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SUMMARY

Inadequate potassium (K+) consumption correlates with increased mortality and poor 

cardiovascular outcomes. Potassium effects on blood pressure have been described previously; 

however, whether or not low K+ independently affects kidney disease progression remains unclear. 

Here, we demonstrate that dietary K+ deficiency causes direct kidney injury. Effects depend 

on reduced blood K+ and are kidney specific. In response to reduced K+, the channel Kir4.2 

mediates altered proximal tubule (PT) basolateral K+ flux, causing intracellular acidosis and 

activation of the enzyme glutaminase and the ammoniagenesis pathway. Deletion of either Kir4.2 

or glutaminase protects from low-K+ injury. Reduced K+ also mediates injury and fibrosis in a 

model of aldosteronism. These results demonstrate that the PT epithelium, like the distal nephron, 

is K+ sensitive, with reduced blood K+ causing direct PT injury. Kir4.2 and glutaminase are 

essential mediators of this injury process, and we identify their potential for future targeting in the 

treatment of chronic kidney disease.
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In brief

Terker et al. demonstrate that dietary K+ deficiency causes kidney-specific injury and 

inflammation. Effects are mediated by the proximal tubule basolateral K+ channel Kir4.2, which 

promotes ammoniagenesis in response to reduced blood K+ levels. Deletion of this channel or the 

enzyme glutaminase protect animals from low-K+-mediated kidney injury.

INTRODUCTION

Modern dietary trends include an electrolyte profile that is relatively high in sodium (Na+) 

yet low in potassium (K+).1 A diet with a high Na+-to-K+ ratio has repeatedly been 

linked to poor cardiovascular outcomes including hypertension, stroke, and cardiovascular 

mortality.2-5 Primacy has often been attributed to Na+, and most mechanistic and clinical 

studies correlate effects of high Na+ intake on cardiovascular health. Clinical practice 

also reflects this focus on Na+ consumption with periodically updated Na+ consumption 

recommendations for patients guided by research findings. While effects of reduced dietary 

K+ have received less attention, there is strong evidence that low K+ intake has a prominent 

role in the development of cardiovascular disease.

More recent clinical studies show that low K+ consumption correlates with increased 

incidence and progression of chronic kidney disease, as well as higher rates of graft 

failure in kidney transplant recipients,6 but mechanistic details are lacking.5,7 Proximal 

tubule (PT) cells are the predominant epithelial targets of kidney injury as they constitute 
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the bulk of kidney mass and perform the majority of reabsorptive functions. Their fate 

dictates renal recovery after injury.8 Along the distal convoluted tubule (DCT), prior work 

has demonstrated direct effects of extracellular K+ on modulating distal epithelial cell 

function and Na+ reabsorption.9-11 Low blood K+ has been linked to renal hypertrophy 

and PT damage, but whether these effects result directly from reduced peritubular K+ 

influencing the proximal epithelium remains unanswered. If true, such a mechanism would 

have important implications for individuals with chronic kidney disease (CKD). As standard 

practice is to recommend dietary K+ restriction for patients with CKD, current approaches 

could be unintentionally contributing to kidney disease progression.

Previous descriptions of the distal nephron epithelium as a K+-sensitive segment show 

that altered basolateral K+ flux is mediated by the inwardly rectifying K+ (Kir) channel 

Kir4.1, which forms functional heterotetramers with Kir5.1.9 While Kir4.1 expression is 

confined to the distal nephron, the related Kir4.2 is expressed along the PT basolateral 

membrane and also heterotetramerizes with Kir5.1 to form functional channels. Along the 

PT, Kir4.2 regulates basolateral membrane potential and intracellular pH (pHi).12 In a model 

of systemic acidosis, its deletion inhibited ammoniagenesis and caused a proximal renal 

tubular acidosis, though its role in a low-K+ state has not been previously investigated.

Along with acidosis, low K+ is one of the most potent stimuli for renal ammoniagenesis.13,14 

Ammoniagenesis is a metabolic process initiated by the enzyme glutaminase. Low-K+-

induced ammoniagenesis is thought to contribute to the generation of metabolic alkalosis as 

suggested by increased urinary acid excretion following K+ depletion.14 We hypothesized 

that chronically elevated glutaminase activity in a setting of reduced dietary K+ intake may 

induce an excessive metabolic load on the kidney, contributing to cell stress and kidney 

injury.

In this study, we tested the hypothesis that low dietary K+ causes direct kidney injury. 

We show that injury is largely kidney specific, sparing other organs. Using a combination 

of in vivo and in vitro approaches, we further demonstrate that effects are mediated via 

PT basolateral K+ efflux through Kir4.2 in the setting of extracellular K+ reductions. The 

resulting intracellular K+ reduction, in turn, causes intracellular acidosis, a potent activator 

of glutaminase activity. Finally, we demonstrate that in the absence of glutaminase function, 

PT cells are protected from low-K+-mediated injury both in culture and in vivo.

RESULTS

A high-salt/low-K+ diet causes kidney injury and inflammation via reduced blood K+

We initially determined effects of high-salt intake on kidney inflammation, injury, and 

fibrosis. Animals that consumed a high-salt diet with normal K+ (HS/NK) for 4 weeks did 

not have significant differences in total kidney mRNA abundance of inflammatory, injury, 

or fibrosis transcripts compared with mice that were maintained on normal salt and NK 

(NS/NK) (Figure 1A). Differences in fibrosis were also not observed at the protein level 

as determined by Sirius red staining (Figures 1B and S1A). As most people consume a 

diet that is high in Na+ and low in K+, we modeled effects of this diet by comparing mice 

consuming a HS/NK diet with those fed a high-salt and K+-deficient (HS/0K) diet. Animals 
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fed HS/0K had increased total kidney mRNA abundance of multiple inflammatory, injury, 

fibrotic, and immune cell transcripts compared with those animals on HS/NK (Figures 

1C-1E and S1B). This was accompanied by increased immune cell infiltration as determined 

by flow cytometry and immunostaining (Figures 1F and S1C-S1E). Immunostaining also 

confirmed increases in injury markers kidney injury molecule 1 (Kim-1) and neutrophil 

gelatinase-associated lipocalin (NGAL) and fibrosis as observed through Sirius red staining 

