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ABSTRACT 

Background. Dietary potassium (K 

+ ) has emerged as a modifiable factor for cardiovascular and kidney health in the general popula- 
tion, but its role in people with chronic kidney disease (CKD) is unclear. Here, we hypothesize that CKD increases the susceptibility to 
the negative effects of low and high K 

+ diets. 

Methods. We compared the effects of low, normal and high KChloride (KCl) diets and a high KCitrate diet for 4 weeks in male rats 
with normal kidney function and in male rats with CKD using the 5/6th nephrectomy model (5/6Nx). 

Results. Compared with rats with normal kidney function, 5/6Nx rats on the low KCl diet developed more severe extracellular and 
intracellular K 

+ depletion and more severe kidney injury, characterized by nephromegaly, infiltration of T cells and macrophages, 
decreased estimated glomerular filtration rate and increased albuminuria. The high KCl diet caused hyperkalemia, hyperaldostero- 
nism, hyperchloremic metabolic acidosis and severe hypertension in 5/6Nx but not in sham rats. The high KCitrate diet caused 
hypochloremic metabolic alkalosis but attenuated hypertension despite higher abundance of the phosphorylated sodium chloride 
cotransporter (pNCC) and similar levels of plasma aldosterone and epithelial sodium channel abundance. All 5/6Nx groups had more 
collagen deposition than the sham groups and this effect was most pronounced in the high KCitrate group. Plasma aldosterone cor- 
related strongly with kidney collagen deposition. 

Conclusions. CKD increases the susceptibility to negative effects of low and high K 

+ diets in male rats, although the injury patterns 
are different. The low K 

+ diet caused inflammation, nephromegaly and kidney function decline, whereas the high K 

+ diet caused 
hypertension, hyperaldosteronism and kidney fibrosis. High KCitrate attenuated the hypertensive but not the pro-fibrotic effect of 
high KCl, which may be attributable to K 

+ -induced aldosterone secretion. Our data suggest that especially in people with CKD it is 
important to identify the optimal threshold of dietary K 

+ intake. 
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GRAPHICAL ABSTRACT 

KEY LEARNING POINTS 

What was known : 

• The general population and people with chronic kidney disease (CKD) consume less dietary K 

+ than recommended.
• Increasing K 

+ intake to recommended levels improves cardiovascular and kidney health in the general population, but the 
effects in people with CKD are less clear.

This study adds : 

• In rats with normal kidney function, low dietary K 

+ intake caused mild hypokalemia and nephromegaly, whereas high dietary 
K 

+ intake had no adverse effects.
• In rats with CKD induced by 5/6th nephrectomy, low dietary K 

+ intake caused severe intracellular and extracellular K 

+ depletion 
and kidney injury characterized by nephromegaly and T-cell infiltration.

• High dietary K 

+ intake caused hyperkalemia, hyperaldosteronism and hypertension with kidney fibrosis.

Potential impact : 

• CKD increases susceptibility to the negative effects of low and high dietary K 

+ intake, suggesting that especially in people with 
CKD it is important to identify the optimal threshold of dietary K 

+ intake.
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NTRODUCTION 

n the general population dietary potassium (K 

+ ) intake is
54 mmol/day [ 1 ] which is below the recommended intake of 90–
20 mmol/day [ 2 , 3 ]. Low dietary K 

+ intake is associated with salt-
ensitive hypertension [ 4 ] and with a higher incidence of stroke
 5 ], chronic kidney disease (CKD) [ 6 ] and mortality [ 7 ]. Increas-
ng K 

+ intake through K 

+ supplementation or salt substitution
ecreases blood pressure and improves cardiovascular outcomes
 5 , 8 ]. People with CKD have a similar dietary K 

+ intake to the gen-
ral population [ 9 ]. At present it is unclear whether the health
enefits of adequate dietary K 

+ intake in the general population
lso apply to people with CKD [ 10 ]. Several studies have shown
hat higher estimated dietary K 

+ intake is associated with bet-
er kidney outcomes [ 11 ], cardiovascular outcomes [ 12 ] or lower
ortality in people with CKD [ 13 ]. On the other hand, people with
KD are prone to hyperkalemia which could also have untoward
ffects [ 14 ]. Our recent study showed that short-term KChloride
KCl) supplementation in people with CKD normalized dietary
 

