the renin–angiotensin system
(RAS), it has been suggested that differences in the intrarenal RAS of male and female rats
contributes to the disparity in hypertension.3–5 In the intrarenal RAS, the principal source of
angiotensinogen (AGT) is the proximal tubule cells.6 The size of the AGT protein (>50
kDa) minimizes filtration across the glomerular membrane unless damage has occurred.7

Increased AGT message and protein, along with AGT urinary excretion in male rats during
angiotensin (Ang) II–dependent hypertension,8 suggest increased AGT availability for local
generation of Ang I and conversion to Ang II.9–11 Increased intrarenal Ang II leads to
additional sodium reabsorption because Ang II type 1 (AT1) receptors are present in the
proximal and distal nephron.12 Urinary AGT measurements have been used in several
models of hypertension and kidney disease (both rodents and humans) as an early biomarker
of internal RAS activity.13 Urinary excretion of AGT provides an index of available AGT in
the tubules.14 Sex differences in the intrarenal AGT expression have been reported during
Ang II–dependent hypertension,15–17 but sex differences in the urinary excretion of AGT
have not been investigated comprehensively.

A high-salt (HS) diet alone does not cause high blood pressure in healthy Sprague-Dawley
rats; however, it can exacerbate existing hypertension.18–21 Sartori-Valinotti et al found in
Sprague-Dawley rats that HS intake combined with chronic Ang II infusion, while blocking
the endogenous RAS with angiotensin-converting enzyme (ACE) inhibition, increased mean
arterial pressure in male but not female rats.15 In the same study, AGT protein expression
increased in the kidney cortex of males but not females, suggesting that HS exacerbates the
pathological responses of AGT to Ang II in males only.15 Lara et al21 reported that male
Sprague-Dawley rats with chronic Ang II infusion that were subjected to HS diet exhibit
exacerbation of blood pressure, urinary AGT excretion, and oxidative stress. Additional
evidence suggesting that salt sensitivity is sex dependent comes from studies of sodium
excretion reporting that female rats with chronic Ang II infusions excrete salt overload more
efficiently.22,23 HS diet in the transgenic Cyp1a1Ren2 rat, a model of Ang II–dependent
malignant hypertension, inappropriately increases plasma and intrarenal Ang II levels in
male rats and exacerbates hypertension.24,25 In addition, mRen(2).Lewis rats, a congenic rat
strain with Ang II–dependent hypertension and salt sensitivity has exhibited increases in
urinary AGT. However, the effect of HS on urinary AGT in a salt-resistant rat model
remains unresolved.26

Based on evidence from previous studies reporting that young females are protected from
salt sensitivity,4,17 we hypothesized that male Sprague-Dawley rats have greater intrarenal
RAS activation in response to salt during Ang II hypertension than female rats, which would
exacerbate hypertension and kidney damage. The present study examined the effect of HS
diet on blood pressure, intrarenal AGT expression, and urinary AGT excretion in male and
female Sprague-Dawley rats during control normotensive conditions and chronic Ang II
infusion. In addition, proteinuria was measured as a marker of renal damage to assess sex
differences in the response of male and female rats to the Ang II–HS protocol. The
angiotensin II receptor blocker (ARB), candesartan, was given to Ang II–salt male and
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female rats to elucidate the effects of AT1 receptor blockade on the individual parameters.
Blood pressure measurements and 24-hour urine collections were taken multiple times
during the 14-day study to examine the progression of hypertension, urinary excretion of
AGT, and proteinuria. To assess the contribution of intrarenal AGT to the urinary AGT
excretion, AGT mRNA levels were measured in the renal cortex.