(Figures 1G, 1H, and S1F). Quantification of tubule injury revealed that epithelial damage 

was diffuse throughout all anatomical regions, with the highest rates of injury observed in 

the cortex (Figure S1G). While the HS/0K diet also increased cytokine transcript abundance 

in circulating leukocytes, quantitative PCR analysis from heart, liver, colon, spleen, and 

skeletal muscle did not demonstrate similar increases in mRNA abundance of inflammatory 

or fibrotic transcripts, suggesting that solid organ effects were largely restricted to the kidney 

(Figure S2). To confirm that low dietary K+ intake alone, in the absence of high salt, was 

sufficient to cause kidney injury, we compared the effects of NS/NK and NS/0K intakes in 

mice. Dietary K+ restriction, without high salt, still increased total kidney mRNA abundance 

of inflammatory, injury, and fibrotic transcripts and caused increased immune cell kidney 

infiltration as determined by flow cytometry (Figure S3; Table S1).

To determine at what level of dietary K+ deleterious effects occur, a dietary K+ titration was 

performed to produce graded changes in blood K+ levels (Figure 2A; Table S2A). Blood 

K+ was inversely correlated with changes in kidney weight, renal transcript abundance of 

inflammatory cytokines, injury markers, and fibrosis markers, and abundance of immune 

cell subsets (Figures 2B-2D). Kim1 mRNA expression began to increase when blood K+ 

decreased below 3.5 mM, although changes in other transcripts generally required slightly 

lower blood K+ levels (Figure S4A). Therefore, all subsequent experiments were performed 

using diets containing high salt and 0.04% K+ (HS/0.04K), which corresponded to a blood 

K+ level of 2.6 mM.

To confirm that blood K+ itself, and not reduced dietary K+ consumption, was the 

nephrotoxic signal, we next used the K+-sparing diuretic amiloride to influence blood K+ 

independent of diet. Amiloride treatment maintained normokalemia in mice consuming an 

HS/0.04K diet compared with the HS/0.04K diet alone (Figures 2E, S4B, and S4C; Table 

S2B). Amiloride treatment also prevented increased total kidney transcript abundance of 

inflammatory, injury, and fibrosis markers (Figures 2F-2H), supportive of the hypothesis that 

blood K+ mediates kidney injury.

Aldosterone-induced renal fibrosis and injury requires reductions in blood K+

Aldosterone is known to cause kidney injury.15 It also causes hypokalemia, and while 

the kidney damage has traditionally been attributed to effects mediated by dietary Na+, 

our data demonstrating a relationship between blood K+ and injury led us to hypothesize 

that low K+ may be mediating some of the observed effects. To test this hypothesis, we 

treated mice with aldosterone and an HS/NK diet, and, as expected, aldosterone-treated 

animals had reduced blood K+ levels (Figure 3A; Table S3). They also had increased total 

kidney mRNA abundance of inflammatory, injury, and fibrotic transcripts (Figures 3B-3D). 

Increased kidney fibrosis was also observed (Figures 3E and S5A). Maintaining blood K+ 
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in the physiological range with either a high-K+ diet or amiloride while also treating with 

aldosterone reduced or prevented the increase in nearly all of these parameters (Figures 

3B-3E). Importantly, an abundance of the alpha subunit of the epithelial Na+channel 

(αENaC), a known aldosterone target gene, remained elevated despite normokalemia 

(Figure S5B).

Low K+ exerts deleterious effects on the PT through Kir4.2 and reduced pHi

A consequence of reduced extracellular K+ is a reduction in pHi.16 To confirm this effect 

in PT cells in culture, we cultured human renal proximal tubule epithelial cells (hRPTECs) 

in K+-deplete medium in vitro. Low-K+ conditions caused a rapid reduction in pHi that 

corrected over time (Figure 4A). To determine if this intracellular acid load contributed 

to low-K+ injury in vivo, we alkali-loaded animals in conjunction with an HS/0.04K diet 

and determined effects on the kidney. Despite similar blood K+ levels, animals that were 

co-treated with NaHCO3 were more alkalotic and had reduced kidney weight and reduced 

mRNA transcript abundance of inflammatory, injury, and fibrosis genes compared with mice 

co-treated with NaCl-supplemented drinking water (Figures 4B-4H; Table S4).

These results suggested that secondary development of intracellular acidosis was required 

for low-K+-mediated PT injury. The well-established role of Kir4.1 mediating K+ signaling 

on distal epithelia led us to hypothesize a similar function for the PT-specific K+ channel 

Kir4.2. Kir4.2 is known to have an important role in setting the PT basolateral membrane 

potential,12 suggesting it may serve as a PT K+ sensor. To determine if Kir4.2 mediates 

effects of low-K+ injury on the PT, we fed Kir4.2 knockout (Kir4.2−/−) animals and 

wild-type (WT) controls an HS/0.04K diet. This exacerbated the previously described 

type II renal tubular acidosis (RTA) in Kir4.2 knockouts, causing profound hypokalemia 

and systemic acidosis (Figures 5A, S6A, and S6B; Table S5). Plasma aldosterone levels 

were reduced in both genotypes after consuming the HS/0.04K diet for 8 days (Figure 

S6C). Rapid weight loss in knockout animals limited the duration of experiments, so data 

were collected after 3 and 8 days of treatment. Despite the lower blood K+, Kir4.2−/− 

mice failed to undergo renal hypertrophy, as demonstrated by reduced kidney weight 

compared with WT controls (Figure 5B). WT mice demonstrated increased abundance of 

phosphorylated S6 kinase 1 after 8 days, consistent with activation of the mammalian 

target of rapamycin complex 1 (mTORC1) (Figure S6D). Such changes were not evident 

in Kir4.2−/− mice. While 3 days of HS/0.04K diet did not dramatically affect expression 

of inflammatory, injury, or fibrosis transcripts (data not shown), Kir4.2−/− mice had lower 

abundances of these transcripts after 8 days of treatment compared with WT animals (Figure 

