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ABSTRACT
Aim: Using urinary extracellular vesicles (uEVs), we have demonstrated the functional ‘renal-K switch’ mechanism (the WNK-
SPAK-NCC pathway) in both healthy subjects and those with primary aldosteronism. The close relationship between blood 
pressure and CKD has led to the hypothesis that high potassium intake may be reno-protective through the same mechanism. 
This study used uEVs to evaluate whether plasma potassium negatively correlates with NCC and its phosphorylation (pNCC) in 
patients with CKD.
Methods: Morning blood and second morning urine were collected on a single occasion between 8 and 11 AM from patients 
with various CKD stages. Plasma potassium levels were assessed by a local pathology laboratory. uEVs were obtained by progres-
sive ultracentrifugation, and NCC and pNCC were analysed by western blotting.
Results: Correlation analyses among 23 patients with CKD revealed the abundance of NCC (R2 = 0.46, p = 0.0003) and pNCC 
(R2 = 0.30, p = 0.0067) strongly and negatively correlate with plasma potassium. The negative correlations persist among 18 pa-
tients who did not receive SGLT2 inhibitors or K-binders (NCC: R2 = 0.5, p = 0.002; pNCC: R2 = 0.30, p = 0.03) and the negative 
trends remain among 5 patients who received either SGLT2 inhibitors or K-binders (NCC: R2 = 0.64, p = 0.11; pNCC: R2 = 0.42, 
p = 0.24).
Conclusion: In patients with CKD, there are negative correlations between NCC and pNCC in uEVs and plasma potassium, 
which appear independent of eGFR. This suggests that the mechanism at play is distinct from the overall kidney function, and 
potassium supplement within a safe level may assist in natriuresis and improve cardiovascular outcomes.
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1   |   Introduction

Hypertension is a leading cause of chronic kidney disease (CKD) 
due to the deleterious effect of elevated blood pressure on the 
kidney vasculature. In turn, CKD is a major risk factor for hy-
pertension and cardiovascular disease. Potassium (K+) often 
has negative implications in the setting of kidney dysfunction 
as patients with CKD are prone to develop hyperkalaemia. This 
drives recommendations for dietary K+ restriction, diuretics 
and/or K+ binders to lower plasma K+ in patients with moderate 
and severe CKD [1]. However, low dietary K+ intake (below 1.5 g 
per day) has been associated with an elevation in blood pressure 
and an increased risk of stroke in populations previously experi-
encing cardiovascular events [2–4].

Recent evidence has highlighted that dietary potassium exerts a 
critical influence on sodium reabsorption and blood pressure reg-
ulation [5]. Specifically, low dietary potassium intake has been 
associated with increased phosphorylation and abundance of the 
thiazide-sensitive cotransporter (NCC) via the chloride-sensitive 
with no lysine kinase (WNK)-Ste20-related proline-alanine-rich 
kinase (SPAK) network in the distal convoluted tubule [6, 7], 
resulting in increased sodium retention, extracellular fluid ex-
pansion, and elevated blood pressure. In contrast, high dietary 
potassium intake suppresses NCC activity and under certain con-
ditions, promotes natriuresis and a reduction in blood pressure. 
This ‘renal-K switch’ mechanism not only provides a novel expla-
nation for the inverse relationship between dietary potassium and 
blood pressure but also underpins the potential reno-protective 
benefits of optimising K+ consumption in CKD patients.

Epidemiological studies and clinical trials have demonstrated 
that high dietary potassium levels are linked with a lower in-
cidence of cardiovascular events, for example, stroke [8–11], 
suggesting that adequate potassium intake may mitigate the 
cardiovascular risk in CKD. Emerging data in early-stage CKD 
indicate that higher urinary K+ excretion, as a proxy for higher 
dietary K+ intake, is associated with better kidney outcomes 
[12–18]. A recent clinical trial demonstrated the feasibility of 
moderate K+ supplementation to blunt CKD progression [19]. 
However, a thorough exploration of these mechanisms in CKD 
remains limited.

