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Dietary potassium (K*) supplementation is associated with a lowering effect in blood pressure
(BP), but not all studies agree. Here, we examined the effects of short- and long-term K*
supplementation on BP in mice, whether differences depend on the accompanying anion or the
sodium (Na*) intake and molecular alterations in the kidney that may underlie BP changes. Relative
to the control diet, BP was higher in mice fed a high NaCl (1.57% Na*) diet for 7 weeks or fed a K*-
free diet for 2 weeks. BP was highest on a K*-free/high NaCl diet. Commensurate with increased
abundance and phosphorylation of the thiazide sensitive sodium-chloride-cotransporter (NCC) on
the K*-free/high NaCl diet, BP returned to normal with thiazides. Three weeks of a high K* diet (5%
K*) increased BP (predominantly during the night) independently of dietary Na* or anion intake.
Conversely, 4 days of KCl feeding reduced BP. Both feeding periods resulted in lower NCC levels

but in increased levels of cleaved (active) o.and y subunits of the epithelial Na* channel ENaC. The
elevated BP after chronic K* feeding was reduced by amiloride but not thiazide. Our results suggest
that dietary K* has an optimal threshold where it may be most effective for cardiovascular health.

Introduction
Chronically elevated blood pressure (BP), or hypertension, is a major cause of preventable mortality worldwide
(1). Despite application of various BP-lowering strategies, many patients do not respond with an effective low-
ering of BP, in line with current guidelines (1). Hence, there remains a need to define molecular mechanisms
underpinning hypertension with an aim to develop and progress novel therapeutic strategies.

Diet has a strong influence on BP. Sustained high dietary Na* consumption is associated with increased
BP, with epidemiological and clinical reports presenting a positive, independent linear relationship between
24-hour Na* excretion and BP (2—4). The effects of dietary potassium (K*) on BP are more controversial. Glob-
ally, dietary K* intake is 1.5- to 2-fold lower than recommended (2—4). Increasing dietary K* to recommended
intake can reduce BP in hypertensive patients (5, 6). Conversely, nonhypertensive subjects kept on a constant
Na* diet demonstrate an average systolic BP (SBP) increase of 10 mmHg when subjected to dietary K* deple-
tion (7). Furthermore, the Dietary Approaches to Stop Hypertension (DASH) regime of dietary Na* restriction
alongside increased K* intake causes significant reductions in BP (8), and urinary K* excretion negatively
correlates with BP (4, 9—11). Notably, a recent study demonstrated that, in older patients with hypertension,
substituting 25% of dietary NaCl intake with KCI lowered SBP by ~3.5 mmHg and significantly reduced the
rates of major cardiovascular events (12). Whether this is attributable to the higher K* intake, lower Na* intake,
or a combination is unclear. Contrasting these studies, urinary K* excretion > 1 g/day, or a decrease in the
urinary Na*/K* ratio, was not associated with lower SBP in a reanalysis of the DASH trial data set obtained
during the initial period where participants consumed their regular diet (13). Furthermore, a “U-shaped” asso-
ciation between K* intake and BP was uncovered in a meta-analysis of randomized-controlled trials (duration
>4 weeks), with SBP increasing when dietary intake was under 30 mmol/day or over 80 mmol/day (14).
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The kidney is essential for K* homeostasis. Almost all filtered K* is reabsorbed in proximal segments,
whereas K* secretion in the distal segments matches urinary K* excretion with dietary K* intake. The activity
of the thiazide-sensitive sodium-chloride-cotransporter (NCC) in the distal convoluted tubule (DCT) is import-
ant for controlling the delivery of Na* to the downstream K* secreting segment: the aldosterone-sensitive dis-
tal nephron (ASDN), where K* secretion by the renal outer medullary K* channel (ROMK) channel is elec-
trochemically coupled to Na* reabsorption via the epithelial Na* channel ENaC (15). Aldosterone-regulated
flow-dependent K* secretion can also occur via big-K* channels (“maxi-K” channels) (16, 17). The importance
of Na* delivery for K* secretion is highlighted by disorders of Na* reabsorption in the DCT. Urinary K* wast-
ing and hypokalemia develops in patients with Gitelman syndrome, as loss of NCC function causes excessive
Na* delivery to the ASDN. In contrast, urinary K* retention and hyperkalemia are hallmarks of patients with
pseudohypoaldosteronism type II (PHAII) who have hyperactivation of NCC (18, 19).

ENaC and NCC abundance and/or activity are altered by dietary K*. ENaC expression and cleavage (indi-
cating higher activity) increase with high dietary K* (20, 21) and decrease with K* restriction (22). Conversely,
NCC abundance and phosphorylation (indicating higher activity) often increase when dietary K* intake is
restricted (20, 22—24) but generally decrease subsequent to high dietary K* (20, 24-26). The effects on NCC
may be dependent on the period of dietary K* intervention or the anion accompanying dietary K* (27-29).

In an attempt to address the variable BP differences observed in humans and mice after K* supplementa-
tion, and to better align the period of dietary intervention in mice with human studies, here we (a) determined
if short-term (4 days) or chronic (21 days) K* supplementation to mice alters BP; (b) assessed if any effects
of chronic K* supplementation on BP are dependent on the accompanying anion or the Na* intake; and (c)
determined if specific molecular alterations in the kidney underlie BP differences. Our results show that a
K*-free diet increases BP in an NCC-dependent manner — an effect augmented by a high NaCl diet. Inde-
pendent of the Na* intake or accompanying anion, chronic K* supplementation also increases BP, whereas
short-term high KCI (+KCl) feeding reduces BP. These differential effects on BP occur despite a reduction in
NCC abundance and phosphorylation under both dietary K* conditions. The chronic feeding effects on BP
may be driven by enhanced ENaC activity, but kidney damage may also play a role.

Results

Low dietary K* intake increases BP. In cohort 1, mice were subjected to a chronic dietary regime alongside
measurements of BP (Figure 1). Mice maintained on a control diet (normal Na* normal K* [NS/NK])
exhibited a circadian pattern of BP (Supplemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.156437DS1). After feeding a high Na*/normal K* diet
(HS/NK) for 7 weeks, mice exhibited a significantly increased SBP compared with NS/NK-fed mice (Fig-
ure 2A), with the Midline Estimate of Rhythmicity (MESOR) value (representing the mean SBP across
24 hours) significantly elevated (Figure 2B). After feeding a K*-deplete diet (0K) for 2 weeks combined
with normal Na* (NS/0K) or high Na* (HS/0K), SBP was significantly elevated over 24 hours compared
with NS/NK-fed animals (Figure 2A), with a tendency for the effects to be higher during darkness when
phosphorylated NCC (pNCC) levels may be higher (30). Assessment by MESOR showed similar changes
(Figure 2B). SBP was significantly higher for HS/0K-fed animals compared with NS/0K-fed animals over
24 hours and by MESOR value (Figure 2B). Although HS/NK feeding increased SBP during the dark
period (Figure 2C), effects were greater during the light period (Figure 2D). Augmentation of SBP follow-
ing HS/0K feeding occurred predominantly during the dark phase (Figure 2, C and D). Changes of SBP
were mirrored by changes in diastolic BP (DBP) and mean arterial pressure (MAP) (Supplemental Table
1). Pulse pressure (PP) was not significantly different between the diets (Supplemental Table 1), suggesting
that SBP and DBP have a similar proportional effect following dietary changes.

Elevation of SBP by dietary K* depletion was paralleled by an increase in NCC and pNCC, suggesting
higher NCC activity (Figure 3, A-D; all full-length noncropped blots for all figures are shown in Supple-
mental Data File 1). The NCC inhibitor hydrochlorothiazide (HCTZ) (31) significantly lowered the SBP
of HS/0K-fed animals across 24 hours (Figure 3E). In line with its half-life (32), the effects of HCTZ were
greatest over the 8 hours following the injection (Figure 3F). Vehicle injection had no significant effect on
SBP (Supplemental Figure 2).

