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Vascular endothelin (ET)-1 is upregulated in several forms of

salt-induced hypertension. It is unclear to what extent these

effects are primary or secondary to endothelial damage. We

hypothesized that a high-sodium diet (HNa) increases vascular

ET-1 production independent of arterial blood pressure

changes. We investigated the effect of chronic HNa with and

without ETA blockade on circulating and aortic ET-1 protein

levels as well as aortic expression of ET-1 and ETA messenger

RNA (mRNA) in inbred Wistar-Kyoto (WKY) and congenic ETB-

deficient rats. Comparing WKY rats fed a low-sodium diet (LNa)

with those fed HNa for 3 weeks, aortic wall ET-1 protein is

significantly increased in response to HNa (331 6 43 pg/g tissue

for LNa vs. 557 6 34 pg/gm tissue for HNa). HNa also increased

aortic wall ET-1 mRNA levels by 40%, as determined by

quantitative reverse transcriptase polymerase chain reaction.

We then compared rats chronically treated with the ETA-

selective antagonist, ABT-627, while receiving either LNa or

HNa. There were no differences in arterial blood pressure (mean

arterial pressure 89 6 1 mm Hg for WKY on LNa; 90 6 3 for WKY

on HNa; 91 6 2 for ETB-deficient/ABT-627–treated on HNa) or

heart rate. However, aortic wall ET-1 protein levels were 4-fold

higher in the HNa group. Further, HNa increased aortic wall ET-1

mRNA (;1.5- to 3-fold) and ETA mRNA (;2- to 7-fold),

independent of activation of ETB. Therefore, the expression of

ET-1 mRNA by the aortic wall is increased in response to

chronic high dietary sodium in WKY rats in the absence of

changes in arterial blood pressure. Exp Biol Med 231:813–817,

2006

Key words: hypertension; salt-sensitive; endothelin-A receptor;

antagonist; artery; expression

Introduction

The endothelin (ET) system is activated in most models

of low-renin, salt-sensitive, and severe forms of hyper-

tension, including deoxycorticosterone acetate–salt hyper-

tensive rats, Dahl salt-sensitive rats, insulin-resistant

(fructose-fed) rats, sensory-denervated rats, and stroke-

prone spontaneously hypertensive rats (1–7). However,

because elevated blood pressure (BP) may result in

endothelial damage, altered ET-1 levels or expression may

be secondary to hypertension rather than primary.

Arguing in favor of a primary role for the ET system in

BP salt sensitivity is the induction of salt sensitivity through

genetic and pharmacologic manipulation of system compo-

nents. Salt-insensitive rats develop hypertension when

chronically given a high-salt diet along with an ETB-

selective antagonist (8), and rats genetically deficient in ETB

demonstrate marked salt-induced hypertension (9). Nonhu-

man primates fed a standard diet also develop hypertension

in response to ETB-blockade (10). In addition, chronic

elevation of circulating ET-1 produces salt-sensitive hyper-

tension in rats (11). ETB-deficient and ET-1 excess hyper-

tension are both prevented or resolved through blockade of

the ETA receptor, suggesting that increased activation of this

receptor is pathogenic (12, 13). Finally, mice deficient in

renal collecting duct ET-1 exhibit hypertension exacerbated

by dietary sodium (14).

To investigate whether the expression of the ET system

is affected by dietary sodium in the absence of arterial BP

changes, we examined salt sensitivity and expression of ET-

1 and ETA in the aorta in an inbred Wistar-Kyoto (WKY) rat

strain with and without simultaneous ETA blockade. We

found significant changes in ET-1 mRNA and ET-1 protein

levels in the aortic wall of salt-fed rats in the absence of

hemodynamic changes. This suggests that the ET system

may play a primary role in the development of salt-sensitive

hypertension.

