
nutrients

Article

Urinary Potassium and Kidney Function Decline in the
Population—Observational Study

Massimo Cirillo 1,* , Giancarlo Bilancio 2 , Pierpaolo Cavallo 3 , Raffaele Palladino 1 , Enrico Zulli 1 ,
Rachele Villa 2, Rosangela Veneziano 2 and Martino Laurenzi 4

����������
�������

Citation: Cirillo, M.; Bilancio, G.;

Cavallo, P.; Palladino, R.; Zulli, E.;

Villa, R.; Veneziano, R.; Laurenzi, M.

Urinary Potassium and Kidney

Function Decline in the

Population—Observational Study.

Nutrients 2021, 13, 2747. https://

doi.org/10.3390/nu13082747

Academic Editor: Pramod Khosla

Received: 5 July 2021

Accepted: 8 August 2021

Published: 10 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Public Health, University of Naples “Federico II”, 80131 Naples, Italy;
raffaele.palladino@unina.it (R.P.); enrico.zulli@gmail.com (E.Z.)

2 Department “Scuola Medica Salernitana”, University of Salerno (SA), 84084 Fisciano, Italy;
giancarlo.bilancio@gmail.com (G.B.); rachelevilla@outlook.it (R.V.); rosangelaveneziano@gmail.com (R.V.)

3 Department of Physics, University of Salerno (SA), 84084 Fisciano, Italy; pcavallo@unisa.it
4 Centro Studi Epidemiologici di Gubbio (PG), 06024 Perugia, Italy; mlaurenzi@comcast.net
* Correspondence: massimo.cirillo@unina.it

Abstract: Background—Some data suggest favorable effects of a high potassium intake on kidney
function. The present population-based study investigated cross-sectional and longitudinal relations
of urinary potassium with kidney function. Methods—Study cohort included 2027 Gubbio Study
examinees (56.9% women) with age ≥ 18 years at exam-1 and with complete data on selected
variables at exam-1 (1983–1985), exam-2 (1989–1992), and exam-3 (2001–2007). Urinary potassium
as urinary potassium/creatinine ratio was measured in daytime spot samples at exam-1 and in
overnight timed collections at exam-2. Estimated glomerular filtration rate (eGFR) was measured
at all exams. Covariates in analyses included demographics, anthropometry, blood pressure, drug
treatments, diabetes, smoking, alcohol intake, and urinary markers of dietary sodium and protein.
Results—In multivariable regression, urinary potassium/creatinine ratio cross-sectionally related to
eGFR neither at exam-1 (standardized coefficient and 95%CI = 0.020 and −0.059/0.019) nor at exam-2
(0.024 and −0.013/0.056). Exam-1 urinary potassium/creatinine ratio related to eGFR change from
exam-1 to exam-2 (0.051 and 0.018/0.084). Exam-2 urinary potassium/creatinine ratio related to eGFR
change from exam-2 to exam-3 (0.048 and 0.005/0.091). Mean of urinary potassium/creatinine ratio
at exam-1 and exam-2 related to eGFR change from exam-1 to exam-3 (0.056 and 0.027/0.087) and to
incidence of eGFR < 60 mL/min per 1.73 m2 from exam-1 to exam-3 (odds ratio and 95%CI = 0.78
and 0.61/0.98). Conclusion—In the population, urinary potassium did not relate cross-sectionally
to eGFR but related to eGFR decline over time. Data support the existence of favorable effects of
potassium intake on ageing-associated decline in kidney function.

Keywords: potassium; eGFR; epidemiology

1. Introduction

Low kidney function is a highly prevalent disorder in the population and implies the
risk of kidney failure or premature death [1]. The control of hypertension is considered
pivotal to reduce glomerular dysfunction and to slow down kidney disease progression al-
though there is not unanimity about blood pressure targets and preferred antihypertensive
drugs [2]. Inhibitors or blockers of the renin-angiotensin system are generally considered
preferable due to specific effects on glomerular hemodynamics [2]. Similar favorable
effects on glomerular dysfunction are ascribed also to antidiabetic drugs inhibiting the
sodium-glucose transporter-2 [3] and to reduced protein intake [4].

The relation in the general population between dietary potassium and glomerular
filtration rate is an unanswered question. Although daily potassium intake is close to the
whole extracellular potassium pool, significant hyperkalemia does not occur after potas-
sium ingestion because absorbed potassium is rapidly translocated into the intracellular
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space or excreted by the kidney [5,6]. The intracellular potassium translocation is due to
the activity of the sodium-potassium-ATPase and/or of potassium channels. The urinary
potassium excretion is activated not only via stimulation of aldosterone secretion but also
due to a cascade of events in the distal convoluted kidney tubule which include potassium
channel stimulation in the basolateral cell membrane, down-regulation of sodium-chloride
cotransporter, and increased potassium excretion due to increased distal sodium delivery.
The strict relation of potassium intake with urinary potassium excretion is the rationale
which supports the assessment of urinary potassium as index of dietary potassium in-
take. With the use of urine potassium as objective index of dietary potassium intake, a
higher 24-h urinary potassium did not independently relate to 10-year development of
estimated glomerular filtration rate (eGFR) < 60 mL/min per 1.73 m2 in analyses controlled
for baseline eGFR on 5315 adult residents in Groningen, the Netherlands [7]. Similarly, a
higher spot urine potassium did not relate to 5-year eGFR decline in a population sample of
4141 adult residents in Lauzanne, Switzerland [8]. Results for urine potassium per se were
not included in a study that investigated the relation of urine sodium/potassium ratio to
5-year decline of kidney function in 7063 adults from the Japanese general population [9].
With the use of food frequency questionnaires, a higher potassium intake related to a
less frequent 14-year mortality rate due to kidney disease or dialysis in 544,635 retired
community-dwelling US individuals [10] but did not relate to the 6-year incidence of eGFR
< 60 mL/min per 1.73 m2 in 1780 Iranian adults [11]. Inconsistencies exist also among
clinical studies as recently reviewed [12]. On the one hand, a better prognosis for kidney
function was predicted by a higher potassium intake with food frequency questionnaire
in Korean patients with chronic kidney disease [13] or by a higher urinary potassium
in Japanese diabetics [14,15], in Dutch outpatients [16], in Korean patients with chronic
kidney disease [17], and in post hoc analyses of multi-center controlled clinical trials [18].
On the other hand, a higher urinary potassium did not relate to kidney failure in a post
hoc analysis of the Modification of Diet in Renal Disease cohort [19] and related positively
to kidney failure or eGFR halving in a prospective study on 3939 US patients with CKD
defined as eGFR < 70 mL/min per 1.73 m2 [20].

The Gubbio study is an ongoing, observational, longitudinal, population-based study
investigating also on the relation of dietary factors with kidney diseases assessed as
eGFR [21–29]. Measurements of glomerular filtration rate are inadvisable in population-
based studies due to invasivity, costs, complexity, and lack of international standardization.
The use of eGFR has progressively spread in epidemiological and clinical studies after
the development of international standards for creatinine assay [30]. In particular, this
was true for the CKD-Epi equation, which consistently had good accuracy and low bias
over the whole range of kidney function [31]. Within the Gubbio study cohort, the relation
of dietary indices with kidney function differed between cross-sectional analyses and
longitudinal analyses [25,28,29]. Therefore, the present analysis was designed to investigate
cross-sectionally and longitudinally the relation of urinary potassium as index of dietary
potassium with eGFR and eGFR changes in adult examinees of the Gubbio study.

