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Introduction: The putative “renal-K switch” mechanism links dietary potassium intake with sodium

retention and involves activation of the sodium chloride (NaCl) cotransporter (NCC) in the distal convo-

luted tubule in response to low potassium intake, and suppression in response to high potassium intake.

This study examined NCC abundance and phosphorylation (phosphorylated NCC [pNCC]) in urinary

extracellular vesicles (uEVs) isolated from healthy adults on a high sodium diet to determine tubular re-

sponses to alteration in potassium chloride (KCl) intake.

Methods: Healthy adults maintained on a high sodium (w4.5 g [200 mmol]/d) low potassium (w2.3 g [60

mmol]/d) diet underwent a 5-day run-in period followed by a crossover study, with 5-day supplementary

KCl (active phase, Span-K 3 tablets (potassium 24 mmol) thrice daily) or 5-day placebo administrated in

random order and separated by 2-day washout. Ambulatory blood pressure (BP) and biochemistries were

assessed, and uEVs were analyzed by western blotting.

Results: Among the 18 participants who met analysis criteria, supplementary KCl administration (vs.

placebo) was associated with markedly higher levels of plasma potassium and 24-hour urine excretion of

potassium, chloride, and aldosterone. KCl supplementation was associated with lower uEV levels of NCC

(median fold change (KCl/Placebo) ¼ 0.74 [0.30–1.69], P< 0.01) and pNCC (fold change (KCl/Placebo) ¼ 0.81 [0.19–

1.75], P < 0.05). Plasma potassium inversely correlated with uEV NCC (R2 ¼ 0.11, P ¼ 0.05).

Conclusions: The lower NCC and pNCC in uEVs in response to oral KCl supplementation provide evidence

to support the hypothesis of a functional “renal-K switch” in healthy human subjects.
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estriction of dietary sodium (Naþ, commonly
consumed as NaCl [table salt]) can reduce the risk

of heart disease, stroke, or death in people with
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hypertension.1 Reduction in habitual NaCl intake has
been recommended in guidelines not only for people
with hypertension but also for the general popula-
tion.2,3 Although Naþ restriction is well recognized to
be an effective component of hypertension prevention
and management, it is difficult to achieve in practice
because of the high content of Naþ in current patterns
of dietary intake globally.4

High Naþ intake may be accompanied by a potassium
(Kþ) intake lower than currently recommended,5-11
1201
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which may be an alternative avenue for intervention. A
longitudinal study on the long-term effects of dietary
Naþ, Kþ, and the Kþ/Naþ ratio on BP in female ado-
lescents found that higher Kþ intake and the Kþ/Naþ

ratio were inversely associated with BP throughout
adolescence.12 Similarly, in the large observational
INTERSALT study, urinary Kþ-to-Naþ ratio had a
strong inverse association with BP, and Kþ excretion
was negatively correlated with BP.13 Intervention with
the Dietary Approaches to Stop Hypertension diet
demonstrated a significant decrease in BP in healthy
adults with low Naþ intake compared with higher levels
of intake, but this diet program also encouraged people
to enrich their diet with Kþ through eating more fruit
and vegetables.14 A recent population-wide salt-substi-
tution initiative (replacing regular salt with Kþ-enriched
substitutes) in Peru reported an average reduction of
1.29 mm Hg in systolic BP and 0.76 mm Hg in diastolic
BP, and a 51% reduction in hypertension incidence in
normotensive people.15 In addition, a recent large ran-
domized control trial demonstrated that, compared with
regular salt, a salt substitute (consisting of 75% NaCl
and 25% KCl by mass) lowered the rates of stroke, major
cardiovascular events and death in populations who had
a history of stroke or hypertension, and participants
demonstrated a mean reduction of 3.34 mm Hg in sys-
tolic BP.16 These observations indicate that the impact of
dietary Kþ may be higher than that of dietary Naþ in
influencing body fluid volume and BP maintenance. The
exact mechanisms underlying this Kþ-driven BP-
lowering phenomenon have however been unclear,
and this knowledge is vital for designing novel BP
interventions.

The “renal-K switch” is a mechanism that proposes
that a low Kþ intake may act as a trigger which links
Kþ and Naþ-dependent BP.17 Changes in the extra-
cellular fluid Kþ concentration under different dietary
Kþ intakes control the activity of the thiazide-
sensitive NCC in the distal convoluted tubule.18 This
determines the amount of Naþ delivered downstream
to the epithelial sodium channel to regulate distal Naþ

reabsorption and Kþ excretion. The switch mecha-
nism, built predominantly on data from animal
studies, ‘turns on’ NCC in response to low dietary Kþ

intake and turns NCC off in response to a higher Kþ

intake, and centers around the chloride (Cl�)-sensitive
With-No-Lysine kinases (WNKs)-STE20/SPS1-related
proline/alanine-rich kinase (SPAK) network.19 Unfor-
tunately, difficulties in obtaining human kidney tissue
have hampered studies of the “renal-K switch” model
in the clinical setting.

uEVs are a noninvasive source of potential molec-
ular biomarkers to mirror molecular processes as well
as physiological and pathologic conditions in the
1202
kidney and other urinary tract tissues.20-22 In a large
scale unbiased analysis of uEV proteins, NCC in uEV
tracks the abundance of the parent protein in the
kidney.23

To assess the relevance of the “renal-K switch”
mechanism in healthy adults, we conducted a double-
blind, randomized and placebo-controlled crossover
trial. Participants received 1 week of high Naþ high Kþ

diet and 1 week of a high Naþ low Kþ diet. uEVs were
isolated from the subjects before and after each dietary
phase and the abundances of NCC and phosphorylated
NCC (active form, pNCC) were analyzed to determine
their responses to alterations in Kþ intake.