Materials and Methods

Animals. Inbred WKY (WKY/NHsd) rats were

purchased from Harlan (Indianapolis, IN). ETB-deficient
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rats are ETB
sl/sl; DBH-ETB transgenic rats backcrossed onto

the WKY/NHsd background (.6 generations; Ref. 13). The

colonies are maintained by brother to sister matings. All

animal procedures were approved the University Committee

on Use and Care of Animals at The University of Michigan.

All rats were housed as specific-pathogen free in temper-

ature- and humidity-controlled environments, with a 12:12-

hr light:dark cycle. Only male rats were used experimen-

tally.

Chronic Dietary Treatment and ETA Block-
ade. Diets were purchased from Harlan Teklad (Winfield,

IA). Rats (age 10 wk) were fed a low-sodium diet (LNa,

0.008% NaCl) for 24 hrs, and then were started on a

selective ETA antagonist, ABT-627 (5 mg/kg twice daily by

gavage; Abbott Laboratories, Abbott Park, IL), or vehicle

treatment. We confirmed that this dose of ABT-627

effectively antagonizes the acute pressor effect of exoge-

nous ET-1. ABT-627 was orally administered in a volume

of 1 ml/kg. One day after the start of ABT-627 treatment,

the chow of half of the rats was changed to a high-sodium

diet (HNa; 8% NaCl). Sodium intake was measure for a 24-

hr period once weekly during the subsequent 3 wks. Three

weeks after starting the drug plus diet treatment, rats

underwent catheterization with blood sample collection.

Arterial Catheterization and BP Measure-
ment. A catheter was placed in the right femoral artery

using standard surgical techniques as described elsewhere

(9), under isoflurane inhalation anesthesia. Twenty-four

hours later, in the afternoon, the externalized arterial

catheter was connected to a calibrated BP transducer and

the rats were acclimated to the measurement environment

for 1 hr. Rats were unrestrained and allowed free access to

food and water while attached to the transducer. Pulsatile

BP was recorded during 1 h, using the PowerLab system

(AD Instruments, Colorado Springs, CO).

ET-1 Concentrations. ET-1 was extracted as de-

scribed elsewhere (15, 16). Measurement of immunoreac-

tive ET-1 concentrations was performed using a

commercially available kit (Assay Designs, Inc. Ann Arbor,

MI). The kit has a low level of cross-reactivity with ET-2

but does not detect ET-3 or big ET-1.

Quantitative Reverse Transcriptase (RT) Poly-
merase Chain Reaction (PCR). Total RNA was ex-

tracted with TRIZOL Reagent (Invitrogen, Carlsbad, CA).

Copy DNAs were synthesized from 1 lg total RNA with

oligo-dT primers using Omniscript RT (Qiagen, Valencia,

CA). ET-1 and ETA complementary DNAs (cDNAs) were

subjected to 50 cycles of quantitative real-time PCR using

SYBR Green I (BioRad, Hercules, CA) as the detection

reagent. The control was b-actin. Primer sequences were

gatatcgctgcgctcgtcgtc/cctcggggcatcggaacc for b-actin,

gaggccatcagcaacagcatca/tccgaggccatccccagac for ET-1, and

cagcctggcccttggagaccttat/ttctgtgctgctcgcccttgtatt for ETA

cDNA fragment amplification. Single PCR products of the

appropriate size were confirmed by melting curve and agarose

gel electrophoresis.

Results

WKY Rats Are Mildly Salt-Sensitive. We chose to

study the WKY rat because it is the original strain of the

spontaneously hypertensive rat (SHR). WKY rats are used

as the control for SHR and are generally thought to be

normotensive and not salt-sensitive. We found, however,

that when male WKY rats are chronically subjected to

extremes in dietary sodium intake, they exhibit small but

significant changes in arterial BP (Fig. 1A). We began

treating rats on the LNa for 1 week with vehicle 1 day

before switching half of the rats to the HNa diet. Compared

with rats on the LNa diet for 3 weeks, mean arterial BP

increased in rats fed the HNa diet by approximately 10 mm

Hg. We were unable to detect a significant difference in the

pulse rate between the two groups (Fig. 1B).