+ intake and caused overt hyperkalemia in 11% of the partici-
ants [ 15 ]. 
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Figure 1: Dietary K + effects on electrolyte and acid–base balance. Dietary K + effects on ( A ) plasma K + , ( B ) chloride, ( C ) bicarbonate, ( D ) venous pH, 
( E ) plasma renin activity (PRA) and ( F ) aldosterone ( n = 8–10/group, except for plasma pH in rats on the 0.1% KCl diet n = 2–4/group). * P ≤ .05 compared 
with the 0.1% KCl diet within the same model (analyzed by ANOVA). † P ≤ .05 compared with sham rats on the same diet (analyzed by independent 
t -test). 
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Figure 2: Dietary K + effects on urine K + , chloride, sodium and ammonium excretion. Dietary K + effects on urine ( A ) K + , ( B ) chloride, ( C ) sodium and 
( D ) ammonium excretion ( n = 8–10/group). * P ≤ .05 compared with the 0.1% KCl diet within the same model (analyzed by ANOVA). † P ≤ .05 compared 
with sham rats on the same diet (analyzed by independent t -test). 

 

C  

C  

i  

[  

o  

o  

a  

t  

t  

[  

w  

(  

s  

(  

t  

K  

l  

K  

l
d  

i

d  

f  

i  

i  

u  

t
7  

a  

a  

0
 

a  

C  

e  

b  

l

M
S
A  

B  

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/advance-article/doi/10.1093/ndt/gfad220/7303306 by guest on 13 N

ovem
ber 2023
In addition to the health effects of dietary K 

+ in people with
KD, another relevant and more physiological question is how
KD modifies the response to dietary K 

+ . Several previous studies
n animals have characterized the effects of low and high K 

+ diets
 16 –22 ], but few of these studies were conducted in animal models
f CKD. In addition, no studies have directly compared the effects
f low and high K 

+ diets in animals with normal kidney function
nd animals with CKD. From these previous studies, it is clear
hat a low K 

+ diet causes a form of kidney injury that is charac-
erized by inflammation and fibrosis (“kaliopenic nephropathy”)
 23 ]. In addition, a low K 

+ diet activates the so-called K 

+ switch,
hich increases the activity of the sodium-chloride cotransporter

NCC) [ 10 ]. This response helps to conserve K 

+ but can also cause
alt-sensitive hypertension [ 10 , 17 ]. In the 5/6th nephrectomy
5/6Nx) model of CKD, a K 

+ -deficient diet exaggerated proximal
ubular hypertrophy compared with normal rats [ 16 ]. A high
 

+ diet is able to relieve part of the kidney injury induced by a
ow K 

+ or high sodium chloride diet [ 20 , 24 ]. Moreover, a high
 

+ diet inactivates NCC leading to K 

+ -induced natriuresis with
owering of blood pressure [ 25 , 26 ]. However, a chronic high K 

+ 

iet in mice can cause hypertension even in the presence of NCC
nhibition [ 25 , 27 ]. The same hypertensive response to a high K 

+ 
iet has been reported in 5/6Nx rats [ 28 ]. In contrast, Wang et al.
ound that a high K 

+ diet decreased blood pressure and kidney
njury compared with a normal K 

+ diet in 5/6Nx rats [ 29 ]. It is
mportant to emphasize that different percentages of KCl were
sed in these previous studies, including ranges of 0%–0.5% for
he low K 

+ diet, 0.4%–1.0% for the normal K 

+ diet and 2.6%–
.6% for the high K 

+ diet. Of note, if the recommendations for
dequate dietary K 

+ intake in humans (90–120 mmol/day)
re translated to rodents, a normal K 

+ diet would be
.1% KCl. 
The aim of the present study was to compare the effects of

 low, normal and high K 

+ diet in normal rats and rats with
KD using the 5/6Nx model. The effects of these diets on plasma
lectrolyte and acid–base levels, intracellular K 

+ concentrations,
lood pressure, kidney function and kidney histology were ana-
yzed. 