5C). Flow cytometry data showed increased kidney abundance of macrophages in WT 

animals following 8 days of the HS/0.04K diet, though this effect was absent in Kir4.2−/− 

mice (Figure 5D). Furthermore, transcript abundance and blood K+ displayed a linear 

or exponential relationship for several genes including interleukin-6 (IL-6), IL-1β, tumor 

necrosis factor α (TNF-α), CCL2, Kim1, NGAL, Col1a1, Col3a1, and α-smooth muscle 

actin (α-SMA) in WT animals (Figures 5E-5G and S6E-S6J). In Kir4.2−/− animals, this 

analysis revealed the absence of such a relationship for IL-6, IL-1β, CCL2, Kim1, Col1a1, 

Col3a1, and α-SMA. While slopes were statistically different for IL-6, Kim1, Col1a1, 

Col3a1, and α-SMA, similar conclusions could not be drawn for TNF-α, IL-1β, CCL2, and 
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NGAL, though knockout abundances were reduced relative to WT controls for all genes 

(Figures S6E-S6J).

These data suggest that Kir4.2 is required to sense and respond to plasma K+ changes along 

the PT. This led us to hypothesize that if low K+ mediates aldosterone effects on injury 

and fibrosis through the proximal epithelium (Figure 3), then Kir4.2 deletion will afford 

protection in settings of aldosterone excess. While Kir4.2−/− animals had lower blood K+ 

levels following aldosterone infusion, their renal abundance of inflammatory, injury, and 

fibrosis transcripts were substantially reduced when compared with WT controls, confirming 

this hypothesis (Figures 5H-5K; Table S6).

Renal glutaminase is required for low-K+-mediated kidney injury

Low K+ is known to have potent metabolic effects on the PT epithelium, including 

activation of the ammoniagenesis pathway.13 We confirmed increased kidney transcript 

abundance of glutaminase in WT mice after consumption of an HS/0K diet (Figure 

S7A) and subsequently demonstrated increased protein abundance in PT cells via co-

staining with lotus tetragonolobus lectin (LTL) (Figure 6A). Reduced injury in Kir4.2−/− 

animals following consumption of an HS/0.04K diet was associated with an absence of 

increased renal glutaminase abundance compared with WT controls (Figures 6B and S7B). 

Differences in glutamate dehydrogenase abundance between genotypes were not detected 

(Figure S7C). To determine if increased glutaminase activity contributes to low-K+ injury, 

we next cultured hRPTECs in normal- or low-K+ conditions. Low-K+ medium increased 

protein abundance of the PT injury marker Kim1. Importantly, this effect was absent in 

the presence of the glutaminase inhibitor BPTES (Figure 6C). Consistent with these data, 

low-K+ conditions also modestly increased reactive oxygen species (ROS) production as 

determined through measurements with the compound H2DCFDA (Figure S8A). In the 

presence of BPTES, changes in ROS production were not detectable (Figure S8B).

To determine if glutaminase inhibition protects against low-K+ injury in vivo, we generated 

kidney-specific glutaminase knockout animals (KS GLS−/−) using the Pax8-LC1 Cre system 

(Figures 6D and S9). Following consumption of an HS/0.04K diet, blood K+ and HCO3
− 

did not differ between KS GLS−/− mice and controls (Figure 6E; Table S7). However, KS 

GLS−/− kidneys did not show the same degree of hypertrophy and contained a reduced 

inflammatory infiltrate compared with WT animals, as we detected fewer kidney CD45+ 

cells and reduced myeloid and macrophage subsets in knockouts (Figures 6F and 6G). 

KS GLS−/− animals had reductions in total kidney transcript abundance of TNF-α, IL-1β, 

IL-6, NGAL, Col1a1, and Col1a3 (Figures 6H-6J). Kim1 transcript trended toward reduced 

abundance in KS GLS−/− mice, and immunoblotting indicated reduced Kim1 protein 

abundance in knockouts compared with WT controls (Figures 6J and 6K).

DISCUSSION

Reductions in dietary K+ intake strongly correlate with poor cardiovascular health outcomes. 

Mechanistic descriptions of K+ affecting the distal nephron epithelium provide a partial 

explanation for this, but whether or not K+ directly affects PT cell function remains 

unknown. Herein, we demonstrated that low dietary K+ injures PT cells. Injurious effects 
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of K+ on the kidney occur directly through reduced ambient K+ levels and are continuous 

throughout the range of blood K+, with lower levels correlating with increased injury. 

Low K+ did not have inflammatory or profibrotic effects on other solid organs, but rather 

it demonstrated kidney specificity. Data obtained through a combination of in vitro and 

in vivo studies support a model for injury dependence upon increased basolateral K+ 

efflux, via Kir4.2, and the development of intracellular acidosis (Figure 7). Intracellular 

acidosis activates glutaminase to drive renal ammoniagenesis, and our findings show that 

this increased enzymatic activity contributes to kidney injury.

Our findings are reminiscent of hypokalemic nephropathy, a relatively uncommon clinical 

entity in which patients present with severe hypokalemia and injury of the renal 

epithelium.17,18 The mechanisms we have identified in this study are likely relevant to 

this process in patients. While targeting the pathway described here might be a viable 

treatment approach in this setting, our findings of increased Kim1 mRNA in animals 

with an average blood K+ level of 3.3 mM after 3 weeks of treatment suggest that less 

severe reductions in dietary and blood K+ can have deleterious kidney effects chronically. 

Long-term damaging effects of reduced dietary K+ may be more pervasive among the 

general population and could explain the association between reduced urine K+ and CKD 

incidence and progression.2,3,5,19 If prevalent in humans, this mechanistic relationship has 

important implications for the clinical care of patients with CKD. Dietary K+ restriction is 

a common component of the clinical approach to treating CKD. It is typically instituted to 

avoid negative cardiac effects of hyperkalemia, but overly aggressive K+ restriction could 

be harmful to the kidneys in the long term. While findings from several studies have 

supported this hypothesis,20,21 others have not.22,23 Moreover, clinical studies have been 

observational, making mechanistic inferences difficult. This hypothesis is currently being 

tested in a clinical trial in which patients with CKD stages 3 and 4 are being supplemented 

with KCl to determine effects on disease progression.24,25 Future studies should determine 

what level of K+ intake is optimal not only for patients at various stages of CKD but also for 

the general population to maintain cardiovascular health and preserve kidney function.