Salt-Induced Increases in Arterial BP Are
Blocked by Concurrent Administration of an ETA

Antagonist. We began treating rats on the LNa diet with

the ETA-selective antagonist, ABT-627, 1 day before

switching half of the rats to the HNa diet. ABT-627 and

the LNa or HNa diet were continued for the next 3 weeks.

Arterial BPs were reduced in the rats treated with ABT-627

compared with the vehicle-treated rats, regardless of diet.

The mean arterial pressure of LNa and vehicle-treated rats

was 98 6 2 mm Hg, whereas the mean arterial pressure of

the LNa and ABT-627–treated rats was 89 6 1 mm Hg; P¼
0.002. ABT-627 prevented salt-induced increases in arterial

BP (Fig. 1A), but had no affect on the total chow/salt intake

(72 6 2 g/kg/d for vehicle treated and 70 6 4 g/kg/d for

ABT-627 treated; P ¼ 0.74). The mean arterial pressure of

HNa and ABT-627–treated rats was 90 6 3 mm Hg. ABT-

Figure 1. Chronic ETA blockade lowers BP and prevents salt
sensitivity in WKY/NHsd rats. Male rats were given the ETA selective
antagonist, ABT-627, or vehicle along with either the LNa
(0.008%NaCl, gray bars) or the HNa (8%NaCl, black bars) diet for
3 weeks before direct BP measurement under conscious and
unrestrained conditions. ABT-627 or vehicle was started 1 day
before the HNa diet. (A) Systolic and diastolic pressures were slightly
but significantly higher in vehicle-treated animals on the HNa diet.
Systolic and diastolic pressures are significantly lower in ABT-627–
treated rats than vehicle-treated rats on either diet. There was no
difference in BP between ABT-627–treated animals on the LNa diet
vs. the HNa diet. (B) Diet and ABT-627 treatment did not affect heart
rate. Each group contained nine animals.
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627 treatment did not affect heart rate and we detected no

difference in the heart rate between LNa- and HNa-fed,

ABT-627–treated rats (Fig. 1B).

Aortic ET-1 Protein Is Increased When WKY
Rats Are Chronically Fed the HNa Diet. We measured

ET-1 protein levels in an isolated segment of the abdominal

aorta after 3 weeks of vehicle treatment and either LNa or

HNa diet. The HNa diet resulted in an increase in aortic ET-

1 protein by approximately 1.7-fold. Because this difference

may be secondary to the slight difference in the arterial

pressures of these two groups of rats, we performed the

same measurement in the rats treated with ABT-627. We

found that chronic ETA blockade did not prevent salt-

induced increases in aortic ET-1 protein in WKY rats.

Although chronic ETA blockade significantly reduced aortic

wall ET-1 protein in both LNa- and HNa-fed rats (P ,

0.001), the HNa diet still produced an approximately 4-fold

increase in aortic ET-1 levels (Fig. 2).

Aortic Prepro-ET-1 Transcripts Are Increased
Under High-Salt and Chronic ETA Blockade. To

determine whether the increase in aortic wall ET-1 protein is

related to an increase in production, we performed

quantitative RT-PCR for prepro-ET-1 mRNA on copy

DNA derived from isolated segments of the abdominal aorta

of vehicle- or ABT-627–treated rats on either LNa or HNa

diets. To examine the role of ETB signaling in control of

ET-1 production in the wall of the aorta, we included a

group of ETB-deficient rats in this experiment. ETB-

deficient rats exhibit severe salt-induced hypertension that

is completely blocked by concomitant treatment with ABT-

627. We have previously shown that arterial BPs are

identical between salt-fed WKY and ETB-deficient rats on

the WKY genetic background if they are chronically treated

with ABT-627 (13). We found that ET-1 transcripts are

increase by the HNa diet, independent of ETA and ETB

signaling (Fig. 3). By two-way analysis of variance

(ANOVA), dietary sodium significantly increases aortic

wall ET-1 transcripts in WKY rats (P , 0.05) and ETB-

deficient rats under ETA blockade (P , 0.02). ETA blockade

increased aortic ET-1 transcripts in WKY rats (P , 0.005

by two-way ANOVA). Statistically, there was no significant

interaction between dietary sodium and ETA blockade in

determining the number of aortic ET-1 transcripts.

