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ABSTRACT

Low potassium intake, common in western diets, increases blood
pressure and enhances salt-sensitivity. Most humans in “Westernized”
countries also consume excess salt. In studies using mice, we found that
a high-salt, low-potassium diet activates the thiazide-sensitive Na-Cl
cotransporter in the kidney. This effect led to sodium retention and
increased blood pressure, and was dependent on plasma potassium. We
postulated that this effect was mediated by changes in intracellular
chloride caused by changes in membrane voltage. We developed a model
in cultured cells permitting us to confirm this hypothesis. We then
confirmed, using urinary exosomes, that dietary changes in normal
humans, affect the thiazide-sensitive Na-Cl cotransporter in the same
way. These data show that dietary potassium deficiency increases blood
pressure largely by stimulating salt reabsorption along the distal
nephron. They suggest that global efforts should focus on increasing
potassium intake, which will attenuate the effects of high-salt diets.

INTRODUCTION

The majority of people in the world today consume a diet relatively
high in salt (NaCl) and low in potassium (K*) (1). Such a diet has been
associated with hypertension, cardiovascular disease, and all-cause
mortality. We focused on the distal convoluted tubule (DCT) and the
thiazide-sensitive NaCl cotransporter, as this segment of the nephron
has recently been shown to modulate potassium excretion. The DCT in
most mammalian species is a heterogeneous segment, comprising a
proximal portion, the DCT1, which primarily reabsorbs NaCl, and a
distal portion, the DCT2, where electroneutral NaCl transport coexists
with electrogenic Na* and K™ transport pathways (2—5).
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The thiazide-sensitive NaCl cotransporter (NCC, gene symbol
SLC12A3) is the predominant apical Na™ entry pathway in DCT1 cells,
cells in which electrogenic transport does not take place. Because DCT
cells also control the delivery of NaCl into the connecting tubule, where
the epithelial sodium channel (ENaC) mediates electrogenic Na™ re-
absorption and where K* is secreted (6), they appear to have a sub-
stantial, albeit indirect, role in K" secretion. The importance of the
DCT in K" secretion became apparent when the molecular solution of
FHHLt led to the discovery of a molecular switch comprising the “with
no lysine” (WNK) kinases, Ste20p-related proline alanine-rich kinase
(SPAK) and oxidative stress response 1 kinase (OxSR1). FHHt-causing
disease mutations appear to lock this switch in the “on” position,
driving unrelenting NCC activity, leading to hyperkalemia and hyper-
tension. Although this pathogenesis is clear, the nature of the physi-
ological switch activator has remained elusive.

NCC is activated physiologically when dietary NaCl intake is reduced.
Yet, NCC also responds to changes in dietary K" intake. High KCl intake
suppresses (7—10), and low KCl intake increases NCC activity (9,11,12).
These effects contribute to systemic K* homeostasis by altering Na*
delivery to K* secretory segments.(9,13). We therefore sought to identify
the factors modulating DCT function and NCC activity.

MATERIALS AND METHODS

Animals

All animal studies were approved by Oregon Health and Science
University’s Animal Care and Usage Committee (Protocol 1S918). All
mice were 12- to 24-weeks old, 25 to 30 g, and had a C57B1/6 back-
ground except for NCC”" mice, which were on a BALB/c background.

Blood Pressure Measurement

Noninvasive systolic blood pressures were measured with tail-cuffs
using volumetric pressure recording (CODA-16; Kent Scientific, Tor-
rington, CT, USA). Mice were acclimated to the machine for 5 consec-
utive days before recording. In the dietary manipulation studies, mice
were maintained on the baseline diet (high NaCl [6%]/normal K* [1%])
(Harlan Laboratories, Indianapolis, IN, USA, K*-deficient diet
[TD.88239] supplemented with NaCl and KCl) for 1 week before mea-
surements were obtained. After blood pressures were recorded for 4
days on the baseline diet, diets were changed to high-NaCl/low-K*
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(0%). Animals were allowed to acclimate to the new diet for at least 4
days and data were recorded after this period.