ATERIALS AND METHODS 

tudy design 

ll animal procedures were approved by the Animal Welfare
ody of the Erasmus Medical Center (license AVD101002016790).
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Figure 3: Dietary K + effects on intracellular K + concentrations. Dietary 
K + effects on intracellular K + concentrations in ( A ) muscle, ( B ) red blood 
cells (RBC) and ( C ) skin. * P ≤ .05 compared with the 0.03% KCl diet 
within the same model (analyzed by ANOVA). † P ≤ .05 compared with 
sham rats on the same diet (analyzed by independent t -test). 
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Male Sprague–Dawley rats (Envigo, UK) were housed in individual
cages with free access to water and their designated diets. CKD
was established through a two-step surgical 5/6th nephrectomy
procedure as described previously [ 30 ]. The first surgery (right
nephrectomy) was combined with telemetry implantation (Data 
Sciences International, St Paul, MN, USA) in the abdominal aorta.
Four weeks after the second surgery, baseline measurements were 
performed including a 72-h blood pressure measurement, a 24-h 
urine collection in metabolism cages and a tail vein blood sample 
collection ( Supplementary data , Fig. S1 ). Subsequently, rats were 
randomized to their respective diets for 4 weeks. At the end of
this time period, the 24-h urine collection was repeated and rats 
were sacrificed with collection of blood from the portal vein. Kid-
neys were either stored in formalin followed by ethanol fixation 
for histological analysis or snap frozen and stored at −80°C for 
immunoblot analysis. 

K 

+ diets 
Rats were randomly assigned to diets containing 0.03%, 0.1% or 
2.5% K 

+ (ssniff Spezialdiäten GmbH, Soest, Germany). A dietary 
K 

+ content of 0.1% was calculated to represent adequate dietary 
K 

+ intake in rats (see Supplementary data , Table S1 ). Dietary K 

+ 

contents of 0.03% and 2.5% were chosen to represent low and high
K 

+ intakes, respectively, because these contents provide clear dif- 
ferences from the 0.1% K 

+ diet but avoid the extreme K 

+ stress
associated with 0% and 5% K 

+ diets [ 27 ]. The 2.5% K 

+ diets were ei-
ther provided as KCl or KCitrate. All diets contained 0.2% sodium.
The chloride contents were 0.3% for the low KCl, normal KCl and
high KCitrate diet, and 2.5% for the high KCl diet. 

Blood, urine and intracellular measurements 
Before the start of the intervention and at end of study, blood and
24-h urine were collected for analysis of electrolyte and acid–base 
homeostasis, renin–angiotensin system activity and kidney func- 
tion ( Supplementary data ). At end of study, muscle and skin sam-
ples were obtained from the abdominal wall for intracellular K 

+ 

measurements ( Supplementary data ). Estimated glomerular fil- 
tration rate (eGFR) measurements were performed through a re- 
cently validated formula in rats [ 31 ]. 

Kidney immunoblot and histology 

The abundances of NCC, phosphorylated NCC (pNCC), full-length 
alpha–epithelial sodium channel ( α-ENaC), cleaved α-ENaC and 
pendrin in the remnant kidney were analyzed by immunoblot.
GAPDH was used as housekeeping protein ( Supplementary data ,
Table S2 ). Immunohistochemistry on kidney slices fixed in ethanol 
was performed to identify macrophages with an anti-CD68 anti- 
body and T cells with an anti-CD3 antibody (both from Abcam).
Collagen staining was performed as measure of fibrosis using pi- 
crosirius red staining (see Supplementary data ). 

Statistical analysis 
Data are expressed as mean and standard error of the mean ex-
cept for plasma renin, plasma aldosterone and urine albumin,
which are expressed as median and interquartile range because 
these data were not normally distributed. At baseline, differences 
between sham and 5/6Nx rats were analyzed by independent t - 
tests. At end of study, analyses were either performed between di-
ets within the same model (i.e. sham or 5/6Nx) by analysis of vari-
ance (ANOVA) with Dunnetts post hoc testing (comparison with the 
0.1% KCl diet) or between models within the same diet by indepen-
dent t -tests. Non-normally distributed data were log-transformed 
prior to testing. Blood pressure trajectories were analyzed by two- 
way repeated measures ANOVA. The correlations between end of 
study systolic blood pressure and plasma aldosterone and plasma 
chloride, and the correlation between plasma aldosterone and 

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
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https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
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Figure 4: Dietary K + effects on telemetric blood pressure. Dietary K + effects on systolic and diastolic blood pressure in ( A , B ) sham rats and ( C , D ) 
5/6Nx rats ( n = 8–10/group). Correlations between plasma aldosterone, plasma chloride and final systolic blood pressure in 5/6Nx rats ( E , F ). * P ≤ .05 
compared with the 0.1% KCl diet within the same model (analyzed by ANOVA). † P ≤ .05 between high KCl and high K-Citrate diets (analyzed by 
two-way repeated measures ANOVA). Nighttime blood pressures are shown in gray columns, daytime blood pressure in white columns. 
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icrosirius red staining were assessed by Pearson’s r and mul-
ivariable regression analysis. Data were analyzed with Graph-
ad Prism version 8 (GraphPad Software Inc., La Jolla, CA, USA).
 P -value ≤.05 was considered statistically significant. 