2. Materials and Methods

The Gubbio study is a population-based project ongoing in Gubbio, Italy [21,22].
The study adheres to the Declaration of Helsinki and included an informed consent and
the approval by the institutional committee (CEAS-Umbria #2850/16). Study design,
involvement of the invited population, response rates, and characteristics of the Gubbio
cohort have been reported previously [15,16]. Three main exams were performed: exam-1
(1983–1985), exam-2 (1989–1992), and exam-3 (2001–2007). Study protocol of all exams
comprised the administration of standardized questionnaires by trained physicians and a
medical visit with the measurements of anthropometry and blood pressure [21,22]. With
regard to collection of biological samples, the exam-1 protocol included a daytime, untimed,
spot urine sample and a venous blood sample after a fast of at least two hours [21,22].
The exam-2 protocol included a timed urine collection under fed condition from the first
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void after the evening meal to the first void at the morning wake-up included [22,25–29],
an early morning blood sample collected under fasting conditions after the completion
of the overnight urine collection [22,25–29], and a morning timed urine sample under
fasting conditions collected after blood sampling [32,33]. The exam-3 protocol included the
collection of an early morning blood sample under fasting conditions only [22]. Data about
initiation of kidney failure replacement treatment and mortality were collected after exam-1
from the local sections of national registries. Target cohort of the present analyses were the
individuals with age ≥ 18 years at exam-1 that participated also in exam-2 and exam-3.

2.1. Measurements

The present analyses included data collected at exam-1, exam-2, exam-3 together with
mortality data from after exam-1 up to the completion of exam-3 (30 June 2007). Urinary
potassium was assessed as the ratio of urinary potassium concentration to urinary crea-
tinine concentration to exclude the bias due to errors in completeness or timing of urine
collection [34] and was used as the main independent variable (from here on abbreviated
as uK/Cr). Exam-1 uK/Cr in spot samples and exam-2 uK/Cr in overnight collections
were separately analyzed to control whether findings were affected by circadian rhythms
in urinary potassium [35,36]. Serum potassium was used as index of extracellular potas-
sium. eGFR was calculated by the Chronic Kidney Disease—Epidemiology Collaboration
equation using gender, age, and serum creatinine [31,37]. eGFR, eGFR change between
exams, and incidence of decreased eGFR were used as separate, alternative, dependent
variables. eGFR changes were expressed in absolute units and with data normalization
per the time interval between the exams that was calculated as the difference between the
exam dates.

The list of possible confounders selected for the analysis included gender, age, body
mass index (weight/height2), estimated 24-h urinary creatinine [38], blood pressure, serum
glucose, urinary sodium to creatinine ratio, urinary urea nitrogen to creatinine ratio, and
data reported at questionnaires on drug treatments, smoking, habitual alcohol intake,
habitual intake of water and other beverages. Urinary albumin as albumin/creatinine ratio
was measured and included in the analyses only for examinees with age 45–64 years at
exam-2 [39].

Blood pressure was measured by trained physicians after participants had been seated
quietly for 5 min, on the right arm, with the use of mercury sphygmomanometers and cuffs
of appropriate size. Three measurements were taken one minute apart and the mean of
the second and third measurement were used in analyses. Serum creatinine was measured
in frozen samples by automated biochemistry (Express Plus, Bayer Diagnostic) using a
kinetic alkaline picrate assay with IDMS-traceable standardization [30]. Urinary potassium
and other lab variables were measured in fresh samples using automated biochemistry and
quality controls [21,22]. Decreased eGFR was defined as eGFR < 60 mL/min × 1.73 m2 [1].
Hypertension was defined as mean systolic pressure ≥ 140 mm Hg or mean diastolic
pressure ≥ 90 mm Hg or regular antihypertensive drug treatment. Obesity was defined as
body mass index ≥ 30 kg/m2. Diabetes was defined as serum glucose ≥ 7.0 mmol/L or
regular anti-diabetic treatment.

2.2. Statistical Analyses

Descriptive data in the whole cohort were reported as prevalence for categorical vari-
ables, mean ± standard deviation (SD) for non-skewed numerical variables, and median
with interquartile range (IQR) for skewed numerical variables (skewness > 1). Comparisons
of skewed variables between exam-1 and exam-2 were done by Wilcoxon signed-rank test
and/or by correlation analyses and paired t-test with log-transformed data. The cross-
sectional relations of uK/Cr to serum potassium and to covariates were investigated using
quintile analyses, separately for exam-1 and at exam-2. To reduce the effect of sex and age—
that is to obtain quintiles with different uK/Cr but with similar sex and age—quintiles
were defined separately for men and women in seven age-strata (18–24, 25–34, 35–44, 45–54,
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55–64, 65–74 and ≥75 years). eGFR and eGFR changes were investigated along sex- and
age- controlled uK/Cr quintiles without adjustments for covariates. After that, the relation
of uK/Cr to eGFR or eGFR change as dependent variable was investigated in multi-variable
regression models with uK/Cr and other skewed variables as log-transformed data. Five
multi-variable linear models were investigated: cross-sectional relation of exam-1 uK/Cr
to exam-1 eGFR (Model 1); cross-sectional relation of exam-2 uK/Cr to exam-2 eGFR
(Model 2); longitudinal relation of exam-1 uK/Cr to eGFR change from exam-1 to exam-2
(Model 3); longitudinal relation of exam-2 uK/Cr to eGFR change from exam-2 to exam-3
(Model 4); longitudinal relation of the mean of uK/Cr at exam-1 and exam-2 to eGFR
change from exam-1 to exam-3 (Model 5). The list of covariates in the cross-sectional
Models 1–2 included gender, age, body mass index as overweight index, estimated 24-h
urinary creatinine as index of urinary creatinine excretion [38], systolic pressure, diabetes,
urinary sodium to creatinine ratio as index of dietary sodium intake [28,34], urinary urea
nitrogen to creatinine ratio as index of dietary protein intake [25–27,40], smoking, ha-
bitual alcohol intake, habitual intake of water and other beverages [29], and treatment
with antihypertensive drugs, diuretics, potassium-sparing diuretics, inhibitors/blockers of
renin-angiotensin system. The list of covariates in the longitudinal Models 3–5 included
also eGFR at initiation of the observation period that is a key predictor of eGFR changes
over time in the Gubbio study cohort [25,27–29]. For sensitivity analyses, Model 5 was
analyzed also in selected subgroups. Lastly, multi-variable logistic regression models inves-
tigated the relation of the mean of uK/Cr at exam-1 and exam-2 to after exam-2 mortality
and to the incidence from exam-1 to exam-3 of decreased eGFR. For direct comparability
among models, the results of linear regression were reported as standardized regression
coefficient (beta) that indicates the fraction of the dependent variable standard deviation
that is explained by a difference of one standard deviation of the independent variable
(uK/Cr). Results included 95% confidence interval (95%CI). Statistical procedures were
performed by IBM-SPSS Statistics 19.