METHODS
Experimental Protocol

All protocols were evaluated and approved by the Tulane Institutional Animal Care and Use
Committee and conformed to the guidelines of the National Institutes of Health on the care
and use of laboratory animals. Male (n = 40) and female (n = 36) Sprague-Dawley rats, 7 (1)
weeks of age (Charles River Laboratories, Wilmington, Massachusetts), were cage housed
and maintained in a temperature-controlled room on a 12-hour light to dark cycle, with free
access to tap water and rat chow during acclimation. Body weight (BW; in grams), food
intake, water intake, and urine output were measured every 3 to 4 days (days −1, 3, 6, 9, and
13) after placing the rats in metabolic cages for 24 hours. After a 7-day training period, the
systolic blood pressure (SBP) was monitored by tail-cuff plethysmography (Model 31; IITC
Life-sciences, Woodland Hills, California). On day −1, rats of each sex were divided into 5
groups as follows: (1) males: normal salt (M normal salt; n = 9); (2) high salt (M HS; n = 9);
(3) Ang II–infused (M Ang II; n = 8); (4) Ang II–infused plus HS diet (M Ang II + HS; n =
9); and (5) Ang II–infused plus HS and candesartan (M Ang II + HS + Cand; n = 5) and
females: (1) normal salt (F normal salt; n = 8); (2) HS (F HS; n = 8); (3) Ang II–infused (F
Ang II; n = 8); (4) Ang II–infused plus HS diet (F Ang II + HS; n = 7); and (5) Ang II-
infused plus HS and candesartan (F Ang II + HS + Cand; n = 5). After baseline metabolic
data were obtained on day −1, rats were anesthetized with Isoflurane and subcutaneous
minipumps (Alzet 2002; Phoenix Pharmaceutical, Burlingame, California) were implanted
to provide Ang II infusion at a rate of 80 ng/min for 14 days. The normal salt and HS rats
received sham surgery. HS diet began on day 3 (8% NaCl; Dyets, Bethlehem,
Pennsylvania). Rats not receiving the HS diet remained on normal-salt (0.7% NaCl) rat
chow (Ralston Purina, St Louis, Missouri). Candesartan (AstraZeneca, Newark, Deleware)
was administered in the drinking water at a concentration of 25 mg/L. At the end of the
protocol, day 14, rats were euthanized by conscious decapitation. Trunk blood samples were
collected and kidney tissue was preserved in RNAlater (Qiagen, Germantown, Maryland).

Plasma Renin Activity
For plasma rennin activity (PRA) determinations, blood samples were collected into a
chilled tube containing 5 mM EDTA, centrifuged at 4000 rpm for 30 minutes at 4°C for
plasma fractions separation. Measurements of the PRA were performed as indicated by the
manufacturer (Diasorin, Stillwater, Minnesota) and expressed as ng/mL/h of generated Ang
I as described previously.27

Plasma Sex Hormones
Testosterone levels were measured using the Correlate EIA kit (Assay Designs, Detroit,
Michigan) in plasma samples preserved in 5 mM EDTA and diluted 15-fold with assay
buffer, according to kit instructions. For 17β-estradiol levels, plasma samples preserved in
similar conditions were assayed after liquid–liquid extraction using diethyl ether and
rehydrated in 250 μL assay buffer. A 4-fold dilution was then prepared and measured
according to instructions of the Serum/Plasma 17β-Estradiol EIA Kit (Assay Designs).

Rands et al. Page 3

Gend Med. Author manuscript; available in PMC 2012 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Urine Protein Excretion
Twenty-four–hour urine samples were collected from rats placed in metabolic cages on days
−1, 3, 6, 9, and 13. Urine samples were centrifuged at 3000 rpm for 10 minutes to remove
large particulates and assayed for protein content using the BioRad modified Bradford
Assay (BioRad, Hercules, California). Urine samples were diluted 1:25 and proteinuria was
measured by spectrophotometry and expressed as μg/d/BW(g).

Urine Angiotensinogen Excretion
Angiotensinogen excretion in urine samples was measured as described previously28 using
the Rat Total Angiotensinogen Assay Kit (IBL Ltd, Fujioka, Japan) according to kit
instructions and reported as ng/d/BW(g) excretion.