Chronic high K* feeding elevates BP. Three weeks of NS diet supplemented with +KCl (NS/+KCl) or
high K* citrate (NS/+KCit) significantly increased SBP relative to NS/NK across 24 hours (Figure 4A).
This rise was most notable during darkness, but during the light period, no significant effect on SBP was

JCl Insight 2023;8(5):e156437 https://doi.org/10.1172/jci.insight.156437 2


https://doi.org/10.1172/jci.insight.156437
https://insight.jci.org/articles/view/156437#sd
https://doi.org/10.1172/jci.insight.156437DS1
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd

JCl Insight 2023;8(5):e156437 htt

RESEARCH ARTICLE

Cohort 1 s N\
NS/+KCI
Acute HCTZ
Acute amiloride
. | J
( ) ( ) 4 )
3 weeks NS/NK
or NS/+KCit
g J . J g J
4 A 4 N 4 A
3 weeks NS/NK
7 weeks 2 weeks
or HS/+KClI
HS/NK or HS/+KCit HS/0K
\_ J \_ J g | J
/ )
HS/0K
Acute HCTZ
- J
Cohort 2
( N ) a4 )
4 days NS/NK 3 weeks NS/NK 2 weeks NS/NK
or NS/+KClI or NS/+KClI or NS/0K
\§ | J | J g J
4 ) )
Acute HCTZ Acute HCTZ
g 4 J

Figure 1. Project outline. In the initial cohort (cohort 1), mice were subjected to a chronic dietary regime with blood
pressure determined at each dietary stage. Diet key for all figures: NS, normal NaCl (0.3% Na*); HS, high NaCl (1.57%
Na*); NK, normal KCI (1.05% K*); +KCl, high KCI (5.25% K*); +KCit, high K citrate (5.25% K*); OK, zero K* diet. HCTZ,
hydrochlorothiazide. In cohort 2, mice were subjected to either short-term or chronic dietary regime, with blood pres-
sure determined at each period.

detected (Figure 4B). Similarly, when mice were maintained on the high-Na* diet supplemented with +KCl
or +KCit for 3 weeks, SBP was significantly elevated over 24 hours (Figure 4C). Such an effect was again
driven predominantly by elevation in SBP during darkness (SBP increased by 10.3 mmHg with HS/+KCl
and by 8.5 mmHg with HS/+KCit) (Figure 4D). The low animal number in this analysis warrants further
investigation of BP changes under different combinations of dietary NaCl and K* intakes. Changes of SBP
were mirrored by changes in DBP and MAP, but no effects on PP were observed (Supplemental Table 2).
Effects of HK are independent of animal activity, with no difference in mouse activity in the dark period
when SBP was increased (Supplemental Figure 3).

Chronic high K* feeding reduces NCC, despite elevated BP. High dietary K* feeding for up to 10 days can reduce
NCC and pNCC (discussed in ref. 15). Here, NCC abundance was reduced in mice fed a NS diet supplement-
ed with chronic +KCI (NS/+KCl, ~35 % reduction) or chronic +KCit (NS/+KCit, ~25 % reduction) for 3
weeks (Figure 5, A and B). pNCC levels were also significantly reduced with +KCl (~50 % reduction), with a
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Figure 2. Low dietary K* intake increases BP. Systolic blood pressure (SBP) was recorded by in vivo radio telemetry
from individual free-roaming animals. (A) Comparison of fits analysis of curves showed a significant difference (P

< 0.0001) across a 24-hour period (indicating significantly higher SBP) between animals fed high-NaCl (HS/NK) diet
compared with animals fed control NaCl (NS/NK) diet. A significant difference (P < 0.0001) in curves was also observed
after 2-week feeding of a K*-deplete diet (NS/0K), with a high-NaCl, K*-deplete diet (HS/0K) having the largest differ-
ence in SBP relative to control (NS/NK) diet (P < 0.0001). Data are shown as mean = SEM, n = 5-6 per dietary condition.
Dark/light times are shown by lower bar strip. ZT hour 0 = 18:00 hours. (B-D) Quantification of the MESOR value of
SBP (representing the SBP averaged across a 24-hour period), 12-hour SBP when animals are in darkness (active phase),
and 12-hour light phase. Data are shown as mean + SEM with individual values shown. Data was analyzed using 2-way
ANOVA with Tukey’s multiple-comparison testing. *P < 0.05; **P < 0.01; ***P < 0.001.

similar trend observed with +KCit (~30 % reduction) (Figure 5, A, C, and D). In mice on the high-Na* diet,
chronic K* supplementation significantly reduced total NCC, but this was attenuated relative to a NS diet
(~17.5 % reduction) (Figure 5, E and F). K* supplementation had no significant effect on pNCC levels (Fig-
ure 5, G and H) when compared with HS/NK-fed animals. Levels of pNCC and NCC were not significantly
different in mice fed a HS/NK diet relative to a NS/NK diet (Supplemental Figure 4), and this may be related
to the mice having similar plasma K" levels on the 2 diets, despite lower aldosterone levels during HS/NK
feeding. To confirm that the effects of chronic dietary K* supplementation to increase BP were independent
of NCC, the effects of HCTZ on BP were determined in mice fed the NS/+KCl diet (Figure 5I). In the 8-hour
period after injection, SBP was not significantly lower in HCTZ-treated mice (136.6 + 3.9 mmHg) relative to
vehicle-treated mice (140.6 £ 3.2 mmHg) (Figure 5J).

Effect of chronic high K* feeding on urine and plasma chemistries. K+ supplementation significantly increased
water intake and 24-hour urine volume under both NS and HS conditions (Table 1). Except for a higher
CI" excretion in +KCI mice (likely due to CI” supplementation), measured urinary parameters were similar
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Figure 3. NCC is increased following low dietary K* feeding and is responsible for the increase in BP. Lysates of total kidney from animals fed control diet (NS/
NK) or K*-deplete diet (NS/0K) for 2 weeks were assessed by western blotting. (A) Representative immunoblots of total NCC, phosphorylated NCC (pNCC), or
proteasome 20s (P20s, loading control). Molecular weight (KDa) is shown on the right. (B and €) NCC and pNCC are significantly increased by the NS/OK diet. (D)
Ratio of pNCC/NCC is not significantly different between NS/OK and NS/NK-fed animals. Data are shown as mean + SEM with individual values shown. ***P <
0.001 by 2-tailed t test. (E) Comparison of fits analysis of curves showed a significant difference (P < 0.0001) in SBP across a 24-hour period between animals
fed a high-NaCl, K*-deficient (HS/0K) diet compared with animals fed high-NaCl, normal K* (HS/NK) diet. Over a 24-hour period, curves were significantly differ-
ent (P < 0.0001) between hydrochlorothiazide-treated (HCTZ-treated) animals on a HS/0K diet compared with HS/0K diet alone. Dark/light times are shown by
lower bar strip. Time 0 = 18:00 hours. Data are shown as mean + SEM, n = 5-6 per condition. (F) HCTZ significantly reduces SBP averaged over 8 hours following
injection. Data are shown as mean + SEM with individual values shown. *P < 0.05; ***P < 0.001 by 1-way ANOVA with Dunnett’s multiple-comparison test.

in animals fed NS/+KCI and NS/+KCit diets. K* excretion was higher for mice on K* supplemented diets
and Na* excretion elevated for HS-fed animals. Polyuria was observed in mice fed HS/0K relative to HS/
NK (Supplemental Figure 5). No significant differences in creatinine clearance (as a proxy for GFR) were
observed with any the diets (Table 1). Plasma [K*] was significantly reduced in NS/0K mice compared
with NK-fed animals (Table 2). A NS/+KClI diet caused a significant rise in plasma K*, but this was not
observed with NS/+KCit, HS/+KCl, or HS/+KCit diets. Plasma copeptin levels were significantly lower
in NS/0K- compared with NS/NK-fed animals. Under NS diet, chronic high K* feeding had no significant
effect on the plasma copeptin levels, but plasma copeptin after HS/+KCl feeding was significantly lower
compared with HS/NK and NS/+KCl-fed animals (Table 2).