3. Results
3.1. Descriptive Statistics

From the original cohort of the 4554 participants with age ≥ 18 years at exam-1, the
analyses excluded 97 examinees with missing data at exam-1, 350 examinees who had
died before exam-2, 1008 non-responders to exam-2 (exam-2 mortality-corrected response
rate = 75.5%), 39 examinees with missing data at exam-2, 615 examinees who had died
before exam-3, and 418 non-responders to exam-3 (exam-3 mortality-corrected response
rate = 82.9%). No examinee was with missing data at exam-3. Thus, the study cohort
comprised 2027 examinees (56.9% women, age at exam-1 18–74 years). Figure S1 in
Supplementary Material shows the flowchart for study cohort selection.

The distribution of uK/Cr was positively skewed both at exam-1 and at exam-2
(Figure S2 in the Supplementary Material). Daytime uK/Cr in spot sample of exam-1
was significantly higher than and positively correlated with overnight uK/Cr in timed
collection of exam-2 (Table S1 in the Supplementary Material). eGFR as mL/min per
1.73 m2 decreased from 90.5 ± 18.2 at exam-1 to 87.6 ± 14.0 at exam-2, and to 76.7 ± 14.5
at exam-3. Absolute GFR change as mL/min per 1.73 m2 was −2.81 ± 15.08 from exam-
1 to exam-2, −10.93 ± 9.82 from exam-2 to exam-3, and −13.74 ± 15.11 from exam-1
to exam-3. Mean ± SD for time interval was 6.0 ± 1.0 years from exam-1 to exam-2,
13.3 ± 2.1 years from exam-2 to exam-3, and 19.3 ± 2.0 years from exam-1 to exam-3. With
data normalization for time interval, eGFR change per year was −0.49 ± 2.64 from exam-1
to exam-2, −0.85 ± 0.76 from exam-2 to exam-3, and −0.72 ± 0.79 from exam-1 to exam-3.
Prevalence of decreased eGFR was 3.2% at exam-1 (n = 64), 3.9% at exam-2 (n = 79), and
11.4% at exam-3 (n = 231). Incidence of decreased eGFR was 10.2% from exam-1 to exam3
(n = 200).
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3.2. Analyses by Sex- and Age- Controlled uK/Cr Quintiles

At exam-1, higher uK/Cr quintile cross-sectionally associated with higher body mass
index, higher diabetes prevalence, higher alcohol intake, and higher urinary sodium
(Table 1).

Table 1. Descriptive statistics for data of exam-1 in whole cohort (prevalence for categorical variables, mean ± SD for
non-skewed numerical variables, and median with interquartile range for skewed variables) and trend analyses by quintiles
of uK/Cr (prevalence or mean).

Whole Cohort
Quintile * of uK/Cr at Exam-1

p for Trend ¶1 2 3 4 5

N 2027 402 439 377 406 403

Women, % 56.9% 57.2% 52.6% 61.5% 56.9% 57.1% 0.576

Age, years 42.9 ± 13.3 42.6 42.0 44.4 42.8 43.0 0.439

uK/Cr †, mmol/g 28.6 (21.7/38.6) 17.3 23.3 29.4 36.2 60.3 <0.001

Serum potassium, mmol/L 4.04 ± 0.36 4.05 4.03 4.03 4.05 4.02 0.589

Body mass index, kg/m3 26.1 ± 4.2 26.2 25.6 26.2 25.9 26.8 0.015
Estimated urinary creatinine,

g/d 1.26 ± 0.31 1.27 1.27 1.23 1.26 1.28 0.993

Systolic pressure, mmHg 127 ± 18 127 127 128 126 127 0.378

Diastolic pressure, mmHg 76 ± 11 77 76 77 75 76 0.287

Antihypertensive drug
treatment, % 9.0% 7.7% 9.8% 9.3% 9.1% 8.9% 0.710

Diuretic, % 7.7% 6.7% 8,7% 8.8% 6.9% 7.7% 0.981

Potassium sparing diuretic, % 2.2% 1.7% 1.8% 2.4% 2.2% 3.0% 0.213
Inhibitor/blocker

renin-angiotensin system, % 0.4% 0.2% 0.7% 0.3% 0.7% 0.0% 0.639

Diabetes, % 1.1% 1.0% 0.2% 1.1% 1.0% 2.2% 0.044

Smoking, % 15.5% 16.2% 13.4% 16.2% 16.5% 15.4% 0.768

Habitual alcohol intake, g/d 11.9 (0.0/35.7) 16.4 20.8 19.4 22.1 23.2 0.001

Urine sodium/creatinine †,
mmol/g

106 (74/151) 96 108 119 123 162 <0.001

Urine urea
nitrogen/creatinine, mmol/g Not measured Not measured —

* defined separately by gender and age stratum (years: 18–24, 25–34, 35–44, 45–54, 55–64, ≥65); ¶ by chi-square analysis or ANOVA;
† daytime spot sample.

At exam-2, higher uK/Cr quintile cross-sectionally associated with higher serum
potassium, higher systolic pressure, higher urinary sodium, and higher urinary urea
nitrogen (Table 2).
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Table 2. Descriptive statistics for data of exam-2 in whole cohort (prevalence for categorical variables, mean ± SD for
non-skewed numerical variables, and median with interquartile range for skewed variables) and trend analyses by quintiles
of uK/Cr (prevalence or mean).

Whole Cohort
Quintile * of uK/Cr at Exam-2

p for Trend ¶1 2 3 4 5

N 2027 398 399 401 401 428

Women, % 56.9% 56.5% 56.4% 55.6% 56.1% 59.8% 0.400

Age, years 48.9 ± 13.3 48.4 48.6 49.2 49.0 49.0 0.467

uK/Cr †, mmol/g 24.3 (18.7/32.9) 14.8 20.2 24.6 30.2 47.0 <0.001

Serum potassium, mmol/L 4.12 ± 0.34 4.10 4.10 4.12 4.11 4.17 0.005

Body mass index, kg/m3 26.9 ± 4.3 26.8 26.7 26.7 26.9 27.2 0.149

Estimated urinary creatinine, g/d 1.25 ± 0.31 1.26 1.25 1.25 1.26 1.24 0.652

Systolic pressure, mmHg 125 ± 18 123 125 126 126 126 0.016

Diastolic pressure, mmHg 76 ± 10 75 75 76 76 75 0.359

Antihypertensive drug treatment,
% 14.9% 12.3% 15.0% 13.7% 16.7% 16.8% 0.056

Diuretic, % 7.5% 4.5% 9.8% 6.7% 7.0% 9.3% 0.093

Potassium sparing diuretic, % 3.4% 3.3% 2.8% 4.0% 4.0% 3.0% 0.804

Inhibitor/blocker renin-angiotensin
system, % 4.2% 2.5% 4.0% 4.5% 5.7% 4.4% 0.083

Diabetes, % 3.3% 2.8% 3.5% 4.7% 2.5% 3.0% 0.858

Smoking, % 31.6% 32.7% 34.1% 34.2% 28.9% 28.3% 0.053

Habitual alcohol intake, g/d 11.9 (0.0/35.7) 20.8 22.2 24.2 22.9 22.4 0.400

Urine sodium/creatinine †,
mmol/g

103 (68/146) 82 101 113 122 156 <0.001

Urine urea nitrogen/creatinine †,
mmol/g

9.66 (7.50/12.26) 8.71 9.62 10.56 10.66 12.64 <0.001

* defined separately by gender and age stratum (years: 18–24, 25–34, 35–44, 45–54, 55–64, ≥65); ¶ by chi-square analysis or ANOVA;
† overnight timed collection.

