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Abstract

Background/Aims—Clinical guidelines recommend a diet low in sodium and high in potassium
to reduce blood pressure and cardiovascular events. Little is known about the relationship between
dietary sodium and potassium intake and chronic kidney disease (CKD).

Methods—13,917 participants from the National Health and Nutrition Examination Survey
(2001-2006) were examined. Sodium and potassium intake were calculated from 24-hour recall
and evaluated in quartiles. CKD was defined as eGFR <60 mL/min, or eGFR = 60mL/min with
albuminuria (>30mg/g creatinine).

Results—The mean (SE) age and eGFR of participants was 45.0 £ 0.4 years and 88.0 £ 0.60 ml/
min/1.73m?, respectively. 2333 (14.2%) had CKD: 1146 (7.3%) had an eGFR < 60 ml/min/
1.73m?2 and 1514 (8.4%) had an eGFR = 60 ml/min/1.73 m2 and albuminuria. After adjustment for
age, sex, race, body mass index, diabetes, hypertension, cardiovascular disease and congestive
heart failure subjects in the highest quartile of sodium intake had a lower odds of CKD compared
to subjects in the lowest quartile (adjusted OR 0.79, 95% CI, 0.66 to 0.96; p<0.016). Compared to
the highest quartile, participants in the lowest quartile of potassium intake had a 44% increased
odds of CKD (adjusted OR 1.44, 95% CI 1.16-1.79, p=0.0011).

Conclusions—Higher intake of sodium and potassium is associated with lower odds of CKD
among US adults. These results should be corroborated through longitudinal studies and clinical
trials designed specifically to examine the effects of dietary sodium and potassium intake on
kidney disease and its progression.
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INTRODUCTION

Chronic Kidney Disease (CKD) is an epidemic and a worldwide public health problem. The
prevalence of CKD is the US alone has increased from 10% in 1988-94 to 13.1% in 1999—
2004 [1]. The increasing incidence and prevalence can be attributed to changing
demographics of the general population coupled with earlier detection of CKD. However,
increases in the prevalence of obesity, diabetes [2—4] and hypertension [5, 6], known
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traditional cardiovascular risk factors, accounts for the majority of increase in the prevalence
of CKD. The presence of kidney disease is associated with higher morbidity and mortality
and increased health care utilization. Control of blood pressure, strict glycemic control and
blocking of the renin angiotensin aldosterone axis are some of the proven strategies in
preventing and slowing the progression of CKD [7-11]. However, in most cases, even with
adoption of these strategies, the incidence and prevalence of CKD continues to rise. Thus
the strategy of adopting traditional risk factor modifications alone is not sufficient. This
emphasizes the need for different therapeutic targets, such as dietary sodium and potassium
intake, to prevent CKD and slow its progression.

Extrapolations from observational studies and intervention trials suggest that population-
wide moderation of sodium intake and increase of potassium intake might reduce
cardiovascular events and prevent the onset of high blood pressure. The National Heart,
Lung, and Blood Institute (NHLBI) promote the DASH (Dietary Approaches to Stop
Hypertension) diet for the prevention and of control hypertension. DASH diet has targets of
2300 and 4700 mg for sodium and potassium, respectively and is rich in fruits, vegetables,
and low-fat dairy foods with reduced amounts of saturated fat, total fat, and cholesterol.
Blood pressure lowering effects of DASH diet is seen in subjects with high normal BP as
well as with established hypertension [12]. Because risk factors for cardiovascular disease
and CKD often overlap, it is tempting to speculate that lower sodium and higher potassium
intake may also be protective against kidney disease and kidney disease progression.
However, the relationship between dietary sodium and potassium intake and chronic kidney
disease (CKD) has not been examined in the general US population. We performed a cross-
sectional study using the National Health and Nutrition Examination Survey (2001-2006)
and included 13,917 participants to test the hypothesis that high dietary sodium intake and
low dietary potassium intake is associated with an increased odds of CKD in US adults.