A potential role of ENaC in mediating the increase in BP subsequent to chronic high dietary K*. ENaC is import-
ant for K* and BP homeostasis (33). On a chronic NS/0K intake, total (uncleaved + cleaved) and cleaved
(active) aENaC were reduced with respect to NS/NK-fed animals, but they increased with high K* intake
(Figure 6, A—C). Similar changes were observed with a high NaCl-supplemented diet (Figure 6, A—C).
mRNA expression of Scnnla (encoding aENAC) was significantly higher in kidneys collected from control
diet—fed mice euthanized in the dark period compared with the light period (Figure 6D). To determine
whether ENaC functionally contributes to the increased BP observed with chronic high K* intake, we exam-
ined the effect of amiloride, a potent ENaC inhibitor (17), on BP in mice fed a NS/+KCl diet for 3 weeks. A
single dose of amiloride significantly lowered SBP over the 8 hours following injection (Figure 6E), whereas
vehicle had no effect (Supplemental Figure 2).

JCl Insight 2023;8(5):e156437 https://doi.org/10.1172/jci.insight.156437 5


https://doi.org/10.1172/jci.insight.156437
https://insight.jci.org/articles/view/156437#sd
https://insight.jci.org/articles/view/156437#sd

SBP (mmHg)

SBP (mmHg)

RESEARCH ARTICLE

B . *%
*% *%
150 - —e— NS/NK 150 | | 1, * NS/NK
i —=- NS/+KCI * | ® NS/+KCI
1403 { —+ NS/+KCit 5 1407 + NS/+KCit
130 € 1301
o
120 B 120
1104 110 -
]
R e m— 100-
0 2 4 6 8 10 12 14 16 18 20 22 24 24 hMESOR 12 h dark 12 h light
ZT (hour)
D *k
—e— HS/NK ® HS/NK
150 = 150 = **
/;j\ - HS/+KCI . m HS/+KCI
140 -/i/“ M \ | HS/+KCit ;:6 140 - .| _i. HS/+KCit
S l € 2 e
130 i _\\: n £ 130 ¢ ° M
) ¢ o
1204 AN Nyt 8 120+
SN
l "IH <
110+ Stiaeki 1104
o1
T s L e e — 100-
0 2 4 6 8 10 12 14 16 18 20 22 24 24 hMESOR 12 hdark 12 h light

ZT (hour)

Figure 4. Chronic high dietary K* feeding elevates BP. Systolic blood pressure (SBP) was recorded by in vivo telemetry from individual free roaming
animals after 3 weeks of dietary intervention. (A) Comparison of fits analysis of curves showed a significant difference across a 24-hour period between
animals fed a control diet (NS/NK) compared with animals fed a high-KCI (NS/+KCl, P < 0.0001) or high-KCit (NS/+KCit, P < 0.0001) diet. Dark/light
times are shown by lower bar strip. ZT hour 0 = 18:00 hours. Data are shown as mean + SEM, n = 5-11 per condition. (B) Quantification of the average
SBP across a 24-hour period, or stratified by dark/light period. Data are shown as mean + SEM with individual values shown. Data was analyzed using
2-way ANOVA with Tukey's multiple-comparison testing. *P < 0.05; **P < 0.01. (C) Comparison of fits analysis of curves showed a significant difference
across a 24-hour period between animals fed HS/NK diet compared with animals fed a HS/+KCl (P < 0.0001) or HS/+KCit (P < 0.0001) diets. Dark/light
times are shown by lower bar strip. Time 0 = 18:00 hours. Data are shown as mean + SEM, n = 3-6 per condition. (D) Average SBP across a 24-hour period,
or stratified by dark/light period. Data are shown as mean + SEM with individual values shown. Data were analyzed using 2-way ANOVA with Tukey’s

multiple-comparison testing. **P < 0.01.
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Short-term and chronic +KCl feeding have opposing effects on BP. The effects of K* supplementation on BP
in rodents are complex and differ dependent on the period of feeding or the genetic/experimental model
examined (34, 35). For example, SBP was reduced within 1 week in rats provided 1% KCl in drinking water,
but subsequently, SBP began to rise with continued KCl ingestion (36). Using radiotelemetry, we found that
4 days of NS/+KCl feeding significantly lowered SBP relative to NS/NK-fed mice over 24 hours (Figure
7A), independently of the dark or light phase (Figure 7B). However, SBP was elevated during the dark phase
in NS/+KCl-fed animals after 7 days (Supplemental Figure 6), matching our observations after 3 weeks
of NS/+KCl feeding (Figure 4). Intrigued by this time-dependent effect of NS/+KCl, the BP of an inde-
pendent cohort of mice (cohort 2) was directly compared during short-term (4 days) and chronic (21 days)
NS/+KCl feeding. Due to the large number of mice used in this cohort, we used tail-cuff plethysmography
to measure BP. Matching our telemetry results, short-term NS/+KCl significantly decreased, whereas chron-
ic NS/+KCl feeding significantly increased SBP and DBP (Figure 7, C and D). Chronic NS/0K feeding
elevated SBP and DBP (Figure 7, C and D) to a level similar to that following chronic NS/+KCl feeding,
with no evidence of hypokalemic nephropathy such as proximal tubular vacuolization or interstitial fibrosis
(Supplemental Figure 7). HCTZ had no significant effect on SBP in short-term NS/+KCl-fed mice and did
not attenuate elevated BP in chronically NS/+KCl-fed animals (Figure 7E).

Short-term and chronic dietary K* effects on plasma K* and aldosterone. Urine and plasma chemistries from
cohort 2 are shown in Table 3 and Table 4, respectively. For urine, the effects of short-term feeding broadly
mirror effects seen following chronic NS/+KCl feeding. Short-term NS/+KCl feeding had no significant
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Figure 5. Chronic high K* feeding reduces NCC. Western blot analysis of kidney lysates from animals fed various diets for 3 weeks. (A) Representative
immunoblots of NCC, phosphorylated NCC (pNCC), and proteasome 20s (P20s, loading control) following normal salt diets. Molecular weight (KDa) of markers
is shown on the right. (B and €) NCC and pNCC are significantly decreased by chronic K* supplementation. (D) Ratio of pNCC/NCC is not significantly affect-

ed by K* supplementation under NS diet. (E) Representative immunoblots of total NCC, phosphorylated NCC (pNCC), and proteasome 20s (P20s, loading
control) following high-Na* diets. (F) NCC is significantly decreased by chronic K* supplementation. (G and H) pNCC and ratio of pNCC/NCC are not significantly
changed by chronic K* supplementation. (I) The higher SBP on a NS/+KCl diet is not significantly altered by hydrochlorothiazide (HCTZ) treatment over a
24-hour period. Dark/light times are shown by lower bar strip. ZT Time 0 = 18:00 hours. Data are shown as mean + SEM, n = 6 per condition. (J) The higher SBP
on a NS/+KCl diet is not significantly altered by HCTZ in the initial 8 hours following injection. For graphs, all data are shown as mean + SEM with individual
values shown. Data in B-D and F-H were analyzed by 1-way ANOVA followed by Dunnett’s multiple-comparison test. Data in ] were assessed by 2-tailed t test,
with the level of significance set as 0.033 to correct for the FDR (76). *P < 0.05; **P < 0.01; ***P < 0.0071; ***P < 0.0001.

effect on plasma renin activity, but after chronic NS/0K and NS/+KCl diets, renin activity was signifi-
cantly reduced (Table 4). Considering all data collected from cohort 1 and cohort 2, relative to NS/NK-fed
animals, plasma aldosterone was increased by short-term and chronic NS/+KCl feeding and reduced by
chronic NS/0K feeding (Figure 8A). Chronic HS feeding reduced plasma aldosterone, but HS/+KCl feed-
ing still significantly elevated plasma aldosterone (Figure 8A). Differences in urine aldosterone mimicked
changes observed in plasma (Figure 8B). Total urinary aldosterone excretion was higher during the 12-hour
dark phase compared with urine collected from the same individuals following 12 hours of light (Figure 8C).
Plasma K* was significantly lower in mice fed chronically a NS/0K or HS/0K diet relative to NS/NK-fed
animals (Figure 8D). Plasma K* was higher in chronically NS/+KCl-fed animals, but although trending,
it was not significantly higher after 4 days of NS/+KCl diet (Figure 8E and Table 4). There was a positive
linear relationship between urine aldosterone and plasma K* (when [K*] > 4 mM considered; Figure 8E).
Interestingly, a second-order quadratic (U-shaped) relationship was observed between SBP and plasma [K*]
(when considering data from NS-fed mice from cohort 1 and 2) (Figure 8F).