Regarding the relation with eGFR, higher uK/Cr quintile at exam-1 did not associate
cross-sectionally with eGFR at exam-1 but it associated longitudinally with higher eGFR
at exam-2 and with lesser eGFR decline from exam-1 to exam-2 (upper section of Table 3).
Findings were similar without or with data normalization for time interval from exam-1 to
exam-2. Higher uK/Cr quintile at exam-2 did not associate cross-sectionally with eGFR at
exam-2 but it associated longitudinally with higher exam-3 eGFR and with lesser eGFR
decline from exam-2 to exam-3 (central section of Table 3). Findings were similar without
or with data normalization for time interval from exam-2 to exam-3. Higher quintile of the
uK/Cr mean between exam-1 and exam-2 associated longitudinally with higher exam-3
eGFR and with lesser eGFR decline from exam-1 to exam-3 (lower section of Table 3).
Findings were similar without or with data normalization for time interval from exam-1
to exam-3.
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Table 3. eGFR and eGFR changes by quintile of uK/Cr (prevalence or mean).

Quintile * of uK/Cr at Exam-1

p for Trend ¶1 2 3 4 5

Number of examinees 402 439 377 406 403

Time from exam 1 to exam 2, years 5.96 5.90 5.97 5.89 6.03 0.372

eGFR, mL/min × 1.73 m2

at exam-1 90.6 91.8 87.8 90.4 91.3 0.990

at exam-2 86.5 88.0 85.1 88.6 88.8 0.023

change from exam-1 to exam-2 −4.06 −3.75 −1.78 −1.79 −2.54 0.033

yearly change from exam-1 to exam-2 −0.737 −0.671 −0.248 −0.314 −0.460 0.026

Quintile * of uK/Cr at Exam-2

1 2 3 4 5

Number of examinees 398 399 401 401 428

Time from exam 2 to exam 3, years 13.5 13.5 13.3 13.3 13.0 0.001

eGFR, mL/min × 1.73 m2

at exam-2 86.5 87.6 88.4 87.6 88.0 0.171

at exam-3 75.0 76.4 76.7 77.5 78.0 0.002

change from exam-2 to exam-3 −11.50 −11.24 −11.66 −10.16 −10.04 0.009

yearly change from exam-2 to exam-3 −0.887 −0.870 −0.908 −0.788 −0.799 0.032

Quintile * of Mean uK/Cr at Exam−1 and Exam−2

1 2 3 4 5

Number of examinees 395 447 378 405 402

Time from exam-1 to exam-3, years 19.3 19.1 19.3 19.3 19.4 0.241

eGFR, mL/min × 1.73 m2

at exam-1 90.2 89.1 90.8 91.7 90.3 0.363

at exam-3 75.3 75.3 77.4 77.7 77.6 0.003

change from exam-1 to exam-3 −14.89 −13.88 −13.34 −13.20 −12.69 0.034

yearly change from exam-1 to exam-3 −0.788 −0.733 −0.701 −0.683 −0.666 0.020

* defined separately by gender and age stratum (years: 18–24, 25–34, 35–44, 45–54, 55–64, ≥65). ¶ by ANOVA.

3.3. Multivariable Regression Analyses

Log-transformed uK/Cr did not independently relate to eGFR of the same exam
either at exam-1 and at exam-2 (Table 4, Models 1 and 2). Log-transformed uK/Cr, both
at exam-1 and at exam-2, positively and independently related to eGFR change at the
subsequent exam (Table 4, Models 3–4). Mean of log transformed uK/Cr at exam-1 and
exam-2 positively and independently related to eGFR change from exam-1 to exam-3
(Table 4, Model 5).
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Table 4. Standardized regression coefficient of log transformed uK/Cr to eGFR at the same exam and to eGFR change over
time at subsequent exams (beta and 95%CI).

Type of Model Independent Variable Model Dependent Variable Beta (95%CI)

Cross-sectional
log transformed uK/Cr at exam-1 1 a eGFR at exam-1 −0.020 ns

(−0.059/0.019)

log transformed uK/Cr at exam-2 2 b eGFR at exam-2 0.024 ns (−0.013/0.056)

Longitudinal

log transformed uK/Cr at exam-1 3 c Yearly eGFR change from
exam-1 to exam-2 0.051 ** (0.018/0.084)

log transformed uK/Cr at exam-2 4 d Yearly eGFR change from
exam-2 to exam-3 0.048 * (0.005/0.091)

mean of log transformed uK/Cr at
exam-1 and exam-2 5 e Yearly eGFR change from

exam-1 to exam-3 0.056 *** (0.027/0.087)

ns not significant (p > 0.05), * p < 0.03, ** p < 0.01, *** p ≤ 0.001. a covariates in the model: gender and exam-1 data for age, estimated 24-h
urinary creatinine, body mass index, systolic pressure, log-transformed urinary sodium/creatinine ratio, log alcohol intake, and categorical
values for diabetes, treatment with antihypertensive drugs, diuretics, potassium-sparing diuretics, inhibitors/blockers of renin-angiotensin
system (yes/no = 1/0). b covariates in the model: gender and exam-2 data for age, estimated 24-h urinary creatinine, body mass index,
systolic pressure, log-transformed urinary sodium/creatinine ratio, log alcohol intake, log urinary urea nitrogen/creatinine ratio, and
categorical values for diabetes, treatment with antihypertensive drugs, diuretics, potassium-sparing diuretics, inhibitors/blockers of
renin-angiotensin system (yes/no = 1/0). c covariates in the model: same as in Model 1 with addition of exam-1 eGFR. d covariates in the
model: same as in Model 2 with addition of exam-2 eGFR. e covariates in the model: gender, exam-1 age, exam-1 eGFR, mean of exam-1 and
exam-2 data for estimated 24-h urinary creatinine, body mass index, systolic pressure, log alcohol intake, log urinary sodium/creatinine
ratio, exam-2 log urinary urea nitrogen/creatinine ratio, and categorical values for the prevalence at exam-1 and the incidence at exam-2 of
diabetes, treatment with antihypertensive drugs, diuretics, potassium-sparing diuretics, inhibitors/blockers of renin-angiotensin system
(yes/no = 1/0).