Blood Analysis

Whole blood was collected via cardiac puncture, under anesthesia.
Electrolytes were measured by iSTAT (Abbott Point of Care, Inc.,
Princeton, NJ, USA).

Immunoblotting

Mice were maintained on indicated diets for 7 to 10 days or treated
with amiloride (50 mg/L drinking water) for 5 to 7 days, after which
kidneys were harvested and snap-frozen in liquid nitrogen. Kidneys
were then homogenized on ice in chilled buffer containing protease and
phosphatase inhibitors. Protein (20 to 80 ug) was separated on 4—-12%
(wt/vol) Bis-Tris gel (Invitrogen, Grand Island, NY, USA).

Cell Culture

Flp-In NCC cells were generated as reported previously (14). HEK293T
cells (American Type Culture Collection) were grown in Dulbecco’s modified
Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen) in 5% CO, and 95% air at 37°C. Cells were grown to 50% to
70% confluence for transfection, and the corresponding cDNAs were simul-
taneously applied to the cells using TurboFect transfection reagent (Fer-
mentas, Grand Junction, NY, USA). For the measurement of K* reversal
potential, an Axon 200A patch-clamp amplifier was used, as reported (15).

Human Studies

All human studies were approved by Oregon Health & Science Uni-
versity’s Internal Review Board (Protocol IRB9934). Healthy human
volunteers were asked to consume two different diets, a high-salt/low-K*
diet and a high-salt/K*-replete diet, each for a 4-day period. Volunteers
were randomized to the order in which they consumed the two diets.
On the morning of day 5 of each diet, urine was collected and spun in an
ultracentrifuge according to a previously published protocol (16).

RESULTS

In mice, we found that NCC and phosphorylated NCC (pNCC, as an
index of activation) were more abundant in kidneys of mice consuming
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a high-salt/low-K* (HS/LK) diet than a high-salt/normal-K* (HS/NK)
diet (Fig. 1A). We then showed that mean arterial pressure, measured
telemetrically, increased when mice were switched from HS/NK to
HS/LK diet (Fig. 1B). The increase in arterial pressure on the LK diet
was primarily during the active period, consistent with prior reports
(11). To determine whether activation of NCC during LK diet contrib-
uted to the increase in blood pressure, we compared the effects of diet
in Slc12a3’" mice, in which NCC has been deleted genetically, and
littermates. Note that Slc12a3’" mice have normal blood pressure at
baseline, as reported previously (17). In Slc12a3 ' mice, blood pressure
did not increase during LK diet, whereas it did in littermates (Fig. 1B).
The impact of genotype on response to LK diet was significant.

To determine whether humans exhibit a similar response to dietary
K" intake, we analyzed pNCC in urinary exosomes (18,19) from vol-
unteers who consumed an HS/LK diet for 4 days and then an HS/NK
diet for 4 days. The abundance of pNCC was significantly greater after
the HS/LK diet than after the HS/NK diet (Fig. 1C). The diets had
similar Na™ and calorie content, whereas dietary K" differed.