Short-term and chronic KCI feeding reduces NCC and increases cleaved ENaC. Compared with NS/NK-fed ani-
mals, NCC and pNCC levels were reduced in mice after short-term (4 days) or chronic (3 weeks) NS/+KCl
feeding, whereas pNCC and NCC were significantly elevated by chronic NS/0K feeding (Figure 9, A and B).
Total and cleaved aENaC were increased by short-term and chronic NS/+KCl feeding, but cleaved aENaC
was higher after chronic feeding (Figure 9, C and D). Total YENaC was reduced following short-term or
chronic NS/+KCl feeding, but it increased after a NS/0K diet (Figure 9E). Conversely, cleaved YENaC
was greatly increased by short-term and chronic NS/+KCl diets and decreased after a chronic NS/0K diet.
THC of kidneys from the same mice cohort demonstrated reduced staining intensity for NCC and pNCC
after short-term and chronic NS/+KCl feeding as well as increased labeling intensity after NS/0K feeding
compared with NS/NK-fed control animals (Supplemental Figure 8). After feeding a NS/0K or NS/NK
diet, yYENaC labeling was predominantly intracellular, whereas after short-term NS/+KClI feeding, it is both
located intracellularly and in the apical plasma membrane domain. On a chronic NS/+KCl diet, yYENaC is
predominantly observed in the apical plasma membrane domain.

Immunoblots for modulators of NCC and/or ENaC activity, or proteins important for Na*, K*, or water
balance, showed minimal changes after the dietary manipulations (Supplemental Figure 9). The NCC mod-
ulatory kinase WNK4, and its active form pWNK4, were increased during chronic dietary K* depletion,
whereas the Na*-K*-2Cl" cotransporter NKCC2 and Aquaporin-2 were decreased. Additionally, the abun-
dances of the K* channel ROMK and the CI"/HCO," exchanger pendrin were increased following chronic
NS/+KCl feeding.

Correlations of NCC and ENaC to aldosterone and plasma K*. pNCC negatively correlated with urine [aldo-
sterone] under short-term (R? = 0.839) or chronic conditions (R? = 0.110) (Figure 10A). NCC showed a
similar relationship (Supplemental Figure 10A). Cleaved aENaC or YENaC positively correlated with urine
[aldosterone], with the strength of the relationship greater after chronic compared with short-term feeding
(Figure 10, B and C). Total aENaC showed a similar relationship, whereas total YENaC had a negative lin-
ear relationship with urine [aldosterone] (Supplemental Figure 10, B and C). NCC and pNCC significantly
negatively correlated with the plasma [K*], while total and cleaved aENaC positively correlated (Figure 10,
D-@G). Total yYENaC had a significant negative correlation with plasma K* concentration, whereas cleaved
vENaC had a positive correlation (Figure 10, H and I).

High dietary KCI promotes DCT remodeling. Low dietary K* intake or constitutively activating the kinase
SPAK in the DCT (both increasing NCC phosphorylation) are associated with DCT hypertrophy and con-
necting tubule (CNT) atrophy (37, 38), whereas inhibiting NCC is associated with DCT atrophy and CNT
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Table 1. Urine analysis following chronic high K* dietary loading

Diet
Water intake
(mL/24h)
Urine volume
(mL/24h)
Urine creatinine
(mmol/L)
Urine Na*/Cr
Urine K*/Cr
Urine Na*/K*
Urine CI/Cr
Creatinine clearance
(mL/day)

FE Na* (%)
FE K* (%)

FE CI- (%)
Urine aldosterone
(pg/mL)
Urine aldosterone
excretion (pg/day)

NS/NK NS/+KCI NS/+KCit HS/NK HS/+Kcl HS/+KCit
3.40+0.79 10.81+ 1154 8.20 + 0.83° 7.00 £1.5 1218 + 0.72° 13.42 + 2.30°
1.84 +0.33 7.04 +1.26° 5.64 + 0.85° 4.06 £1.71 913 +0.62° 9.28 £ 1.63

1.692 + 0.281 0.493 + 0.110° 0.656 + 0.130° 0.979 + 0.218 0.320 + 0.032° 0.453 + 0.123¢
46.2+8.5 109.9+ 14.48 89.3+ 14,18 219.3+ 32,50 285.9+ 12,1 2571+ 44.8°
83.3£10.6 606.6 + 52.6* 529.3 +77.78 9311011 546.0 + 31.0° 477.7 +70.4

0.533 + 0.045 0.178 + 0.011* 0.168 + 0.007* 2.30 £ 0.119¢ 0.527+0.016*¢  0.530 + 0.016*¢
115.0 £ 18.6 669.9 + 59.4° 179.5 +30.4 302.7 + 41.4° 789.5 + 37.34 341.8 +60.7
310.6 +57.0 2633427 285.9 £ 411 2475 £ 2911 302.2+17.9 169.6 + 36.0

0.287 + 0.085 0.800 + 0.124¢ 0.714 + 0.167 1.533 + 0.242° 1.795 + 0.090¢ 1.781+ 0.852F
36.53 £ 8.39 251.6 + 21.5° 2741+704 41.8+5.33 2214 +19.21° 2221+38.18

(p=0.042)
0.987 + 0.273 6.344 + 0.629° 2.019 + 0.500 2.883 + 0.457° 6.398 + 0.323° 3.301+0.650

4208.7 +323.5

7529.3 £ 1042

6837.7x1171.4

52251.8 +12226°

5795.2 + 316.4°

31978.3 + 4080°

2592.7 £125.0°

10291.3 + 4040

3656.7 + 110.74°

33423.0 + 2479*

3590.1 £ 135.3%°

30710.3 + 6679¢

Twenty-four-hour urine collection from individually housed mice after 3 weeks on various diets. , P < 0.001, 8P < 0.01, °P < 0.0333 versus respective salt
NK group (adjusted 2-tailed t test; ref. 76). °P < 0.01, EP < 0.001, "P < 0.05 versus respective NS diet. Data are shown as mean + SEM. n = 5-8/diet.

hypertrophy (39, 40). Here, chronic NS/+KCl feeding reduced abundances of the DCT-specific protein
parvalbumin, and both short-term and chronic NS/+KCl feeding increased abundance of the late DCT and
CNT protein calbindin D28 (Figure 11, A and B). In contrast, chronic NS/0K feeding reduced calbindin
D28 and the H*-ATPase B1 subunit (expressed from the late DCT through the CNT and CD) (Figure 11C).
Short-term KCl feeding increased the number of proliferating cell nuclear antigen—positive nuclei through-
out the kidney and in the DCT (late and early DCT not separated). These effects were not observed during
chronic dietary manipulation (Figure 11, D-F). Together, these results suggest that high dietary KCl intake
results in DCT atrophy and CNT hypertrophy.