Renal ATG mRNA Expression
For AGT mRNA levels, 20 ng/well total RNA extracted from renal cortex samples was
amplified using a Brilliant Mastermix II kit (Statagene, Santa Clara, California) and the Mx
3000p real time reverse transcription polymerase chain reaction machine (Statagene). The
following primers: [Sense 5′-GAA GAT GAA CTT GCC ACTA GA-3′; Anti-sense 5′-
AAG TGA ACG TAG GTG TTG AAA-3′] and the probe 5′-CAG CAC GGA CAG CAC
CCT ATT-3′; in addition to coamplification of the glyceraldehyde 3-phosphate
dehydrogenase gene labeled with 5′-HEX and 3′-black hole quencher-2. AGT mRNA
levels were normalized based on glyceraldehyde 3-phosphate dehydrogenase mRNA levels.

Statistical Analysis
Results, expressed as mean (SEM), were analyzed with Prism GraphPad software (La Jolla,
California). Data were evaluated both within sex and between sexes using one-way or two-
way ANOVA, followed by Tukey or Bonferroni post test. The significance of differences
among groups is defined at a value of P < 0.05.

RESULTS
Metabolic Variables and Sex Hormones in Male and Female Sprague-Dawley Rats

The BW, food intake/BW (mg/g), water intake/BW (mL/g), PRA, and hormonal levels
achieved at the end of the study are summarized in the Table. Food consumption was similar
when factored by BW, except in rats with chronic administration of Ang II (M Ang II: 0.07
[0.01] vs F Ang II: 0.10 [0.01] mg/g; P < 0.05). Food with HS did not affect food intake, as
reported previously29,30; however, it did increase water consumption. Water intake when
factored by BW was different in the control groups only (M normal salt 0.1 [0.01] vs F
normal salt 0.6 [0.01] mL/g; P < 0.05). Male and female rats receiving candesartan in the
drinking water also consumed comparable amounts of candesartan. Calculated candesartan
ingestion per day was 5.7 (0.4) mg/kg BW for males and 6.2 (0.7) mg/kg BW for females (P
= NS).

Male and female normal-salt rats exhibited similar levels of PRA. PRA was markedly
suppressed by chronic Ang II infusion, HS, and the combination of Ang II and HS in the
males, as it was in the Ang II–infused female rats (Table). However, in female rats with HS
intake, both with and without Ang II infusion, PRA was only partially (65%) inhibited. PRA
response to candesartan in Ang II + HS rats was markedly augmented in males; however, it
was suppressed in female rats treated with candesartan.

Plasma testosterone in males and estradiol levels in females were measured from blood
samples collected on day 14 to evaluate sexual maturity. As reported in the Table,
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testosterone levels were similar in all groups except the Ang II + HS rats, which had lower
values, although still within the normal range (0.5 to 15 ng), as reported previously.31

Reduction of testosterone levels during hypertension has been reported in humans.32

Estradiol levels in all female rats indicated that these rats were sexually mature as described
by others.33

Baseline SBP values were similar between male and female rats (M: 131 [1] vs F: 129 [2]
mm Hg) (Figure 1). After 14 days of chronic Ang II infusion, the SBP was increased in both
sexes. Although HS diet alone did not change the SBP in either sex; in male rats, the
coadministration of an HS diet with Ang II infusion augmented SBP values further from 184
[6] to 222 [8] mm Hg; P < 0.05), but did not augment the SBP further in female rats (222 [7]
vs 216 [21] mm Hg; P = ns). Candesartan treatment prevented increases in SBP in rats of
both sexes infused with Ang II and fed HS (Figure 1).