ESULTS 

ietary K 

+ effects on electrolyte and acid–base 

alance 

/6Nx increased plasma creatinine, albuminuria, blood pressure
nd heart rate, but had no significant effects on body weight, food
ntake or activity ( Supplementary data , Fig. S2 ). These data sup-
ort 5/6Nx as a model for CKD. Plasma creatinine did not dif-
er among 5/6Nx rats which were subsequently randomized to
he four different diets (data not shown). After baseline measure-
ents, rats were randomly assigned to a low KCl, normal KCl, high
Cl or high KCitrate diet for 4 weeks. The low KCl diet caused hy-
okalemia in both sham and 5/6Nx rats but this was significantly
ore severe in 5/6Nx rats (Fig. 1 A). The high K 

+ diets increased
lasma K 

+ in 5/6Nx but not in sham rats. Sham rats developed
ormochloremic metabolic alkalosis on the low KCl and high KC-
trate diets, while 5/6Nx rats on the high KCitrate diet developed
ypochloremic metabolic alkalosis (Fig. 1 B and C). The remain-
ng 5/6Nx groups all developed hyperchloremic metabolic acido-
is. Compared with sham rats, venous plasma pH was lower in
he 5/6Nx rats on the low, normal and high KCl diets, but signifi-
antly higher on the high KCitrate diet (Fig. 1 D). In sham rats, the
igh KCl diet caused slightly lower plasma renin activity. 5/6Nx
uppressed plasma renin, and both high K 

+ diets suppressed this
urther (Fig. 1 E). Plasma aldosterone increased with high K 

+ diets,
specially in 5/6Nx rats (Fig. 1 F). Compared with sham rats, body
eight was lower in 5/6Nx rats on the low KCl diet despite higher
ood intake; body weight was also lower in 5/6Nx rats on the high
Citrate diet ( Supplementary data , Table S3A and B ). Urine vol-
me was higher in all 5/6Nx rats compared with sham rats, and
igh K 

+ diets increased urine volume compared with the normal
Cl diet ( Supplementary data , Fig. S3 ). 

ietary K 

+ effects on urinary excretions 
rine K 

+ excretion was significantly higher in all high K 

+ diet
roups (Fig. 2 A). Urine chloride increased in sham and 5/6Nx rats
n the high KCl diet; urinary chloride excretion was also higher
n 5/6Nx rats on the low KCl and high KCitrate diets compared
ith sham rats on the same diets (Fig. 2 B). Urine sodium ex-
retion was higher on the high K 

+ diets especially in 5/6Nx rats
Fig. 2 C) despite similar intake ( Supplementary data , Table S3B ).

https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
https://academic.oup.com/ndt/article-lookup/doi/10.1093/ndt/gfad220#supplementary-data
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Figure 5: Dietary K + effects on NCC, ENaC, and pendrin in 5/6Nx rats. Immunoblots and corresponding densitometry ( n = 5/group, A and B ). Pearson 
correlations between kidney phosphorylated NCC with plasma Cl − and plasma K + ( C ). The correlation between pNCC and plasma K + was analyzed 
with and without the high KCitrate group. * P ≤ .05 compared with the 0.1% KCl diet (analyzed by ANOVA). 
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Plasma K 

+ correlated significantly with urine sodium excretion
(data not shown). Urine ammonium excretion was higher in 5/6Nx
rats compared with sham rats, although this was statistically sig-
nificant only for the low KCl and high KCitrate diets (Fig. 2 D). Urine
ammonium excretion was suppressed by the high KCitrate diet in
sham and 5/6Nx rats. 

Rats develop intracellular K 

+ depletion on the 

low K 

+ diet 
In 5/6Nx rats, the low KCl diet significantly decreased intracellu-
lar K 

+ concentration in muscle, red blood cell and skin compared
with the high K 

+ diets (Fig. 3 A–C). There were no significant differ-
ences in intracellular K 

+ concentration in sham rats. Intracellular
K 

+ concentration in muscle and red blood cells was significantly
lower in 5/6Nx rats on the low KCl diet compared with sham rats
on the low KCl diet (Fig. 3 A and B). 