Proteomic analysis of short-term and chronic effects of high dietary KCI intake. To investigate the influence of
dietary K* intake on the protein landscape of the kidney and to identify novel mechanisms for the differential
effect of high dietary K* intake on BP, we used liquid chromatography—tandem mass spectrometry—based
(LC-MS/MS-based) quantitative proteomics. After short-term feeding of NS/+KCl, 5,484 proteins were
identified in kidney cortex homogenates, of which 105 were significantly decreased relative to NS/NK diet
and 147 were increased (Figure 12A). In total, 6,078 proteins were identified after chronic NS/+KCl feeding,
of which 163 were reduced and 479 significantly increased relative to NS/NK-fed mice. All proteins iden-
tified and their relative abundances are detailed in Supplemental Data File 2. Of the significantly changed
proteins, Ingenuity Pathway Analysis (IPA) highlighted that several had a biological function associated to
transport of ions, with many more proteins associated to this category increased during chronic NS/+KCl
feeding (Figure 12B). Gene ontology (GO) analysis of significantly increased proteins after short-term KClI
feeding revealed an overrepresentation of proteins involved in protein dephosphorylation and various cata-
bolic/metabolic processes, whereas downregulated proteins were associated to cellular respiration and lipid
metabolism (Supplemental Figure 11). After chronic KCl feeding, the proteins increased in abundance were
associated with transport, mitochondrial reorganization, and protein hydroxylation, whereas significantly
reduced proteins were associated to metabolic and small molecule catabolic processes.

To investigate potential mechanisms contributing to the differential effect of high dietary K* intake on BP,
we compared proteins changed after short-term or chronic KClI feeding. Although numerous proteins had sim-
ilar changes in abundance, several did not change to a similar magnitude or they were differentially regulated
(Figure 13A). For example, the key COP9 signalosome (CSN) subunit JAB1, the peptidase Kallikrienl, the
K* channel ROMK, and the FGF23 coreceptor Klotho were only significantly increased following chronic
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Table 2. Plasma analysis following chronic K* dietary loading

Plasma Na*
(mmol/L)
Plasma K*
(mmol/L)
Plasma CI-
(mmol/L)
Plasma
creatinine
(mmol/L)
Plasma
copeptin
(pg/mL)

NS/0K
148.4
+0.75

3.21
+0.14¢
106.7
+3.08
5.0:0.2

48.43
+ 8.56°

NS/NK NS/+KCl NS/+KCit HS/0K HS/NK HS/+KCI HS/+KCit
147.6 1491 148.7 - 148.6 150.8 150.9
+0.75 +0.40 +0.42 +0.37 +0.8 2 (055
4.46 5.23 4.63 310+ 01° 4.63 4.59 4.476
+0.09 +0.21° +0.12 +0.10 +0.188 +0.095
1104 113.7 106.7 1M1 +1.1 109.8 14.7 108.8
+ 040 +1.02° +0.99° +1.22 +0.99° +1.19
51 5.3 5.9 - 51 51 5.4
+0.3 +0.3 +0.3 +0.2 +0.2 +0.2
225.55 189.63 139.63 - 195.39 81.26 157.31
+42.79 +41.26 +26.43 +29.92 & 115,724 +18.22

Blood was collected after 2 weeks for K* deplete diet (OK) or after 3 weeks for all other diets. P < 0.01, °P < 0.001, °P < 0.0333 versus NK of respective NS or
HS group (adjusted 2-tailed t test ; ref. 76). BP < 0.05, versus respective NS diet. Data are shown as mean + SEM. n = 5-8/diet. Note: For technical reasons
(lack of sample), it was not possible to obtain several HS/0K parameters.

NS/+KCl feeding (Supplemental Figure 12). Using IPA, we mapped proteins that were significantly altered in
abundance after short-term and chronic NS/+KCl feeding to various toxicity pathways that relate to nephro-
toxicity and mark clinical pathology endpoints (Figure 13B). Interestingly, after chronic NS/+KCl feeding, a
greater number of proteins associated with kidney damage were observed (Figure 13C).

Discussion

High dietary Na* consumption increases BP (2—4), whereas an increased dietary K* intake can reduce BP (5, 6,
10, 11), especially if initial K* consumption is low (41). As dietary K* depletion increases BP (7), consumption
of food containing a relatively high amount of K* and low Na* is proposed as a simple way to improve and
maintain good cardiovascular health (42, 43). However, dietary studies in animals and humans and observa-
tional or K* intervention studies in humans indicate that the effects of high K* intake on BP are not always ben-
eficial and may be influenced by the period of intervention, the anion accompanying the extra K*, and whether
BP is high before the intervention (13, 14, 27-29). Reducing and maintaining a lower BP based on dietary
intervention requires understanding of the long-term and/or accumulated effects of the intervention and the
underlying molecular basis. Since the experimental period for most interventional studies in humans has been
greater than 2 weeks, our initial approach here was to monitor BP after 3 weeks of dietary supplementation
with KCI or KCit in C57BL/6J mice that were normotensive or hypertensive. High BP (SBP raised by about 6
mmHg) was induced by feeding of a 4% NaCl diet for 7 weeks, in line with previous studies in the C57BL/6J
strain (44-46). Furthermore, if we consider the mouse lifespan to be ~36 months, the 3-week K* feeding period
would be equivalent to 80 weeks of dietary supplementation in humans (~80-year lifespan). Our major finding
was that chronic high K* feeding significantly elevated BP independently of the conjugated anion, whereas
short-term K* feeding reduced BP.

BP was significantly higher in mice receiving a 0K diet for 2 weeks relative to mice receiving a NK diet. BP
was further increased during concurrent high NaCl intake. This increase in BP was associated with increased
total and pNCC but with reduced ENaC abundance. HCTZ reduced the BP of HS/0K-fed mice back to the
levels observed in HS/NK-fed animals, strongly suggesting, like others (23, 28), that low dietary K*—mediated
effects on BP are driven predominantly by NCC (15).

Chronic high K* feeding to mice receiving a normal or a high Na* diet increased BP. These effects were
independent of the accompanying anion or Na* intake and predominantly attributed to a higher BP during
darkness. Although BP is naturally higher during darkness for nocturnal mice, no differences in mouse
activity following chronic K* feeding suggest that altered activity is not a driving factor of the higher BP.
Our data generally replicate the BP phenotype reported after 10 days of high K* feeding in mice (29), where
higher BP during darkness can be inferred from their presented data. HCTZ did not significantly reduce
BP during high K* feeding, suggesting that the relationship between NCC and BP is “disconnected” during
chronic K* feeding. Supporting this, KCl and KCit-fed animals had lower levels of NCC, and in general,
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Figure 6. Increased ENaC expression plays a role in the increased BP following chronic high K* feeding. Lysates
of total kidney from animals fed the various diets were assessed by Western blotting. (A) Representative immu-
noblots of uncleaved and cleaved (active) aENaC. Molecular weight (KDa) is shown on the right, and the arrowhead
represents the specific tENaC band. (B and C) Total oENaC (uncleaved + cleaved) cleaved aENaC were significantly
increased by 3 weeks K* supplementation on both a normal or high NaCl intake (NS, HS) and were significantly
decreased following 2 weeks K* depleted diet (0K). Data were analyzed using a 1-way ANOVA followed by Dunnett's
multiple-comparison test. *P < 0.05; **P < 0.01; ***P < 0.001. (D) mRNA levels for Scnnla (encoding aENaC) is
significantly higher in whole-kidney samples collected when animals are in dark phase (01:00 hours) compared with
when tissue was collected in the light phase (13:00 hours). Data were analyzed by 2-tailed t test. (E) Amiloride sig-
nificantly reduces SBP over the 8-hour period after injection for animals fed a NS diet supplemented with high KCI
(NS/+KCl) for 3 weeks. Data are shown as mean + SEM with individual values shown (n = 4-6). Data were analyzed
using a 1-way ANOVA followed by Dunnett’s multiple-comparison test. *P < 0.05; **P < 0.01. All data are shown as
mean = SEM, with individual values shown.

pNCC levels were also lower, similar to previous reports (28, 29). Previously, 4 days of +KCl feeding was
shown to reduce total and pNCC, but high KCit feeding did not (27). We propose that the anion effect
might be time dependent, KCl may lower NCC more rapidly than KCit, or there may be different acid-base
effects of chloride versus citrate. Ultimately, chronically, the anion accompanying the K* appears not to be
crucial for reducing NCC abundance or the ability of high dietary K* to increase BP.