Plasma potassium was significantly lower in mice consuming an LK,
compared with an NK diet (2.37 = 0.13 vs. 3.38 = 0.04). Yet some have
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Fic. 1. Effects of dietary potassium intake on NCC abundance. (A) Effects of
high-salt/high-potassium (HS/HK) versus high-salt/low-potassium (HS/LK) diet on the
abundance of phosphorylated NCC (pNCC), measured in arbitrary units. (B) Effects of
the same diets on arterial pressure in wild type mice (solid line) and NCC” mice (dashed
line). (C) Effect of similar diets on pNCC in the uriine of human volunteers.
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suggested that K* must be ingested orally to alter NCC (8). To test the
role of plasma [K'] without changing K" intake, we manipulated
plasma [K"] pharmacologically with the K" -sparing diuretic amiloride.
Amiloride directly inhibits the ENaC, leading to K* retention, but it
does not affect NCC directly (20). Amiloride treatment of mice caused
substantial hyperkalemia and (Fig. 2A), and, as suggested by a higher
hematocrit, (Fig. 2B), extracellular fluid (ECF) volume depletion. De-
spite the volume depletion, which would be expected to stimulate NCC,
amiloride reduced both NCC and pNCC, suggesting that the K* signal
overrides the ECF signal (Fig. 2C). Because amiloride might have
effects unrelated to the changes in plasma [K'], we treated mice with
an LK diet along with amiloride to maintain [K"] in the normal range.
This prevented hyperkalemia (Fig. 2A), alterations in hematocrit (Fig.
2B), and alterations in NCC and pNCC (Fig. 2C). Together these
results suggest that dietary K" intake affects NCC through effects on
plasma or total body K.

We next tested whether NCC is modulated directly by extracellu-
lar [K"], using cultured Flp-In NCC cells (14). Cells cultured in LK
medium had greater pNCC abundance than cells cultured in NK
(Fig. 3A). Because LK medium would be expected to hyperpolarize
cells (21), we determined the effects of changing membrane potential
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Fic. 2. Effects of plasma potassium on NCC abundance. (A) Plasma potassium
concentration in mice treated with vehicle (VEH), amiloride (AML), or amiloride plus low
potassium diet (AML+LK). (B) Hematocrit values in the same mice. (C) Abundance of
pNCC in the kidney of the same mice.
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Fic. 3. Effects of potassium and membrane voltage on pNCC in cultured cells. (A)
Effect of low K" medium on pNCC abundance in cultured Human Embryonic Kidney 293
cells. (B) Regression of pNCC abundance versus membrane voltage in HEK cells. (C) Effect
of blocking chloride channels with DIDS on the effects of low K* medium in HEK cells.

on pNCC. We found a close correlation between membrane voltage
and pNCC abundance (Fig. 3B). We then showed that effects of K*
on pNCC could be blocked by the chloride channel blocking drug
4,4'-Diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS) (Fig. 3C).

DISCUSSION

These results show the dominant role that plasma [K*] plays in
regulating NCC, and indicate that extracellular [K*] affects NCC
indirectly by modulating intracellular [Cl]. Because the DCT lies
upstream of important K* secretory nephron segments, NCC activity
will have important effects on K™ excretion. The results suggest that
the health benefits of dietary K supplementation are highly depen-
dent on NCC.

The current results confirm that dietary K* intake modulates
pNCC abundance, and show that dietary K* intake is more powerful
in this regard than ECF volume. These effects on NCC lead to blood
pressure changes, which require modulation of NCC activity. They
are mediated largely by changes in plasma [K'], as the effects were
reproduced when plasma [K'] was altered using drugs or diet, a
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conclusion consistent with K* infusion experiments recently re-
ported (7).

The results indicate that extracellular [K*], independent of hor-
monal effects, directly modulates the WNK-SPAK/OxSR1-NCC axis.
Our cell model suggested that changes in membrane voltage are in-
volved, as maneuvers that alter membrane voltage produced changes
in pNCC abundance consistent with voltage dependence. The evidence
also suggests that the effects of potassium are mediated by changes in
intracellular chloride concentration.

It is widely accepted that a low NaCl diet stimulates NCC activity,
contributing to physiologically beneficial NaCl retention, through the
actions of hormones including angiotensin II and aldosterone (22,23).
The current work adds to a growing body of evidence showing that
NCC is also activated by an LK diet, and that the effects of an LK diet
on NCC activity occur, and are enhanced, by HS intake. While this
conclusion seems counterintuitive, it corroborates recent results by
another group (11). Further, it likely accounts for the observation
that dietary K™ has a greater effect to lower pressure in humans
during high- compared with low-NaCl intake (24). As the effects of
an HS/LK diet on arterial pressure are absent when NCC has been
deleted genetically (Fig. 2C), NCC plays an essential and non-redun-
dant role in the antihypertensive effects of dietary K. Because we
documented that dietary K™ deprivation in humans also stimulates
NCC, the results are relevant to human health, where an HS/LK diet
is widely considered to contribute to the global epidemic of hyper-
tension (1,25,26).