METHODS

Study Design and Ethics

This trial was designed to ascertain the effects of
altering oral Kþ intake (via supplementation) on NCC in
uEVs in healthy adult participants on a high Naþ low
Kþ diet (Clinical Trials Repository ID: CT-2018-CTN-
03504-1 v1). The flow diagram for this trial is shown in
Supplementary Figure S1. The trial was conducted at
the Endocrine Hypertension Research Centre in Bris-
bane, Australia. The trial was started in September
2019, and was scheduled to be completed in June 2020,
but completion was delayed until July 2021 because of
the COVID-19 pandemic and associated regulatory re-
quirements in Queensland, Australia. Ethical approval
was granted for this study by the Metro South Human
Research Ethics Committee (HREC/18/QPAH/103).

Recruitment

Participants were recruited via advertisements on
notice boards and within routine electronic media
channels at the Princess Alexandra Hospital and the
Translational Research Institute. Respondents to the
advertisement were given a questionnaire to assess
their eligibility of participation.

Eligibility

Inclusion and exclusion criteria are described in
Supplementary Methods.24

Description of Dietary Intervention

The dietary intervention ran across a total of 20 days,
with 3 distinct phases (a preintervention run-in and 2
intervention phases) each from Sunday (day 1) to
Friday (day 5) morning as described in Figure 1 and
Supplementary Methods.25

Randomization and Masking

Unmarked Span-K tablets and unmarked placebo cap-
sules were used. The allocation sequence of supple-
ments was computer-generated, independent of the
investigators, by the clinical trials unit at Princess
Kidney International Reports (2023) 8, 1201–1212



High Na+ Low K+ Diet (all 
food provided), consisƟng of: 
• Na+: 4,500mg (~200mmol)/day
• K+: 2,300mg (~60mmol))/day
• Energy: matched to usual 

intake High Na+ Low K+ Diet + 
Placebo (unmarked 3* placebo 
3 Ɵmes daily). Total:
• Na+: 4,500mg(~200mmol)/day        
• K+: 2,300mg (~60mmol)/day
• Energy: matched to usual 

intake

High Na+ Low K+ Diet + 
Span K (unmarked, 3*600mg 3 
Ɵmes daily; addiƟonal 72mmol K+). 
Total:
• Na+: 4,500mg(~200mmol)/day                 
• K+: 5,100mg (~132mmol)/day
• Energy: matched to usual 

intake

Healthy 
subjects 

enrolment 

RandomizaƟon

Eligibility 
assessment

Run-in 2-day washout 
aŌer day 6 
breakfast

IntervenƟon A/B 2-day washout 
aŌer day 6 
breakfast

IntervenƟon B/A Trial 
ended 

aŌer day 6 
breakfast

5-day of high Na+ low K+ diet 5-day of high Na+ low K+ diet + 
Span K/Placebo 

5-day of high Na+ low K+ diet +
Placebo/Span K

Week 1 2 3

Day 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6

Assessment 1 Assessment 2 Assessment 3

Assessment 1, 2, 3 
• 24-hour ABPM and 24-hour urine (started in the morning on Day 5 and ended in the morning on Day 6)
• Blood for plasma U&E, aldosterone, renin, and 2nd morning urine for uEVs (at ~9AM on Day 6)

High Na+ Low K+ Diet + 
Span K (unmarked, 3*600mg 3 
Ɵmes daily; addiƟonal 72mmol K+). 
Total:
• Na+: 4,500mg(~200mmol)/day                 
• K+: 5,100mg (~132mmol)/day
• Energy: matched to usual 

intake

High Na+ Low K+ Diet + 
Placebo (unmarked 3* placebo 
3 Ɵmes daily). Total:
• Na+: 4,500mg(~200mmol)/day        
• K+: 2,300mg (~60mmol)/day
• Energy: matched to usual 

intake

Figure 1. Flowchart of dietary intervention methods. Intervention A, 5-day of high Naþ low Kþ diet supplemented with Span- K; Intervention B,
5-day of high Naþ low Kþ diet supplemented with placebo; ABPM, ambulatory blood pressure monitoring; Kþ, potassium; Naþ, sodium; uEVs,
urinary extracellular vesicles.
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Alexandra Hospital. Access to the allocation sequence
was restricted to the clinical trials pharmacists, and the
sequence was concealed until all clinical and laboratory
measurements were completed.

Sample Collection

On day 6 of each phase, blood was collected at 8 AM
for biochemistry. Midstream second morning urine was
also collected at approximately 8 AM for uEV isolation
and spot urine creatinine measurement. After initial
sample collection at screening, 24-hour ambulatory BP
monitoring and 24-hour urine collection commenced on
day 5 and were completed in the morning on day 6
after the study diet breakfast in the run-in phase or
after the study diet breakfast plus supplements in the
intervention phases. Measurements are described in
Supplementary Methods.25,26

uEVs Isolation and Characterization

Collected second morning spot urine samples were
immediately treated with cOmplete EDTA-free protease
inhibitor cocktail (Roche, Switzerland) and phospha-
tase inhibitor (Sigma-Aldrich, St. Louis, MO) before
aliquoting and freezing at �80 oC. uEVs were isolated
using progressive ultracentrifugation techniques with
dithiothreitol treatment as previously described.27

uEVs were characterized by size distribution and
presence of EV marker proteins. Size distribution was
measured by nanoparticle-tracking analysis (as
described in Supplementary Methods) using a pool
Kidney International Reports (2023) 8, 1201–1212
sample of uEVs from participants. The presence of
marker proteins of EV (ALIX, TSG101 or CD9) were
measured by western blotting among all participants.