Similar to other studies of shorter duration (20, 47), total and cleaved aENaC and cleaved yYENaC were
significantly increased following 3 weeks of chronic K* feeding, probably driven by a high K*—mediated release
of aldosterone. The increased BP subsequent to chronic high dietary K* intake was also sensitive to amiloride,
suggesting a role for ENaC in the BP response (48, 49). However, amiloride did not significantly reduce BP
in a previous study with mice fed a 3% NaCl/5% K" diet for 10 days, despite raised BENaC levels (28). One
possibility for this is that the higher Na* intake (10-fold higher Na* than used in our NS/+KCl diets) may be
influencing BP differently than the current study. Secondly, amiloride in the previous study was given in the
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Figure 7. Short-term and chronic KCI feeding have opposing effects on BP. (A and B) Short-term (4 days) high KCl feeding combined with a normal NaCl diet
(NS/+KCl) significantly reduces SBP recorded from implanted telemetry probes across 24 hours (n = 4/diet) (A) and over 24 hours as defined by MESOR or during
the 12 hours dark or light phase (B), compared with control diet (NS/NK). The magnitude of error from the mean may be less than the smallest size of symbol
available.(C and D) SBP and DBP recorded using tail cuff plethysmography during the dark phase are significantly lower during short-term (4 days) high KCl feed-
ing but significantly higher during chronic KCl feeding (3 weeks) compared with control-fed animals (NS/NK). Chronic OK feeding (2 weeks) significantly increas-
es SBP and DBP compared with NS/NK-fed animals. (E) A single of dose of hydrochlorothiazide (HCTZ) 4 hours before tail cuff recording significantly reduced
SBP of NS/NK-fed animals, but not short-term NS/+KCl-fed animals; it had no significant effect on elevated SBP in chronically fed NS/+KCl animals. Data were
analyzed by 2-tailed t test between 2 groups (B), using a 1-way ANOVA followed by Dunnett’s multiple-comparison test (3 groups, € and D), or by 2-way ANOVA
followed by Tukey's multiple-comparison testing (E). *P < 0.05; **P < 0.01; ****P < 0.0001. All data are shown as mean + SEM, with individual values shown.

drinking water, and in our experience, this is not optimal for amiloride dosing as mice avoid drinking. Thus,
the ~10-fold greater dietary Na* level (28) may be enough to drive Na* retention and maintain high BP due
to residual ENaC activity during amiloride treatment. It may also relate to chronic K* feeding resulting in
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Table 3. Urine analysis following short-term or chronic K* feeding

Short-term Chronic

NS/NK NS/+KCl NS/0K NS/NK NS/+KCl
Water intake (mL/24h) 6.7 £1.1 14.2 + 0.8 6.3+0.58 43+0.7 10.1+2.04
Urine volume (mL/24h) 4003 8.0+0.7° 25+0.6 25+0.3 6.6 +1.5°¢
Urine creatinine (mmol/L) 1.68 +0.13 0.69 + 0.09* 1.76 + 0178 2.65+0.32 0.57 + 0.05*
Urine Na*/Cr 87.8 +5.0 120.8 +9.7° 62.2+4.7 60.2£6.5 134.2 £12.0*
Urine K*/Cr 134.7£9.7 691.2 + 40.5P 4.5+0.5° 98.3+5.0 669.5 + 57.6*
Urine Na*/K* 0.65 + 0.02 0.17 + 0.005° 13.5+0.5% 0.61+ 0.06 0.20 + 0.01*
Urine CI-/Cr 207.8 £13.6 7731+ 48.2° 59.6 +3.9° 152.3+8.7 750.5 + 64.9*
Urea (mmol/L) 696.8 + 35.9 330.4 + 31.4° 512.0 + 46.6° 920.5 + 113 269.3 +15.04
Urinary protein (mg/dL) 397.3+38.3 131.2 £12.6* 255.3 +52.88 453.0 +106.0 102 +17.5°¢
Creatinine clearance (mL/day) 617.5 + 46.0 5421+ 921 386.5 +75.0 588.5 + 88.8 407.0 £ 571
FE Na* (%) 0.58 + 0.06 0.79+0.1 0.45+0.04 042 +0.04 0.89 + 0.08*
FE K* (%) 32.8+1.6 142.7 +15.0¢ 112+ 0.3° 251+1.5 143.5 +12.9%
FE CI" (%) 1.9+ 0.06 6.7+0.7° 0.59 + 0.05° 1.5+0.08 6.7 £ 0.06*
Urine aldosterone (pg/mL) 1682.9 + 496.1 9135.0 + 832.5° 216.3 + 97.54 2118.3 + 382.9 4079.0 + 299.0*
Urine aldosterone excretion (pg/day) 6833 +1993 72254 + 8864 A 441 £195¢ 5632 £ 1213 30090 + 2276°

Urine was collected from individual animals over 24 hours after short-term (5 days) or 3 weeks chronic (2 weeks for OK diet) feeding of various diets. *P <
0.001, 8P < 0.0333, ‘P < 0.01, °P < 0.0001 versus NK for same feeding time (adjusted 2-tailed t test; ref. 76). Data are shown as mean + SEM. n = 5-8/diet.

greater ENaC activity. Indeed, we observed that cleaved tENaC and cleaved YENaC were increased following
short-term and chronic K* feeding (suggesting higher ENaC activity), but cleaved aENaC levels were increased
significantly more after chronic feeding. Furthermore, qualitative THC suggests that there is more YENaC in
the apical plasma membrane domain during chronic K* feeding relative to short-term, fitting with observations
that longer periods of K* feeding enhance ENaC membrane accumulation (29). Together, these data suggest
that ENaC contributes to the higher BP during chronic K* feeding.

BP was elevated subsequent to chronic high K* feeding predominantly in the dark phase, a period
where we observed significantly higher Scnnla mRNA (encoding oENaC). A circadian pattern of ENaC
expression has been previously observed (50, 51). It is plausible that, during the dark phase, mice are more
sensitive to augmentation of ENaC, with increased channel activity exceeding a threshold that promotes
increased BP. Alternatively, during chronic K* loading in humans, an acute K* load attenuates K*-induced
natriuresis despite a similar response in plasma aldosterone (52). This suggests that, in a chronic setting,
compensatory mechanisms are activated to reduce K*-induced natriuresis (15). Further studies are warrant-
ed to assess whether circadian patterns on ENaC are direct or caused by feeding behavior. Furthermore,
one could speculate that the use of mineralocorticoid receptor antagonists (53) would prevent the increase
in ENaC and BP upon a chronic high K* diet, although this may result in severe hyperkalemia.

In line with studies using shorter periods of dietary K* manipulation (20, 29), after 3 weeks of +KCl
feeding, plasma K* levels were elevated and NCC levels were reduced relative to animals with a NK intake.
However, NCC levels were also reduced after 3 weeks of KCit feeding, which did not significantly raise
plasma K*. This suggests that, although it may be the initial trigger, a sustained increase in plasma K* per
se is not an absolute requirement for NCC levels to be reduced, and other factors, such as altered sensitivity
of the DCT to K* or the potential DCT atrophy observed here, may also play a role.

