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Abstract
Human and animal studies demonstrate an untoward effect of excess dietary NaCl (salt) intake on
cardiovascular function and life span. The endothelium in particular augments the production of
transforming growth factor (TGF)-β, a fibrogenic growth factor, in response to excess dietary salt
intake. This study explored the initiating mechanism that regulates salt-induced endothelial cell
production of TGF-β. Male Sprague-Dawley rats were given diets containing different amounts of
NaCl and potassium for 4 days. A bioassay for TGF-β demonstrated increased (35.2%) amounts of
active TGF-β in the medium of aortic ring segments from rats on the high-salt diet compared with
rats maintained on a 0.3% NaCl diet. Inhibition of the large-conductance, calcium-activated
potassium channel inhibited dietary salt-induced vascular production of TGF-β but did not affect
production of TGF-β by ring segments from rats on the low-salt diet. Immunohistochemical and
Western analyses demonstrated the α subunit of the calcium-activated potassium channel in
endothelial cells. Increasing medium [K+] inhibited production of dietary salt-induced vascular
production levels of total and active TGF-β but did not alter TGF-β production by aortic rings from
rats on the 0.3% NaCl diet. Increasing dietary potassium content decreased urinary active TGF-β in
animals receiving the high-salt diet but did not change urinary active TGF-β in animals receiving the
low-salt diet. The findings demonstrated an interesting interaction between the dietary intake of
potassium and excess NaCl and further showed the fundamental role of the endothelial calcium-
activated potassium channel in the vascular response to excess salt intake.

Keywords
dietary sodium chloride; potassium channel; endothelium; aorta; iberiotoxin; physiology

There is growing appreciation of the cardiovascular effects of excess NaCl (termed “salt” in
this article) intake. It has been convenient to divide patients into those who are salt resistant or
salt sensitive depending on their blood pressure responses to changes in dietary salt intake,
because this distinction remains an interesting and valid assessment of cardiovascular risk.
Patients found to have salt-sensitive hypertension subsequently had a greater incidence of left
ventricular hypertrophy and rate of nonfatal and fatal cardiovascular events compared with
hypertensive patients who were not salt sensitive.1 Weinberger et al2 expanded these
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observations by demonstrating that salt-sensitive patients who were initially normotensive at
the time of study had a significant increase in mortality rate on follow-up evaluation compared
with normotensive salt-resistant patients. More important, however, was the recent study by
Cook et al,3 in which they performed a large prospective clinical trial involving adults aged
30 to 54 years with prehypertension and showed that, despite a small average reduction in
blood pressure, chronic salt restriction to ≈2 to 2.6 g/d reduced the cardiovascular event rate
by ≈25% in the intervention group. The combined data suggest that, whereas salt sensitivity is
a cardiovascular risk factor, excess salt intake, per se, promotes vascular disease in humans.

Dietary salt intake directly impacts cardiovascular and renal function in animal models.
Increasing dietary salt intake promoted a dose-dependent reduction in the life span of rodents.
4 An 8.0% NaCl diet increased collagen deposition in the arteries, arterioles, glomeruli, and
interstitium of the hearts and kidneys of both normotensive (Wistar Kyoto) and hypertensive
(spontaneously hypertensive) rats; upregulation of TGF-β1 mRNA was observed in the kidney
and heart during the administration of the high-salt diet in both strains.5 An 8.0% NaCl diet
also increased albuminuria and accelerated progression of renal failure in a rodent model of
chronic allograft nephropathy.6 In contrast, salt restriction reduced proteinuria and
glomerulosclerosis in other rodent models of chronic kidney injury.7 Similarly, salt restriction
resulted in reduced albuminuria among patients with hypertension.8

Excess salt intake has a direct effect on endothelial cell function. Sprague-Dawley rats, which
did not demonstrate changes in blood pressure on an 8.0% NaCl diet during a 15-day period
of observation, did increase expression of TGF-β in the renal cortex compared with tissues
from rats maintained on a 0.3% NaCl diet.9 Increased expression was observed 1 day after
institution of the diet and persisted over the course of the experiment. Urinary excretion of
TGF-β1 increased on the 8.0% NaCl diet, indicating an intrarenal generation of TGF-β1 in
response to salt. Increased salt intake promoted the production of total and active TGF-β1
throughout the arterial tree, including the aorta,10 intrarenal arteries and arterioles (unpublished
observations), and glomeruli.9 Mechanical removal of the aortic endothelium confirmed that
these cells were the source of excess TGF-β1 production during increased salt intake.