Effects of Ang II Infusion and an HS Diet on Urinary AGT and Kidney Cortex AGT Gene
Expression

Urinary AGT excretion was measured in 24-hour urine samples collected on days −1, 3, 6,
9, and 13 of the study and normalized by BW measurements taken on the same day
(fractional AGT excretion) (Figure 2). Fractional AGT excretion was similar between male
and female normal-salt diet controls. HS diet alone did not increase the urinary AGT
excretion in either sex. During Ang II infusion, both the male and female rats had significant
increases in fractional urinary AGT excretion (male: normal salt 0.08 [0.03] vs Ang II 3.1
[0.7] ng/d/g BW; P < 0.01) (female: normal salt 0.08 [0.02] vs Ang II 4.7 [3.3] ng/d/g BW;
P < 0.05). In addition, when HS was administered to Ang II–infused rats, there was an
augmentation of urinary AGT excretion in both sexes; but this response was more
pronounced in male rats: 28.1 [4] vs female: 12.0 [0.7] ng/d/g; P < 0.001). Candesartan
treatment similarly ameliorated the increases in urinary AGT excretion in both sexes (Figure
2). Correlation analysis between urinary AGT excretion and SBP for each sex revealed a
closer relationship in the male rats (R2 = 0.88; P < 0.0001) than the female rats (R2 = 0.33; P
< 0.05) (Figure 3).

Figure 4 reports the 24-hour urinary protein excretion rates normalized by BW in male and
female rats for days −1, 3, 6, 9, and 13. HS diet alone did not cause proteinuria in either
male or female rats. By day 13, chronic Ang II infusion increased urinary protein excretion,
regardless of sex (male: 156 [25]; female: 170 [42] μg/d/g; P < 0.05 compared with the
same sex; normal salt). The combination of Ang II infusion and HS diet caused marked
exacerbation of the proteinuria in both sexes, which was similar until day 13 (male: 491 [28]
vs female: 334 [44] mg/d/g; P < 0.05). Also, the addition of HS to the Ang II infusions
accelerated the onset of proteinuria, with both sexes reaching significance compared with
their normal-salt controls by day 6. Candesartan treatment prevented proteinuria throughout
the experimental protocol in females. In contrast, male rats subjected to chronic Ang II
infusion plus HS diet and concomitant candesartan treatment exhibited similar levels of
proteinuria to male rats under Ang II infusion and HS diet, except by day 13, when protein
levels were significantly reduced (M Ang II + HS: 491 [28] vs M Cand: 130 [14] μg/d/
BW(g); P < 0.01).

The AGT gene message was measured to determine intrarenal RAS activation. In all
treatment groups the AGT mRNA expression levels were significantly higher in male than
in female rats (Figure 5) (normal-salt M: 1.0 [0.09] vs normal-salt F: 0.28 [0.02]-fold
change; P < 0.05). Both sexes had significant increases in AGT message during Ang II
infusion; however, expression in the males was still greater (Ang II M: 0.95 [0.13] vs Ang II
F: 0.25 [0.06] change; P < 0.05). The AGT expression in male rats with Ang II and HS diet
remained significantly higher than normal-salt males, while the Ang II + HS female rats
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returned to baseline. Both sexes receiving candesartan exhibited AGT expression levels
similar to controls.

DISCUSSION
The present study found that Ang II–salt hypertension displays sex differences because male
Sprague-Dawley rats display a salt-sensitive augmentation in SBP during chronic Ang II
infusion that is not apparent in female rats; and AGT urinary excretion increases to a greater
extent in males than in females with Ang II and HS diet, even after factoring by BW. In
addition, the present study reports that female rats have lower AGT gene expression in the
kidney cortex than males, indicating that, in female rats, less activation of the intrarenal
RAS occurs during normotensive and hypertensive states.

SBP was comparable in male and female sham rats in this study using the tail-cuff method
of measurement, and others have found sex differences using 24-hour telemetry.15

Differences in sensitivity between these 2 methods might explain this discrepancy. In our
study, females receiving Ang II exhibited higher SBP than males. This response could be
explained by the higher dose of Ang II relative to BW in the females, perhaps leading to a
maximum increase in blood pressure. The addition of an HS diet did not cause additional
increases. However, similar findings have been reported in Sprague-Dawley rats chronically
infused with Ang II subjected to endogenous RAS blockade with ACE inhibition.15