Urinary extracellular vesicles (uEVs) are a non-invasive source 
and a reliable tool to identify potential biomarkers to mirror 
molecular processes and physiological and pathological condi-
tions in the kidney and other urinary tract tissues [20]. Human 
uEVs have recently been used as a readout to assess the inhibi-
tory effect of potassium on NCC in health and in patients with 
primary aldosteronism [21, 22]. To assess the relevance of the 
switch mechanism in patients with CKD, we conducted a cross-
sectional observational study using uEVs to determine the as-
sociation between plasma K+ levels and NCC abundance and 
phosphorylation.

2   |   Materials and Methods

This study was conducted at the University of Queensland 
Endocrine Hypertension Research Centre (EHRC) and The 

Princess Alexandra Hospital (PAH) Department of Kidney 
Services from May 2022 to November 2023 in Brisbane, 
Australia. Ethical approval was granted by the Metro South 
Human Research Ethics Committee (HREC/18/QPAH/103).

2.1   |   Patient Selection and CKD Staging

Patients with CKD at all stages and who had two kidneys 
were invited to participate. Patients were included if they 
had a confirmed diagnosis of CKD as defined by the KDIGO 
guidelines, exhibited stable renal function for at least 3 months 
prior to enrolment, and provided informed consent. Exclusion 
criteria were established to minimise confounding factors, 
including the presence of acute kidney injury, active infec-
tions, recent hospitalisation, prior kidney transplantation or 
concurrent participation in other intervention studies. These 
criteria were set to ensure that the cohort was representative 
of a stable CKD population. CKD stages were classified using 
estimated glomerular filtration rate (eGFR, measured by the 
Chronic Kidney Disease Epidemiology Collaboration [CKD-
EPI] equation).

2.2   |   Sample Collection and Measurements

Morning blood was collected from 8 to 11 AM for measuring 
plasma aldosterone, plasma direct renin, urea and electrolyte 
concentrations. Second morning urine was collected immedi-
ately after the blood draw for uEV isolation and measurements 
of spot urine creatinine, total protein and neutrophil gelatinase-
associated lipocalin (NGAL). Measurements on blood were per-
formed by the Pathology Queensland Laboratory immediately 
after collection was completed. Plasma aldosterone was deter-
mined by LC–MS/MS [23], and direct renin concentration was 
measured using a chemiluminescent immunoassay [24]. Spot 
urine creatinine (EIACUN, Invitrogen, USA), total protein 
(QuantiChrom, BioAssay Systems, USA) and NGAL (DuoSet 
ELISA, R&D Systems, USA) were measured in the EHRC 
and Centre for Kidney Disease Research laboratories using 
assay kits.

2.3   |   uEV Isolation and Characterisation

Second morning urine samples were immediately treated with 
protease inhibitors (cOmplete EDTA-free, Roche, Switzerland) 
and phosphatase inhibitors (Sigma Aldrich, USA) before ali-
quoting and freezing at −80°C. uEVs were isolated using pro-
gressive ultracentrifugation techniques with dithiothreitol 
treatment as previously described [25]. uEV pellets were resus-
pended in 1× phosphate buffered saline (PBS) containing 0.1% 
v/v sodium dodecyl sulfate (SDS), followed by on-ice sonicating 
on a Bioruptor with approximately 5–10 cycles at 50% power 
(10 s on/off) and 10 min centrifugation at 17000 ×g to pellet in-
soluble residues. Total protein concentration of the obtained su-
pernatant was measured by NanoDrop Lite Spectrophotometer 
(Thermo Fisher Scientific, USA). uEVs were characterised by 
Zetasizer size distribution using two uEV pool samples (each 
pool sample containing 1 uL of uEV resuspension from each of 
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26 participants' uEV samples) and by the presence of EV marker 
proteins (ALIX [ALG-2-Interacting Protein X] and TSG101 
[Tumour Susceptibility Gene 101 Protein]) by western blotting 
for all participants.