Study population

The National Health and Nutrition Examination Survey (NHANES) is a population-based
survey designed to collect information on the health and nutrition of adults and children in
the US, and is unique in that it combines interviews and physical examinations. A stratified,
multistage sampling design was used, with over-sampling of African Americans, Hispanics
and persons over the age of 60 in order to produce reliable statistics. In this analysis, we
used data from 31,507 participants from NHANES 2001-2006. Data was weighted using the
dietary weights as described in the statistical analysis for NHANES data. Participants were
excluded if they did not have positive weights for the analysis (n=3,243), if they lacked data
on sodium intake, potassium intake, and urinary albumin excretion or were missing data for
the calculation of eGFR by the abbreviated Modification of Diet in Renal Disease formula
(MDRD) [13] (n=14397). The final sample used in this study included 13,917 adult
participants.

Primary Predictor and Outcome

The primary predictor or independent variables were dietary sodium and potassium intake.
Dietary sodium and potassium intake were specifically calculated from 24-hour dietary
recalls that were requested from all NHANES examinees. All dietary interviews were
conducted at the mobile examination centers (MEC) using in-person mode of interview.
Data was collected on individual foods and total nutrient intakes twice by trained dietary
interviewers fluent in Spanish and English. Each MEC examination room contained a
standard set of measuring guides. These measuring guides were used to help the participant
estimate portion sizes. Information on added salt (frequency and type) were obtained apart
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from detailed descriptions about food reported (i.e. type, form, brand name, amount
consumed) and nutrients from each food.

The primary outcome of interest was CKD defined as estimated glomerular filtration rate
(eGFR) < 60ml/min/1.73m? or eGFR = 60ml/min/1.73m2 with alouminuria. Estimated GFR
was calculated using the 4-variable Modification of Diet and Renal Disease (MDRD)
equation [13]. Albuminuria was assessed by the urinary albumin to creatinine ratio and was
defined as a ratio of > 30 mg/g creatinine. Subjects with a GFR=60 ml/min or greater were
only classified as CKD if they had albuminuria. The eGFR <60 ml/min category included all
subjects with an eGFR <60 ml/min regardless of whether they had albuminuria.

Baseline Demographic and Clinical Data

Questionnaire data included self-reported age and gender. Race/ethnicity was broken into
four categories: Non-Hispanic white, Non-Hispanic black, Mexican-American and other.
Cardiovascular disease (CVD) and congestive heart failure (CHF) were self-reported by
participants. CHF was diagnosed if the participant reported ever being told by a physician
they had CHF. CVD was diagnosed if participants reported being told by a doctor they have
coronary heart disease, angina, a heart attack or stroke. Hypertension was diagnosed if the
participant was taking antihypertensive medications, reported being told by a physician that
they have high blood pressure, or the average of three blood pressure readings was a systolic
blood pressure > 140 mmHg or a diastolic blood pressure >90 mmHg. Systolic and diastolic
blood pressure was measured in a standard fashion. Participants were defined as having
diabetes when they reported taking medication for diabetes, had a fasting glucose
concentration = 126 mg/dL (to convert to Sl units multiply by 0.05551) or reported being
told by a physician they have diabetes. Body mass index (BMI) was calculated as weight in
kilograms divided by the square of height in meters.