High aldosterone levels are known to contribute to renal fibrosis but also potently reduce 

blood K+ levels through effects on the distal nephron. Prior reports from a DOCA/salt model 

demonstrated that renal hypertrophy was dependent upon reductions in plasma K+ levels.26 

Our data are consistent with this finding and also implicate reduced K+ in the renal fibrosis 

and injury observed in states of aldosteronism. Expression of the mineralocorticoid receptor 

(MR) begins along the thick ascending limb and extends distally to the aldosterone-sensitive 

distal nephron (ASDN).27 Along the ASDN, mineralocorticoid effects are enhanced through 

the actions of the enzyme 11β hydroxysteroid dehydrogenase type 2. Given the lack of 

MR expression along the PT, aldosterone-induced PT epithelial injury is likely through an 

indirect mechanism. Along the distal nephron, low K+ is a secondary mediatory of NaCl 

cotransporter (NCC) activation in the setting of hyperaldosteronism. NCC-mediated Na+ 

transport is not increased directly through DCT MR activity but rather through changes 

in basolateral membrane potential affected by blood K+.28,29 The current data support 

an analogous role for reduced K+ causing PT injury through altered Kir4.2-mediated 

basolateral K+ flux. While low K+ has direct effects along both proximal and distal 

segments, the majority of renal epithelial mass comprises the PT, suggesting that kidney 
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inflammatory and injury effects are dominated by proximal epithelium. However, an 

accurate assignment of proximal and distal contributions to the observed phenotype are 

the subject of ongoing investigation.

This integral role of Kir4.2 in both dietary and aldosterone-mediated low K+ injury 

highlights its importance in PT responses to changes in plasma K+. Along the DCT, it has 

been proposed that Kir4.1 acts as a “K+ sensor,” mediating changes in membrane potential 

that occur secondary to altered plasma K+.9 Bignon et al. had proposed that Kir4.2 serves 

a similar K+-sensing role along the PT, and our data are supportive of this hypothesis.12 

Given that the kidney comprises mostly PT, Kir4.2 may be the dominant pathway by which 

the kidney responds to blood K+ changes to maintain systemic electrolyte homeostasis. The 

worsened hypokalemia observed in mice lacking Kir4.2 further suggests this.

Reductions in basolateral K+ along the proximal epithelium stimulate ammoniagenesis. 

The initial enzymatic step of ammonia production is catalyzed by glutaminase, which 

converts glutamine to glutamate, and therefore renal ammonia production requires increased 

kidney glutamine uptake.13 The stimulus for glutaminase activation is likely the reduced pHi 

following exposure to low extracellular K+ that we demonstrated in cultured PT epithelial 

cells. These findings are supported by previous reports,30 though others were unable to 

demonstrate this phenomenon,31 likely due to differences in cell lines that were studied. 

While additional studies are required to define a causative role for pHi, this is consistent 

with prior data showing that acidosis activates glutaminase32 and our finding that Kir4.2 

deletion, which prevents the development of intracellular acidosis, also prevents increased 

glutaminase abundance and kidney injury. However, our measured reduction in pHi was 

largely transient, raising the possibility that while altered pHi may initiate the downstream 

sequence of molecular events, it may not serve to sustain the signal chronically. Before such 

a role for reduced cytosolic pH can be ruled out, it needs to be clearly demonstrated that PT 

pHi completely returns to baseline in vivo chronically in an animal model of low K+.

Major downstream products of ammoniagenesis are ammonia itself, glucose, lipids, 

protein, and carbon dioxide.13 This increased metabolic demand is associated with the 

well-established phenomenon of low-K+-induced renal hypertrophy. Decades ago it was 

demonstrated that alkali loading in a rat model of hypokalemic nephropathy reduced 

tubulointerstitial fibrosis, ammoniagenesis, and renal hypertrophy, implicating acid-base 

changes in the pathogenesis.17,33,34 It was subsequently proposed that ammonia drove the 

development of tubulointerstitial fibrosis through its role in promoting activation of the 

innate immune. We confirmed a protective effect of bicarbonate and observed increased 

kidney abundance of multiple leukocyte subsets following dietary K+ restriction with the 

most dramatic changes in macrophage abundance. Increased kidney macrophage abundance 

was significantly prevented in both Kir4.2−/− and KS GLS−/− animals, which is consistent 

with these prior findings, suggesting a role for ammoniagenesis in promoting kidney 

inflammation. Prior work has also clearly demonstrated increased renal ROS production 

in animals treated with a low-K+ diet.35,36 While these reports propose that ROS production 

partially serves a homeostatic function in the renal response to K+ depletion, it is highly 

likely these effects co-exist with the well-described toxic effects of oxidative stress. Our 

cell data support this hypothesis in that they show increased ROS production in PT cells 
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following low K+ culture, consistent with prior reports in Madin-Darby canine kidney 

(MDCK) cells.36 Moreover, increased ROS production is dependent on glutaminase activity, 

as its inhibition with BPTES prevented this effect.

The injury patterns observed with low-K+ diet and aldosterone are specific, and it cannot 

be assumed that identified protective pathways will also confer protection in other types of 

kidney injury. We have demonstrated that low K+ contributes to injury in our models, and 

the results suggest that higher K+ intake may be protective from CKD progression more 

generally. Wang et al. demonstrated this in a CKD model of reduced nephron mass and 

proposed that the effects were mediated by reduced inflammation.37

Future work will investigate if Kir4.2 or glutaminase inhibition protects in other animal 

models of kidney injury. Ion channels and enzymes are two of the most common 

pharmacological targets, and glutaminase has been widely investigated as a drug target 

in the cancer field.38 The efficacy of Na+-glucose co-transporter 2 inhibitors suggest that 

targeting other metabolic pathways in PT epithelial cells could be an effective approach for 

the treatment or prevention of CKD. As our results highlight the importance of both Kir4.2 

and glutaminase function in mediating PT injury, these insights provide opportunities to 

intervene.