Our proteomic screen highlighted the pleiotropic effect of K* supplementation on the kidney. Many
catabolic and metabolic processes were altered during high K* feeding, alongside numerous ion transport-
ers and their regulatory proteins that may play a role for the BP and/or autoregulatory response. Several
of these proteins, including JABI, tissue kallikrien, and Klotho, have been implicated in regulation of
NCC and/or ENaC previously (54-58) and were only increased following chronic K* supplementation,
suggesting they could be important for the differential effects of K* intake on BP. Furthermore, although
GFR was not significantly reduced during chronic dietary K* supplementation, several of the changed
proteins in the kidney cortex are associated with nephrotoxic pathways and kidney damage. Currently,
we do not know whether these proteins are driving kidney injury or protection from injury, or whether
the changes contribute toward or are attributed to a prior increase in BP. However, considering the links
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Table 4. Plasma analysis following short-term or chronic K* feeding

Short-term NS Chronic NS
NK +KCl 0K NK +KCl
Plasma Na* (mmol/L) 163+1.9 158 +4.3 158 +1.2 158 £1.3 1611,
Plasma K* (mmol/L) 446 +0.12 5.02+0.34 3.62 +0.124 441+0.1 5.00 + 0.38
plasma CI- (mmol/L) 120+ 1.6 19 +£3.5 1M5+0.5 17 +1.5 118+19
Plasma Creatinine (umol/L) 1.0 £ 0.12 10.3+0.34 11.3+0.2 11.3+0.6 10.6 +0.3
Plasma urea (mmol/L) 97+0.5 89+04 10.2+1.0 79+0.6 73+0.6
Plasma renin activity 3031+ 341 3563 + 1139 1976 + 259°¢ 3358 + 175 2454 + 306°

(Ang 1/mL.h)

Blood was collected after 5 days (short-term) or 3 weeks high-KCI (+KCl) dietary feeding. Control-fed animals on normal K* diet (NK) were fed alongside.
Furthermore, blood was collected after 2 weeks of K* deplete diet (OK). Normal NaCl diet, NS; high NaCl diet, HS. *P < 0.001, 8P = 0.059, ‘P < 0.01,°P <

0.0333 versus NK for same feeding time (adjusted 2-tailed t test; ref. 76). Data are shown as mean + SEM. n = 5-8/diet.

between NCC and/or ENaC, inflammation, and Na*-sensitive hypertension (59-61), further studies of
these responses are warranted.

High BP can also be driven by enhanced vascular tone, even when renal function is normal (62). For
example, while angiotensin II infusion raised BP in mice, the BP returned to normal 4 weeks after cessation of
infusion. However, aortae exhibited significantly diminished contractility and endothelium-dependent vasodi-
lation, pointing to sustained vascular damage (63). Aldosterone can also have effects on the vasculature, and
aldosterone-induced inflammation, vasculopathy, and vascular calcification are linked to the development
of arterial stiffness (64, 65). Here, 3 weeks of high dietary KClI elevated plasma aldosterone and increased
BP. However, short-term +KCl feeding significantly reduced BP but raised plasma aldosterone to an even
greater extent than chronic feeding. Furthermore, we did not detect any effect of chronic high K* feeding on
PP, a correlate for vascular stiffness, suggesting that aldosterone-induced arterial stiffness is unlikely to have
occurred. Supporting this idea, in other studies where SBP has been reduced via K* supplementation, micro-
vascular and endothelial function are not altered (66, 67). Based on our current data, these findings point to a
limited direct role of the vasculature in modulating BP changes in response to various dietary K* loads.

This study is not without limitations. In long-term human interventional studies (12, 43, 68), urine K*
excretion is ~1.4-fold higher following dietary K* supplementation compared with control diet, whereas
here, the comparable K* excretion is 2.7-fold higher (Supplemental Table 4). Thus, the 5% K* diet used
here is higher than that tested in humans. Furthermore, the “U-shaped” association we observe between
SBP and plasma K*, to some extent similar to that observed in a meta-analysis between K* intake and BP
(14), centers the curve on a plasma [K*] of ~4.5 mM. This suggests that our control diet contains almost
the optimal dietary K* amount to achieve the lowest BP in mice. Further studies to moderately increase
dietary K* intake in mice and examine whether it can reduce and sustain lower BP and to examine how
this relates to the optimal range for humans are required. The K* diets we used caused polyuria, which may
result from osmotic diuresis or vasopressin resistance, as observed during low dietary K* intake (69, 70).
If not fully compensated for by increased water intake, the polyuric state may increase vasopressin levels
and contribute to the higher ENaC activity and increased BP during high K* intake (71). However, similar
plasma copeptin levels (surrogate marker for vasopressin) in mice on the control or high K* diets suggest
this mechanism is not a major contributor in the current study.

In summary, our study suggests that, if dietary intake of K* is low, higher NCC levels increase BP
in a Na*-sensitive manner. We also show that 4 days of +KCl feeding reduces NCC, and this correlates
with reduced BP. In contrast, after 3 weeks of high dietary K* intake, BP is increased by a mechanism
that involves ENaC and is relatively insensitive to changes in Na* intake. As proposed earlier (72),
this indicates that there is a critical interplay between ENaC and NCC for modulation of BP. How-
ever, chronic high dietary K* intake, at least at the levels used here, may promote kidney damage and
contribute to the hypertensive outcome, but the hypertension per se may also initiate kidney damage.
Therefore, the concept that dietary K* intake is inversely related to BP, or potentially can promote a
decrease in BP, may only be valid under specific intakes. Further mechanistic studies are warranted to
inform on the potential clinical efficacy of dietary K* for maintaining a healthy BP in humans.

JCl Insight 2023;8(5):e156437 https://doi.org/10.1172/jci.insight.156437 14


https://doi.org/10.1172/jci.insight.156437
https://insight.jci.org/articles/view/156437#sd

. RESEARCH ARTICLE

A B *kkk
* 0.052 - Kk o NK
— = +KClI
—~ - 12000
g 2000 . 20K = . . « +KCit
g 1500 A *NK é 10000 - o #E #E
o = +KCl ® 8000 - il
o : £ .,
£ 1000 - . * +KCit & 6000 Hkxk |
(2]
s Hx " S 4000 H I
o 500 4 * o o
E . — " 2 2000 4
g a & 5
NS NS HS NS NS HS
short-term chronic chronic short-term chronic chronic
Cc - D
s Kk %k *kk
< 150+ 7 -
2 .. [ 40K
= q_ o NS/NK /Sc: 6 n *kkk W *kkk o NK
T 100 = NS/+KCl £ |_| o n = +KCl
1S 5 4 *
o L -~ ° ° ) o .
) u & % + +KCit
GC) [ ] " —} © 4 = A
S 504 _* * . &
g + . 8 3
T ol e = 2
g oS e NS NS HS
= SN S A
> @\\Q, @Sb \(,\9 \(be @\\q @&b. \0\\0". \Ogo short-term  chronic chronic
‘,\é\ & & S ,Q} @ & S
FFES FFFS
PN F £
E F
12000~ . . 160 -
€
<5, 10000 . __ 150
2 M 2
© 8000 - . £ 140-
5 ‘ E
& 6000 & 130-
? ® o e @ e e
2 4000 oo g awgt ey & 1204
o g, . p=0.0024
20004 110-
§ S e % R2=0.1635
0 1 1 100 1 1 1 1
4 5 6 2 3 4 5 6
Plasma K* (mmol/l) Plasma K* (mmol/l)

Figure 8. Potassium and aldosterone are elevated in high-KCI-fed animals. (A) Plasma [aldosterone] is increased following short-term and chronic KCI
feeding. Chronic OK feeding (2 weeks) significantly reduced [aldosterone]. HS diet reduced [aldosterone] across all groups. Only 2 HS/0K-fed animals had a
detectable level of aldosterone, so this condition was not analyzed. Data were analyzed as 2-way ANOVA with Dunnett’s multiple-comparison testing. (B)
Urine aldosterone concentrations under the different chronic dietary K* conditions. Data were analyzed by a 2-way ANOVA main effects model, with multiple
comparisons with NS/NK group. (C) Urine aldosterone excretion was significantly higher during the 12-hour dark phase (18:00-06:00) compared with the
light phase, with the magnitude of increase clearly being greater for high-KCI-fed (+KCI-fed) animals. No clear difference was detected between short-term
(4 days) and chronically (3 week) fed animals. Analysis within groups by 2-tailed t test. (D) Plasma [K*] under the different short-term or chronic dietary

K* conditions. Data are shown as mean + SEM, with individual values shown. Data were analyzed as 2-way ANOVA with Dunnett’s multiple-comparison
testing. (E) Urine aldosterone concentration significantly positively correlates with plasma K* concentration. Best fit analysis, linear regression, with 95% Cl
limits (dotted lines) displayed. Data are shown as mean + SEM. (F) The relationship between SBP against plasma [K*] fits a second order quadratic equation.
Data are from individuals where BP and blood sampling are made from same animal. All individual values considered for best-fit nonlinear regression.*P <
0.05; **P < 0.07; ***P < 0.001. **P < 0.01, **#P < 0.001 versus respective chronic NS condition.