Statistical Analysis

For the purpose of this analysis, dietary sodium and potassium intake was examined in
quartiles. Quartiles of sodium intake 1 through 4 were < 2116, 2117-3061, 3062-4267, >
4267 mg/day, respectively and quartiles of potassium intake 1 through 4 were <1737, 1738—
2455, 2456-3341, > 3342 mg/day, respectively. For this analysis, the lowest quartile was
used as the reference group for sodium intake and the highest quartile was used as the
reference group for potassium intake. Demographic and clinical data were compared across
quartiles of dietary sodium and potassium intake through the use of chi-square test for
categorical data and ANOVA for continuous variables. Multivariate logistic regression
models were used to examine the association between sodium and potassium intake and
CKD. We considered a priori variables that may be associated with dietary sodium and
potassium intake and CKD as potential confounders in multivariate models. To permit the
most useful interpretation of our results in addition to unadjusted models, we used the
following concentrations of adjustment. Model 1 included age, gender, race/ethnicity, BMI,
diabetes and hypertension status. Model 2 included covariates in Model 1 plus CHF and
CVD. We also examined the relationship of combinations of sodium and potassium intake
with CKD. Median intake of sodium and potassium were used to determine “high” and
“low” intake. Four groups of sodium and potassium intake were defined as follows: high
sodium/high potassium intake; high sodium/low potassium intake; low sodium/high
potassium intake and low sodium/low potassium intake. Two-tailed values of P<0.05 were
considered statistically significant. All statistical analyses were performed with SAS
software, version 9.13 (SAS Institute, Cary, NC).
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RESULTS

Baseline Characteristics

The mean (SE) age and estimated glomerular filtration rate (eGFR) of the participants was
45.0 + 0.4 years and 88.0 + 0.60 ml/min/1.73m?, respectively. The mean (SE) dietary
sodium and potassium intake were 3520 + 26 mg/day and 2760 + 22 mg/day, respectively
(Figure 1). In this cohort, 2333 (14.2%) had CKD: 1146 (7.3%) had an eGFR < 60 ml/min/
1.73m?2 and 1514 (8.4%) had albuminuria = 30mg/g. Among those with albuminuria, 1187
had a GFR = 60 ml/min. Of the patients with CKD, the mean (SE) dietary sodium and
potassium intake were 3053 + 40 mg/day and 2495 + 34 mg/day, respectively (Figure 1).
Baseline characteristics of the participants across dietary sodium and potassium intake are
shown in Tables 1 and 2, respectively. Participants in the highest quartile of sodium intake
were more likely to be younger, to be male, to have a lower prevalence of hypertension and
albuminuria, lower systolic blood pressure and to have higher BMI and eGFR than
participants in the lower quartiles of sodium intake (Table 1). Participants in the highest
quartile of potassium intake were more likely to be younger, to be male, to have a lower
prevalence of hypertension, diabetes and albuminuria, to have lower BMI, and lower
systolic blood pressure than participants in the lower quartiles of potassium intake (Table 2).

Dietary Sodium and Potassium Intake and CKD

The logistic regression analysis examining the relationship between sodium intake and CKD
is shown in Table 3. In unadjusted analysis, higher sodium intake was associated with
decreased odds of CKD. Subjects with sodium intake in the highest quartile had a 54%
decreased odds of CKD compared to subjects in the lowest quartile. After adjusting for age,
sex, race, BMI, diabetes, hypertension, CVD and CHF higher sodium intake was still
associated with decreased odds of CKD. Participants with sodium intake in the second, third
and fourth quartiles had 15%, 32% and 21% lower odds of CKD compared to subjects with
sodium intake in the lowest quartile. The odds of CKD did not change when subjects with
CHF were excluded or when subjects with macroalbuminuria (urine albumin to creatinine
ratio >300mg/g) were excluded (data not shown). The relationship between dietary
potassium intake and CKD is shown in Table 4. In unadjusted analysis, participants in the
first and second quartiles of potassium intake had an increased odds of CKD compared to
participants in the highest quartile. After adjustment for age, sex, race, BMI, diabetes,
hypertension, CVD and CHF subjects in the lowest quartile of potassium intake still had a
44% increased odds of CKD compared to participants in the highest quartile (adjusted OR
1.44,95% Cl 1.16-1.79, p=0.0011). The second and third quartiles of potassium intake were
not associated with increased odds of CKD. The odds of CKD did not change when subjects
with CHF or macroalbuminuria were excluded from the analysis (data not shown). Results
were unchanged when diuretic use was included in the fully adjusted model (results not
shown). When the association of dietary sodium and potassium intake was examined with
eGFR <60 ml/min and eGFR =60 ml/min with microalbuminuria as separate dependent
variables, the association of dietary sodium and potassium intake was only present with
eGFR < 60 ml/min (results not shown).