The opening of a tetraethylammonium-sensitive potassium channel was the initial event that
stimulated TGF-β1 production by aortic ring and isolated glomerular preparations from
Sprague-Dawley rats fed a high-salt diet.9,10 Activating these cell-surface molecules promoted
the signal transduction mechanism that resulted in production of TGF-β.11-14 The present study
was designed to address in greater detail the initiating mechanism by which endothelial cells
are activated by excess salt intake and the role of extracellular potassium concentration in the
regulation of salt-induced vascular production of TGF-β.

Methods
Animal and Tissue Preparation

The institutional animal care and use committee at the University of Alabama at Birmingham
approved the project. Studies were conducted using male Sprague-Dawley rats (Harlan
Sprague Dawley, Indianapolis, IN) that were 28 days of age at the start of study. The protocol
that was followed has been standardized in our laboratory.9,10,15 The rats were housed under
standard conditions and given 1 of 6 formulated diets (AIN-76A; Dyets, Inc) that contained
different amounts of NaCl and K+. Three of the diets contained 0.3% NaCl (wt/wt) and 0%,
0.95%, or 1.99% K+ (wt/wt), and the other 3 diets contained 8.0% NaCl (wt/wt) and 0%, 0.95%,
or 1.99% K+ (wt/wt). The 0.95% K+ (wt/wt) represented the standard potassium content of a
rat diet. The diets were prepared specifically to be identical in protein composition and differed
only in NaCl, K+, and sucrose content. On the fourth day of the diets, the rats were anesthetized
by IP injection of pentobarbital sodium injection (Lundbeck Inc), 50 mg/kg of body weight,
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and the aorta was removed under sterile conditions for incubation studies, immunoblot
analyses, or immunohistochemistry, as performed previously.9-13,15 In addition, blood was
also collected for the determination of serum concentrations of potassium, urea, and creatinine.

In Vitro Incubation Studies
Initial studies used animals on a 0.3% NaCl (wt/wt), 0.95% K+ (wt/wt) diet and a 8.0% NaCl
(wt/wt), 0.95% K+ (wt/wt) diet. After removal of adherent fat and connective tissue, the aortic
tissue was rinsed in ice-cold PBS, cut into 3-mm ring segments, and placed in 48-well plates.
Aortic ring segments were resuspended in serum-free medium (DMEM; Invitrogen
Corporation) that contained vehicle alone, 3 mmol/L of tetraethylammonium chloride (TEA;
Sigma Chemical), or 100 nM iberiotoxin (IB; Sigma). After a 30-minute incubation period,
the medium was replaced and incubation continued at 37°C for 24 hours. In other experiments,
aortic rings were incubated in medium with potassium concentration adjusted to 0, 10, 15, and
20 mEq/L; choline chloride was added to maintain a constant osmolality among the groups.
After overnight incubation, the conditioned medium was harvested, centrifuged at 300g for 10
minutes at 4°C to remove cell debris, and then stored at -80°C until assayed for total and active
TGF-β. TGF-β was determined using a bioassay, as published previously.14,16 Assays were
performed in triplicate and averaged, and the results were factored by wet weight of aortic
tissue in the sample.