5/6Nx but not sham rats develop hypertension 

on high K 

+ diets 
In sham rats, blood pressure was unaffected by K 

+ intake
(Fig. 4 A and B). In 5/6Nx rats, the high KCl diet significantly in-
creased systolic and diastolic blood pressure (Fig. 4 C and D).
The high KCitrate diet also significantly increased systolic and
diastolic blood pressure, but this was attenuated compared with 
the high KCl diet. In 5/6Nx rats, end of study systolic blood
pressure showed significant positive correlations with plasma al- 
dosterone (r = 0.52, P = .003) and plasma chloride (r = 0.45,
P = .01) (Fig. 4 E and F), which together predicted 60% of the
variability in blood pressure between groups. Blood pressures re- 
mained constant in 5/6Nx rats on the low and normal KCl diets.
Plasma K 

+ correlated significantly with systolic blood pressure 
(data not shown). 

NCC, ENaC and pendrin 

In 5/6Nx rats, the low KCl diet increased pNCC, while the high KCl
diet decreased pNCC (Fig. 5 A and B), as reported previously for
normal rats and mice [ 27 , 32 –36 ]. In group comparison, however,
these changes did not reach statistical significance, likely because 
the high KCitrate diet caused a ∼5-fold increase in pNCC. The 
abundance of full-length and cleaved α-ENaC increased signifi- 
cantly with both high K 

+ diets. Pendrin abundance increased sig- 
nificantly only on the high KCitrate diet. Plasma chloride but not 
plasma K 

+ showed a significant negative correlation with pNCC 

abundance (Fig. 5 C). Because low intracellular chloride phos- 
phorylates NCC [ 37 ], we hypothesized that the hypochloremic 
metabolic alkalosis secondary to high KCitrate obscured the 
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Figure 6: Dietary K + effects on kidney function. Dietary K + effects on ( A ) plasma creatinine, ( B ) plasma urea, ( C ) eGFR, ( D ) urine albumin and ( E ) 
kidney weight ( n = 8–11/group). * P ≤ .05 compared with the 0.1% KCl diet within the same model (analyzed by ANOVA). † P ≤ .05 compared with sham 

rats on the same diet (analyzed by independent t -test). 
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orrelation between plasma K 

+ and pNCC. To address this, we re-
eated the correlation analysis without the KCitrate group and
ere able to demonstrate a significant negative correlation be-
ween plasma K 

+ and pNCC abundance (Fig. 5 C), similar to what
as been reported previously [ 33 ]. 
K  
ifferent kidney injury patterns 
n low vs high K 

+ diets 
n 5/6Nx but not in sham rats, the low KCl diet increased plasma
reatinine and urea, and decreased eGFR compared with the 0.1%
Cl diet (Fig. 6 A–C). The low KCl diet also caused more severe
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A Sirius Red

CD3+ cells
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Figure 7: Dietary K + effects on collagen deposition, T-cell infiltration and macrophage infiltration. Representative immunohistochemic kidney images 
( A ) and quantification of picrosirius red staining, CD3 + cells and CD68 + cells and the correlation between plasma aldosterone and picrosirius red 
staining ( B ). * P ≤ .05 compared with the 0.1% KCl diet within the same model (analyzed by ANOVA). † P ≤ .05 compared with sham rats on the same diet 
(analyzed by independent t -test). 
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albuminuria in 5/6Nx rats (Fig. 6 D). 5/6Nx rats had higher kid-
ney weight than sham rats as reported previously [ 38 ]. The low
KCl diet increased kidney weight significantly both in sham and
5/6Nx rats (Fig. 6 E), although this effect was stronger in the 5/6Nx
rats. Collagen deposition in the remnant kidney of the 5/6Nx rats
was greater than in sham rats (Fig. 7 A), and the high KCitrate diet
increased this further (Fig. 7 B). 5/6Nx rats had a higher number of
T cells per mm 

2 in their remnant kidneys than the sham rats and
the low KCl diet increased this further in both sham and 5/6Nx
rats (Fig. 7 A and B). There was more macrophage infiltration in
5/6Nx rats than in sham rats, but this was only statistically sig-
nificant on the low KCl diet (Fig. 7 A and B). Plasma aldosterone
concentration and Sirius red staining correlated strongly (r = 0.53,
P < .001) (Fig. 7 B). 