We also examined the relationship of combinations of potassium and sodium intake with
CKD (Table 5). Median intake of sodium (3061 mg/day) and potassium (2455 mg/day) were
used to determine high and low sodium and potassium intake. Regardless of the sodium
intake, after multivariate adjustment, subjects with high potassium intake had a decreased
odds of CKD compared to subjects with low potassium intake. Subjects with high potassium
and high sodium intake had the lowest odds of CKD (OR 0.70, 95% CI 0.59-0.83,
p<0.0001), whereas subjects with high potassium and low sodium intake also had decreased
odds of CKD (OR 0.77, 95% CI 0.63-0.94, p=0.01). The combination of a high sodium
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intake with a low potassium intake was not associated with CKD. We also evaluated a
serum sodium*HTN and sodium*diabetes interaction term in the final adjusted model for
CKD. Similarly, we also examined a serum potassium *HTN and potassium*diabetes
interaction for CKD. Results of the association between sodium and potassium with odds of
CKD were similar irrespective of HTN or DM status (p for interaction > 0.20 for all).

DISCUSSION

In this cross-sectional study of 13,917 participants from NHANES 2001-2006, we found
higher dietary intakes of both sodium and potassium to be associated with lower odds of
CKD. To our knowledge, this is the first study examining the association between dietary
sodium and potassium intake and CKD in the general US population.

Experimental data suggests that sodium intake may be an important risk factor for kidney
disease. Sodium may be nephrotoxic directly by increasing oxidative stress and indirectly by
increasing blood pressure and attenuating the effects of renin-angiotensin-aldosterone
system (RAAS) blockers. Several rat studies have shown increased oxidative stress in the
renal cortex and vascular beds in response to increased dietary salt intake [14—16]. These
same experimental models also showed a benefit of sodium restriction on progression of
kidney disease. High sodium consumption has also been shown to result in decreased renal
blood flow and increased glomerular pressure, GFR and filtration fraction [17]. Major
consequences of these changes in renal hemodynamics are an increase in urinary protein
excretion and progression of kidney disease [18]. Furthermore, studies have found that a
high sodium intake is linked to increased proteinuria and kidney disease progression [19—
21]. Increased sodium intakes also affect the therapeutic response to antihypertensive agents
in patients with salt sensitive hypertension. For example, inhibitors of the RAAS reduce
intra-glomerular pressure, which in turn decreases proteinuria and risk for progression of
kidney disease. Increased sodium intake abolishes these salutary effects of RAAS inhibitors.
In a randomized controlled trial comparing the effect of Enalapril to the calcium channel
blocker Isradipine on blood pressure control, patients treated with Enalapril had a more
significant reduction in blood pressure while consuming a low-salt rather than a high-salt
diet [22]. Similarly, despite the blood pressure lowering effect of the DASH diet, the largest
reductions in blood pressure were obtained by a lower-salt version of the DASH diet [12]. A
recent subgroup analysis of 1177 diabetic patients from the Reduction of Endpoints in
NIDDM with the Angiotensin Il Antagonist Losartan (RENAAL) and Irbesartan Diabetic
Nephropathy (IDNT) trials found a significantly reduced risk of renal events in patients on
an angiotensin receptor blocker with a low dietary sodium intake [23]. Thus, existing studies
suggest that higher sodium consumption may be an important risk factor for CKD and CKD
progression but data regarding the effect of sodium intake on kidney disease is scarce.

