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Sodium chloride regulation of the� epithelial amiloride-sensitive sodium
channel (�ENaC) gene requires syntheses of new protein(s)
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Abstract

The epithelial amiloride-sensitive sodium channel (ENaC) plays a central role in sodium homeostasis and blood pressure control. The
molecular effect of high sodium intake on the ENaC gene is not well known. This study examined the effects of high salt (HS) intake
on �ENaC gene transcription in rat kidney. Rats were injected intraperitoneally with hypertonic (1.5 M NaCl) or normal saline solution
(three rats per group). The serum sodium concentration of rats injected with hypertonic saline increased significantly 30 min after injection
(158± 2 mM versus 140± 1 mM for normal saline injected rats and 139± 1 mM for uninjected rats). At 3 h after injection, serum
sodium decreased (144± 1 mM) but remained above the control values (139± 1 mM for normal saline injected rats, 139± 1 mM for
uninjected rats). The serum aldosterone decreased 1.5 and 3 h after the hypertonic saline injection (217± 10 and 139± 23 pg/ml for
hypertonic saline injected rats, 358± 2 pg/ml for uninjected rats). The kidney cortex was dissected macroscopically and total RNA was
isolated at 1.5 and 3 h after treatment. Semi-quantitative RT-PCR studies revealed that following hypertonic saline treatment,�ENaC
mRNA levels were dramatically downregulated, compared with controls, as early as 1.5 h. Western blot analysis showed similar patterns
of protein downregulation. Inhibition of protein synthesis by cycloheximide (CHX) blocked the sodium chloride-induced�ENaC mRNA
downregulation, 3 h after treatment. This indicates that synthesis of new, uncharacterized protein(s) is required for sodium chloride-mediated
inhibition of �ENaC gene transcription.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The role of dietary sodium as a risk factor in the de-
velopment of hypertension has been extensively reported in
both animals and humans[1]. One essential kidney func-
tion is to maintain salt homeostasis in the body; the kidney
increases reabsorption of salt filtered in the glomerulus in
salt deficiency states and decreases reabsorption during salt
overload[2]. The rate limiting step in sodium reabsorption
occurs via the epithelial amiloride-sensitive sodium channel
(ENaC) in the cortical and medullary collecting ducts of the
mammalian kidney[3]. ENaC, a heterotetrameric channel
complex composed of at least three homologous but distinct
�, �, and� subunits[4], plays an important role in sodium
homeostasis and blood pressure regulation[5].
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The physiological regulation of sodium transport by cells
of the colon and renal collecting duct is also influenced by
circulating aldosterone levels in response to dietary sodium
intake[6–8]. A few reports have demonstrated a direct corre-
lation between ENaC activity and aldosterone levels. Aldos-
terone binds to the mineralocorticoid receptor, which then
translocates to the nucleus where the aldosterone-occupied
receptor modulates transcription of target genes[9,10]. A
recent study elucidated the aldosterone-induced�ENaC
transcription mechanism. Elevated circulating aldosterone
levels increase the abundance of�ENaC mRNA in the con-
necting tubule and principal cells of the cortical collecting
duct via mineralocorticoid receptor binding sites located at
the 5′ flanking region of�ENaC[5,11,12]. Transcriptional
upregulation of�ENaC by glucocorticoids, which does not
require protein synthesis, has also been shown in human
and rat epithelia[13–15].

Recent study reported physiologic regulation of�ENaC
by chronic dietary sodium intake. Low sodium
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administration for 3 weeks increased the levels of aldos-
terone and the� subunit, and induced a shift of the�
and � subunits from the cytoplasm to the apical plasma
membrane[3]. However, no previous study has shown the
short-term effects of sodium on�ENaC in vivo. Long-term
in vivo studies involve various metabolic pathways, which
complicate interpretation of the mechanism of action. The
purpose of this study was to examine the short-term effects
of high salt (HS) administration on�ENaC transcription
in kidney cortex. Our data show that in the rat kidney cor-
tex, high salt administration dramatically downregulates
�ENaC at mRNA levels as early as 1.5 h, the earliest time
point examined. It is possible that this downregulation is an
indirect effect caused by the decreased serum aldosterone
induced by increased salt intake. However, the salt-induced
�ENaC downregulation was blocked by the protein synthe-
sis inhibitor cycloheximide (CHX), indicating that newly
synthesized protein(s) other than mineralocorticoid receptor
are required in the regulation.