Western Blotting

SDS-PAGE used precast 4% to15% TGX midi gels and
each gel lane was loaded with uEV isolate containing 10
mg of total protein. Blot transferring was performed
using the Bio-Rad turbo transfer system, and obtained
blots were then blocked in 5% bovine serum albumin
(A3858, Sigma-Aldrich) followed by overnight 4 �C
incubation with the antibodies listed in Supplementary
Table S1.28 Exposure was performed in configuring
signal accumulation mode by Bio-Rad ChemiDoc XRSþ
Imager on configure signal accumulation mode with
Image Lab software. Images that did not exceed satu-
ration were exported for analyses.

Statistical Analyses

Calculations were processed with R (version 4.0.0)29.
Before comparison and correlation assessment, relative
protein abundance was determined by dividing the
protein band intensity analyzed with ImageJ software
by the sum abundance of 3 EV markers
(ALIXþTSG101þCD9). Paired Wilcoxon tests were
performed to compare the differences of biochemical
features and dietary compliance (meal plan and sup-
plements). Paired t tests were performed to compare the
changes in dietary content (energy, Naþ, and Kþ) and
the log10-transformed relative protein abundance
1203



Table 1. Participants’ features at enrolment

Variables Normal range in adults Overall (N [ 28) Female (n [ 20, 71.4%) Male (n [ 8, 28.6%)
Wilcoxon test P
(female vs. male)

Age, yr 38.1 [22.5–62.3] 47.5 [22.5–62.3] 26.3 [23.6–47.6] 0.0032

Body mass index, kg/m2 18.5–24.9 25.3 [20.4–36.6] 25.5 [20.4–36.6] 24.2 [22.2–32.9] 0.71

Premenopausal female, n (%) 13 (46.4) 13 (65) - -

Sitting systolic blood pressure, mm Hg <140 119 [101–141] 116 [101–139] 122 [113–141] 0.089

Sitting diastolic blood pressure, mm Hg <90 77 [67–97] 77 [67–87] 76 [68–97] 0.74

Plasma aldosterone, pmol/la ambulatory 30–800;
supine 0– 400

270 [43–919] 267 [43–919] 301 [109–902] 0.82

Plasma renin concentration, mU/la ambulatory 3–40;
supine 2–29

17.4 [4.2–75.2] 15.4 [4.2–40.4] 18.7 [8.7–75.2] 0.18

Aldosterone/renin, pmol/mUb <55 19 [4–91] 20 [4–91] 13 [6–33] 0.31

Plasma Naþ, mmol/l 135–145 138 [134–142] 138 [134–142] 139 [135–140] 0.66

Plasma Kþ, mmol/l 3.5–5.2 4.3 [3.7–4.9] 4.4 [3.7–4.9] 4.3 [4.0–4.6] 0.76

Plasma Cl�, mmol/l 95–110 104 [100–109] 104 [100–109] 104 [101–106] 0.38

Plasma HCO3
-, mmol/l 22–32 26 [22–30] 26 [22–30] 26 [23–28] 0.76

Anion gap, mmol/l 4–13 9.0 [3.0–12.0] 9.0 [3.0–12.0] 9.5 [6.0–11.0] 0.64

Plasma glucose, mmol/l 3.0–7.8 (fasting 3.0–6.0) 5.0 [4.4–6.6] 4.9 [4.4–6.6] 5.0 [4.4–5.5] 0.92

eGFR, ml/min per 1.73 m2 >60 103 [70–123] 88 [70–120] 113 [110–123] 0.0068

ClCr, ml/min male 97–137; female 88–128 121 [62–172] 101 [62–147] 144 [120–172] 0.00051

Cl�, chloride; ClCr, creatinine clearance estimated using the Cockcroft-Gault equation; eGFR, estimated glomerular filtration rate using the CKD-EPI (Chronic Kidney Disease Epide-
miology Collaboration) equation; HCO3

-, bicarbonate; Kþ, potassium; Naþ, sodium.
aPlasma aldosterone and renin concentration were measured in 26 participants.
bPlasma aldosterone/renin ratio was measured in 27 participants.
Data present in median [range].
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during the trial. Pearson’s correlation was assessed
between log10-transformed relative protein abundance
and biochemical parameters (including ambulatory
BPs; plasma levels of Kþ, Naþ, Cl�, bicarbonate, aldo-
sterone, renin, aldosterone-to-renin ratio; and timed
urine levels of Kþ, Naþ, Cl� and aldosterone) during
the intervention phases. A P < 0.05 was considered
significant. Data are presented as mean [range], unless
stated otherwise.