Western Blotting
To obtain isolated endothelial cell lysates, the aorta was removed and opened with a
longitudinal incision. The intimal surface was very gently scraped with a curved scalpel blade,
and the endothelial cells that built up on the edge of the blade were rinsed into a centrifuge
tube that contained serum-free DMEM. Each area was only scraped once, avoiding scraping
close to any cut edge. The cell suspension was centrifuged at 500g for 5 minutes and supernatant
discarded. The cell pellet was resuspended in 300 μL of modified radioimmunoprecipitation
assay buffer that contained the following: 10 mmol/L of Tris-HCl (pH 7.4); 100 mm of NaCl;
1 mmol/L of EDTA and 1 mmol/L of EGTA; 0.5% sodium deoxycholate; 1% Triton-X100,
10% glycerol, and 0.1% SDS; 20 mmol/L of sodium pyrophosphate; and 2 mmol/L of
Na3VO4, 1 mM NaF, 1 mmol/L of PMSF, and protease inhibitor mixture. Total protein
concentration of the lysates was determined using a kit (BCA Protein Assay Reagent kit; Pierce
Biotechnology), and the samples were processed for Western blotting, as we have performed
previously.11,12 For Western blotting, samples containing 25 μg of total protein were used.
The primary antibody, diluted 1:1000, recognized specifically the pore-forming α subunit of
the Big K+ or Maxi K+ (designated “BKCa”) channel (Alomone Laboratories Ltd). Aortic tissue
was also harvested in standard fashion for immunohistochemistry,11 performed using this same
antibody.

In Vivo Studies
Rats on the 6 diets were anesthetized, and urine was collected from the bladder to determine
TGF-β and creatinine, which was assayed using an autoanalyzer (Creatinine Analyzer 2;
Beckman Coulter, Inc). Blood was also collected for the determination of serum potassium,
serum urea nitrogen, and serum creatinine concentrations. To determine the active TGF-β
activity, urine samples were diluted 1:5 in a total volume of 0.5 mL of DMEM containing 0.1%
BSA and directly added to each well. Values were normalized using the creatinine
concentration obtained in each sample.

Statistical Analysis
Data were expressed as the mean±SE. Significant differences among data sets were determined
by unpaired t test or by ANOVA with posthoc testing (Fisher protected least-significant
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difference; Statview version 5.0; SAS Institute). Data that were not distributed normally were
log-normal transformed. Significant differences among some data sets were determined using
post hoc analysis by 2-way design with effect testing (Proc Mixed, SAS version 9.2; SAS
Institute, Inc). Least-square means testing using the Tukey multiple comparisons test was used
to investigate group effects in these analyses. A 2-tailed P<0.05 assigned statistical
significance.

Results
TEA and IB Inhibited Dietary Salt-Induced Vascular Production of TGF-β

Aortic ring segments, which were obtained from rats maintained for 4 days on 0.3% and 8.0%
NaCl containing the standard amount (0.95% wt/wt) of K+, were incubated in medium
overnight. A bioassay for total and active TGF-β demonstrated increased (P<0.05) amounts of
TGF-β in the medium of ring segments from rats on the high-salt diet compared with rats
maintained on a 0.3% NaCl diet containing 0.95% K+ (Figure 1). Coincubation of the aortic
rings from rats on the high-salt diet in medium containing TEA and IB, a specific inhibitor of
the BKCa channel,17 inhibited (P<0.05) production of total and active TGF-β compared with
vehicle-treated samples from the high-salt-treated rats. Neither TEA nor IB affected production
of TGF-β by aortic ring segments from rats on the low-salt diet.

Endothelial Cells Express the BKCa Channel
Immunohistochemistry and Western blotting were performed using an antibody that
recognized the α subunit of the BKCa channel. Immunohistochemistry identified endothelial
cell expression of the BKCa channel in animals on both 0.3% and 8.0% NaCl diets (Figure 2).
Expression of the channel was also observed in the adjacent vascular smooth muscle layers.
Western blotting using lysates of endothelial cells demonstrated the presence of the α subunit
at 125 kDa in every sample (Figure 3). The mean ratio of the density of the 125-kDa band to
GAPDH did not differ between those animals on 0.3% NaCl versus the 8.0% NaCl diet (0.51
±0.06 versus 0.62±0.14; P>0.05). Thus, dietary salt intake did not alter the protein expression
of the subunit.