2.4   |   Western Blotting

Precast SDS-PAGE TGX midi gels (4%–15%, Bio-Rad, USA) 
were used. Each well of the gel was loaded with a uEV suspen-
sion containing 10 μg of total protein, sample buffer and re-
ducing agent. Blot transfer was performed using the Bio-Rad 
Turbo transfer system, followed by blocking with 5% bovine 
serum albumin (A3858, Sigma-Aldrich, USA) before over-
night 4°C incubation with the following primary antibodies: 
rabbit anti-NCC (1/1000; AB3553, Merck Millipore, Germany), 
rabbit anti-T60pNCC (1/2500) [26], rabbit anti-ALIX (1/2000; 
ABC40, Merck Millipore, Germany) or rabbit anti-TSG101 
(1/2000; MASBC649, Merck Millipore, Germany). HRP-
conjugated goat anti-rabbit IgG antibody (12–348, Merck 
Millipore, Germany) was used as the secondary antibody at a 
1/20000 dilution for luminol-based enhanced chemilumines-
cence (1 705 061, Bio-Rad, USA) before exposure to configure 
signal accumulation mode using a Bio-Rad ChemiDoc XRS+ 
Imager on configure signal accumulation mode with Image 
Lab software. Images that did not exceed saturation were ex-
ported for analysis.

2.5   |   Statistical Analyses

Calculations were processed with R (version 4.4.2) [27]. Protein 
abundance was analysed by ImageJ; relative protein abundance 
was determined by dividing the protein band intensity by the 
sum abundance of 2 EV markers (ALIX+TSG101). Unpaired 
Wilcoxon tests were performed to compare the sex differences 
of biochemical features and the log10-transformed relative pro-
tein abundance. One-way Analysis of Variance (ANOVA) with 
Tukey's Honestly Significant Difference (HSD) was used to 
compare NCC and pNCC at difference stages (G1–G5) of CKD. 
Pearson's correlation was assessed between log10-transformed 
relative protein abundance and biochemical parameters (in-
cluding plasma levels of K+, Na+, Cl−, bicarbonate, aldosterone, 
renin, aldosterone-to-renin ratio). A p < 0.05 was considered 
significant. Data are presented as median [range], unless stated 
otherwise.

3   |   Results

3.1   |   Recruitment and Participants' 
Characteristics

A total of 26 patients consented and provided blood and suffi-
cient urine samples for uEV isolation. The diameter of the par-
ticles of the uEV pool ranged overall from 181.2 to 208.8 nm 
(Table  1). uEVs were successfully isolated (both ALIX and 
TSG101 were detected) from 23 participants (Figure 1a), all of 
whom were included in the analyses. Participants' characteris-
tics are summarised in Table 2. Briefly, participants' median age 
was 60 [29, 83] (median [range]) years old, with the median body 
mass index 29.3 [20.8, 46.7] kg/m2, median blood pressure 133 
[105, 160]/77 [50, 110] mmHg, median eGFR 35 [13, 101] and 
median creatinine clearance 41 [18, 169] mL/min. Among the 23 
[8 females/5 males], 19 participants were on renin-angiotensin-
aldosterone system (RAAS) inhibitors, 2 on mineralocorticoid 
receptor (MR) antagonists, 7 on diuretics, 4 on sodium-glucose 
cotransporter-2 (SGLT2) inhibitors and 1 on a K+-binder. There 
were two participants receiving potassium tablets during sam-
ple collection, with one on KCl who had been diagnosed with 
primary aldosteronism and one on K-citrate. No apparent dif-
ferences in age, eGFR and creatinine clearance were detected 
between males and females.

3.2   |   Morning Blood and Urine Biochemistry

At sampling, plasma levels of K+ (4.7 [3.3, 5.6] mmol/L), Na+ 
(140 [132, 144] mmol/L), Cl− (106 [100, 110] mmol/L), HCO3

− 
(26 [19, 31] mmol/L) and aldosterone-to-renin ratio (4.3 [0.1, 
53.1] pmol/mU) were normal (Table 3). Median random urine 
NGAL was 31.5 [5.3, 1130.0] mg/dL, median urine total protein 
was 43.3 [5.4, 277.5] mg/dL and median urine creatinine was 
72.9 [40.5, 160.7] mg/dL. There was a significant difference in 
total urinary protein between females (22.8 [7.5, 67.1] mg/dL) 
and males (68.8 [5.4, 277.5] mg/dL, p = 0.04). After correction for 
urinary creatinine, this difference became stronger (p = 0.03).

3.3   |   NCC and Its Phosphorylation in uEV 
From CKD

NCC and pNCC were successfully detected in uEVs from 
23 participants with CKD stages from G1–G5 (Figure  1a). 