Findings of Model 5 were similar in sensitivity analyses for the following groups:
men and women, age 18–44, 45–64 and 65 and over, eGFR < 90 and eGFR ≥ 90 mL/min
per 1.73 m2, hypertensive and non-hypertensive, obese and non-obese, diabetic and non-
diabetic, drinker and non-drinker, and with urinary sodium or urinary urea nitrogen below
or above the median (Figure 1).
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Figure 1. Multivariable standardized regression coefficient (beta) with 95% confidence interval and P
value for the relation of the mean of uK/Cr at exam-1 and exam-2 with yearly eGFR change from
exam-1 to exam-3: whole study cohort and selected subgroups. The dotted line indicates beta = 0.
Covariates included in the multivariable model are listed in the footer of Table 4. Subgroups were
defined on the basis of data collected at exam-1.
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Findings of multivariable Model 5 were similar when the analysis was repeated with
control also for urinary albumin/creatinine ratio in the 943 examinees with age 45–64 at
exam-2 and measured urinary albumin/creatinine ratio (beta = 0.046, 95%CI = 0.01/0.091,
p = 0.044; median and IQR of urinary albumin/creatinine ratio = 3.40 and 1.08/6.04 mg/g).

In the logistic multivariable model with control for the same covariates included in
Model 5 (footer of Table 4), one SD higher mean of log-transformed uK/Cr at exam-1 and
exam-2 (+0.16 log mmol/g) did not relate to after exam-2 mortality (odds ratio = 0.99,
95%CI = 0.85/1.16, p = 0.889) but it related to 22% lower incidence of decreased eGFR from
exam-1 to exam-3 (odds ratio = 0.78, 95%CI = 0.61/0.98, p = 0.039).

4. Discussion

The results of the present long-term observational study indicated that, in a sample of
the adult general Italian population, higher uK/Cr ratio did not relate cross-sectionally to
eGFR but related to a lesser eGFR decline during an observation period ranging approxi-
mately from 6 to 20 years, independently of gender, age, and other variables.

The main limitation of the study was the lack of 24-h urine collection which is consid-
ered the best marker of dietary potassium intake. Thus, the possibility cannot be excluded
that the findings reflected the influence of circadian rhythms of urinary potassium rather
than the influence of dietary potassium intake. If this were the case, the study results
would indicate that the circadian rhythm in urinary potassium is an independent predictor
of kidney function decline in the population. However, two observations were against
a possible key role of circadian rhythms. First, the relation of uK/Cr with eGFR change
over time was substantially identical in analyses for daytime uK/Cr at exam-1 and for
overnight uK/Cr at exam-2. Second, quintiles with higher overnight uK/Cr should have
lower morning serum potassium at the end of the overnight urine collection if higher
overnight uK/Cr was not sustained by a higher potassium intake in the previous meal
and was caused only by an increased excretion due to circadian rhythms. Vice versa,
exam-2 data in Table 2 indicated that quintiles with higher overnight uK/Cr had higher
morning serum potassium, a finding that could be explained only by parallel influences of
a higher dietary potassium intake on urine potassium and serum potassium. In accordance
with the interpretation that higher uK/Cr reflected higher dietary K intake there were the
positive associations of uK/Cr with other diet-related indices both at exam-1 (body mass
index, alcohol intake, and urinary sodium) and at exam-2 (urinary sodium and urinary
urea nitrogen). Due to the day-to-day intra-individual variability in potassium intake and
urinary potassium [41,42], a single measurement of urinary potassium was expected to
imply a regression dilution bias and an underestimate of the true strength of the association.
The observation that the highest beta was found with the use of the mean of exam-1 uK/Cr
and of exam-2 uK/Cr was in accordance with this expectation. Another limitation was the
lack of data on serum cystatin C that could have improved the accuracy of eGFR [43].

An observational, population-based study can hardly clarify the mechanism(s) un-
derlying the observed associations. At present, the mechanisms remain hypothetical for
the relation of higher urinary potassium with lesser eGFR decline over time. A direct
favorable effect of potassium intake could be involved if high potassium intake would play
a direct protective role against kidney damage also in humans, as described in experimental
models [44,45]. If potassium had direct favorable effects, a reno-protective role could be con-
ceivable also for drugs affecting potassium homeostasis [5,6]. The effects of high potassium
intake on kidney function decline could be mediated also by indirect, sodium-dependent
mechanism(s). As recently reviewed by Wey et al. [12], high potassium intake stimulates
natriuresis reducing the activity of the thiazide-sensitive sodium-chloride cotransporter
in the kidney distal convoluted tubule. Given that high sodium intake related to greater
kidney function decline in clinical studies and in population-based studies [28,46], the
natriuretic effects of high potassium intake could be an indirect pathway linking potassium
intake to kidney function decline. Other possibilities cannot be excluded.
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Urinary potassium did not relate to eGFR decline in the seminal paper of Kieneker
et al. when analyses were controlled also for baseline eGFR and albuminuria [7], nor in
the paper of Deriaz et al. when analyses were done for urinary potassium by itself [8].
Therefore, this is the first population-based report of an independent relation of higher
urinary potassium with lesser eGFR decline over time. Regarding previous clinical studies
on urinary potassium, the present results agreed with the observations on Japanese dia-
betics [14,15], on Dutch outpatients with eGFR ≥ 60 mL/min per 1.73 m2 [16], on Korean
non-dialysis patients with chronic kidney disease stages 1–5 [17], and on high cardiovascu-
lar risk patients of multicenter trials [18] but disagreed with observations on US patients
of the Modification of Diet in Renal Disease study and of the Chronic Renal Insufficiency
Cohort Study [19,20]. Given that potassium content is high not only in fruits like banana
but also in meat [47], the disagreement among studies in different countries could be due
also to the predominant sources of habitual dietary potassium in the specific country under
study. According to this possibility, the relation of dietary potassium with kidney function
decline could differ between populations with high potassium intake due to a steak-rich
diet and population-samples with high potassium intake due to veg-rich diet.

Regarding practical implications, the study results support the suggestion of high
potassium diet in individuals at risk of kidney function decline on the basis of the sig-
nificant and independent relation of higher urinary potassium with lesser eGFR de-
cline. Although the relation was consistent in this study also in the subgroup with
eGFR < 90 mL/min × 1.73 m2, two points recommend a word of caution for the expansion
of the suggestion in chronic kidney disease stage 3 or higher: the present observation of
higher serum potassium in people with higher urinary potassium and the previous report
of higher mortality in people with serum potassium higher than 5 mmol/L [48].

Briefly, this observational cohort study reported that, in a sample of the adult general
population, a higher urinary potassium related to a lesser eGFR decline during an observa-
tion period approximately ranging from 6 to 20 years, and independently of gender, age,
and several other variables. Altogether, the results supported the hypothesis that a high
dietary potassium intake could have favorable effects against the progressive decline in
kidney function associated with ageing. Moreover, study results underlined the need of
investigations about the relation of dietary potassium on kidney function with focus also
on the source of dietary potassium.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13082747/s1, Figure S1: Flow chart for selection of the study cohort; Figure S2: Frequency
distribution and skewness of uK/Cr at exam-1 (daytime spot sample) and and at exam-2 (overnight
timed collection); Table S1: uK/Cr at exam-1 and uK/Cr at exam-2: descriptive statistics, differences
between exams, and correlation between exams.

Author Contributions: The present analysis was planned by M.C. in collaboration with M.L. The
first draft of the manuscript was prepared by M.C. and M.L. take responsibility for the overall content
of the work, and/or the conduct of the study, had access to the data, and controlled the decision
to publish. G.B., P.C., R.P., E.Z., R.V. (Rachele Villa) and R.V. (Rosangela Veneziano), participated
in the acquisition, analysis, or interpretation of data for the work. All authors gave substantial
contributions to the followings: drafting the work or revising it critically for important intellectual
content; final approval of the version to be published; agreement to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved. All authors have read and agreed to the published version
of the manuscript.