RESULTS

Recruitment and Participants’ Characteristics

A total of 36 healthy volunteers were assessed for
eligibility in this study from September 2019 to July
2021, and 6 declined to participate. The remaining 30
subjects provided written consent. Two participants
withdrew from the study after their first intervention
phase as follows: 1 participant withdrew because of
bowel issues during the second intervention phase, and
the other withdrew before commencing the second
intervention phase because of a family emergency. A
total of 28 participants (93%, 20 females and 8 males;
Table 1 and Supplementary Spreadsheet S1) completed
the trial. Among the female participants, 13 (65%) were
premenopausal (including 1 using a Mirena intrauter-
ine device) and 7 (35%) were postmenopausal. At
enrolment, all the 28 participants were normotensive
(119 [101–141]/77 [67–97] mm Hg) and normokalemic
(4.3 [3.7–4.9] mmol/l). Compared with male partici-
pants, female participants were older (47.5 [22.5–62.3]
vs. 26.3 [23.6–47.6] years, P < 0.01), and had lower
1204
levels of estimated glomerular filtration rate (88 [70–
120] vs. 113 [110–123] ml/min per 1.73 m2, P < 0.01)
and creatinine clearance (101 [62–147] vs. 144 [120–172]
ml/min, P< 0.001). This may be due to the fact that the
female participants were older than the males. During
the trial, ambulatory BP monitoring and biochemistry
were assessed in all 28 participants, urine samples for
uEVs were collected from 28 participants, but urine
samples collected from 3 participants (subject #19, 20,
and 22) were inadequate (<20 ml) for uEV isolation.

Dietary Compliance

Daily meal plan content and dietary compliance (to
meal plan and supplements) based on the participants’
self-reported data are depicted in Figure 2. Among the
28 participants, daily meal plan content of Naþ (run-in:
4512 mg, active: 4467 mg, placebo: 4501 mg) and Kþ

(run-in: 2292 mg, active: 2287 mg, placebo: 2287 mg)
were deliberately intended not to change throughout
the trial and met the requirements of a high Naþ (4500
mg) low Kþ (2300 mg) diet (Figure 2a–c). Median en-
ergy content in the run-in phase was slightly higher
than in the intervention phases. This is likely because
the volume of food was reduced slightly after run-in
because some participants initially gave feedback that
there was too much food and that they were not able to
consume it all. The overall self-reported meal plan
compliance and supplements compliance among the 28
participants were high with the majority reporting
over 80% meal plan and supplement compliance in
both intervention phases (Figure 2d–e). However, 4
Kidney International Reports (2023) 8, 1201–1212



Figure 2. Meal plan contents and self-reported compliance among 28 participants. (a) Energy content, (b) sodium content, (c) potassium
content, (d) participants’ self-reported meal plan compliance, (e) participants’ self-reported supplements (Span-K or placebo) compliance.
Energy content, average daily energy content; Naþ content, average daily sodium content; Kþ content, average daily potassium content; Meal
plan compliance, self-reported average across the components of compliance for all; Supplements compliance, self-reported compliance with
supplements (Span-K in the active phase or placebo in the placebo phase). The gray lines in (a)–(e) connect the values in each phase from the
same participants. In (e), because all participants except for 3 had 100% compliance in both placebo and active phases and are all encom-
passed in one gray line. P values for meal contents of energy, sodium and potassium were based on paired t test; P values for compliance of
meal plan and supplements were based on paired Wilcoxon test. Kþ, potassium; Naþ, sodium.
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participants reported compliance that was <80%
(Supplementary Spreadsheet S2). These included sub-
ject #13 who reported low meal plan compliance (68%)
in the placebo phase, subject #16 who reported low
meal plan compliance (w70%) through the trial, sub-
ject #23 who reported both low meal plan (77%) and
supplement (75%) compliance in the active phase and
subject #27 who reported low meal plan compliance
(71%) in the active phase.

Urinary Response

Among the 28 participants, supplementary KCl
administration (vs. placebo) in the active phase was
associated with higher median levels of urinary Kþ (124
[30–165] vs. 63 [31–95] mmol/24h) and plasma Kþ (4.4
[3.9–5.0] vs. 4.1 [3.4–5.2] mmol/l, P < 0.01) (Figure 3a
and c). However, in several participants (including 3
who reported low dietary compliance), urinary Kþ in
the active phase did not response to supplemental KCl
administration and urinary Naþ did not match the
prescribed amount (Figure 3a and b), suggesting that
the actual meal plan or supplement intake did not align
with self-reported compliance in some of the partici-
pants. In subject #16, the low reported meal plan
compliance was associated with low urinary Naþ

(active: 29 and placebo: 55 mmol/24 h); the similarity of
urinary Kþ between active (30 mmol/24 h) and placebo
(31 mmol/24 h) phases despite the self-reported 100%
compliance rates for supplement (placebo or Span-K)
intake indicated that the self-reported supplements
Kidney International Reports (2023) 8, 1201–1212
compliance did not align with actual intake. In subject
#23, the low reported meal plan and supplements
compliance in the active phases resulted in lower uri-
nary Kþ level (57 mmol/24 h) compared with placebo
(83 mmol/24 h). In subject #27, the low meal plan
compliance in the active phase led to less urinary Naþ

excretion in both active (43 mmol/24 h) and placebo
(56 mmol/24 h) phases. In subject #11, urinary Kþ

excretion did not change during the active phase (69
mmol/24 h) compared with the run-in phase (72 mmol/
24 h) and was only slightly higher than placebo
(48 mmol/24 h), even though supplements compliance
was 100% through the trial. In subject #21, urinary
Naþ was inexplicably very high (401 mmol/24 h) in the
placebo phase, which was double that in the active
phases. Therefore, we excluded the data from these 5
participants who did not meet urinary Naþ and Kþ

response requirements in analyses of biochemical fea-
tures and BP.