In our study, we found that a high sodium diet was associated with lower odds of CKD.
These findings were unexpected as we hypothesized that a high sodium diet would be
associated with a higher risk of CKD. It is possible that those with a known history of CKD
were following a low sodium diet. Prior studies have demonstrated that most people with
CKD are unaware of this diagnosis, but the mean dietary sodium intake in the patients with
CKD in our cohort was 3053 + 40 mg/day compared to 3597 + 26 mg/day in subjects
without CKD (p<0.0001). Alternatively, it is possible that a low sodium diet may be a risk
factor for CKD. In a study of patients with type 1 diabetes and macroalbuminuria, a low
sodium intake was associated with an increased risk of end stage renal disease [24]. There is
evidence that low sodium intake may result in reflex activation of the sympathetic nervous
system, RAAS and metabolic pathways that lead to increases in total and low density
lipoprotein (LDL)- cholesterol [25]. Activation of these pathways may mitigate otherwise
beneficial effects of lower sodium diets on blood pressure, kidney disease and kidney
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disease progression. To date, no interventional studies have examined the effect of sodium
restriction on the development or progression of CKD.

Our study also showed that low dietary potassium intake was strongly associated with CKD.
Several studies have shown an inverse relationship between dietary potassium intake and
blood pressure and low potassium intake is considered a major contributor to the prevalence
of hypertension [26-30]. Several studies indicate that a diet high in potassium reduces blood
pressure levels [23-30]. In the International Study of Salt and Blood Pressure
(INTERSALT), an increment in potassium intake from 1173 mg to 1564 mg was associated
with a drop in systolic blood pressure by 2 to 3 mmHg [31]. In a meta-analysis of studies
examining the effects of potassium intake on blood pressure, increased potassium intake
resulted in a greater reduction of blood pressure in hypertensive patients (3.5 mmHg
decrease in systolic blood pressure) compared to normotensive patients (0.97 mmHg
decrease in systolic blood pressure) [32]. Thus, high dietary potassium intake may be
protective for CKD through decreases in blood pressure. Alternatively, high dietary
potassium intake may be protective for CKD through non-blood pressure pathways as in our
study the association of potassium intake with CKD was independent of hypertension.
Further studies are needed to elucidate the mechanisms by which high dietary potassium
intake may be protective for CKD.

The combined activity of sodium and potassium in the diet may play an important biologic
role as the urinary sodium to potassium ratio is a stronger predictor of blood pressure and
cardiovascular events than urinary sodium or potassium excretion alone [25]. Higher sodium
to potassium ratio in the diet is associated with higher blood pressure and a higher risk of
CVD. We found that regardless of the sodium intake, a high potassium intake was protective
for CKD. Interestingly, the group with both high potassium and high sodium intake had the
greatest reduction in risk of CKD. The reason for this is unclear, but previous studies have
found that potassium may lower blood pressure more in the presence of a high dietary
sodium intake. For example, in a meta-analysis of trials examining the effect of potassium
supplementation on blood pressure, the blood pressure lowering effect of increased
potassium intake was greater in subjects consuming a diet high in sodium [30].
Interventional trials are needed to determine if high dietary potassium intake reduces the risk
of chronic kidney disease.

Our study has several limitations worth noting. First, since this is an observation study, a
causal relationship between dietary intake of sodium and potassium with CKD cannot be
established. Second, we used dietary recall data to determine sodium and potassium intake
as urinary sodium and potassium excretion was not available. A 24-hour urinary sodium and
potassium excretion is the gold standard way to measure dietary sodium and potassium
intake as dietary recall methods tend to underestimate sodium intakes due to difficulty
characterizing the sodium content of foods, especially in foods eaten away from home and in
the amount of sodium added in cooking [33]. However, some of these problems with dietary
recall surveys can be overcome by using a high quality survey methodology and detailed
information on the sodium content of food, which is what the NHANES survey did. Several
studies have utilized the dietary recall data from NHANES to estimate sodium and
potassium intake and relate these intakes to meaningful clinical outcomes [34-36]. Despite
the argument that a 24-hour dietary recall gives an imprecise estimation of actual
consumption, a uniform underestimation or overestimation of actual dietary intake by the
24-hour recall should not differentially bias the results. Third, dietary sodium and potassium
intake may be linked to broader patterns of food consumption and it may be these foods that
are responsible for observed relationships. Fourth, variability of diet across different ethnic
groups could have caused residual confounding by race/ethnicity. Finally, it is possible that
participants with a known history of CKD were following a low sodium diet. However, the
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mean sodium intake in the population with CKD was still > 3000 mg daily and the mean
eGFR of the population was 88.0 + 0.60 ml/min/1.73m2. Thus, it is likely that many of these
subjects who met our definition for CKD were not aware of this diagnosis.