Funding: Economic support to the Gubbio study was given in the past by: Merck, Sharp & Dohme,
Italy (MSD); the U.S. National Heart, Lung and Blood Institute (Grant R01HL-40397-02); the Ministero
Italiano di Università e Ricerca (Grant # 068034, PRIN 2004). None of the sponsor(s) or funder(s) had
any role in the study design; in the collection, analysis, and interpretation of data; in the writing of
the report; and in the decision to submit the article for publication.

https://www.mdpi.com/article/10.3390/nu13082747/s1
https://www.mdpi.com/article/10.3390/nu13082747/s1


Nutrients 2021, 13, 2747 11 of 13

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Ethics Committee of Regione Umbria
(protocol code: CEAS-Umbria #2850/16; date of approval: 14 July 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: M.C. and M.L. had access to the data at the Centro Studi Epidemiologici
di Gubbio.

Acknowledgments: The Gubbio study was conducted by the Centro Studi Epidemiologici di Gubbio
in collaboration with Gubbio Hospital (PG, Italy), Federico II University of Naples (NA, Italy),
University of Milan (MI, Italy), Northwestern University of Chicago (IL, USA), Istituto Superiore di
Sanità (Rome, Italy). The Gubbio Study was made possible thanks to the enthusiasm of the people of
the town of Gubbio and to the support of its municipal and health authorities and community leaders.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 Clinical practice guideline for the

evaluation and management of chronic kidney disease. Kidney Int. Suppl. 2013, 3, 1–150.
2. Pugh, D.; Gallacher, P.J.; Dhaun, N. Management of Hypertension in Chronic Kidney Disease. Drugs 2019, 79, 365–379. [CrossRef]
3. Chung, S.; Kim, G.-H. Use of Anti-Diabetic Agents in Non-Diabetic Kidney Disease: From Bench to Bedside. Life 2021, 11, 389.

[CrossRef] [PubMed]
4. King, A.J.; Levey, A.S. Dietary protein and renal function. J. Am. Soc. Nephrol. 1993, 3, 1723–1737. [CrossRef]
5. Cheng, C.-J.; Kuo, E.; Huang, C.-L. Extracellular Potassium Homeostasis: Insights from Hypokalemic Periodic Paralysis. Semin.

Nephrol. 2013, 33, 237–247. [CrossRef] [PubMed]
6. Hoorn, E.J.; Gritter, M.; Cuevas, C.A.; Fenton, R.A. Regulation of the Renal NaCl Cotransporter and Its Role in Potassium

Homeostasis. Physiol. Rev. 2020, 100, 321–356. [CrossRef]
7. Kieneker, L.M.; Bakker, S.J.; de Boer, R.A.; Navis, G.J.; Gansevoort, R.T.; Joosten, M.M. Low potassium excretion but not high

sodium excretion is associated with increased risk of developing chronic kidney disease. Kidney Int. 2016, 90, 888–896. [CrossRef]
8. Deriaz, D.; Guessous, I.; Vollenweider, P.; Devuyst, O.; Burnier, M.; Bochud, M.; Ponte, B. Estimated 24-h urinary sodium and

sodium-to-potassium ratio are predictors of kidney function decline in a population-based study. J. Hypertens. 2019, 37, 1853–1860.
[CrossRef]

9. Tabara, Y.; Takahashi, Y.; Setoh, K.; Kawaguchi, T.; Kosugi, S.; Nakayama, T.; Matsuda, F. The Nagahama Study Group Prognostic
Significance of Spot Urine Na/K for Longitudinal Changes in Blood Pressure and Renal Function: The Nagahama Study. Am. J.
Hypertens. 2017, 30, 899–906. [CrossRef]

10. Smyth, A.; Griffin, M.; Yusuf, S.; Mann, J.F.; Reddan, D.; Canavan, M.; Newell, J.; O’Donnell, M. Diet and Major Renal Outcomes:
A Prospective Cohort Study. The NIH-AARP Diet and Health Study. J. Ren. Nutr. 2016, 26, 288–298. [CrossRef]

11. Mirmiran, P.; Nazeri, P.; Bahadoran, Z.; Khalili-Moghadam, S.; Azizi, F. Dietary Sodium to Potassium Ratio and the Incidence of
Chronic Kidney Disease in Adults: A Longitudinal Follow-Up Study. Prev. Nutr. Food Sci. 2018, 23, 87–93. [CrossRef] [PubMed]

12. Wei, K.-Y.; Gritter, M.; Vogt, L.; De Borst, M.H.; Rotmans, J.; Hoorn, E.J. Dietary potassium and the kidney: Lifesaving physiology.
Clin. Kidney J. 2020, 13, 952–968. [CrossRef] [PubMed]

13. Mun, K.H.; Yu, G.I.; Choi, B.Y.; Kim, M.K.; Shin, M.-H.; Shin, D.H. Association of Dietary Potassium Intake with the Development
of Chronic Kidney Disease and Renal Function in Patients with Mildly Decreased Kidney Function: The Korean Multi-Rural
Communities Cohort Study. Med. Sci. Monit. 2019, 25, 1061–1070. [CrossRef] [PubMed]

14. Araki, S.-I.; Haneda, M.; Koya, D.; Kondo, K.; Tanaka, S.; Arima, H.; Kume, S.; Nakazawa, J.; Chin-Kanasaki, M.; Ugi, S.; et al.
Urinary Potassium Excretion and Renal and Cardiovascular Complications in Patients with Type 2 Diabetes and Normal Renal
Function. Clin. J. Am. Soc. Nephrol. 2015, 10, 2152–2158. [CrossRef]

15. Nagata, T.; Sobajima, H.; Ohashi, N.; Hirakawa, A.; Katsuno, T.; Yasuda, Y.; Matsuo, S.; Tsuboi, N.; Maruyama, S. Association
between 24 h Urinary Sodium and Potassium Excretion and Estimated Glomerular Filtration Rate (eGFR) Decline or Death in
Patients with Diabetes Mellitus and eGFR More than 30 mL/min/1.73 m2. PLoS ONE 2016, 11, e0152306. [CrossRef]

16. Engberink, R.H.O.; van den Born, B.J.H.; Peters-Sengers, H.; Vogt, L. Long-term potassium intake and associated renal and
cardiovascular outcomes in the clinical setting. Clin. Nutr. 2020, 39, 3671–3676. [CrossRef] [PubMed]

17. Kim, H.W.; Park, J.T.; Yoo, T.-H.; Lee, J.; Chung, W.; Lee, K.-B.; Chae, D.-W.; Ahn, C.; Kang, S.-W.; Choi, K.H.; et al. Urinary
Potassium Excretion and Progression of CKD. Clin. J. Am. Soc. Nephrol. 2019, 14, 330–340. [CrossRef] [PubMed]

18. Smyth, A.; Dunkler, D.; Gao, P.; Teo, K.; Yusuf, S.; O’Donnell, M.; Mann, J.F.; Clase, C.M. The relationship between estimated
sodium and potassium excretion and subsequent renal outcomes. Kidney Int. 2014, 86, 1205–1212. [CrossRef] [PubMed]