uEV Characterization

Among the 28 participants, urine samples collected
from 3 participants (subject #19, #20, and #22) were
insufficient (<25 ml) for uEV isolation; therefore, uEV
analysis was performed in a total of 25 (18 females and
7 males) participants. The diameter of the particles of
uEV pool ranged overall from 150 to 487 nm, with
mode particle size of 155 nm (Supplementary
Figure S2). Detection of at least 2 EV-enriched pro-
teins (ALIX, TSG101, or CD9) in each sample was
1205



Figure 3. Urine and plasma responses during interventions among 28 participants. (a) 24-h urinary potassium, (b) 24-h urinary sodium, (c)
plasma potassium level. The nonaxial horizontal dashed lines in (a) denote the target values of 24-h urinary potassium in the placebo (60 mmol)
and active (132 mmol) phases; the nonaxial horizontal dashed line in (b) denotes the target value of 24-h urinary sodium (200 mmol) during
interventions; the gray lines in (a) and (b) connect the values in each phase from the same participants. P values were based on paired
Wilcoxon test. Kþ, potassium; Naþ, sodium.
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considered an indicator of successful uEV isolation.
uEVs were successfully isolated from 24 participants
(excluding subject #28) in the run-in phase, 25 par-
ticipants in the active and 23 (excluding subject #14
and #27) in the placebo phase (Supplementary
Table S2). Of the 23 (17 females and 6 males)
included in biochemical analyses, 20 provided suffi-
cient urine for uEV isolation, but in 1 subject, uEVs
were not successfully isolated from placebo phase urine
(subject #14), and in another (subject #18) NCC and
pT60-NCC were not detected in placebo phase uEVs
(Supplementary Figure S3 and Supplementary
Table S2). Therefore, the remaining 18 participants
(14 females and 4 males) were included in subsequent
analyses.

Changes in Biochemistry and BP

Among the 18 participants (14 females and 4 males),
supplementary KCl administration compared with pla-
cebo was associated with higher levels of plasma Kþ

(4.4 [3.9–5.0] vs. 4.0 [3.9–4.5], P < 0.001) and 24-hour
urinary excretion of Kþ (129 [96–164] vs. 61 [42–92],
P < 0.00001), Cl� (200 [139–309] vs. 157 [96–268],
P < 0.001), and aldosterone (35 [13–83] vs. 22 [6–63],
P < 0.01) (Table 2). There were no significant differ-
ences in plasma levels of aldosterone, renin,
aldosterone-to-renin ratio, Naþ, Cl�, and bicarbonate;
and estimated glomerular filtration rate, creatinine
clearance, ambulatory BPs, and 24-hour urine volume
and Naþ were not significantly different between
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interventions (Table 2). Compared with males (Table 2),
supplemental KCl administration in female participants
led to greater increases in plasma Kþ (0.5 [�0.1 to 0.8]
vs. 0.2 [0–0.5] mmol/l) whereas changes in urine Kþ

excretion remained similar (69 [45–102] vs. 62 [10–92]
mmol/24 h), even though the meal plan contents of Kþ

were slightly lower for females than for males during
interventions, and no significant difference was
detected in self-reported dietary compliance between
male and female participants.

Supplementary KCl Reduced NCC and pNCC in

uEVs

uEV levels of NCC (fold change[active/placebo] ¼ 0.74, P <
0.01) and pT60-NCC (fold change[active/placebo] ¼ 0.81,
P < 0.05) were significantly lower in the active phase
than in the placebo phase, whereas the ratio of pT60-
NCC/NCC (fold change[active/placebo] ¼ 1.09, not signifi-
cant) remained unchanged (Figure 4a–c). In an attempt
to link the reduction in uEV NCC and pNCC in the
active phase to the switch mechanism, we assessed
phosphorylated STE20/SPS1-related proline/alanine-
rich kinase (pSPAK) in uEVs from 11 participants
who met the analysis inclusion criteria. pSPAK was
detected in 9 participants (Supplementary Table S2).
No apparent change in pSPAK was detected
(Figure 4d), though pNCC strongly and positively
correlated with pSPAK in uEVs (Figure 4f). In the
current study, NCC negatively correlated with plasma
Kþ (R2 ¼ 0.11, P ¼ 0.05) and positively correlated with
Kidney International Reports (2023) 8, 1201–1212



Table 2. Meal plan contents and changes in biochemical features among 18 participants during interventions
Variables Overall (N [ 18) Female (n [ 14, 77.8%) Male (n [ 4, 22.2%) P (female vs. male)