The results suggest that the DCT acts as a renal K™ sensor, working
in concert with the adrenal gland to preserve K™ homeostasis. In this
respect, DCT cells and adrenal cells of the zona glomerulosa both sense
the same signal, membrane voltage, but respond in opposite directions.
An increase in plasma [K'] stimulates aldosterone production and
release by the adrenal gland, whereas an increase in plasma [K*]
inhibits NCC. To produce kaliuresis, events in adrenal and DCT must
occur pari passu. This is assured by having the same signal, extracel-
lular [K*], regulate both cell types. As adrenal cells respond to the ECF
volume signal angiotensin II, DCT cells likely do too. In this case,
however, the signals in the two organs are concordant.

ACKNOWLEDGMENTS

This work was funded in part by grants from the NIH (DK51496 to DHE and
DK54983 to WHW), and from the Department of Veterans Affairs (110BX002228-01A1
to DHE). AST was the recipient of an American Heart Association pre-doctoral fellow-



POTASSIUM INTAKE REDUCES BLOOD PRESSURE 53

ship award (3PRE14090030). This work was performed by AST in partial fulfillment for
a PhD in Cell & Developmental Biology from Oregon Health and Science University.

10.

11.

12.

13.

14.

15.

16.

REFERENCES

. Adrogue HJ, Madias NE. Sodium and potassium in the pathogenesis of hyperten-

sion. N Engl J Med 2007;356:1966—78.

. Obermuller N, Bernstein P, Velazquez H, et al. Expression of the thiazide-sensitive

Na-ClI cotransporter in rat and human kidney. Am J Physiol 1995;269:F900—10.

. Loffing J, Valderrabano V, Froesch P, et al. Segmentation of the mouse distal

nephron: morphology and distribution of transport proteins. J Am Soc Nephrol
1998:39A.

. Loffing J, Pietri L, Aregger F, et al. Differential subcellular localization of ENaC

subunits in mouse kidney in response to high- and low-sodium diets. Am J Physiol
Renal Physiol 2000;279:F252—8.

. Meneton P, Loffing J, Warnock DG. Sodium and potassium handling by the aldo-

sterone-sensitive distal nephron: the pivotal role of the distal and connecting tubule.
Am J Physiol Renal Physiol 2004;287:F593—-601.

. Pathak BG, Shaughnessy JD Jr, Meneton P, et al. Mouse chromosomal location of

three epithelial sodium channel subunit genes and an apical sodium chloride
cotransporter gene. Genomics 1996;33:124—17.

. Rengarajan S, Lee DH, Oh YT, Delpire E, Youn JH, McDonough AA. Increasing

plasma [K+] by intravenous potassium infusion reduces NCC phosphorylation and
drives kaliuresis and natriuresis. Am J Physiol Renal Physiol 2014;306:F1059—68.

. Sorensen MV, Grossmann S, Roesinger M, et al. Rapid dephosphorylation of the

renal sodium chloride cotransporter in response to oral potassium intake in mice.
Kidney Int 2013;83:811—24.

. Vallon V, Schroth J, Lang F, Kuhl D, Uchida S. Expression and phosphorylation of

the Na+-Cl- cotransporter NCC in vivo is regulated by dietary salt, potassium, and
SGK1. Am J Physiol Renal Physiol 2009;297:F704—12.

van der Lubbe N, Moes AD, Rosenbaek LL, et al. K+-induced natriuresis is pre-
served during Na+ depletion and accompanied by inhibition of the Na+-Cl- cotrans-
porter. Am J Physiol Renal Physiol 2013;305:F1177—88.