Regardless of the difference in the experimental protocol because we did not clamp the
endogenous RAS, similar temporal patterns in blood pressure responses are noticed. Sartori-
Valinotti et al15 infused Ang II at a dose of 150 ng/kg/min started 5 days after ACE
inhibition. The female rats displayed higher mean arterial pressure than males during the
following week. However, this sex difference was reversed after an HS diet was added to the
protocol (day 16), and continued to increase in the males only until day 29 of the study. In
the present study, we infused 80 ng/min for only 2 weeks, which increased SBP in the
females to a greater extent than males, similar to Sartori-Valinotti et al's observation during
the Ang II–administration phase in the presence of a normal-salt diet. In addition, as
described by Sartori-Valinotti et al, after an HS diet (4% NaCl) was added, the male rats
exhibited greater mean arte rial pressure and the females continued to exhibit values similar
to the rats infused with Ang II and fed a normal-salt diet.15 In male mice during chronic Ang
II infusion and ACE inhibition, reduced responses of intrarenal RAS have been reported to
be associated with ameliorated augmentations in blood pressure and intrarenal Ang II
content.34 However, this study was conducted during normal-salt diet conditions and no
female subjects were assessed.

It has been suggested that young female rats are protected from salt-sensitive hypertension
by estrogen,4,22 which might explain why males in this study displayed a salt-sensitive
increase in SBP and the females did not. Harrison-Bernard et al4 reported that young
ovariectomized rats had increased AT1 receptor protein levels in the kidney and suggested
that salt sensitivity was via an Ang II mechanism.4 In the present study, female and male
rats were young (10 weeks of age) when euthanized. Both male and female rats received
Ang II infusion at a dose of 80 ng/min. Despite the smaller BW of the females and the
possibility that they had greater systemic Ang II levels, they did not experience greater
intrarenal RAS activation, as reflected by the diminished response of intrarenal AGT
compared with males. This could be explained by the reduced AT1 receptors and AT1–Ang
II binding as suggested by others.4,35,36

Urinary excretion of AGT in hypertensive male rats is currently of great interest in light of
the significance that the presence of the intrarenal AGT can have for de novo intratubular
Ang II formation, as well as for progression of hypertension and chronic renal diseases.28,37
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Kobori et al13 proposed the use of urinary AGT excretion as a biological marker of elevated
intrarenal Ang II levels in these conditions. The timeline in the present study provides
evidence of the early response urinary AGT has to Ang II–salt augmentation. Urinary AGT
excretion during Ang II–salt appeared by day 6 in both sexes. By day 14, the fractional
urinary AGT excretion in Ang II–salt males increased 30-fold over controls, and the females
increased about 10-fold. The greater exacerbation in males might be related to the influence
of male hormones because testosterone is required for the full expression of the salt-
sensitive hypertension phenotype in some rat models.38 Afsar39 recently evaluated
hypertensive male patients and reported a negative correlation between testosterone levels
and urinary sodium excretion,39 which could be a mechanism for increased hypertension.
Yanes et al16 reported that castration in male rats reduced intrarenal expression of AGT,
mean arterial blood pressure, and proteinuria during salt-sensitive hypertension in the Dahl
SS model. The coexistence of proteinuria and augmented urinary AGT excretion observed in
the present study and others17 suggests that the glomerular barrier might be disrupted and
that some tissue injury occurred. Recent work by Lara et al21 reported that the combination
of Ang II and HS diet in male rats exacerbated urinary excretion of AGT and renal injury
compared with Ang II alone due to increased macrophage infiltration in the tubule-
interstitial area, cell proliferation, and collagen deposition.21 An excess of AGT in the urine,
from either source, systemic or intrarenal, indicates an augmented availability of the RAS
substrate within the nephron lumen and greater intratubular Ang II de novo formation
capability.10,40–42