Medium K+ Concentration Determined Dietary Salt-Induced TGF-β Production
The standard concentration of K+ in DMEM is 5.4 mmol/L. In these studies, the medium
concentration of K+ was adjusted between 0 and 20 mmol/L. Choline chloride was added to
maintain a constant osmolality and chloride concentration. An increase in the medium K+

concentration inhibited production of dietary salt-induced vascular production levels of total
and active TGF-β but did not alter TGF-β production by aortic rings from rats on the 0.3%
NaCl diet (Figure 4). Two-way ANOVA with effect analysis confirmed a positive effect of
dietary salt intake on the production of both total and active TGF-β. In addition, a negative
effect of medium potassium concentration on total and active TGF-β was also shown. Finally,
a significant interaction between medium potassium concentration and salt intake was
identified, but only in those experiments that used aortic rings from rats on the high-salt diet.
The analysis suggested a trend in which those aortic rings derived from animals on high-salt
diets produced less total and active TGF-β as the concentration of potassium increased in the
medium.

Dietary K+ Altered Salt-Induced Production of TGF-β
Groups of rats (n=6 to 12 in each group) received 1 of 6 different formulated diets that contained
different amounts of NaCl and K+. Three of the diets contained 0.3% NaCl (wt/wt) and 0%,
0.95%, or 1.99% K+ (wt/wt), and the other 3 diets contained 8.0% NaCl (wt/wt) and 0%, 0.95%,
or 1.99% K+ (wt/wt). After 4 days on the diet, urine was obtained to determine TGF-β. At this
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time, concentrations of serum urea nitrogen and creatinine did not differ among the 6 groups;
serum K+ concentrations were decreased (P<0.05) in the 2 groups that received 0% K+

compared with the other groups (Table). In these studies, both NaCl and K intakes altered
urinary active TGF-β excretion rates. A significant interaction between these parameters was
observed only in the high-salt condition, suggesting that dietary K+ intake did not alter urinary
active TGF-β in animals receiving the low-salt diet, and an increase in dietary K decreased
urinary active TGF-β in animals receiving the high-salt diet (Figure 5).

Discussion
The present study elucidated a role for potassium in dietary salt-mediated vascular production
of TGF-β. Previous studies demonstrated that TEA, a nonselective potassium channel inhibitor,
but not glibenclamide, a selective KATP channel inhibitor, inhibited salt-induced TGF-β
production by aortic ring preparations and isolated glomeruli.9 The involvement of a TEA-
sensitive potassium channel was again supported by the present observations (Figure 1). Also
consistent with published studies,18 BKCa channels were identified on endothelial cells. Novel
findings of this study include the pharmacological identification of this channel in endothelial
cell TGF-β production induced by excess salt intake. Extracellular potassium concentration
also modulated TGF-β production by aortic rings from high-salt-treated rats but not by aortic
rings from the low-salt-treated rats. Finally, dietary potassium intake regulated urinary
excretion of active TGF-β during ingestion of a high-salt diet. The combined findings
demonstrated an interesting interaction between the dietary intake of potassium and excess
sodium chloride and further showed the fundamental participation of the endothelial BKCa
channel in the vascular response to excess salt intake.

Large-conductance BKCa channels are expressed in many tissues and cells and play an integral
role in a variety of physiological events. Regulation of BKCa channels is complex and varies
widely among cell types.18,19 Channel activity is generally involved in the regulation of
membrane voltage and intracellular calcium concentrations.18 BKCa channels can respond to
a variety of intracellular signaling events, as well as NO, CO, and phosphatidylinositol 4,5-
biphosphate.20,21 Hypoxia, flow, and dietary potassium intake can regulate this channel.
21-23 In the kidney, epithelial BKCa channels open in response to increases in tubular fluid
flow, resulting in flow-mediated potassium secretion.23 The present studies demonstrated that
excess salt intake is another stimulus that did not increase endothelial cell expression of the
poreforming α subunit of the BKCa channel, as shown by Western analysis and
immunohistochemistry, but did activate this channel, as revealed by IB, a highly selective
pharmacological inhibitor.17 Activation of the channel, in turn, resulted in production of TGF-
β. Although the present studies did not demonstrate the mechanism of activation of endothelial
BKCa channels, the findings were compatible with flow-mediated generation of shear forces,
which have been shown to activate potassium channels and stimulate production of TGF-β by
cultured endothelial cells in vitro.24