High-Salt Diet Does Not Affect Circulating ET-1

Protein Levels. We next examined whether the salt-

induced increase in ET-1 production resulted in increased

circulating ET-1 protein levels. We measured circulating

ET-1 in the aorta of vehicle- or ABT-627–treated rats on

either LNa or HNa diets for 3 weeks. We found no

significant effect of dietary sodium on circulating ET-1

levels (Fig. 4). ABT-627 treatment resulted in a significant

increase (P , 0.0001 by two-way ANOVA) in circulating

ET-1 levels on either diet.

Chronic ETA Blockade Reduced ETA Tran-

scripts in the Aorta. Finally, we examined the effect of

dietary sodium and ETA blockade on ETA expression in the

aorta (Fig. 5). We found that chronic ETA blockade reduced

the relative number of transcripts in the aorta of WKY rats

regardless of the level of dietary sodium (P , 0.05 by two-

Figure 2. Chronic ETA blockade does not prevent salt-induced
increases in aortic wall ET-1 protein. ET-1 protein was measured
from a segment of the abdominal aorta in rats fed either the LNa diet
(gray) or the HNa diet (black) along with ABT-627 or vehicle
treatment for 3 weeks. ETA blockade was started 1 day before
starting the HNa diet. ETA blockade significantly reduced aortic wall
ET-1 protein content on either diet. The amount of ET-1 protein per
gram of aorta was higher in rats fed the HNa diet compared with rats
fed the LNa diet, regardless of drug treatment. There were four
animals in each group.

Figure 3. High dietary sodium is associated with an in increased
number of ET-1 transcripts in the wall of the aorta in the absence of
ET signaling or BP changes. Young, male WKY rats or congenic
ETB-deficient rats were fed either the LNa diet (gray) or the HNa diet
(black) for 3 weeks before direct BP measurements under conscious
and unrestrained conditions. ABT-627 was started 1 day before HNa
diet and continued for 3 weeks. Prepro-ET-1 mRNA was relatively
quantified using real-time RT-PCR. ET-1 transcripts were increased
in rats fed HNa diet compared with those fed LNa diet, regardless of
drug treatment or ETB deficiency. *P , 0.04 compared with WKY
vehicle-treated rats on HNa diet. #P , 0.02 compared with ETB-
deficient, ABT-627–treated rats on LNa diet. P , 0.05 for the effect of
dietary sodium by ANOVA. P , 0.005 for the effect of ETA blockade
in WKY rats by ANOVA. There were four animals in each group.
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way ANOVA). ETA transcripts were also increased by HNa

(P , 0.04 by two-way ANOVA). Statistically, there was no

significant interaction between dietary sodium and ETA

blockade in determining the aortic ETA transcript levels.

Discussion

Alemayehu et al. (17) reported marked genetic diversity

between inbred WKY strains. These authors provide a

detailed description of conscious arterial BP, including

diurnal variation and salt sensitivity, in WKY/lj-tf (an

inbred substrain developed from rats obtained from Teconic

Farms, Germantown, NY) and WKY/lj-cr (an inbred

substrain developed from rats obtained from Charles River

Laboratories, Wilmington, MA). Interestingly, they found

significant salt sensitivity in arterial pressure not only in

SHR but also in WKY/lj-tf, with systolic pressures

increased approximately 20 mm Hg in both stains on HNa

diets compared with the regular diet (0.7% NaCl). They

described the WKY/lj-tf as a new, inbred hypertensive

WKY substrain and the WKY/lj-cr as ‘‘normotensive,’’
despite a small increase in BP in response to chronic high

dietary sodium of similar magnitude to that which we

observed in WKY/NHsd rats. Other reports of a complete

absence of BP sensitivity to chronic HNa in WKY rats are

difficult to interpret because measurements are made under

anesthesia and/or the specific WKY substrain or vender are

not listed (18, 19).