Meal energy, kJ/d

Placebo 7332 [5557–10251] 7198 [5557–8633] 9053 [6641–10251] 0.13

Active 7320 [5246–10251] 7058 [5246–8751] 9053 [6641–10251] 0.10

P (active vs. placebo) 0.52 0.52 1.00

Meal Naþ, mg/d

Placebo 4427 [4216–4781] 4427 [4216–4781] 4458 [4393–4763] 0.63

Active 4427 [4126–4781] 4427 [4126–4781] 4458 [4393–4763] 0.63

P (active vs. placebo) 0.74 0.74 1.00

Meal Kþ, mg/d

Placebo 2241 [1779–2957] 2166 [1779–2492] 2464 [2297–2957] 0.008

Active 2236 [1785–2957] 2146 [1785–2459] 2464 [2297–2957] 0.008

P (active vs. placebo) 0.19 0.19 1.00

Meal plan compliance, %

Placebo 97 [68–100] 95 [68–100] 100 [95–100] 0.07

Active 95 [87–100] 93 [87–100] 99 [95–100] 0.11

P (active vs. placebo) 0.66 0.57 1.00

Supplements compliance, %

Placebo 100 [88–100] 100 [88–100] 100 [100–100] 0.37

Active 100 [100–100] 100 [100–100] 100 [100–100] NaN

P (active vs. placebo) 0.17 0.17 NaN

Plasma aldosterone, pmol/l

Placebo 230 [78–1080] 468 [78–1080] 218 [215–239] 0.72

Active 360 [88–1410] 563 [88–1410] 218 [157–234] 0.08

P (active vs. placebo) 0.47 0.33 0.62

Plasma renin mass, mU/l

Placebo 18.7 [5.2–45.6] 19.3 [5.2–45.6] 16.1 [14.2–32.7] 0.96

Active 18.1 [11.4–97.4] 18.2 [13.3–41.9] 16.8 [11.4–97.4] 0.65

P (active vs. placebo) 0.46 0.67 0.62

Aldosterone/renin, pmol/mU

Placebo 19 [4–42] 22 [4–42] 14 [7–17] 0.20

Active 18 [2–85] 24 [5–85] 13 [2–14] 1.00

P (active vs. placebo) 0.29 0.13 0.27

Plasma Naþ, mmol/l

Placebo 138 [133–143] 138 [133–143] 138 [135–138] 0.45

Active 139 [135–142] 139 [135–142] 139 [137–139] 0.91

P (active vs. placebo) 0.31 0.76 0.27

Plasma Kþ, mmol/l

Placebo 4.0 [3.9–4.5] 4.1 [3.9–4.5] 4.0 [3.9–4.2] 0.66

Active 4.4 [3.9–5.0] 4.4 [4.0–5.0] 4.2 [3.9–4.7] 0.18

P (active vs. placebo) 0.00086 0.0032 0.17

Plasma Cl�, mmol/l

Placebo 105 [101–112] 106 [102–112] 103 [101–105] 0.05

Active 105 [102–111] 107 [102–111] 104 [103–105] 0.16

P (active vs. placebo) 0.19 0.42 0.42

Plasma HCO3
-, mmol/l

Placebo 25 [23–29] 24 [23–29] 26 [26–27] 0.12

Active 26 [23–28] 26 [23–28] 27 [24–27] 0.74

P (active vs. placebo) 0.44 0.31 1.0

eGFR, ml/min per 1.73 m2

Placebo 95 [67–115] 83 [67–115] 102 [101–106] 0.23

Active 93 [62–117] 82 [62–117] 105 [98–113] 0.08

P (active vs. placebo) 0.30 0.17 0.62

ClCr, ml/min

Placebo 107 [64–150] 103 [64–150] 126 [109–135] 0.08

Active 108 [60–158] 107 [60–158] 132 [106–151] 0.10

P (active vs. placebo) 0.83 0.36 0.62

Ambulatory SBP, mm Hg

Placebo 122 [104–149] 121 [104–149] 130 [110–139] 0.56

Active 124 [106–149] 122 [106–149] 132 [112–136] 0.34

(Continued on following page)
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Table 2. (Continued) Meal plan contents and changes in biochemical features among 18 participants during interventions
Variables Overall (N [ 18) Female (n [ 14, 77.8%) Male (n [ 4, 22.2%) P (female vs. male)

P (active vs. placebo) 0.69 0.65 1.0

Ambulatory DBP, mm Hg

Placebo 74 [66–91] 74 [69–91] 79 [66–87] 0.39

Active 75 [66–86] 74 [67–86] 80 [66–85] 0.49

P (active vs. placebo) 0.80 0.86 1.0

Urine volume, ml/24 h

Placebo 2188 [900–3950] 2188 [900–3950] 2626 [1130–3778] 0.88

Active 2221 [1027–4099] 2390 [1027–3776] 1878 [1523–4099] 0.80

P (active vs. placebo) 0.67 0.81 0.88

Urine creatinine, mmol/24 h

Placebo 11.5 [8.7–20.0] 10.6 [8.7–19.1] 18.0 [14.7–20.0] 0.20

Active 11.5 [8.5–19.7] 10.7 [8.5–18.1] 16.5 [13.9–19.7] 0.08

P (active vs. placebo) 0.97 0.83 1.0

Urine Naþ, mmol/24 h

Placebo 168 [89–251] 165 [89–251] 178 [133–224] 0.38

Active 143 [55–260] 143 [55–236] 143 [116–260] 0.72

P (active vs. placebo) 0.18 0.27 0.62

Urine Kþ, mmol/24 h

Placebo 61 [42–92] 61 [42–82] 63 [50–92] 0.80

Active 129 [96–164] 129 [96–164] 123 [102–144] 0.44

P (active vs. placebo) 7.6E-06 0.00012 0.12

Urine aldosterone, nmol/24 h

Placebo 22 [6–63] 17 [6–63] 33 [19–37] 0.23

Active 35 [13–83] 25 [13–83] 55 [38–70] 0.13

P (active vs. placebo) 0.0013 0.011 0.12

Urine Cl�, mmol/24 h

Placebo 157 [96–268] 157 [96–268] 151 [108–208] 0.80

Active 200 [139–309] 200 [139–309] 195 [152–282] 0.88

P (active vs. placebo) 0.00014 0.00024 0.25

Cl�, chloride; ClCr, creatinine clearance estimated using the Cockcroft-Gault equation; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate using the CKD-EPI (CKD-
EPI, Chronic Kidney Disease Epidemiology Collaboration) equation; HCO3