TABLE 1    |    Zetasizer measured particle size of uEV pool from 26 participants.

Type
Sample 
Name

T 
(°C)

Z-ave 
(d.nm) PdI

Pk 1 mean 
int (d.nm)

Pk 2 mean 
int (d.nm)

Pk 3 mean 
int (d.nm)

Pk 1 
area 

int (%)

Pk 2 
area 

int (%)

Pk 3 
area 

int (%)

Size Pool_1000× 
dilution 1

25 208.8 0.432 115.8 347 5474 51.7 46 2.3

Size Pool_1000× 
dilution 2

25 181.2 0.438 278.8 5109 0 97.7 2.3 0

Note: Duplex pool samples were prepared.
Abbreviations: PdI, polydispersity index; Pk 1 (Pk2, Pk3) area int, mean intensity area; Pk1 (Pk2, Pk3) mean int, Peak 1 (Peak 2, Peak 3) mean intensity diameter; T, 
temperature; Z-average, intensity weighted mean hydrodynamic size.
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FIGURE 1    |    Proteins in urinary extracellular vesicles (uEVs) from participants with chronic kidney disease. (a) Western blotting of uEV levels of 
total NCC, pNCC, ALIX and TSG101; (b–e) changes in abundances of uEV NCC, pNCC, ALIX and TSG101 with stage of CKD; (f and g) changes in 
relative abundances of uEV NCC and pNCC with stage of CKD; (h and i) correlations of relative abundances of uEV NCC and pNCC with eGFR. p 
values in (b–g) were based on one-way ANOVA with Tukey's Honestly Significant Difference (HSD) test between each group; Pearson correlation 
analyses were assessed in (g and h). ALIX, ALG-2-interacting protein X; eGFR, estimated glomerular filtration rate; pNCC, phosphorylated sodium 
chloride cotransporter; Rel.NCC or Rel.pNCC, NCC or pNCC abundance relative to the sum of ALIX and TSG101; (t)NCC, sodium chloride cotrans-
porter; TSG101, tumour susceptibility gene 101 protein.

TABLE 2    |    Participants' characteristics at enrolment.

Variables
Normal range 

in adults Overall (N = 23) Female (N = 8) Male (N = 15)
Wilcoxon test p 

(female vs. male)

Age, year 60.2 [28.9, 83.1] 62.6 [50.5, 83.1] 57.8 [28.9, 79.7] 0.64

Body mass index, kg/m2 18.5–24.9 29.3 [20.8, 46.7] 35.0 [20.8, 46.7] 28.2 [25.1, 36.0] 0.10

Systolic blood pressure, 
mmHg

< 130 133 [105, 160] 130 [110, 149] 134 [105, 160] 0.29

Diastolic blood pressure, 
mmHg

< 90 77 [50, 110] 78 [62, 83] 77 [50, 110] 0.72

eGFR, mL/min per 
1.73 m2

> 60 35 [13, 101] 37 [19, 101] 27 [13, 93] 0.29

ClCr, mL/min Male 97–137, 
female 88–128

41 [18, 169] 61 [25, 117] 36 [18, 169] 0.36

Note: Data are presented in median [range].
Abbreviations: ClCr, creatinine clearance estimated using the Cockcroft-Gault equation; eGFR, estimated glomerular filtration rate using the CKD-EPI (Chronic 
Kidney Disease Epidemiology Collaboration) equation.
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Participants with CKD stage G5 showed relatively lower lev-
els of NCC and pNCC compared to participants with CKD 
stages G1–G4, but similar trends were also observed in uEV 
markers ALIX and TSG101. After correcting uEV NCC and 
pNCC to uEV markers, the differences between CKD stage G5 
and stages G1–4 disappeared (Figure 1b–g). Consistent with 
these observations, there was no correlation between the rel-
ative abundances of NCC and pNCC with eGFR (Figure 1h,i). 
Levels of NCC tended to be higher (p = 0.06) and levels of 
pNCC were significantly higher (p = 0.0015) in females than 
in males with CKD (Figure 2a,b).