Limitations of the study

While multiple physiological parameters were measured in this study, we do not present 

comprehensive blood pressure analyses. Previous reports demonstrate combining high-Na+ 

and reduced-K+ intake raises blood pressure in mouse models.10,39,40 Because direct effects 

of low K+ on renal epithelial cells and elevated renal perfusion pressures likely contribute 

to kidney damage in our models, future studies will be required to assign proportional 

contributions for these two parameters. Similarly, we demonstrate that the HS/0.04K diet 

reduces plasma aldosterone, suggesting that it is not a major cause of the observed 

phenotype, yet a clear determination of its role and those of other endocrine mediators 

requires further investigation. It is also important to note we do not present measurements 

of Kir4.2 function. While our data demonstrate that its presence is required to observe the 

complete injury phenotype, we are unable to conclude which aspect of its function mediates 

the effects. Lastly, experiments were carried out on male animals aged 8–12 weeks, so 

additional studies are required to determine if effects are generalizable to both sexes and 

aged mice.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Andrew Terker 

(andrew.s.terker@vumc.org).

Materials availability—Cell lines and animal models plasmids generated in this study are 

available from the lead contact.
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Data and code availability—All data reported in this paper will be shared by the lead 

contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal experiments were performed in accordance with the guidelines 

and with the approval of the Institutional Animal Care and Use Committee of 

Vanderbilt University Medical Center (M2200012-00). All animals used were male, 

aged 8–12 weeks. C57Bl/6 mice for experiments using only wild-type (WT) animals 

were purchased from Jackson labs and were used at 9 weeks of age. Kir4.2 knockout 

mice were generated by J. Denton. The Kir4.2 knockout mouse strain was designed 

by Sigma-Aldrich using CRISPR/Cas9. In vitro transcribed (IVT) sgRNA (50 ng/ul) 

and SpCas9 mRNA (100 ng/ul) (Sigma-Aldrich) were injected into the cytoplasm of 

C57BL/6N mouse zygotes (Envigo) by the Vanderbilt Genome Editing Resource (Vanderbilt 

University). The strain was backcrossed five generations to C57Bl6/N prior to use. 

Kidney-specific glutaminase knockouts animals were generated by crossing glutaminase 

(GLS1) floxed mice, purchased from Jackson Labs, with Pax8-LC1 Cre mice, which 

have been previously reported.28 Recombination was induced at 6 weeks of age by 

treating animals with a diet containing doxycycline (200 mg/kg diet) for two weeks. 

Age-matched littermates (8–12 weeks old) were used for experiments. All mice were 

genotyped by PCR on ear or tail snip DNA before and after experiments. Primers used 

for Kir4.2 knockout genotyping include F: GGTAGGAGATTAACACCATACTG and R: 

GAGAGTCCACTTTCATAATGCAG. Those used for glutaminase knockouts include: Pax8: 

F: CCA TGT CTA GAC TGG ACA AGA and R: CTC CAG GCC ACA TAT GAT TAG, 

LC1: F: TGGGCGGCATGGTGCAAGTT and R: CGGTGCTAACCAGCGTTTTC, GLS 

floxed allele: F: GGCCTGCTTAATGTTTCCTG and R: GGCATATCCCTGAGTTCGAG.

Cell culture—Human renal proximal tubule epithelial cells (hRPTECs) were purchased 

from the ATCC and cultured according to the supplier’s recommendations. For pH 

experiments, cells were plated in a black 96-well plate with clear bottoms (Thermo) at a 

density of 2 × 104 per well. The following day, cells were changed to either normal K+ (4 

mM potassium gluconate) or K+ deficient (0 mM potassium gluconate) medium that was 

prepared in our lab (omitting Phenol red) according to prior reports.10 Cells were cultured 

in these conditions for amount of time indicated in Figure 4A. 30 min prior to reading, 

pHrodo green (ThermoFisher) was added to the wells according to the manufacturer’s 

protocol. The plate was then read at an Ex/Em of 509/533 nm on a SpectraMax iD3 

(Molecular Devices). For reactive oxygen species (ROS) detection, the cell-permeant 2′, 
7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was used similar to previous reports.41 

Cells were plated as above and changed to either normal or K+ deficient medium as above 

followed by overnight culture. The following day, H2DCFDA (Thermo Fisher) was added at 

a final concentration of 5 μM for 15 min followed by washing and reading on a SpectraMax 
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iD3 (Molecular Devices) at an Ex/Em of 495/520 nm. BPTES (Selleck Chemicals) was 

added to culture medium at a final concentration of 10 μM where indicated.

For detection of Kim1, hRPTECs cells were maintained according to the supplier’s 

recommendations. Cells were plated in 12 well plates (Thermo) at a density of 105 cells 

per well. Low K+ medium was prepared in our lab according to previous reports,10 and 

supplemented with 10% FBS. Final [K+] was 1.5 mM for low K+ medium and K+ gluconate 

was added to a final [K+] of 5.5 mM for normal K+ medium. BPTES (Selleck Chemicals) 

was added to culture medium at a final concentration of 10 μM where indicated. Cells were 

collected the following day in lysis buffer42 and centrifuged at 4°C for 15 min at 10,000 x g. 

Subsequent analysis was performed using protein lysate as described under ‘Western blot’ in 

the following section.

METHOD DETAILS

Diet experiments—All custom diets were purchased from Envigo (Indianapolis, In). Our 

standard mouse chow was used for Figures 1 and S3, which contained 1.21% K+ and 

0.99% NaCl (same NaCl content was used for NS/0K diet). High salt/normal K+ (HS/NK) 

diets contained 6% NaCl with 0.8% K+. All other high salt diets contained 6% NaCl 

with K+ content indicated in the figures and corresponding figure legends. Amiloride was 

supplemented in drinking water at a concentration of 50 mg/L. For NaHCO3 experiments, 

NaCl or NaHCO3 was supplemented in drinking water at 0.28 M concentration with 2% 

sucrose. All other studies were carried out for three weeks except for those involving 

Kir4.2−/− animals, which were performed for either three or eight days as indicated in 

figures and corresponding legends.