19. Leonberg-Yoo, A.K.; Tighiouart, H.; Levey, A.S.; Beck, G.J.; Sarnak, M.J. Urine potassium excretion, kidney failure, and mortality
in CKD. Am. J. Kidney Dis. 2017, 69, 341–349. [CrossRef] [PubMed]

20. He, J.; Mills, K.T.; Appel, L.J.; Yang, W.; Chen, J.; Lee, B.T.; Rosas, S.E.; Porter, A.; Makos, G.; Weir, M.R.; et al. Urinary Sodium
and Potassium Excretion and CKD Progression. J. Am. Soc. Nephrol. 2015, 27, 1202–1212. [CrossRef] [PubMed]

http://doi.org/10.1007/s40265-019-1064-1
http://doi.org/10.3390/life11050389
http://www.ncbi.nlm.nih.gov/pubmed/33923115
http://doi.org/10.1681/ASN.V3111723
http://doi.org/10.1016/j.semnephrol.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23953801
http://doi.org/10.1152/physrev.00044.2018
http://doi.org/10.1016/j.kint.2016.07.012
http://doi.org/10.1097/HJH.0000000000002098
http://doi.org/10.1093/ajh/hpx075
http://doi.org/10.1053/j.jrn.2016.01.016
http://doi.org/10.3746/pnf.2018.23.2.87
http://www.ncbi.nlm.nih.gov/pubmed/30018885
http://doi.org/10.1093/ckj/sfaa157
http://www.ncbi.nlm.nih.gov/pubmed/33391739
http://doi.org/10.12659/MSM.913504
http://www.ncbi.nlm.nih.gov/pubmed/30733429
http://doi.org/10.2215/CJN.00980115
http://doi.org/10.1371/journal.pone.0152306
http://doi.org/10.1016/j.clnu.2020.03.026
http://www.ncbi.nlm.nih.gov/pubmed/32307195
http://doi.org/10.2215/CJN.07820618
http://www.ncbi.nlm.nih.gov/pubmed/30765533
http://doi.org/10.1038/ki.2014.214
http://www.ncbi.nlm.nih.gov/pubmed/24918156
http://doi.org/10.1053/j.ajkd.2016.03.431
http://www.ncbi.nlm.nih.gov/pubmed/27233381
http://doi.org/10.1681/ASN.2015010022
http://www.ncbi.nlm.nih.gov/pubmed/26382905


Nutrients 2021, 13, 2747 12 of 13

21. Laurenzi, M.; Cirillo, M.; Angeletti, M.; Buongiorno, A.; Morisi, G.; Panarelli, W.; Panfili, M.; Stamler, J.; Terradura, O.; Trevisan,
M.; et al. Gubbio population study: Baseline findings. Nutr. Metab. Cardiovasc. Dis. 1991, 1, S1–S18.

22. Cirillo, M.; Terradura-Vagnarelli, O.; Mancini, M.; Menotti, A.; Zanchetti, A.; Laurenzi, M. Cohort profile: The Gubbio Population
Study. Int. J. Epidemiol. 2013, 43, 713–720. [CrossRef] [PubMed]

23. Cirillo, M.; Laurenzi, M.; Panarelli, W.; Stamler, J. Urinary sodium to potassium ratio and urinary stone disease. Kidney Int. 1994,
46, 1133–1139. [CrossRef]

24. Cirillo, M.; Lombardi, C.; Laurenzi, M.; De Santo, N.G.; For The Gubbio Study Research Group. Relation of urinary urea to blood
pressure: Interaction with urinary sodium. J. Hum. Hypertens. 2002, 16, 205–212. [CrossRef] [PubMed]

25. Cirillo, M.; Lombardi, C.; Chiricone, D.; De Santo, N.G.; Zanchetti, A.; Bilancio, G. Protein intake and kidney function in the
middle-age population: Contrast between cross-sectional and longitudinal data. Nephrol. Dial. Transplant. 2014, 29, 1733–1740.
[CrossRef]

26. Cirillo, M.; Zingone, F.; Lombardi, C.; Cavallo, P.; Zanchetti, A.; Bilancio, G. Population-based dose–response curve of glomerular
filtration rate to dietary protein intake. Nephrol. Dial. Transplant. 2015, 30, 1156–1162. [CrossRef]

27. Cirillo, M.; Cavallo, P.; Bilancio, G.; Lombardi, C.; Vagnarelli, O.T.; Laurenzi, M. Low Protein Intake in the Population: Low Risk
of Kidney Function Decline but High Risk of Mortality. J. Ren. Nutr. 2018, 28, 235–244. [CrossRef]

28. Cirillo, M.; Bilancio, G.; Cavallo, P.; Palladino, R.; Terradura-Vagnarelli, O.; Laurenzi, M. Sodium intake and kidney function in
the general population: An observational, population-based study. Clin. Kidney J. 2020, 14, 647–655. [CrossRef]

29. Cirillo, M.; Cavallo, P.; Palladino, R.; Terradura-Vagnarelli, O.; Zulli, E.; Villa, R.; Veneziano, R.; Laurenzi, M. Relationship of the
intake of water and other beverages with renal endpoints: Cross-sectional and longitudinal data—Observational, population-
based study. J. Ren. Nutr. 2021, in press.

30. Myers, G.L.; Miller, W.G.; Coresh, J.; Fleming, J.; Greenberg, N.; Greene, T.; Hostetter, T.; Levey, A.S.; Panteghini, M.; Welch, M.;
et al. Recommendations for improving serum creatinine measurement: A report from the Laboratory Working Group of the
National Kidney Disease Education Program. Clin. Chem. 2006, 52, 5–18. [CrossRef] [PubMed]

31. Levey, A.S.; Stevens, L.A.; Schmid, C.; Zhang, Y.; Castro, A.F.; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.; Greene, T.; et al.
A New Equation to Estimate Glomerular Filtration Rate. Ann. Intern. Med. 2009, 150, 604–612. [CrossRef]

32. Cirillo, M.; Ciacci, C.; De Santo, N.G. Age, Renal Tubular Phosphate Reabsorption, and Serum Phosphate Levels in Adults. New
Engl. J. Med. 2008, 359, 864–866. [CrossRef] [PubMed]

33. Cirillo, M.; Bilancio, G.; Cavallo, P.; Giordano, F.; Iesce, G.; Costanzo, S.; De Curtis, A.; Di Castelnuovo, A.; Iacoviello, L. Reduced
Kidney Function and Relative Hypocalciuria—Observational, Cross-Sectional, Population-Based Data. J. Clin. Med. 2020, 9, 4133.
[CrossRef]

34. Mercado, C.I.; Cogswell, M.E.; Loria, C.M.; Liu, K.; Allen, N.; Gillespie, C.; Wang, C.-Y.; De Boer, I.H.; Wright, J. Validity of
predictive equations for 24-h urinary potassium excretion based on timing of spot urine collection among adults: The MESA
and CARDIA Urinary Sodium Study and NHANES Urinary Sodium Calibration Study. Am. J. Clin. Nutr. 2018, 108, 532–547.
[CrossRef]