2. Materials and methods

2.1. Animals

All animal procedures were conducted according to rec-
ommendations of the Animal Care Committee of the Sam-
sung Biomedical Research Institute and the Use Commit-
tee. Female Sprague–Dawley rats (7 weeks old), weighing
175–185 g, were purchased from Daehan Laboratory Ani-
mal Research Center. They received standard rat chow (Cheil
Jedang) with free access to tap water. Rats were injected
(10 ml/kg i.p.) with normal saline (0.15 M) or hypertonic
(1.5 M) saline solution (three rats per group) as was previ-
ously reported at the same time[16]. After intraperitoneal in-
jection, animals were killed by cervical dislocation at differ-
ent times. Left kidneys were quickly removed, cut into lon-
gitudinal halves, and macroscopically subdivided into cor-
tex and medulla. Those were immediately frozen on a bed
of powdered dry ice and stored at –80◦C until extraction of
total RNA and protein.

2.2. Determination of serum sodium and aldosterone
concentration

Rats were anesthetized with ether and blood was obtained
from the abdominal aorta. Serum sodium concentrations
were determined by a commercially available ion-selective
electrodes method at Seoul Clinical Laboratories and serum
aldosterone concentrations were determined using a ra-
dioimmunoassay kit (Diagnostic Products).

2.3. Semi-quantitative RT-PCR

Total RNA was extracted using Trizol Reagent (GIBCO-
BRL) according to the manufacturer’s instruction. RNA

pellets were dissolved in diethylpyrocarbonate-treated wa-
ter. The yield of RNA was quantified by spectroscopy at
260 nm. Samples were aliquoted and stored at−80◦C until
further processing. To synthesize first strand cDNA, 5�g
total RNA was incubated at 70◦C for 5 min with 0.5�g of
random hexamer and deionized water (up to 11�l). The
reverse transcription reaction was performed using 40 units
of M-MuLV reverse transcriptase (Promega) in 5× reac-
tion buffer (250 mmol/l Tris–HCl; pH 8.3, 375 mM KCl,
15 mM MgCl2, 50 mM DTT), RNase inhibitor at 1 unit/�l,
and 1 mM dNTP mixtures at 37◦C for 60 min. The reaction
was terminated by heating at 70◦C for 10 min, followed
by cooling at 4◦C. The resulting cDNA was added to the
PCR reaction mixture containing 10× PCR buffer (100 mM
Tris–HCl; pH 8.3, 500 mM KCl, 15 mM MgCl2), 25 units of
rTaq polymerase (TaKaRa), 4�l of 2.5 mM dNTP mixtures,
and 100 pM mole of primers each. The final volume was
50�l. Samples were amplified at 94◦C for 5 min, 30 cycles
of 94◦C for 45 s, 55◦C for 45 s, and 72◦C for 45 s using
Mastercycler gradient (eppendorf). Ribosomal protein L19
(RPL19) was amplified for 20 cycles, followed by 72◦C
for 10 min. The sequences of the�ENaC primers were
�ENaCa (5′-TACGCGACAACAATCCCCAAGT-3′) and
�ENaCb (5′-ATGGAGGACATCCAGAGATTGGAG-3′).
Preproendothelin (ET)-1 primers were preproET-1a (5′-CT-
AGGTCTAAGCGATCCTTG-3′) and preproET-1b (5′-TT-
CTGGTCTCTGTAGAGTTC-3′). RPL19 primers were RP-
L19a (5′-CTGAAGGTCAAAGGGAATGTG-3′) and RPL-
19b (5′-GGACAGAGTCTTGATGATCTC-3′). COX-2 pri-
mers were COX-2a (5′-ACACTCTATCACTGGCATCC-3′)
and COX-2b (5′-GAAGGGACACCCTTTCACAT-3′). The
expected size of amplicons for�ENaC, preproET-1, COX-2,
and RPL19 are 300, 300, 500, and 194 bp, respectively.
The PCR products were visualized and quantified using
a bio-imaging analyzer (Bio-Rad), and band density was
normalized to the intensity of band of RPL19 mRNA.