Methods

Animals and study design. In an initial cohort (cohort 1), male C57BL/6J mice were implanted with PA-C10
and HDX-11 radiotelemetry devices (Data Sciences International [DSI]) a week before any dietary manip-
ulations commenced, during which they were individually caged. A 4-factor cosine curve was fitted to the
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Figure 9. High KCI feeding reduces NCC and increases ENaC. Lysates of total kidney from animals fed the various diets were assessed by Western blot-
ting. Representative panels (samples run on the same gel but noncontiguous) from representative blots are shown above quantification graphs. (A and B)
pNCC (A) and NCC (B) were significantly decreased after short-term and chronic KCI feeding but were increased after chronic K* depletion (0K, 2 weeks). (A
and B) Total aENaC (C) and cleaved aENaC (D) were increased following +KCl feeding, but the magnitude of increase in cleaved aENaC after chronic feeding
is significantly greater relative to short-term feeding. (E) Total yENaC (full length plus cleaved protein bands) was significantly decreased after short-term
and chronic KCl feeding, whereas cleaved YENaC was significantly increased. Data from all individuals plotted with mean + SEM. Analysis by 1-way ANOVA
followed by Tukeys multiple comparisons. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

repeating pattern of BP (73, 74) as detailed in Supplemental Methods. To limit potential probe malfunctions
during mouse handling, this group followed the dietary interventions, but their blood/urine was not sampled.
Diets were prepared from powdered rodent diet (Teklad Diet, TD.08251, Envigo) — being nominally K*, Na*,
and CI” free — with ionic compounds (Sigma-Aldrich) added back to generate modified diets. Twelve-week-old
mice were fed a control diet of KCI (1.05% K*) and NaCl (0.3% Na*) (NS/NK) or a high NaCl (1.57% Na*)
(HS/NK) diet for 7 weeks. Subsequently, mice were stratified to receive either a +KCI (5.25% K*) or a high
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Figure 10. Correlation of NCC and ENaC to urine aldosterone and plasma potassium level. (A-C) Best fit analysis for short-term and chronically
fed animals. (A) pNCC significantly negatively correlates with urine [aldosterone]. The correlation for short-term feeding (5 days, R? = 0.839) and
chronically fed animals (3 weeks, R? = 0.110) did not significantly differ for slope or y intercept. (B) Cleaved aENaC significantly positively correlates
with urine [aldo]. Correlation for short-term feeding (R? = 0.652) and chronic feeding (R? = 0.258) tended to differ for slope (P = 0.0546) with a
significantly different y intercept (P = 0.0469). (C) Cleaved yENaC significantly positively correlates with urine [aldo]. The correlation for short-term
feeding (R? = 0.669) and chronic feeding (R? = 0.516) significantly differed (P < 0.01). (D-1) Best fit analysis with 95% CI (dotted lines) for whole data
set. (D and E) NCC and pNCC significantly negatively correlate with plasma [K*]. (F and G)Total aENaC and cleaved oENaC significantly positively
correlate with plasma [K*]. (H and 1) Total yENaC significantly negatively correlates with plasma [K*], while cleaved YENaC significantly positively
correlates. Each dot represents protein abundance (arbitrary units), and urine analysis from the same animal. Data are from all animals in cohort 1
and 2 combined, with the exception of yENaC data, which are only from cohort 2.

KCit (KCit, 5.25% K*) diet in combination with the control or high NaCl intake for 3 weeks. Following high
K* feeding, animals were fed a 0K diet with either control or high NaCl level for 2 weeks. Animals maintained
on HS/0K diet were treated with 37.5 mg/kg bodyweight HCTZ (Sigma-Aldrich) administered as 2 i.p. doses
24 hours apart, with BP recorded following the second dose. In a subsequent experiment, animals fed a chronic
NS/HK (+KClI) diet were treated with HCTZ (as above) and, after a 3-day washout period, received a single
1.p. dose of amiloride (5 mg/kg body weight, Sigma-Aldrich), with BP being recorded for the first 12 hours fol-
lowing injection. HCTZ and amiloride were prepared from solid by dilution in DMSO and then further diluted
in sterile physiological saline before injection.

Tail cuff plethysmography. In a second cohort of mice (cohort 2), conscious BP was recorded from the tail
using an occlusion cuff and volume-pressure recording (VPR) sensor (Coda equipment, Kent Scientific), as
detailed in Supplemental Methods.
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Figure 11. High KCI feeding promotes kidney remodeling. (A and B) After chronic NS/+KCl feeding, parvalbumin (A) was significantly reduced, whereas
calbindin D28 (B) was significantly increased after both short-term and chronic NS/+KCl feeding. (C) The H*-ATPase B1 subunit (HATPase) was significantly
reduced following chronic K* depletion (0K, 2 weeks). Representative panels (samples run on the same gel but noncontiguous) from representative blots
are shown above quantification graphs. (D) Representative images of kidney sections labelled with proliferating cell nuclear antigen (PCNA, green) along-
side NCC (red). White arrowheads highlight PCNA positive nuclei. Boxed area highlights a DCT that is expanded in the right panel. Scale bar: 50 um. (E)
Quantification of PCNA staining from imaged whole kidney and from DCT cells. (F) A significantly increased number of PCNA* cells are observed in whole
kidney and the DCT after 4 days of NS/+KCl feeding. Data were analyzed using a 1-way ANOVA followed by Dunnett’s multiple-comparison test. *P < 0.05;
**P < 0.01. Data are shown as mean + SEM.
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Figure 12. Large-scale proteomic profiling of short-term and long-term effects of high KCl intake in kidney cortex. Kidney cortex homogenates were
examined using LC-MS/MS-based quantitative proteomics. (A) Volcano plot of the protein quantification where the primary axis shows the log, (mean
peptide abundance ratio), while the secondary axis designates the -log, (P value). After short-term feeding of NS/+KCl, 105 proteins were significantly

decreased relative to NS/NK diet and 147 were significantly increased. After chronic feeding, 163 proteins were significantly reduced and 479 significantly
increased in abundance. (B) IPA of the significantly changed proteins (equivalent human gene name shown) highlighted that many more proteins associ-

ated to the transport of ions were changed in abundance during chronic NS/+KCl feeding.

LC-MS/MS and bioinformatics. LC-MS/MS and bioinformatics were performed as described (75)
and in detailed in Supplemental Methods. The MS data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD035354.

Statistics. Statistical information is detailed in Supplemental Methods, with relevant statistical tests

described in figure legends.
Study approval. The use of experimental animals is in agreement with a license issued by the Ani-

mal Experiments Inspectorate; Ministry of Food, Agriculture, and Fisheries; Danish Veterinary and
Food Administration.
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Figure 13. Proteomic profiling identifies proteins differentially regulated following short-term or chronic KCI
feeding. (A) Each dot represents a protein significantly altered in abundance in at least 1 of the dietary condi-
tions. Pearson’s correlation coefficient for all proteins, R = 0.4. Proteins with correlating changes in abundance
are shown by blue dots, proteins increased in abundance during short-term but decreased during chronic feeding
are represented by red dots, and proteins decreased in abundance during short-term but increased during chronic
feeding are represented by green dots. Proteins of interest (corresponding mouse gene name shown) are high-
lighted. (B) Proteins that were significantly altered in abundance after short-term and chronic NS/+KCl feeding
were mapped to various nephrotoxicity pathways using IPA. (C) After chronic NS/+KCl feeding, a greater number
of proteins (corresponding human gene name shown) associated to kidney damage were observed.
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