35. Moore-Ede, M.C.; Herd, A.J.L. Renal electrolyte circadian rhythms: Independence from feeding and activity patterns. Am. J.
Physiol. 1977, 232, F128–F135. [CrossRef]

36. Peng, Y.-G.; Feng, J.-J.; Zhang, Y.; Li, K.; Cai, S.-Y.; Yan, R.-H.; Peng, X.-X. Cosinor-rhythmometry for 24-h urinary sodium,
potassium, creatinine excretion in the Chinese adult population. Chin. Med. J. 2021, 134, 539–545. [CrossRef] [PubMed]

37. Cirillo, M.; Lombardi, C.; Luciano, M.G.; Bilancio, G.; Anastasio, P.; De Santo, N.G. Estimation of GFR: A Comparison of New
and Established Equations. Am. J. Kidney Dis. 2010, 56, 802–804. [CrossRef]

38. Ix, J.H.; Wassel, C.L.; Stevens, L.A.; Beck, G.J.; Froissart, M.; Navis, G.; Rodby, R.; Torres, V.E.; Zhang, Y.; Greene, T.; et al.
Equations to Estimate Creatinine Excretion Rate: The CKD Epidemiology Collaboration. Clin. J. Am. Soc. Nephrol. 2010, 6,
184–191. [CrossRef] [PubMed]

39. Cirillo, M.; Lanti, M.P.; Menotti, A.; Laurenzi, M.; Mancini, M.; Zanchetti, A.; De Santo, N.G. Definition of Kidney Dysfunction as
a Cardiovascular Risk FactorUse of Urinary Albumin Excretion and Estimated Glomerular Filtration Rate. Arch. Intern. Med.
2008, 168, 617–624. [CrossRef] [PubMed]

40. Bingham, S.A. Urine Nitrogen as a Biomarker for the Validation of Dietary Protein Intake. J. Nutr. 2003, 133, 921S–924S. [CrossRef]
41. Siani, A.; Iacoviello, L.; Giorgione, N.; Iacone, R.; Strazzullo, P. Comparison of variability of urinary sodium, potassium, and

calcium in free-living men. Hypertension 1989, 13, 38–42. [CrossRef]
42. Elliott, P.; Stamler, J.; Nichols, R.; Dyer, A.R.; Stamler, R.; Kesteloot, H.; Marmot, M. Intersalt revisited: Further analyses of 24 h

sodium excretion and blood pressure within and across populations. BMJ 1996, 312, 1249–1253. [CrossRef]
43. Inker, L.A.; Schmid, C.H.; Tighiouart, H.; Eckfeldt, J.H.; Feldman, H.I.; Greene, T.; Kusek, J.W.; Manzi, J.; Van Lente, F.; Zhang,

Y.L.; et al. Estimating glomerular filtration rate from serum creatinine and cystatin C. N. Engl. J. Med. 2012, 367, 20–29. [CrossRef]
44. Suga, S.-I.; Phillips, M.I.; Ray, P.E.; Raleigh, J.A.; Vio, C.; Kim, Y.-G.; Mazzali, M.; Gordon, K.L.; Hughes, J.; Johnson, R.J.

Hypokalemia induces renal injury and alterations in vasoactive mediators that favor salt sensitivity. Am. J. Physiol. Physiol. 2001,
281, F620–F629. [CrossRef] [PubMed]

45. Ray, P.E.; Suga, S.-I.; Liu, X.-H.; Huang, X.; Johnson, R.J. Chronic potassium depletion induces renal injury, salt sensitivity, and
hypertension in young rats. Kidney Int. 2001, 59, 1850–1858. [CrossRef] [PubMed]

http://doi.org/10.1093/ije/dyt025
http://www.ncbi.nlm.nih.gov/pubmed/23543599
http://doi.org/10.1038/ki.1994.376
http://doi.org/10.1038/sj.jhh.1001323
http://www.ncbi.nlm.nih.gov/pubmed/11896511
http://doi.org/10.1093/ndt/gfu056
http://doi.org/10.1093/ndt/gfv026
http://doi.org/10.1053/j.jrn.2017.11.004
http://doi.org/10.1093/ckj/sfaa158
http://doi.org/10.1373/clinchem.2005.0525144
http://www.ncbi.nlm.nih.gov/pubmed/16332993
http://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://doi.org/10.1056/NEJMc0800696
http://www.ncbi.nlm.nih.gov/pubmed/18716307
http://doi.org/10.3390/jcm9124133
http://doi.org/10.1093/ajcn/nqy138
http://doi.org/10.1152/ajprenal.1977.232.2.F128
http://doi.org/10.1097/CM9.0000000000001319
http://www.ncbi.nlm.nih.gov/pubmed/33410633
http://doi.org/10.1053/j.ajkd.2010.07.002
http://doi.org/10.2215/CJN.05030610
http://www.ncbi.nlm.nih.gov/pubmed/20966119
http://doi.org/10.1001/archinte.168.6.617
http://www.ncbi.nlm.nih.gov/pubmed/18362254
http://doi.org/10.1093/jn/133.3.921S
http://doi.org/10.1161/01.HYP.13.1.38
http://doi.org/10.1136/bmj.312.7041.1249
http://doi.org/10.1056/NEJMoa1114248
http://doi.org/10.1152/ajprenal.2001.281.4.F620
http://www.ncbi.nlm.nih.gov/pubmed/11553508
http://doi.org/10.1046/j.1523-1755.2001.0590051850.x
http://www.ncbi.nlm.nih.gov/pubmed/11318956


Nutrients 2021, 13, 2747 13 of 13

46. Kramers, B.J.; Koorevaar, I.W.; Drenth, J.P.; De Fijter, J.W.; Neto, A.G.; Peters, D.J.; Vart, P.; Wetzels, J.F.; Zietse, R.; Gansevoort, R.T.;
et al. Salt, but not protein intake, is associated with accelerated disease progression in autosomal dominant polycystic kidney
disease. Kidney Int. 2020, 98, 989–998. [CrossRef] [PubMed]

47. Health Information of Potassium. Available online: https://ods.od.nih.gov/factsheets/Potassium-HealthProfessional/ (accessed
on 7 August 2021).

48. Kovesdy, C.P.; Matsushita, K.; Sang, Y.; Brunskill, N.J.; Carrero, J.J.; Chodick, G.; Hasegawa, T.; Heerspink, H.L.; Hirayama,
A.; Landman, G.W.D.; et al. Serum potassium and adverse outcomes across the range of kidney function: A CKD Prognosis
Consortium meta-analysis. Eur. Hear. J. 2018, 39, 1535–1542. [CrossRef] [PubMed]

http://doi.org/10.1016/j.kint.2020.04.053
http://www.ncbi.nlm.nih.gov/pubmed/32534051
https://ods.od.nih.gov/factsheets/Potassium-HealthProfessional/
http://doi.org/10.1093/eurheartj/ehy100
http://www.ncbi.nlm.nih.gov/pubmed/29554312

	Introduction 
	Materials and Methods 
	Measurements 
	Statistical Analyses 

	Results 
	Descriptive Statistics 
	Analyses by Sex- and Age- Controlled uK/Cr Quintiles 
	Multivariable Regression Analyses 

	Discussion 
	References