This study found that female rats have lower levels of AGT gene expression than male rats
under both control and Ang II–infused conditions. In addition, the data found that HS diet
does not alter the AGT mRNA levels in the renal cortex or urinary AGT of male and female
rats. Additionally, the increase in AGT gene expression seen in male rats during Ang II
infusion is confirmed in females for the first time.8 Because urinary AGT excretion between
male and females during chronic Ang II infusions is similar when normalized by BW, it
might be that lower AGT expression levels in the female reflect their smaller size. Although
the combination of Ang II infusion with HS diet did not increase AGT mRNA, it
significantly exacerbated the urinary excretion of AGT, as described previously.8 These
findings suggest that salt per se might not increase urinary AGT via intrarenal RAS
activation; however, it might trigger other intracellular mechanisms, such as mitogen-
activated protein kinase, transforming growth factor–β, and nitric oxide pathways,43–45

when it is combined with Ang II.21 Proteinuria levels in the Ang II–salt rats can also
indicate that filtration of systemic AGT into the tubules could greatly contribute to the
exacerbation of urinary AGT without changes in transcript levels; however, the origin of the
AGT in the urine of the rats was not assessed in the present study.

Sex difference in the correlation of urinary AGT excretion with SBP correlation is consistent
with the observation that the intrarenal RAS might be more directly involved in the control
of SBP in male than in female rats. This seems likely considering that estrogens, by acting
through receptors, reduce AT1 receptor density, primarily by inhibiting their translation at a
ribosomal level35,36,46 and by decreasing AT1 receptor binding.35,36,46 The potential
mechanism for the protective effects of estrogen has also been suggested by evidence found
that after ovariectomy in salt-sensitive rats, there is a lower threshold for the
hypertensinogenic effect of salt that is linked to an activation of Ang II.35,36,46

Candesartan, as a therapy for cardiovascular diseases, has been assessed frequently for its
ability to lower SBP, improve cardiac remodeling, and protect renal function.47–49 Several
studies have either found no sex differences in response to ARB therapy or suggested that
ARB treatment might work better in women than in men.47,50 In the present study, we found
similar blood pressure–lowering abilities for candesartan and urinary AGT excretion
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responses in male and female rats after factoring by BW (male: 98% vs female: 99%
change). However, candesartan was better at preventing proteinuria in the female rats (male:
74 vs female: 85% change; P < 0.05). Male rats receiving candesartan had a rise in
proteinuria that was only ameliorated at the end of the study. It has been previously reported
that although candesartan prevents increases in reactive oxygen species in rats with chronic
Ang II infusion and HS diet, it does not prevent collagen deposition or mesangial expansion,
indicating that kidney damage was still present in the candesartan-treated males.21

We found suppression of PRA in the females receiving candesartan. This finding contrasts
with previous studies reporting increased PRA during Ang II blockade by ACE inhibition or
ARB therapy in male and female rats.5,51 In human volunteers of both sexes, Miller et al52

reported increased PRA levels during chronic Ang II infusion and irbesartan for 4 weeks.
Accordingly, in the present study, male rats receiving coadministration of Ang II and HS
diet and candesartan also displayed very high renin activity in the plasma. The difference in
the present study from those previous reports is the coadministration of HS diet to the
chronic Ang II infusions. Sartori-Valinotti et al15 reported significantly decreased PRA after
ACE inhibition in both sexes of Sprague-Dawley rats chronically infused with Ang II and
fed an HS diet. Susic et al53 also reported no rise in PRA of SHR rats fed HS and given
losartan, while the normal-salt diet rats administered losartan did have increased PRA.
Plasma AGT was not measured in the current study, but a reduction in the availability of the
substrate, AGT, by chronic high Ang II and HS diet might have affected the female PRA
levels. PRA is reported as nanograms of Ang I formed and the assay is performed without
the addition of excess substrate, relying only on the naturally occurring renin and AGT in
the plasma sample.27 Therefore, a lack of substrate would result in a reduced PRA response.