To minimize the possibility that the differences in ET-1

and ETA expression we observed could be secondary to

hypertension or irreversible vascular damage, we chose to

study young rats and to begin treatment with the ETA

antagonist before exposure to HNa. This resulted in low-

normal and equal BPs in rats on the LNa and the HNa diets.

The mechanism by which ET-1 and ETA expression is

increased by chronic high dietary sodium in vivo remains

unclear. Others have shown that high dietary sodium

increases renal ET-1 production in vivo, in the absence of

BP changes (20–24). Herrera and Gavin demonstrated that

increased osmolality stimulates ET-1 release in primary

cultures of thick ascending limbs (21). Vascular production

of ET-1 in response to dietary sodium is less well studied.

Increasing osmolality does not affect ET-1 production by

cultured rat pulmonary endothelial cells (20), although

plasma ET-1 levels increase in response to acute iso-

osmolar volume expansion in vivo. This is generally thought

to be the result of increased ET-1 release by the endothelium

in response to increased vessel wall stretch (25). Although

chronic intravascular volume expansion and vessel wall

stretch may be responsible for the observed increase in

aortic wall ET-1 production in the current study, small

changes in osmolality of the plasma and/or vascular

interstitial space may play a role. We have shown elsewhere

that chronic high dietary sodium leads to expansion of

intravascular volume with plasma solute dilution in WKY

rats, independent of changes in BP and ETA signaling.

Similar volume expansion occurs in salt-fed ETB-deficient

rats treated with ABT-627 (26).

Chronic ETA blockade lowered arterial BP even in rats

fed LNa. This makes the observed effects of ETA blockade

on aortic ET-1 and ETA transcript levels in WKY rats

difficult to interpret. ABT-627 treatment, and, therefore,

lower BP, seems to be correlated with a reduction in the

level of ETA mRNA and an increase in the level of ET-1

Figure 4. Dietary sodium does not affect circulating ET-1 levels.
Young, male rats were fed either the LNa diet (gray) or the HNa diet
(black) for 3 weeks with and without chronic ETA blockade with ABT-
627. Blood samples were collected from the abdominal aorta. ETA

blockade results in significantly higher circulating ET-1 levels.
Circulating ET-1 levels were not different between the two diets. *P
, 0.001 compared with vehicle-treated rats. There were five animals
in each group.

Figure 5. In the absence of BP changes and ET signaling, high
dietary sodium is associated with increased ETA transcription in the
wall of the aorta. Young, male WKY rats or congenic ETB-deficient
rats were fed either the LNa diet (gray) or the HNa diet (black) for 3
weeks before direct BP measurements under conscious and unre-
strained conditions. ABT-627 was started 1 day before HNa diet and
continued for 3 weeks. ETA mRNA was relatively quantified using
real-time RT-PCR. ET-1 transcripts were increased in rats fed the
HNa diet compared with those fed the LNa diet, P , 0.04 by ANOVA.
Chronic ETA blockade also reduced the relative number of transcripts
in WKY rats on either diet, P , 0.05 by ANOVA. There were four
animals in each group.
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transcripts. Although ET-1 signaling within the wall of the

aorta probably has little influence on arterial BP, these

studies shed light on the control of ET-1 production in vivo
in the vasculature under chronic high-salt conditions.

Further investigation is needed to determine whether similar

mechanisms are active in arterioles.
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