Perspectives
The adverse effect of excess salt intake on the life span of rodents is impressive. These animals
appear to succumb to cardiovascular disease induced by the high-salt diet.4,25 The same
investigators experimented with changing the potassium content in the diet and found that
supplementing dietary potassium favorably shifted the survival curves of rats on high-salt diets
to the right. For example, the median duration of life of rats eating an 8.4% NaCl diet that
contained a ratio of K+:Na+ of 0.8 increased to 24 months compared with a median life span
of 16 months for rats consuming a diet containing 8.4% NaCl with a K+:Na+ ratio of 0.11.26

More recently, Cook et al27 showed that a higher urinary sodium:potassium excretion ratio
was associated with an increased risk of cardiovascular disease. TGF-β has been linked to
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changes in compliance of conduit arteries through the promotion of vascular smooth muscle
hypertrophy28 and by increasing the production of extracellular matrix proteins29 and
inhibiting activity of those metalloproteinases involved in collagen degradation and
remodeling.30 Altered vascular production of TGF-β has also been associated with
hypertension from peripheral vasoconstriction.31 Although TGF-β alters the mechanics of
conduit and resistance arteries, the interactions of the present findings with hypertension and
salt sensitivity, per se, deserve consideration. Although the Sprague-Dawley rodent strain used
in these experiments is relatively salt resistant, and blood pressure did not increase during the
time frame of the present study,10 hypertension increases TGF-β production,13,32 and further
dietary potassium intake attenuates the blood pressure increase that occurs with salt loading in
susceptible humans and rats.33 Although there are several possible explanations for the
protection from salt-induced cardiovascular disease, the findings of the present study suggest
that 1 beneficial effect of potassium supplementation might relate to decreased salt-induced
TGF-β production.
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Figure 1.
Effects of TEA (3 mmol/L) and IB (100 nM) on dietary salt-induced production of total and
active TGF-β by aortic ring preparations from rats on 8.0% and 0.3% NaCl diets (n=4 rats in
each group). Aortic rings from rats on the 8.0% NaCl diet produced more total and active TGF-
β than ring preparations from animals on the low-salt diet. Both TEA and IB inhibited these
increases but did not change production from rings of the low-salt animals. *P<0.05 vs the
other 5 groups.
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Figure 2.
Immunohistochemical stain of aortic tissue from rats on the 2 diets, showing expression of the
pore-forming α subunit of the BKCa channel by endothelial cells (arrowheads) and adjacent
vascular smooth muscle cells. A negative control, which did not include processing with the
primary antibody, was provided for comparison. L indicates lumen. ■, 20 μm.
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Figure 3.
Western analysis of endothelial cell lysates (n=4 rats in each group), showing the presence of
the α subunit of the BKCa channel (top). Densitometric analysis showed that the mean ratio of
the 125-kDa band to the GAPDH band did not differ between those animals on 0.3% NaCl vs
8.0% NaCl diets (0.51±0.06 vs 0.62±0.14; P>0.05).

Ying et al. Page 11

Hypertension. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effect of altering bath potassium concentration on production of total and active TGF-β by
aortic ring preparations from rats on 8.0% and 0.3% NaCl diets (n=4 rats in each group).
Increasing medium potassium concentration reduced total and active TGF-β production to
levels observed using aortic rings from the low-salt animals. In these experiments, choline
chloride was added to control for chloride concentration and osmolality. Two-way ANOVA
with effect analysis demonstrated that both dietary salt intake and medium potassium
concentration modulated the production of total and active TGF-β.
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Figure 5.
Urinary excretion rate of active TGF-β in rats on the 8.0% NaCl diet was modulated by dietary
potassium intake. Changing potassium intake did not alter urinary TGF-β in rats on the 0.3%
NaCl diet. In these in vivo experiments, both dietary salt and potassium intake modulated the
urinary excretion rate of active TGF-β.
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