CONCLUSION
The present data indicate that males exhibit greater activation of the intrarenal RAS during
chronic Ang II–salt hypertension. Female rats fed an HS diet exhibited no further increase in
SBP and less augmentation of urinary AGT and proteinuria during Ang II–dependent
hypertension. These data support the notion that the effects of HS consumption in the
presence of hypertension exhibit sexual dimorphism in the kidneys of male and female
Sprague-Dawley rats. Importantly, this study provides evidence that, in male rats, only short
exposure to an HS diet is required to cause proteinuria or exacerbate urinary AGT excretion
during Ang II–salt hypertension.
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Figure 1.
Mean (SEM) systolic blood pressure (SBP) in mm Hg measured by tail-cuff method on day
−1, day 5, day 8, and day 12 during 14-day study. (A) Male. (B) Female. Ang II =
angiotensin II–infused (80 ng/min); Ang II + HS = angiotensin II infusion plus high-salt
diet; Ang II + HS + Cand = angiotensin II infusion plus high-salt diet and candesartan (25
mg/L in the drinking water); HS = high salt (8% NaCl); NS = normal salt. *P < 0.05
compared with same-sex NS control. †P < 0.05 male Ang II compared with male Ang II +
HS. ‡P < 0.05 compared with opposite-sex same treatment group.
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Figure 2.
Mean (SEM) angiotensinogen (AGT) in urine is expressed as ng/d/g body weight (BW) at
baseline (day −1) and 4 times during the 14-day study (n = 3/per group/per day). (A) Male
(M). (B) Female (F). Ang II = angiotensin II–infused (80 ng/min); Ang II + HS =
angiotensin II infusion plus high-salt diet; Ang II + HS + Cand = angiotensin II infusion plus
high-salt diet and candesartan (25 mg/L in the drinking water); HS = high salt (8% NaCl);
NS = normal salt; HS = high salt diet (8% NaCl). *P < 0.05 and †P < 0.01 compared with
same-sex normal salt control (NS). ‡P < 0.01 compared with opposite-sex same treatment
group.
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Figure 3.
Correlation of systolic blood pressure (SBP) and urinary angiotensinogen (AGT) excretion
factored by body weight (BW) measured on day 13 of the study. (A) Males, n = 16. (B)
females, n = 12.
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Figure 4.
Mean (SEM) proteinuria in (A) male (M) and (B) female (F) rats measured on days −1, 3, 6,
9, and 13 of the study and expressed as micrograms protein excreted per day per gram of
body weight (BW). Ang II = angiotensin II infusion (80 ng/min for 14 d); Ang II + HS =
angiotensin II infusion plus high-salt diet; Ang II + HS + Cand = angiotensin II infusion plus
high-salt diet plus candesartan (25 mg/L in the drinking water); HS = high-salt diet (8%
NaCl); NS = normal-salt diet. *P < 0.01, compared with same-sex normal-salt control
(NS). †P < 0.05 M: Ang II + HS vs M Ang II + HS + Cand. ‡P < 0.05; §P < 0.05 compared
with opposite sex same treatment group.
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Figure 5.
Mean (SEM) angiotensinogen (AGT) mRNA levels taken from cortex kidney samples. (A)
Male, normalized to male control normal salt (NS) and presented as fold change. (B)
Female, normalized to female NS. Dashed line represents male NS level. Ang II =
angiotensin II infusion (80 ng/min for 14 d); Ang II + HS = angiotensin II infusion plus
high-salt diet; Ang II + HS + Cand = angiotensin II infusion plus high-salt diet plus
candesartan in the drinking water (25 mg/L); NS = normal-salt diet; HS = high-salt diet (8%
NaCl). *P < 0.05 compared with same-sex NS. †P < 0.05 compared with same-sex Ang II.

Rands et al. Page 16

Gend Med. Author manuscript; available in PMC 2012 August 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Rands et al. Page 17

Ta
bl

e

M
et

ab
ol

ic
 d

at
a 

an
d 

se
x 

ho
rm

on
es

.

B
W

, g
F

oo
d/

B
W

, m
g/

g
W

at
er

/B
W

, m
L

/g
P

R
A

, n
g 

A
ng

 I
/m

L
/h

G
ro

up
M

al
e

F
em

al
e

M
al

e
F

em
al

e
M

al
e

F
em

al
e

M
al

e
F

em
al

e
T

es
t,

 n
g/

m
L

 M
al

e
E

2,
 p

g/
m

L
 F

em
al

e

N
S

33
0 

(8
)

21
7 

(1
2)

*
0.