-, bicarbonate; Kþ, potassium; Meal energy, average daily energy content; Meal Kþ, average daily potassium
content; Meal Naþ, average daily sodium content; Meal plan compliance, self-reported average across the components of compliance for all; Naþ, sodium; NaN, not a number; P (active
vs. placebo), for comparisons in meal energy, Naþ and Kþ; P (female vs. male), P values based on unpaired Wilcoxon test; P values based on paired t-test, other P values based on
paired Wilcoxon test; SBP, systolic blood pressure.
Data present in median [range].
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daytime ambulatory diastolic BP (R2 ¼ 0.11, P < 0.05).
(Figure 4g–h)

Sex differences in uEV NCC and pNCC levels are
listed in Table 3. NCC reduction remained significant
in both females and males, but the significance of
pNCC reduction disappeared in both probably
because of reduced sample size. After separating fe-
males into 2 groups according to menopausal status,
NCC reduction remained significant among post-
menopausal females. Compared with premenopausal
females, supplemental KCl administration among
postmenopausal females led to a greater decrease in
NCC, with significantly less uEV NCC in the active
phase. Compared with males, females had relatively
less uEV NCC and pNCC and postmenopausal females
showed significantly less uEV NCC across both
intervention phases.
DISCUSSION

A “renal-K switch” mechanism has been established in
rodent models and demonstrates that a low Kþ intake
1208
acts as a trigger that switches the distal tubule to a state
focusing on Kþ retention at the expense of sodium
reabsorption.17-19,30 This mechanism involves activa-
tion (phosphorylation) of NCC in the distal convoluted
tubule in response to low Kþ intake and suppression
(dephosphorylation) with a high Kþ intake. As a first
step to establishing a similar mechanism in humans, the
current study examined NCC abundance and phos-
phorylation in uEVs of healthy adults on a high Naþ

diet in response to alterations in Kþ intake. Our major
findings are that there is a fall in uEV NCC and pNCC in
response to oral KCl supplementation and a positive
correlation between uEV pNCC and pSPAK, providing
evidence to support that there is a functional “renal-K
switch” in healthy human subjects. Our findings on
NCC and pNCC in humans are consistent with those of a
previously reported mice study.18 The unchanged
pNCC-to-NCC ratio may be because by the time the
measurements were complete, the participants were
likely already in sodium and potassium balance. It
might be next to impossible to pick up small transient
effects of NCC dephosphorylation with the KCl
Kidney International Reports (2023) 8, 1201–1212



Figure 4. Changes in and correlations between uEV proteins. (a)–(c), changes in relative abundances of uEV NCC, pNCC and the ratio of pNCC-
to-NCC among 18 participants, (d) change in relative abundance of uEV pSPAK among 9 participants; (e)–(f) correlations of uEV pSPAK with uEV
NCC and pNCC during interventions among 9 participants, (g)–(h) NCC correlations with daytime DBP and plasma Kþ among 18 participants. The
gray lines in (a)–(d) connect the values in each phase from the same participants; P values in (a)–(d) were based on paired t test; Pearson
correlation analyses were assessed in (e)–(h). NCC, sodium chloride cotransporter; pNCC, phosphorylated sodium chloride cotransporter;
pSPAK, phosphorylated STE20/SPS1-related proline/alanine-rich kinase; uEV, urinary extracellular vesicle.
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supplementation. Overall, the pNCC reduced in
response to KCl supplementation, and although the
pNCC-to-NCC ratio did not change, the degree of
reduction in pNCC was similar to that in total NCC.
Table 3. Sex difference in uEV NCC and pNCC measured by immunoblott

Proteins

Female

All females
(N [ 14, 77.8%)

Premenopausal
(n [ 8, 57.1%)

Postmenopausal
(n [ 6, 42.9%)

P (premenopausa
postmenopaus

NCC

Placebo 1.12 [0.2, 5.2] 1.3 [0.7, 5.2] 0.8 [0.2, 1.8] 0.094

Active 0.9 [0.1, 1.7] 1.2 [0.6, 1.7] 0.5 [0.1, 1.4] 0.035

P (active vs.
placebo)

0.03 0.32 0.018

pNCC

Placebo 1.0 [0.4, 6.7] 1.3 [0.4, 6.7] 0.7 [0.4, 2.5] 0.43

Active 1.1 [0.2, 2.0] 1.2 [0.5, 1.4] 0.7 [0.2, 2.0] 0.35

P (active vs.
placebo)

0.12 0.37 0.077

NCC, sodium chloride cotransporter; pNCC, phosphorylated sodium chloride cotransporter; uE