3.4   |   NCC and pNCC Negatively Correlates With 
Plasma K+ in Patients With CKD

Plasma K+ strongly and negatively correlated with NCC 
(R2 = 0.46, p = 0.0004) and pNCC (R2 = 0.30, p = 0.007) 
(Figure  2c,d). Patients with CKD sometimes receive medica-
tions that prevent hyperkalaemia, such as SGLT2 inhibitors 

through compensatory mechanisms and K-binders through di-
rect binding of potassium in the gut to facilitate excretion. We 
then divided patients into two groups: those who did not receive 
the medications and those who did. The negative correlations 
persisted among those who did not receive SGLT2 inhibitors or 
K-binders (NCC: R2 = 0.5, p = 0.002; pNCC: R2 = 0.30, p = 0.03). 
Although there were only five patients who received either 
an SGLT2 inhibitor or K-binders (NCC: R2 = 0.64, p = 0.011; 
pNCC: R2 = 0.42, p = 0.24) (Figure 2g,h), the negative trend re-
mained (NCC: R2 = 0.41, p = 0.004; pNCC: R2 = 0.25, p = 0.036) 
(Figure 2e,f). No apparent correlation between NCC or pNCC 
and plasma aldosterone or urine levels of total protein or NGAL 
was observed (Figure 3).

4   |   Discussion

We had hypothesised that a functional ‘renal-K switch’ exists 
in patients with CKD. Our study reveals inverse correlations 
between NCC abundance and phosphorylation and plasma K+ 

TABLE 3    |    Participants' blood and urine biochemistry at sampling.

Morning blood 
and urine 
variables

Normal range 
in adults Overall (N = 23) Female (N = 8) Male (N = 15)

Wilcoxon 
test p (female 

vs. male)

Plasma K+, mmol/L 3.5–5.2 4.7 [3.3, 5.6] 4.6 [4, 5.5] 4.7 [3.3, 5.6] 0.87

Plasma aldosterone, 
pmol/L

Adult
Ambulatory: 

30–800 pmol/L; 
Supine:0–400 pmol/L

176 [29, 1020] 180 [137, 866] 137 [29, 1020] 0.24

Plasma renin, mU/L Adult
Ambulatory: 
3–40 mU/L;

Supine 2–29 mU/L

42.9 [7.8, 1510] 46.6 [16.6, 280.6] 42.9 [7.8, 1510] 0.87

Plasma aldosterone/
renin, pmol/mU

< 55 4.3 [0.1, 53.1] 6.2 [0.5, 39.4] 3.7 [0.1, 53.1] 0.59

Plasma Na+, 
mmol/L

135–145 mmol/L 140 [132, 144] 140 [135, 143] 141 [132, 144] 0.62

Plasma Cl−, 
mmol/L

95–110 mmol/L 106 [100, 110] 106 [102, 110] 107 [100, 110] 0.74

Plasma HCO3
− 22–32 mmol/L 26 [19, 31] 26 [21, 29] 26 [19, 31] 0.77

Urine NGAL, ng/
mL

31.5 [5.3, 1130.0] 35.5 [9.3, 70.5] 27.8 [5.3, 1130.0] 0.64

Urine protein, mg/
dL

43.3 [5.4, 277.5] 22.8 [7.5, 67.1] 68.8 [5.4, 277.5] 0.04

Urine creatinine, 
mg/dL

72.9 [40.5, 160.7] 75.5 [41.2, 144.92] 72.9 [40.5, 160.7] 0.93

Urine NGAL/
creatinine, ng/mg

0.34 [0.04, 14.79] 0.35 [0.17, 1.21] 0.33 [0.04, 14.79] 0.73

Urine protein/
creatinine ratio, 
mg/mg

0.68 [0.04, 4.04] 0.35 [0.06, 0.80] 0.82 [0.04, 4.04] 0.03

Note: Data are presented in median [range].
Abbreviations: Cl−, chloride; HCO3

−, bicarbonate; K+, potassium; Na+, sodium; NGAL, neutrophil gelatinase-associated lipocalin.
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FIGURE 2    |    Differences in and correlations of NCC and pNCC. (a and b), differences in relative abundances of NCC and pNCC between females 
and males; (c and d), negative correlations of plasma K+ with relative abundances of NCC and pNCC in uEVs; (e and f), negative correlations of plas-
ma K+ with relative abundances of NCC and pNCC among those who did not receive SGLT2 inhibitors or K-binders; (g and h), correlations of plasma 
K+ with relative abundance of NCC and pNCC in patients who received SGLT2 inhibitors or K-binders.