Vitzthum H, Seniuk A, Schulte LH, Muller ML, Hetz H, Ehmke H. Functional
coupling of renal K+ and Na+ handling causes high blood pressure in Na+ replete
mice. J Physiol 2014;592:1139—57.

Castaneda-Bueno M, Cervantes-Perez LG, Rojas-Vega L, et al. Modulation of NCC
activity by low and high K+ intake: insights into the signaling pathways involved.
Am J Physiol Renal Physiol 2014;306:F1507-19.

Frindt G, Palmer LG. Effects of dietary K on cell-surface expression of renal ion
channels and transporters. Am J Physiol Renal Physiol 2010;299:F890—17.

Hoorn EJ, Walsh SB, McCormick JA, et al. The calcineurin inhibitor tacrolimus
activates the renal sodium chloride cotransporter to cause hypertension. Nature
Medicine 2011;17:1304—9.

Terker AS, Zhang C, McCormick JA, et al. Potassium modulates electrolyte balance
and blood pressure through effects on distal cell voltage and chloride. Cell Metab
2015;21:39-50.

van der Lubbe N, Jansen PM, Salih M, et al. The phosphorylated sodium chloride
cotransporter in urinary exosomes is superior to prostasin as a marker for aldoste-
ronism. Hypertension 2012;60:741—8.



54 DAVID H. ELLISON AND ANDREW S. TERKER

17. Schultheis PJ, Lorenz JN, Meneton P, et al. Phenotype resembling Gitelman’s syn-
drome in mice lacking the apical Na+- Cl- cotransporter of the distal convoluted
tubule. J Biol Chem 1998;273:29150—5.

18. Pisitkun T, Shen RF, Knepper MA. Identification and proteomic profiling of exo-
somes in human urine. Proc Natl Acad Sci U S A 2004;101:13368—73.

19. Hoorn EJ, Pisitkun T, Zietse R, et al. Prospects for urinary proteomics: exosomes as
a source of urinary biomarkers. Nephrology 2005;10:283—90.

20. Velazquez H, Wright FS. Effects of diuretic drugs on Na, Cl, and K transport by rat
renal distal tubule. Am J Physiol 1986;250:F1013—23.

21. Weinstein AM. A mathematical model of rat distal convoluted tubule (II): potas-
sium secretion along the connecting segment. Am J Physiol Renal Physiol
2005;289:F721-41.

22. Castaneda-Bueno M, Gamba G. Mechanisms of sodium-chloride cotransporter
modulation by angiotensin II. Curr Opin Nephrol Hypertension 2012;21:516—22.

23. Velazquez H, Bartiss A, Bernstein P, Ellison DH. Adrenal steroids stimulate thia-
zide-sensitive NaCl transport by rat renal distal tubules. Am < Physiol
1996;270:F211-9.

24. Sacks FM, Svetkey LP, Vollmer WM, et al. Effects on blood pressure of reduced
dietary sodium and the Dietary Approaches to Stop Hypertension (DASH) diet.
DASH-Sodium Collaborative Research Group. N Engl J Med 2001;344:3—10.

25. Adrogue HJ, Madias NE. Shared primacy of sodium and potassium on cardiovascu-
lar risk. Am J Kidney Dis 2009;54:598—601.

26. Adrogue HJ, Madias NE. Sodium surfeit and potassium deficit: keys to the patho-
genesis of hypertension. ./ Am Soc Hypertension 2014;8:203—13.

DISCUSSION

Wolf, Boston: What is the effect of low and high magnesium on your cells, because
magnesium affects almost all the transport channels you demonstrated?

Ellison, Portland: I don’t know from a big picture standpoint. If you perfuse DCT
segments or distill nephron segments with low magnesium in the bath, the cells hyper-
polarize. So you might get effects. And certainly hypomagnesemia can make it difficult
to correct hypokalemia and may contribute to that as well. So I need to think about that.