Kidney International Reports (2023) 8, 1201–1212
Throughout the 3-week trial, the overall self-
reported meal plan compliance was high. This was
assisted by choosing a meal delivery company which
delivers fresh rather than frozen meals, and because of
ing

Males
(N [ 4, 22.2%)

P (female vs.
male)

P (premenopausal
female vs. male)

P (postmenopausal
female vs. male)

l vs.
al)

2.0 [1.1, 2.7] 0.051 0.33 0.03

1.4 [0.8, 1.7] 0.11 0.72 0.03

0.02

2.5 [0.8, 3.3] 0.19 0.37 0.13

1.6 [0.9, 2.3] 0.12 0.25 0.12

0.11

V, urinary extracellular vesicle.
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the embedded breaks (2-day washout) of returning to
usual diet for 2 days between phases. Having a run-in
week was also important because this allowed for
suitable amounts and types of food for the individuals
to be determined.

Considering that this was a study examining mech-
anisms rather than being an intention-to-treat inter-
ventional study, the analyses included participants
whose urinary Naþ and Kþ changes were concordant
with the prescribed meals and KCl or placebo supple-
ments. Among the included 18 participants, 5 days of
supplementary KCl (72 mmol per day, compared with 5
days of placebo) administration was associated with
higher levels of plasma Kþ and urinary Kþ, Cl�, and
aldosterone, but it did not cause significant rises in
plasma aldosterone or suppress plasma renin concen-
tration. These may infer that KCl supplementation
during a high Naþ diet directly stimulates the zona
glomerulosa, causing angiotensin II-independent aldo-
sterone secretion to promote renal excretion of the
excess Kþ load rather than reabsorb Naþ. The greater
change of plasma Kþ in response to KCl supplementa-
tion in females compared with males may be due to low
NCC in females at baseline, but more male participants
are required to confirm this.

Increased dietary Kþ can cause a natriuretic
response.31,32 In the current study, supplementary KCl
administration did not cause significant natriuresis, but
an unexpected antinatriuresis. The phenomenon of Kþ-
induced natriuresis has been linked to the reduction in
NCC activity with high Kþ intake and greater delivery
of Naþ to downstream segments. However, it may be
that the reduction in NCC in the current study was not
sufficient to cause natriuresis, and concurrent inhibi-
tion of Naþ transport in the proximal tubule and loop
of Henle is required.33–35 Furthermore, in mice there is
a biphasic response to high Kþ loading which is char-
acterized by an initial natriuresis and kaliuresis over an
initial 3-hour period, followed by a sustained kaliu-
resis. These functional changes were accompanied by a
rapid and sustained dephosphorylation of NCC and a
late up-regulation of proteolytically activated epithelial
sodium channel.36 Therefore, inactivation of NCC in the
acute setting may be counterbalanced in the long run
by a compensatory response by the epithelial sodium
channel that prevents chronic renal Naþ loss. This
biphasic response may also exist in humans too, but
during our trial we only collected urine from day 5 to 6
of each phase and therefore, any initial natriuresis after
the KCl supplementation may have been missed.
Although unexpected, the observed antinatriuresis
may be due to raised aldosterone secretion. In the
current study, plasma aldosterone increased (albeit not
statistically significantly) from 230 to 360 pmol/l in the
1210
active phase, and the urine aldosterone excretion
increased significantly from 22 to 35 nmol/day in the
active phase. Urinary aldosterone quantifies only part
of aldosterone secretion, but it is a reliable index of
aldosterone secretion in the absence of severe renal
dysfunction. The raised urinary aldosterone in the
active phase indicates an increase in aldosterone
secretion, which, by acting on the aldosterone-sensitive
distal nephron, may help to explain the overall reduced
Naþ excretion. Assessing the effects of thiazide after
each intervention to quantify the functional shift in
NCC activity triggered by KCl supplementation would
have provided further insights.

BP-lowering effects of dietary Kþ have been
observed in multiple experimental and clinical studies,
and various observational and interventional studies
have shown an inverse correlation of Kþ intake with BP
in normotensive adults.37,38 Here, no significant
changes in 24-hour ambulatory BP monitoring were
observed between the 2 interventions, which is similar
to some other studies that have not detected BP-
lowering effects of Kþ in healthy or normotensive in-
dividuals.39,40 The lack of a detectable effect on BP here
may relate to the short duration (5 days) of the inter-
vention, the small number of included participants
(study was not powered to study effects on BP) and/or
the lack of significant natriuresis.41

A limitation of the current study is that the placebo
(which was delivered in capsules) was distinguishable
in appearance from the Span-K tablets (which were too
large to be inserted into capsules), leading to the po-
tential for partial unblinding of participants. However,
blinding of the research team was maintained because
randomization occurred at the pharmacy dispense
point. Another limitation is that the current study
included a relatively small number of participants and
was not powered to detect changes in BP. Furthermore,
the results of the current study were obtained mainly
from women (>70%), so a study to confirm the
mechanism in healthy men is needed. In addition, the
median age of women in this study was twice that of
men. Sex-related and age-related nephron mass differ-
ences may be responsible for the sex- and menopause-
related differences in uEV NCC and pNCC.42

In conclusion, the abundance and phosphorylation of
NCC in the uEVs of healthy adults on a high Naþ diet
was reduced in response to supplementary Kþ intake.
The reduced NCC supports the validity of the “renal-K
switch” in humans and provides further support that
dietary Kþ interventions are a viable option to lower BP.
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