FIGURE 3    |    Correlations of plasma and urine parameters with NCC and pNCC. Correlations of NCC and pNCC with plasma aldosterone (a and b), 
plasma Cl− (c and d), plasma HCO3

− (e and f), urine total protein (g and h) and urine NGAL (i and j). Aldo, aldosterone; Cl−, chloride; HCO3
−, bicar-

bonate; NGAL, neutrophil gelatinase-associated lipocalin; Rel.NCC or Rel.pNCC, NCC or pNCC abundance relative to the sum of ALIX and TSG101.
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levels in patients with CKD, and these correlations appear inde-
pendent of eGFR, indicating that the mechanism at play is likely 
distinct from the overall kidney filtration function.

In patients with CKD, kidney function and potassium handling 
are closely intertwined. While the kidneys typically maintain 
potassium balance in CKD until the GFR drops below 10 mL/
min/1.73m2 or in cases of hypoaldosteronism or secretory de-
fects [28], it is widely recognised that impaired kidney function 
as CKD progresses can disrupt normal potassium handling 
[29, 30]. Our data reveal that, although all trends are not signif-
icant, the levels of NCC and pNCC are relatively similar across 
CKD stages 1 to 3, with stages 2 and 3 even exhibiting higher 
levels than stages 1, 4 and 5 (Figure 1b,c). This suggests that in 
intermediate stages of CKD, compensatory mechanisms may 
upregulate NCC expression and phosphorylation, potentially as 
a response to altered electrolyte dynamics. It was initially hy-
pothesised that reductions in NCC and pNCC with increased 
CKD stage might be attributable to altered uEV excretion, as 
uEV markers were expected to decline with worsening kidney 
damage [31]. Our observations reveal that ALIX levels remain 
consistent across CKD stages 1 to 4, but TSG101 levels decrease 
with CKD progression (Figure  1d,e). Emerging evidence sug-
gests that uEV markers may be differentially regulated in the 
context of CKD [32]. The reason for these differences is unclear, 
but there are reports showing that TSG101 might be exosome-
specific [33], and that the ALIX presents on exosomes and mi-
crovesicles [34]. After correction of NCC and pNCC to ALIX and 
TSG101, the trends toward decreased NCC and pNCC with CKD 
stage disappeared, with corrected levels being similar across 
all stages, and no correlations were detected between corrected 
levels of NCC and eGFR (Figure 1). These findings imply that 
NCC abundance and phosphorylation in CKD patients are more 
strongly influenced by local regulatory mechanisms, such as 
K+-dependent modulation in the distal convoluted tubule, than 
by global renal function assessed by eGFR.

Our observation of decreased uEV markers ALIX and TSG101 
with CKD stage, although not reaching significance, suggests 
that the reductions in NCC and pNCC may be due to altered uEV 
excretion. As expected, after correction of NCC and pNCC levels 
to uEV markers, the trends toward decreased NCC and pNCC 
with CKD stage disappeared, and no correlations were detected 
between corrected levels of NCC and pNCC with eGFR. This 
suggests that NCC abundance and phosphorylation in CKD pa-
tients are influenced by factors other than the overall filtration 
capacity of the kidneys. Local regulatory mechanisms within 
the distal convoluted tubule, such as K+ dependent regulation 
of NCC, likely play a more critical role in modulating its activity 
than global renal function assessed by eGFR.

The negative association between uEV corrected levels of NCC 
and pNCC with plasma K+ aligns with the ‘renal-K switch’ 
mechanism (WNKs-SPAK-NCC pathway). The independence 
of NCC regulation from eGFR in patients with CKD suggests 
that a high K+ diet that deactivates NCC to increase K+ excre-
tion may be effective regardless of CKD stage, as indicated by 
eGFR. These observations suggest that lower K+ levels are as-
sociated with increased sodium reabsorption, which can con-
tribute to hypertension in CKD patients. Clinically, this finding 