08
 (

0.
01

)
0.

09
 (

0.
01

)
0.

1 
(0

.0
1)

0.
6 

(0
.0

1)
*

5.
5 

(2
)

6.
0 

(0
.4

)
9.

7 
(2

)
21

.6
 (

21
)

H
S

32
4 

(7
)

22
5 

(5
)*

0.
06

 (
0.

01
)

0.
07

 (
0.

01
)

0.
2 

(0
.0

1)
0.

2 
(0

.0
1)

0.
14

 (
0.

1)
†

2.
2 

(1
)*

,†
10

.1
 (

1)
49

.4
 (

5)

A
ng

 I
I

29
6 

(7
)

20
9 

(4
)*

0.
07

 (
0.

01
)

0.
10

 (
0.

01
)*

0.
2 

(0
.0

1)
0.

3 
(0

.0
1)

0.
32

 (
0.

2)
†

0.
2 

(0
.1

)†
11

.9
 (

5)
55

.3
 (

10
)

A
ng

 I
I 

+
 H

S
25

3 
(9

)
19

6 
(1

9)
*

0.
06

 (
0.

01
)

0.
07

 (
0.

02
)

0.
4 

(0
.0

1)
0.

4 
(0

.0
1)

0.
22

 (
0.

1)
†

1.
9 

(1
)*

,†
4.

2 
(1

)†
36

.5
 (

13
)

C
an

d
27

1 
(1

1)
22

4 
(8

)*
0.

06
 (

0.
01

)
0.

06
 (

0.
01

)
0.

3 
(0

.0
1)

0.
3 

(0
.0

1)
41

 (
12

)†
0.

3 
(0

.2
)†

7.
3 

(3
)

29
.3

 (
7)

V
al

ue
s 

ar
e 

m
ea

n 
(S

E
M

) 
fo

r 
co

nt
ro

l (
no

rm
al

 s
al

t [
N

S]
; n

 =
 1

7)
, h

ig
h 

sa
lt 

(H
S;

 n
 =

 1
7)

, a
ng

io
te

ns
in

 I
I 

(A
ng

 I
I;

 n
 =

 1
6)

, A
ng

 I
I 

+
 H

S 
(n

 =
 1

6)
, A

ng
 I

I 
+

 H
S 

+
 C

an
de

sa
rt

an
 (

C
an

d;
 n

 =
 1

0)
 r

at
s 

of
 b

ot
h 

se
xe

s.
H

yp
er

te
ns

io
n 

w
as

 in
du

ce
d 

w
ith

 A
ng

 I
I 

in
fu

si
on

 v
ia

 s
ub

cu
ta

ne
ou

s 
m

in
ip

um
p 

at
 a

 r
at

e 
of

 8
0 

ng
/m

in
 f

or
 1

4 
da

ys
. C

an
de

sa
rt

an
 w

as
 a

dm
in

is
te

re
d 

in
 th

e 
dr

in
ki

ng
 w

at
er

 (
25

 m
g/

L
).

 H
ig

h-
sa

lt 
di

et
 w

as
 8

%
 N

aC
l

in
 r

at
 c

ho
w

.

B
W

 =
 b

od
y 

w
ei

gh
t; 

T
es

t =
 te

st
os

te
ro

ne
; E

2 
=

 1
7β

 e
st

ra
di

ol
; P

R
A

 =
 p

la
sm

a 
re

ni
n 

ac
tiv

ity
.

* P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 o
pp

os
ite

 s
ex

, s
am

e 
tr

ea
tm

en
t g

ro
up

.

† P 
<

 0
.0

5 
co

m
pa

re
d 

w
ith

 s
am

e 
se

x,
 n

or
m

al
 s

al
t c

on
tr

ol
.

Gend Med. Author manuscript; available in PMC 2012 August 16.