2.4. Western blotting

Protein extracted from rat kidney was isolated by serial
passage through 18- and 22-gauge needles in radioimmune
precipitation buffer (150 mM NaCl, 50 mM Tris–HCl, 5 mM
EDTA, 1% Nonidet P-40, 0.5% deoxycholate, 1% SDS)
with protease inhibitor cocktail (Sigma) on ice for 1 h and
then centrifuged for 20 min at 13,000× g. Supernatant
was collected and protein concentrations were measured
using the Bradford method (Bio-Rad). Fifty micrograms of
kidney protein was dissolved in sample buffer and boiled
for 5 min prior to loading onto a 8% acrylamide gel. After
SDS–PAGE, proteins were transferred to a polyvinylidene
difluoride membrane, blocked with 5% nonfat dry milk in
Tris-buffered saline containing 0.1% Tween-20 (TBST),
and incubated with rabit anti-polyclonal antibody to�ENaC
(affinity bioreagents) overnight at 1:500. After washing
with TBST, blots were incubated with goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody
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and visualized with enhanced chemiluminescence kits
(Amersham).

2.5. Statistical analysis

Results of density measurements of PCR products and
Western blots are presented as means±S.E.M. Significance
of differences between means was evaluated using Student’s
t-test.

3. Results

3.1. Serum sodium and aldosterone concentration

Rats were injected with 1.5 M saline solution and sac-
rificed 0.5, 1.5, and 3 h later. At the time of death, serum
was separated from blood cells and frozen at−20◦C un-

Table 1
Serum sodium and aldosterone concentrations

Uninjected (n = 3) NS (n = 3) HS (n = 3)

Serum sodium (mM, 30 min) 139± 1 140± 1 158± 2∗
Serum sodium (mM, 1.5 h) 139± 1 140± 1 149± 1∗∗
Serum sodium (mM, 3 h) 139± 1 139± 1 144± 1∗∗
Serum aldosterone (pg/ml, 30 min) 358± 2 317± 64 323± 44
Serum aldosterone (pg/ml, 1.5 h) 358± 2 161± 70∗∗ 217 ± 10∗∗
Serum aldosterone (pg/ml, 3 h) 358± 2 173± 35∗∗ 139 ± 23∗

∗ P < 0.001 vs. uninjected.
∗∗ P < 0.05 vs. uninjected.

Fig. 1. (A) RT-PCR analysis of the effect of normal salt (NS) or high salt (HS) on left kidney cortex�ENaC mRNA at 0 (con), 1.5, and 3 h after
injection. The�ENaC mRNA band density was normalized to the RPL19 mRNA band. Values are means± S.E.M. of four experiments with triplicate
samples. *P < 0.005 vs. NS Student’st-test. (B) Western blot analysis of the rat kidney cortex�ENaC expression after salt treatment. Fifty micrograms
of rat kidney cortex isolated after 3 h of salt injections (n = 3) were immunoblotted with�ENaC antibody. Values are means± S.E.M of four separate
experiments. *P < 0.005 vs. con or NS, Student’st-test.

til assayed. At 30 min after injection with hypertonic saline,
serum sodium levels were 158±2 mM compared with 140±
1 mM in rats injected with normal saline and 139±1 mM in
uninjected rats. At 1.5 and 3 h after injection, serum sodium
decreased but remained above the control values (Table 1).
The serum aldosterone concentration was highly signifi-
cantly decreased at 1.5 and 3 h after hypertonic saline in-
jection, but did not decrease at 0.5 h after hypertonic saline
injection (Table 1).

3.2. Effects of acute high salt on αENaC expression in the
kidney cortex

We analyzed the changes induced by high salt on�ENaC
gene expression in the left kidney cortex at the mRNA and
protein levels. We used left kidney for all experiments per-
formed in this study to control for differences in expression
between left and right kidneys[17]. We initially measured
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Fig. 2. RT-PCR analysis of the effect of high salt on the left kidney cortex cyclooxygenase-2 mRNA (A) and medulla ET-1 (B) 3 h after injection.
The density of the COX-2 and ET-1 mRNA bands were normalized to the RPL19 mRNA band. Values are means± S.E.M. of four experiments with
triplicate samples. *P < 0.005 vs. control (con) or normal salt (NS), Student’st-test.