Wolf, Boston: There is some epidemiologic evidence that diets high in magnesium
are associated with low or high blood pressure and lower cardiovascular risk.

Ellison, Portland: That’s a great question that I need to spend some time thinking
about.

Zeidel, Boston: Just to clarify, you have a cell in the distal convoluted tubule that
does have an electroneutral sodium chloride entry, and it’s having an impact on potas-
sium. The thought is that there is reduced delivery; if it absorbs more salt, there is less
sodium getting into the collecting duct. Therefore, it reduces the excretion of potassium.
Have you measured chloride levels in the distal convoluted tubal cells? Have you started
doing those kinds of measurements?

Ellison, Portland: We haven’t measured it in DCT cells in vivo; we're hoping to do
that. We have measured it in our cell model, and those are clearly affected in the way
that we predict. And we have also shown that those low chloride concentrations in the
cells are required for activation of NCC. We are working to move that into a more
physiologic model, but as you know that is not so easy.

Zeidel, Boston: When you reduce the outside potassium level and you hyperpolarize
the cell, does that hyperpolarization persist in a chronic state as opposed to what you do
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in the culture where you abruptly lower the potassium? I would think that the cell would
adapt, but maybe I am wrong.

Ellison, Portland: We always think of it as just the potassium setting the resting
potential of cells, which makes me think it is more chronic. Certainly in the zona
glomerulosa this is believed to be the main mechanism for potassium regulation of
aldosterone secretion. I think it is assumed that it stays stable, but I don’t know data to
support that.

Schuster, New York: Are there activating mutations in the distal convoluted tubule
K-channel that would mimic this effect?

Ellison, Portland: The mutations that we put into the cells are mutations that cause
Epilepsy, Ataxia, Sensorineural Deafness and Tubulopathy Syndrome (called EAST or
Seizures, Sensorineural Deafness, Ataxia, Mental Retardation, and Electrolyte Imbal-
ance, called SeSAME syndrome) which is a sensory neuroepilepsy syndrome. But they
look like Gitelman syndrome. Those mutations do have an effect that resembles Gitel-
man syndrome. They depolarize the cells and therefore turn off pNCC. They are not
activating mutations in those channels that I am aware of.

Blantz, San Diego: We know a lot of humans who, in spite of high sodium/low
potassium intake, do not become hypertensive. Do you have any kind epidemiologic
studies in rodents that give you an example of why some are non-responders to this
dietary formula?

Ellison, Portland: I think that is consistent with the model postulated by Rick
Clifton where he showed heterozygous carrier states for the NCC or the NKCC2 appear
to prevent the development of — or reduce the risk of developing — hypertension over
the lifetime. Those would potentially be people who could eat a ton of salt and never get
hypertensive.

Blantz, San Diego: Do you have a gene that your epidemiologic or outcomes col-
leagues could find that would direct you towards obviating their dietary indiscretions?

Ellison, Portland: We have a grant that we submitted together with Howard Pratt
from Indiana University to try and look at some of those things, but I don’t know that it
has been done yet.

Luke, Cincinnati: There is evidence that on a low-salt diet potassium changes have
much less effect on blood pressure than on a high-salt diet. When you’re using a low-salt
diet, the potassium load doesn’t produce so much effect on blood pressure, which
continues to stress the importance of salt in terms of extracellular volume. So what we
should be focusing on is a high-potassium/low-salt diet. Do you agree with that?

Ellison, Portland: Yes.

Luke, Cincinnati: And we don’t know how low the salt should go. I mean that is
quite clear. The American heart may have gone too far with 1.5 grams. But I don’t think
we should forget the story, and maybe we need to emphasize potassium a bit more, and
the DASH diet does that. Sodium chloride loading is very different from sodium bicar-
bonate loading, which again I think supports the hypothesis.

Ellison, Portland: Yes. Thank you for those comments.