DISCUSSION 

In this study, we tested the hypothesis that CKD aggravates the
detrimental effects of low and high K 

+ intake using the 5/6Nx
model. Our study shows that 5/6Nx rats are more susceptible to 
negative effects of a low and high K 

+ diet than normal rats. The
injury patterns, however, differ and are characterized by inflam- 
matory injury with kidney function decline on the low K 

+ diet
and hypertensive injury with preserved kidney function on the 
high K 

+ diet (Fig. 8 ). We also show that the hypertensive effect of
the high KCl diet is attenuated with the high KCitrate diet despite
higher pNCC abundance. Our data add several novel insights into 
K 

+ homeostasis in the setting of CKD with relevance for the cur-
rent debate on dietary K 

+ in people with CKD [ 39 ]. 
Our study shows that rats with CKD are less capable of con-

serving K 

+ and therefore develop more severe hypokalemia on 
a low K 

+ diet. Because K 

+ is mostly an intracellular cation, we
determined concentrations of K 

+ in red blood cells, muscle and 
skin. Intracellular K 

+ concentrations were lower in the rats with 
CKD on the low K 

+ diet than in sham rats, indicating total body K 

+ 

depletion. Total body K 

+ depletion has been reported previously 
in humans with CKD and is associated with increased mortality 
[ 40 ]. While hypokalemia in the normal rats on the low K 

+ diet was



10 | Nephrol Dial Transplant , 2023, Vol. 0, No. 0 

Figure 7: (Continued) 

Figure 8: Detrimental effects of low and high dietary K + in normal and 5/6Nx rats. The figure shows the degree of injury and the types of injuries 
observed on the low, normal and high K + diets used in this study. We found that the 5/6Nx model of CKD aggravated the negative effects of both a low 

and high K + diet. 
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ccompanied by the expected metabolic alkalosis, the rats with
KD on the low K 

+ diet developed hyperchloremic metabolic
cidosis with higher urine ammonium excretion. Further impair-
ent of kidney function in the rats with CKD on the low K 

+ diet
ay explain this metabolic acidosis. The high K 

+ diets resulted
n higher plasma K 

+ levels in the rats with CKD although few
nimals developed overt hyperkalemia. In people with CKD, the
elationship between dietary K 

+ intake and plasma K 

+ is weak
 41 ], while this relationship is stronger for K 

+ supplements [ 15 ].
his difference is likely explained by a lower bioavailability of
 

+ in foods than in supplements [ 42 ]. Because the bioavailability
f K 

+ in rodent chow is also likely to be near-maximal, this may
xplain the diet-induced rise in plasma K 

+ . The high KCitrate diet
aused severe hypochloremic alkalosis and pendrin upregulation
n the rats with CKD. Metabolic alkalosis likely developed because
he excretion of the dietary alkali load was impaired by the low
FR and hypochloremia [ 43 ]. In turn, hypochloremia was likely
he result of the Cl −-deficient diet and possibly higher urinary
hloride excretion secondary to an expanded extracellular fluid
olume [ 44 ]. 
The development of hypertension secondary to extreme high

 

+ diets in rodents has now been reported by several groups [ 25 ,
7 , 28 , 36 ], and was also clear in our 5/6Nx rats on a less ex-
reme but still unphysiologically high 2.5% K 

+ diet. This suggests
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that increasing dietary K 

+ intake may only decrease blood pres-
sure when it is used to normalize a low K 

+ diet. This is in
agreement with a previous meta-analysis which demonstrated a
U-shaped relationship between dietary K 

+ intake and blood pres-
sure [ 45 ]. There are several possible reasons why a high K 

+ diet
increases blood pressure, including higher plasma aldosterone,
hyperchloremia and metabolic acidosis [ 46 ]. Higher ENaC abun-
dance is compatible with an aldosterone effect, although ENaC
can also be activated directly by extracellular K 