Aldosterone infusion—Aldosterone was infused as previously reported.28 For studies 

involving only wild-type mice (Figure 3), aldosterone was dissolved in polyethylene glycol 

200 and loaded into an osmotic minipump (model 1004, Alzet), implanted subcutaneously, 

and infused at a rate of 240 μg/kg/day for three weeks. Sham animals underwent an identical 

procedure, but without pump implantation. Animals were then fed indicated diets, which 

were either HS/NK (6% NaCl, 0.8% K+) or HS/HK (6% NaCl, 5% K+). Amiloride was 

supplemented in drinking water at a dose of 50 mg/L. Experiments involving Kir4.2−/− were 

performed for seven days using aldosterone infused via osmotic minipump (model 1007D, 

Alzet) at a rate of 180 μg/kg/day. Both WT and knockouts were maintained on HS/NK for 

the duration of the knockout studies.

Quantitative Real-Time PCR—Indicated organs or peripheral blood buffy coat (obtained 

from cardiac puncture blood samples after a 2000 x g microfuge spin) was snap frozen 

in Trizol reagent (Invitrogen) and RNA was subsequently isolated according to the 

manufacturer’s protocol. SuperScript IV First-Strand Synthesis System kit (Invitrogen) was 

used to synthesize cDNA from equal amounts of total RNA from each sample. Quantitative 

RT-PCR was performed using TaqMan real-time PCR (7900HT, Applied Biosystems). The 

Master Mix and all gene probes were purchased from Applied Biosystems. The probes used 

are listed in the key resources table. Relative quantification of specific PCR products was 

determined by the 2−ΔΔCT method. Data were normalized to RPS18.
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Flow cytometry—Following animal euthanasia, kidneys were minced on ice by hand 

with a razor blade and incubated for one hour in collagenase D (Roche) and DNAse I 

(Biorad) at 37° with intermittent agitation. Suspension was then put through a 40μM filter 

and washed with HBBS supplemented with 3% fetal bovine serum (FBS). Lysate was then 

centrifuged for 10 min at 1000 rpm after which the supernatant was aspirated and pellet 

was resuspended in 1 mL RBC lysis buffer. After a 4 min incubation, 1 mL PBS with 0.5% 

FBS was added and cells were centrifuged again for 10 min at 1000 rpm. The supernatant 

was removed and pellet was resuspended in Zombie Violet (Biolegends), spun again for 10 

min at 1000 rpm, and resuspended in staining antibody cocktail for 60 min (antibodies listed 

in key resources table). Cells were then washed again, resuspended, and flow cytometry 

was performed on a NovoCyte flow cytometer (Agilent). Cell debris and dead cells were 

excluded based on scatter signals and Zombie staining with gating determined by antibody 

signal (antibodies listed in key resources table). Novoexpress software was used for analysis.

Immunohistochemistry—Immunostaining was performed as reported previously.42,43 

Following euthanasia, kidneys were removed and incubated at room temperature overnight 

in fixative containing 3.7% formaldehyde, 10 mM sodium m-periodate, 40 mM phosphate 

buffer, and 1% acetic acid. The fixed kidney was dehydrated through a graded series of 

ethanols, embedded in paraffin, sectioned (5 μm), and mounted on glass slides. Antibodies 

used are listed in Key Resources Table. For each experiment, all sections were mounted onto 

a single slide and stained together to reduce variability. Whole sections for each animal were 

analyzed using QuPath software.44 Threshold for positivity was determined using software 

and the algorithm was applied uniformly to all sections on the slide.

Immunofluorescence—Following euthanasia, kidneys were removed and processed as 

described under the ‘immunohistochemistry’ section. Immunofluorescence was performed 

as described previously.45 Briefly, the deparaffinized sections underwent antigen retrieval 

with citrate buffer by microwave heat for 15 min, and then were blocked with 10% normal 

goat serum for 1 h at room temperature. Antibodies used for staining were all diluted 

to a final concentration of 1:50 in phosphate buffered saline and sections were incubated 

overnight. Sections were viewed and imaged with a Nikon TE300 fluorescence microscope 

and spot-cam digital camera (Diagnostic Instruments).

Picrosirius red staining—Picrosirius red staining (MilliporeSigma, 365548) was 

performed according to the protocol provided by the manufacturer as previously 

reported.42 Quantification was performed using QuPath software as described under the 

immunohistochemistry section.

Tubular injury score—Analysis was performed as reported previously.41 In a blinded 

fashion, percentage of tubules that displayed cell necrosis, loss of the brush border, cast 

formation, and tubular dilatation was scored according to the following: 0, none; 1, ≤10%; 2, 

11%–25%; 3, 26%–45%; 4, 46%–75%; 5, >76%.

Blood electrolyte measurements—Blood electrolytes were measured on samples 

obtained by cardiac puncture with an iSTAT analyzer using Chem8+ cartridges (Abbott, 

Abbot Park, Il) or with a Diamond Diagnostics (Holliston, Ma) Carelyte Plus unit.
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Western Blot—Kidneys were snap frozen in liquid nitrogen at the time of euthanasia 

and subsequently transferred to −80°C for storage. For tissue lysate preparation, tissue 

was homogenized with a Tissue-Tearor homogenizer (Biospec Products), in lysis buffer 

as previously reported.42 Lysate was then centrifuged at 6000 rpm for 15 min. Protein 

concentration was measured by BCA protein assay (Pierce) followed by gel electrophoresis 

on a 4–20% Bis-Tris gel (Biorad).

Plasma aldosterone measurement—Performed as previously reported,10 according to 

ELISA kit manufacturer’s protocol (IBL America).

Urine ammonia measurement—Spot urines were collected, urine was diluted 1:50, and 

urine ammonia was measured according to the manufacturer’s protocol (Pointe Scientific). 

Values were normalized to urine creatinine which was measured as previously reported 

using the creatinine companion kit (Exocell).42

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SEM. Statistical tests used are indicated in figure legends. 