reinforces the importance of adequate dietary potassium intake 
as a modifiable factor to help control blood pressure in this pop-
ulation. By modulating NCC activity, relatively higher K+ intake 
can promote natriuresis, thereby reducing extracellular fluid 
volume and blood pressure. As a result, these data support the 
potential revision of dietary recommendations for CKD patients 
to include moderate potassium supplementation, particularly in 
the early stages of the disease [12–18]. However, in patients with 
late-stage CKD, K+ excretion is significantly impaired, lead-
ing to a risk of hyperkalaemia. It is essential to balance these 
benefits with the risk of hyperkalaemia by carefully monitor-
ing plasma K+ levels and tailoring supplementation to individ-
ual patient profiles. These suggest that a personalised dietary 
approach, potentially incorporating controlled K+ supplemen-
tation along with sodium restriction, could optimise cardiovas-
cular and renal outcomes in CKD.

Sex-related differences in the urine protein-to-creatinine ratio 
and NCC expression and activity were observed in patients with 
CKD. Many studies have attributed sex differences to the influ-
ence of oestrogen. The sex-related difference in random urine 
protein-to-creatinine ratio may reflect the stages of CKD, as 
most females in the current study were in G1–G3, while most 
males were in G4–G5. Oestrogen may protect women against 
cardiovascular and renal diseases before menopause [35, 36]. 
It has been observed that oestrogen restores NCC abundance 
in ovariectomized female rats and stimulates NCC [36–38]. 
However, our female patients were postmenopausal (according 
to age), suggesting that sex- or oestrogen-related differences in 
uEV NCC and pNCC may be minimal. Potassium is now rec-
ognised as the primary regulator of NCC, and the lower levels of 
uEV NCC and pNCC in men may be because the larger muscle 
mass in men is associated with a higher plasma potassium level 
compared to women [39, 40]. However, in the current study, the 
sex difference in plasma K+ was minimal (females: 4.6 [4.5, 5.5] 
vs. males: 4.7 [3.3, 5.6], p = 0.87). Dietary K+ intake may also 
have contributed to these differences.

This study has some limitations. It is important to note that the 
relatively small sample size of 26 patients may limit the statis-
tical power of our study. This limitation increases the risk of 
type II errors, whereby true associations might not be detected, 
and may affect the generalisation of the findings. Therefore, 
while our preliminary results provide insights into the asso-
ciation between plasma K+ and NCC activity in CKD patients, 
these findings should be interpreted with caution. Future stud-
ies with larger patient cohorts are warranted to validate and 
expand upon the results. Moreover, the results were obtained 
mainly from men (> 60%) and sex-related differences in NCC 
activity were observed in our study. While hormonal factors 
may contribute to differential NCC regulation, a significant 
disparity in sample sizes between males and females can lead 
to an inaccurate representation. Such sex-specific variations 
could influence the overall findings, with potential implica-
tions for personalised treatment strategies. Therefore, further 
research is warranted to elucidate the impact of sex on NCC ac-
tivity and response to dietary K+ interventions in CKD patients 
through a larger, more controlled studies that can stratify re-
sults by sex. In addition, the current study is an observational 
study, and most of the participants were on medications that 
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affect RAAS and K+ excretion. Furthermore, because only a 
small number of patients on SGLT2i or K+ binders were re-
cruited, the effects of these medications on the switch mech-
anism are unclear. K+ binders are sometimes used to treat 
chronic hyperkalaemia in patients with CKD and it is possible 
that reducing dietary K+ reabsorption by a K+ binder will im-
pact the ‘switch’ mechanism.

In conclusion, our study demonstrates a negative correlation 
between plasma K+ and both NCC and pNCC in uEVs from 
patients with CKD, suggesting that lower K+ intake may con-
tribute to increased sodium reabsorption and higher blood pres-
sure. These findings enhance our understanding of the ‘renal-K 
switch’ mechanism and its implications for blood pressure reg-
ulation and cardiovascular risk in CKD. Future research should 
include longitudinal studies to assess the long-term effects of 
dietary K+ interventions on CKD progression and cardiovas-
cular health. Studies involving larger and more diverse patient 
populations are needed to further validate the renal-K+ switch 
in CKD patients, including potential sex-specific differences in 
NCC regulation. Such investigations will be critical in develop-
ing personalised dietary strategies to optimise both renal and 
cardiovascular outcomes in CKD patients.
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