�ENaC mRNA levels in the kidney cortex after hypertonic
saline injection by semi-quantitative RT-PCR. Constitutively
expressed rat RPL19 was used as an internal control[18,19].
Rats were injected with normal saline or hypertonic saline
and sacrificed after 1.5 or 3 h. At 3 h after hypertonic saline
injection �ENaC mRNA levels decreased (7.8-fold) in kid-
ney cortex compared with rats injected with normal saline.
This downregulation was also observed 1.5 h after treatment,
the earliest time examined (3.7-fold decrease) (Fig. 1 A).
�ENaC protein levels were also significantly decreased in
the kidney cortex of hypertonic saline-injected rats com-
pared with control rats (Fig. 1 B). To confirm that intraperi-
toneal injection of hypertonic saline is comparable to dietary
salt intake (except for the duration), we examined ET-1 and
COX-2 gene expression in our model system. We found
that salt injection increased ET-1 mRNA expression in the
kidney medulla and decreased COX-2 mRNA expression in
the kidney cortex, consistent with previous findings[20–22]
(Fig. 2). This result shows that the salt-induced gene iden-
tified by long-term dietary study is under similar regulation
despite different administration routes. These data eliminate
a possibility that�ENaC downregulation by high salt is due
to injection of 1.7–2 ml of saline solution into the intraperi-
toneal space.

3.3. Effects of cycloheximide on salt-mediated αENaC
regulation

To examine whether salt directly regulates�ENaC
mRNA, we determined whether regulation occurred regard-
less of protein synthesis. The protein synthesis inhibitor
cycloheximide was co-injected with salt into rats at a concen-
tration of 1.5 mg/kg body weight[23]. While cycloheximide
alone had no effect on�ENaC mRNA levels, it completely
abolished the regulatory effect of salt on�ENaC mRNA

Fig. 3. �ENaC mRNA levels in response to high salt injection in the
presence of the protein synthesis inhibitor cycloheximide (CHX) 3 h
after injections. Values represent the mean± S.E.M. of four separate
experiments. *P < 0.005 vs. NS, Student’st-test.

levels (Fig. 3). These results suggest that de novo protein
synthesis is required for salt-mediated regulation of�ENaC
gene transcription;�ENaC regulation occurs through newly
synthesized regulatory proteins triggered by high salt.

4. Discussion

Sodium homeostasis is important for the maintenance of
extracellular volume and blood pressure, and ENaC reg-
ulation is critical for homeostasis[24]. Despite progress
in understanding signaling pathways and transcriptional
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mechanisms governing�ENaC regulation at the molecular
level, it is still unclear how salt regulates�ENaC at the
transcriptional level.

Sodium intake, aldosterone levels, and the number of
functional sodium channels in the apical plasma membrane
are interrelated[3]. Aldosterone is the main hormone con-
trolling ENaC activity at the cell surface[25] and several
groups reported ENaC regulation by aldosterone. Aldos-
terone increased mRNA levels of the� and� subunits, but
little of � subunit[26]. A controversial result was reported in
an increase only in the� subunit mRNA[27]. Aldosterone
has also been shown by different groups to regulate ENaC
at both translational and posttranslational levels[28–30]. A
recent study reported that aldosterone stimulation of�ENaC
expression occurs via mineralocorticoid receptor-responsive
elements in the 5′-flanking region of the�ENaC gene[12].
As stated, plasma aldosterone levels are usually inversely
correlated with dietary sodium intake and a high sodium
diet also regulates ENaC activity. A few studies have shown
the effects of long-term dietary salt on ENaC in vivo, but
it is not clear whether the results were due to changes in
aldosterone levels or to high salt intake alone. Under our
experimental conditions, serum aldosterone was decreased
3 h after the hypertonic saline injection. One possible ex-
planation for this observasion is that�ENaC is down reg-
ulated through an indirect mechanism by reduced levels of
aldosterone-occupied mineralocorticoid receptors. However,
it should be pointed out that even with normal saline injec-
tion, we observed decreases in aldosterone without changes
in �ENaC mRNA expression. We observed�ENaC down-
regulation only with hypertonic saline treatment. At 30 min
after initiation of hypertonic saline injection, serum sodium
was significantly raised without a substantial change in cir-
culating aldosterone (Table 1). These results point to the
possibility that a major portion of the initial decrease in
�ENaC regulation by salt may be due to Na+ itself rather
than aldosterone. A recent study reported that extracellular
Na+ itself can reduce ENaC activity[31]. It has been sug-
gested that short-term regulation mechanisms for sodium
transport may be directly related to changes in sodium con-
centration[32,33]. In addition, if the downregulation is due
to aldosterone, a protein synthesis inhibitor should not in-
fluence salt-induced�ENaC downregulation.

In conclusion, we found that�ENaC is downregulated
by salt at the mRNA level by newly synthesized protein(s).
Further study is needed to identify the upstream protein(s)
involved in salt-mediated transcriptional regulation and in-
crease our understanding of salt-triggered cellular signaling
pathways.
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