Normality was determined using the Shapiro-Wilk test. Nonparametric analyses were used 

if distribution was not normal. Comparisons were made with unpaired Student’s t-test, 

Mann-Whitney test, Kruskal-Wallis test, one-way ANOVA, or two-way ANOVA with or 

without repeated measures as appropriate and indicated in the figure legends. Corrections for 

multiple comparisons were performed as indicated in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• K+ deficiency causes kidney-specific injury and inflammation

• Injury effects are dependent on the proximal K+ channel Kir4.2

• Kir4.2 mediates activation of the ammoniagenesis pathway under low-K+ 

conditions

• Kidney deletion of glutaminase prevents low-K+-mediated kidney injury
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Figure 1. Reduced dietary K+ causes kidney injury
(A) Total kidney transcript abundance of inflammatory, injury, and fibrosis genes in animals 

that consumed an NS/NK diet compared with those that consumed an HS/NK diet for 4 

weeks.

(B) Effects of the same dietary treatments as (A) on kidney fibrosis as determined by Sirius 

red staining. Quantification presented in Figure S1A.

(C–E) Total transcript kidney transcript abundance of (C) inflammatory cytokines, (D) injury 

markers, and (E) fibrosis genes in animals that consumed an HS/NK diet compared with an 

HS/0K diet for 3 weeks.

(F) Kidney abundance of leukocyte subsets as determined by flow cytometry in animals that 

consumed an NS/NK, HS/NK, or HS/0K diet for 3 weeks.

(G) Effects of HS/NK compared with HS/0K diet on Kim1 and NGAL expression as 

determined by immunohistochemical staining on kidney sections.

(H) Effects of the same dietary treatments as (G) on kidney fibrosis as determined by Sirius 

red.

Quantifications for (G) and (H) presented in Figure S1F. n = 5 per group, except n = 10 

for HS/0K in (H). *p < 0.05 by unpaired t test or Mann-Whitney; †p < 0.05 by Kruskal-

Wallis test followed by Dunn’s multiple comparison test versus HS/NK. Scale bar: 50 μm. 

Normality was determined by Shapiro-Wilk test. Error bars indicate SEM.
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Figure 2. Effects of changes in blood K+ on kidney injury
(A–D) Effects of dietary K+ titration on (A) blood K+, (B) kidney weight, (C) total kidney 

mRNA abundance of inflammatory, injury, and fibrosis transcripts, and (D) kidney leukocyte 

subset abundance determined by flow cytometry. All animals were on 6% NaCl along with 

designated K+ content and were treated for 3 weeks.

(E) Blood K+ levels in mice consuming an HS/0.04K diet on normal water compared with 

those on HS/0.04K diet with water supplemented with amiloride. Animals were treated for 3 

weeks.

(F–H) Total kidney abundance of (F) inflammatory cytokines, (G) injury markers, and (H) 

fibrotic transcripts in mice treated with HS/0.04K diet alone or with amiloride.

n = 5 per group except in (B), where n = 9 for 0K and 10 for 0.8K, and (E), where n = 4 per 

group. †p < 0.05 by one-way ANOVA with Dunnett’s multiple comparison versus 0.8% K+. 

#p < 0.05 by Kruskal-Wallis test. For (C) and (D), all genes and cell subsets were positive 

by #. *p < 0.05 by unpaired t test or Mann-Whitney test. Normality was determined by 

Shapiro-Wilk test. Error bars indicate SEM.

Additional physiological data are presented in Tables S2A and S2B.
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Figure 3. Aldosterone injury effects are mediated by K+

(A) Blood K+ levels in animals that underwent a sham procedure, aldosterone infusion only, 

aldosterone infusion + high K+ diet, or aldosterone infusion + amiloride treatment.

(B–D) Total kidney abundance of (B) inflammatory cytokines, (C) injury markers, and (D) 

fibrotic transcripts in mice treated as in (A).

(E) Effects of treatments as described in (A) on kidney fibrosis as determined by Sirius red.

Quantification for (E) presented in Figure S5A. n = 5 per group for all except for the aldo 

group, where n = 4. †p < 0.05 by one-way ANOVA with Dunnett’s multiple comparison 

versus sham. Scale bar: 50 μm. Normality was determined by Shapiro-Wilk test. Error bars 

indicate SEM.

Additional physiological data are presented in Table S3.
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Figure 4. Effects of alkali supplementation on low K+ injury
(A) Time course of pHi measurements in hRPTECs after changing culture conditions from 

normal-K+ to low-K+ medium. 1/RFU on the y axis is proportional to pHi.

(B–E) Effects of NaHCO3 supplementation on (B) blood K+ levels, (C) blood Cl− levels, (D) 

blood HCO3
− levels, and (E) kidney weight in animals consuming an HS/0.04K diet for 3 

weeks.

(F–H) Total kidney abundance of (F) inflammatory cytokines, (G) injury markers, and (H) 

fibrotic transcripts in mice treated as in (B).

n = at least 9 per group in (A), n = 5 and 4 per group in (B), n = 5 per group for (C) 

and (D), n = 10 and 9 for (E), and n = 10 per group for (F)–(H). †p < 0.05 by one-way 

Kruskal-Wallis test with Dunn’s multiple comparison versus time = 0. *p < 0.05 by unpaired 

t test or Mann-Whitney test. Normality was determined by Shapiro-Wilk test. Error bars 

indicate SEM.

Additional physiological data are presented in Table S4.
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Figure 5. Effects of Kir4.2 deletion on low-K+- and aldosterone-mediated kidney injury
(A) Blood K+ levels in WT and Kir4.2−/− animals following 3 and 8 days of treatment with 

an HS/0.04K diet.

(B) Relationship between kidney weight and blood K+ in WT and Kir4.2−/− mice.

(C) Total kidney abundance of inflammatory, injury, and fibrosis transcripts in WT and 

Kir4.2−/− animals after treatment with an HS/0.04K diet for 8 days.

(D) Kidney macrophage abundance in WT and Kir4.2−/− animals after treatment with an 

HS/0.04K diet for 3 and 8 days as determined by flow cytometry.