Notwithstanding these limitations, the present study also has several strengths. To our
knowledge this is the first study reporting a link between dietary sodium and potassium
intake with CKD in the general US population. Second, NHANES used uniform methods to
collect data on dietary recall, serum creatinine and urinary aloumin excretion. Third, the
extensive and complete data on other important factors associated with CKD, allowed us to
give an unbiased estimate for the relationship between dietary sodium and potassium intake
and CKD. Finally, with the design of NHANES, we were able to extrapolate the results to
the entire US civilian non-institutionalized population.

In conclusion, our study has shown that higher potassium and sodium intake are
independently associated with lower odds of CKD in a nationally representative sample of
the US adult population. These findings should be subjected to corroboration through
longitudinal studies and clinical trials designed specifically to examine the effects of dietary
sodium and potassium intake on kidney disease and its progression.
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Mean Dietary Sodium and Potassium Intake in Study Participants.
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Table 3
Odds Ratio (95% Confidence Interval) of Chronic Kidney Disease by Quartiles of Dietary Sodium Intake

Sodium Intake (mg/day) <2116 2117-3061 3062-4267 > 4267

Unadjusted 1.00 (REF)  0.77 (0.66t00.90) 0.52 (0.44t0 0.61)  0.46 (0.40 to 0.53)
Model 1 1.00 (REF) 0.84(0.71t00.99) 0.67 (0.541t00.82) 0.77 (0.64 to 0.92)
Model 2 1.00 (REF) 0.85(0.71101.02) 0.68 (0.55t0 0.85) 0.79 (0.66 to 0.96)

Model 1: Adjusted for age, sex, race/ethnicity, body mass index, diabetes and hypertension

Model 2: Adjusted for covariates in Model 1 plus congestive heart failure and cardiovascular disease
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Table 4
Odds Ratio (95% Confidence Interval) of Chronic Kidney Disease by Quartiles of Dietary Potassium Intake

Potassium Intake (mg/day) <1737 1737-2455 2455-3341 > 3342

Unadjusted 172 (1.39t02.12) 159(1.30t01.94) 1.22(1.00t0 1.49) 1.00 (REF)
Model 1 1.51(1.20t01.88) 1.21(0.98t01.49) 1.01 (0.81t01.27) 1.00 (REF)
Model 2 144 (1.16t01.79) 1.19(0.97to1.46) 1.00 (0.80t0 1.24) 1.00 (REF)

Model 1: Adjusted for age, sex, race/ethnicity, body mass index, diabetes and hypertension

Model 2: Adjusted for covariates in Model 1 plus congestive heart failure and cardiovascular disease
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Table 5

Page 15

Odds Ratio (95% Confidence Interval) of Chronic Kidney Disease by Combinations of Dietary Sodium and

Potassium Intake

Sodium Low Sodium/Low Potassium  Low Sodium/High Potassium  High Sodium/Low Potassium  High Sodium/High Potassium
gggassium

Intake

Unadjusted  1.00 (REF) 0.82 (0.68 to 0.98) 0.59 (0.47 t0 0.74) 0.50 (0.43 t0 0.57)

Model 1 1.00 (REF) 0.76 (0.63 t0 0.92) 0.79 (0.60 to 1.04) 0.68 (0.57 to 0.80)

Model 2 1.00 (REF) 0.77 (0.64 to 0.94) 0.83 (0.61 to 1.06) 0.70 (0.59 to 0.83)

Model 1: Adjusted for age, sex, race/ethnicity, body mass index, diabetes and hypertension

Model 2: Adjusted for covariates in Model 1 plus congestive heart failure and cardiovascular disease
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