+ [ 47 , 48 ]. Little
et al. recently showed that hypertension on a high K 

+ diet can
be reversed by amiloride further supporting a role for ENaC [ 25 ].
An interesting finding was that the attenuated hypertension on
the high KCitrate diet occurred with higher pNCC and with simi-
lar plasma aldosterone and ENaC levels. The stimulatory effect of
KCitrate on pNCC has been reported previously [ 32 ]. We propose
that hypochloremia explained higher pNCC assuming that intra-
cellular chloride concentrations were also lower, which are a rec-
ognized stimulant for NCC [ 49 ]. The greater rise in blood pressure
with KCl suggests a role for dietary chloride and, indeed, we found
a significant correlation between plasma chloride and blood pres-
sure. Previous studies demonstrated an effect of dietary chloride
on blood pressure. In uninephrectomized rats treated with des-
oxycorticosterone, a high sodium chloride but not sodium bicar-
bonate diet increased blood pressure [ 50 ]. In 25 patients with es-
sential hypertension, K 

+ citrate supplementation decreased blood
pressure to a greater extent than K 

+ chloride [ 51 ]. Chloride can
induce renal vasoconstriction, which could potentially result in
higher blood pressure [ 52 ]. Another interesting observation is the
high urinary sodium excretion in the high dietary K 

+ groups. This
has been shown previously [ 25 , 53 ] and, although speculative, may
imply that the animals are not in steady state or that part of the
K 

+ salts are excreted as sodium salts. 
One could argue that the injury pattern secondary to the low K 

+

diet is more detrimental than that observed with the high K 

+ diet.
The low K 

+ diet caused injury regardless of the presence of CKD
and worsened eGFR and albuminuria in the rats with CKD. This
raises the possibility that the associations between lower urinary
K 

+ and worse kidney outcomes in observational studies [ 11 ] may
be explained by a direct nephrotoxic effect of low dietary K 

+ in-
take. The pattern of kidney injury that we observed with the low
K 

+ diet is consistent with previous literature, which also reported
nephromegaly and decreased creatinine clearance [ 17 –19 , 21 , 22 ,
54 , 55 ]. Other common manifestations of hypokalemia-induced
nephropathy include macrophage infiltration [ 17 , 19 , 22 ] and fi-
brosis [ 17 –19 ]. T-cell infiltration has also been reported previously
in the context of hypokalemic injury [ 56 ], and the general role
of macrophages and T cells in kidney injury and fibrosis is well-
characterized [ 57 ]. The kidney injury pattern in rats with CKD on
the high K 

+ diets was different from the low K 

+ diet in the sense
that it was characterized by increased collagen deposition with-
out a clear influx of macrophages or T cells. A recent study in two
different mouse models of CKD showed that K 

+ -induced fibrosis
is dependent on the mineralocorticoid receptor [ 58 ]. This suggests
a role for the K 

+ -induced rise in plasma aldosterone, which is also
supported by the strong correlation between plasma aldosterone
and collagen deposition. 

The strength of this study is the direct comparison between the
effects of low, normal and high K 

+ diets in rats with normal kid-
ney function and rats with CKD. The high K 

+ diets had no clear
negative effects in the rats with normal kidney function, whereas
previous studies did show that mice on a high K 

+ diet developed
hypertension [ 25 , 27 , 36 ]. This may be explained by a species dif-
ference or difference in the magnitude of K 

+ supplementation.
We also acknowledge a number of limitations of our study. First,
the multi-group comparison forced us to make choices and there- 
fore we tested KCitrate only as high K 

+ diet and measured the
intracellular K 

+ concentrations only in rats on the low and high
K 

+ diets. Only male rats were used in order to limit the number
of animals and the blood pressure variability related to sex hor- 
mones. However, given the emerging insights on the importance 
of sex differences in tubular transport and hypertension, future 
studies should also include female rats. We tested the diets only 
in the 5/6Nx model of CKD and it therefore remains to be deter-
mined to what degree our results also apply to other experimen- 
tal CKD models or to human CKD. Finally, we used less extreme
K 

+ diets than in previous studies, but acknowledge that they are 
still supraphysiological. Indeed, the 2.5% K 

+ diets for rats in our
experimental conditions result in a 25-fold higher potassium in- 
take compared with a regular diet for rats, which is outside the
range of physiological variations in humans. Therefore, these re- 
sults should be interpreted with caution. 

In conclusion, CKD increases susceptibility to the negative 
effects of low and high K 

+ diets but leads to different injury
patterns including inflammation, fibrosis and kidney function 
decline with the low K 

+ diet and hyperaldosteronism, hyperten- 
sion and fibrosis on the high K 

+ diet. Our results suggest that
especially in people with CKD it is important to establish the 
optimal threshold of dietary K 

+ intake to avoid the negative 
effects of a low and high K 

+ diet. 
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