(E–G) Relationships between total kidney transcript abundance of (E) IL-6, (F) Kim1, and 

(G) Col1a1 and blood K+ levels in WT and Kir4.2−/− animals.

(H) Blood K+ levels in WT and Kir4.2−/− animals following 7 days of aldosterone infusion.

(I–K) Total kidney abundance of (I) inflammatory cytokines, (J) injury markers, and (K) 

fibrosis transcripts in mice treated as in (H).

n ≥ 5 for all. *p < 0.05 by unpaired t test or Mann-Whitney. For (B), p < 0.05 for test 

of difference in elevations of two lines and p = 0.06 for test of difference in slopes. For 

(E)–(G), regression analysis for WT animals demonstrated a negative correlation, while this 
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was not the case for knockout mice; p < 0.05 for a difference in slopes between genotypes. 

Normality was determined by Shapiro-Wilk test. Error bars indicate SEM.

Additional physiological data are presented in Tables S5 and S6.
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Figure 6. Kidney-specific glutaminase deletion protects against low-K+ kidney injury
(A) Representative immunofluorescence co-staining for glutaminase and the PT marker LTL 

in animals treated as in (A).

(B) Kidney glutaminase abundance in WT and Kir4.2−/− animals at baseline and following 

treatment with an HS/0.04K diet for 8 days.

(C) Effects of glutaminase inhibition on low-K+-mediated increases in Kim1 abundance in 

hRPTECs in vitro.

(D) Total kidney glutaminase protein abundance in control and KS GLS−/− animals.

(E) Blood K+ and HCO3
− levels from control and KS GLS−/− animals after treatment with 

an HS/0.04K diet for 3 weeks.

(F) Kidney weight from control and KS GLS−/− animals after treatment with an HS/0.04K 

diet for 3 weeks.

(G) Kidney abundance of leukocyte subsets as determined by flow cytometry in animals 

treated as in (B).

(H–J) Total kidney abundance of (H) inflammatory cytokines, (I) fibrotic transcripts, and (J) 

injury markers in animals treated as in (E).
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(K) Kidney total Kim1 protein abundance in mice treated as in (E).

n ≥ 5 per group for all panels except n = 3 per group in (C) and n = 4 for K+ in (E). *p < 

0.05 by unpaired t test or Mann-Whitney. **p < 0.05 for interaction by two-way ANOVA. 

Scale bar: 50 μm. Normality was determined by Shapiro-Wilk test. Error bars indicate SEM.

Additional physiological data are presented in Table S7.
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Figure 7. Model of low-K+ kidney injury
In WT animals, low K+ causes increased basolateral K+ efflux through Kir4.2, reducing 

intracellular K+ (K+
i) and pHi. This increases glutamine uptake along the basolateral 

membrane and its catabolism through GLS, producing ammonia, which is secreted 

into the lumen via NHE3. Glutamate dehudrogenase (GLUD) catalyzes conversion to 

α-ketoglutarate (α-KG). Metabolic flux through this pathway is increased under low-K+ 

conditions, causing increased kidney hypertrophy, inflammation, injury, and fibrosis. Kir4.2 

deletion prevents alterations in basolateral K+ flux under low-K+ conditions. Kir4.2−/− 

mice do not develop intracellular acidosis or increased glutamine catabolism and are 

protected from kidney hypertrophy and injury. While GLS knockout mice do develop an 

intracellular acidosis under low-K+ conditions, the absence of GLS prevents increased 

glutamine catabolism, affording renoprotection. Error bars indicate SEM.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Kim1 Novus Cat# AF-1817

NGAL Novus Cat# AF-1857

CD68 Novus Cat# 125212

CD3 abcam Cat# MCA1477

Glutaminase Bio-Rad Cat# 56750

Glutamate dehydrogenase Cell signaling Cat# 12793

Kir4.2 Cell signaling Cat# APC-058

LTL-fluorescein Alomone Cat# FL-1321-2

β-actin Vector Cat# A1978

GAPDH Millipore Cat# HRP-60004

S6 kinase (total) Proteintech Cat# 9202

phospho S6 kinase (T389) Cell signaling Cat# 9205

AKT (total) Cell signaling Cat# 4691

phospho AKT (S473) Cell signaling Cat# 4060

CD45-BV785 Cell signaling Cat# 103149

CD11b-PerCP5.5 Biolegends Cat# 45-0112-82

Ly6G-APC Biolegends Cat# 127614

F4/80-PE-Cy7 Biolegends Cat# 123114

CD3-FITC Biolegends Cat# 100204

CD8-APC-Cy7 Biolegends Cat# 100714

Chemicals, peptides, and recombinant proteins

pHrodo green ThermoFisher Cat# P35373

H2DCFDA ThermoFisher Cat# D399

BPTES Selleck Cat# S7753

Amiloride Millipore Sigma Cat# 1019701

Aldosterone Millipore Sigma Cat# A9477

DNAse I BioRad Cat #7326828

Collagenase D Roche Cat# 11088858001

Picrosirius red MilliporeSigma Cat# 365548

Critical commercial assays

Superscript IV First Strand Synthesis System Kit ThermoFisher Cat# 18091050

Aldosterone ELISA IBL America Cat# IB79134

Ammonium assay Pointe Scientific Cat# 23-666-102

Creatinine companion EXOCELL Cat# 1012

BCA Protein Assay ThermoFisher Cat# 23225

Experimental models: Cell lines

Renal proximal tubule epithelial cells ATCC PCS-400-010

Experimental models: Organisms/strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

Kir4.2 knockout animals Vanderbilt University N/A

Glutaminase floxed animals Jackson Labs 017956

Pax8-LC1 transgenic animals Dr. Leslie Gewin N/A

Oligonucleotides

See Tables S8 and S9 N/A

Software and algorithms

Graphpad Prism v9 Graphpad Software, LLC https://www.graphpad.com/scientific-software/prism/

QuPath Relman and Schwartz18 https://qupath.github.io/

Cell Rep. Author manuscript; available in PMC 2023 January 09.
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