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Abstract

Diuretics are commonly prescribed for treatment in patients with hypertension, edema or heart 

failure. Studies on hypertensive and salt-losing disorders and on urea transporters have contributed 

to better understanding of mechanisms of renal salt and water reabsorption and their regulation. 

Proteins involved in the regulatory pathways are emerging targets for diuretic and aquaretic 

therapy. Integrative high-throughput screening, protein structure analysis, and chemical 

modification have identified promising agents for pre-clinical testing in animals. These include 

WNK-SPAK inhibitors, ClC-K channel antagonists, ROMK channel antagonists, and pendrin and 

urea transporter inhibitors. We discuss the potential advantages and side effects of these potential 

diuretics.
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Introduction

Diuretics have been prescribed for the treatment of edema, hypertension, and congestive 

heart failure since the 16th century. Historically, the discovery of diuretics has frequently 

been serendipitous. The ancient diuretics mercurous chloride and organomercurials were 

discovered from the observation that patients treated with these anti-syphilis medications 

had increased urine output. Sulfanilamide, the first widely-used diuretics introduced in the 

early 20th century, was initially used as an anti-bacterial agent and found to inhibit carbonic 

anhydrase and increase urinary salt and potassium (K+) excretion.1 Despite the successful 

use of carbonic anhydrase inhibitors in heart failure and hypertension, these diuretics caused 

the untoward side effect of metabolic acidosis. By modifying the sulfamoyl and amino 
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groups on the sulfonamide, researchers at Merck chemically synthesized chlorothiazide 

(Diuril).2 The family of thiazide diuretics exhibits strong saluretic effects with minimal or no 

increase in urinary bicarbonate excretion. Furosemide, also chemically modified from 

sulfonamide, was introduced in 1962, and became the most potent diuretic in clinical 

practice to date. The thiazides and furosemide diuretics were later found to inhibit the 

sodium (Na+)-chloride (Cl-) cotransporter (NCC, SLC12A3) in distal convoluted tubule and 

the Na+, K+, 2Cl- cotransporter (NKCC2, SLC12A1) in the loop of Henle, respectively.3 

These two classes of diuretics have remained among the most widely used diuretics.

In the past three decades, the power of genetics and molecular physiology have 

revolutionized our understanding of the molecular mechanisms of salt and water handling in 

renal tubules. The molecular identity of previously known transporters, their regulators, and 

new transporters and regulatory pathways have been discovered. These ion channels, 

transporters, and regulatory molecules have attracted attention from pharmaceutical 

companies or research centers as targets for potential diuretic therapeutics. Current strategies 

of diuretic development have evolved from serendipity to molecular specificity. Future 

diuretics are expected to be able to specifically inhibit a critical target involved in a pathway 

of salt or water regulation in the kidney. The goals are not only to minimize off-target effects 

but also to make clinical responses more predictable. Also, novel diuretics should surpass 

current diuretics in potency and safety or could be used in conjunction with current diuretics 

to reduce diuretic resistance due to compensatory responses. In this review, we discuss the 

new understanding of mechanisms of renal salt handling and progress in the development of 

new diuretics.

Mechanisms of Salt Diuresis

Urine is composed of osmoles and water, both of which can be independently regulated by 

the kidney. Besides glomerular filtration rate, the urine flow rate is determined by the total 

urinary osmole excretion rate and free water clearance rate. Similar to the composition of 

serum, Na+ and Cl- are the major cationic and anionic osmoles in glomerular filtrate. 

Filtered NaCl is sequentially reabsorbed by proximal tubule (∼60%), loop of Henle (∼25%), 

distal convoluted tubule (∼10%), connecting tubule, and collecting duct (∼5%). Most 

traditional diuretics, except spironolactone, inhibit NaCl reabsorption by inhibiting apical 

Na+ transporters or channels in different segments of the renal tubule after they are secreted 

by organic anion or cation transporters in the proximal tubule. The increased salt delivery to 

the downstream tubule not only creates negative salt balance but also offsets the osmotic 

gradient between lumen and interstitium and reduces water absorption in the collecting duct. 

Since the 1990s, studies on familial hypertensive or hypotensive disorders have identified 

the primary Na+ transporters responsible for urinary salt reabsorption, such as NCC in the 

distal convoluted tubule in Gitelman's syndrome,4 NKCC2 in the loop of Henle in Bartter's 

syndrome,5 and the epithelial Na+ channel (ENaC, SCNN1) in the connecting tubule and 

cortical collecting duct in Liddle's syndrome and autosomal recessive 

pseudohypoaldosteronism type I (PHAI).6, 7 These findings highlight the importance of salt 

reabsorption in blood pressure. In the 21st century, studies on other Mendelian disorders 

with abnormal blood pressure further deciphered the mechanisms of salt handling in the 

renal tubule, most notably with-no-lysine (WNK) kinases in pseudohypoaldosteronism type 
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II (PHAII, also known as familial hyperkalemic hypertension or Gordon's syndrome).8 

WNK kinases do not directly transport Na+ but regulate the activities of NKCC2, NCC, and 

ENaC.9 Na+ reabsorption is virtually always coupled with transport of other ions. For 

example, apical NaCl reabsorption via NKCC2 in the loop of Henle requires apical K+ 

recycling via the renal outer medullary K+ channel (ROMK, KCNJ1) and basolateral Cl- exit 

via voltage-gated Cl- channel ClC-Kb channels (CLCNKB), and mutations of each can 

cause Bartter's syndrome.5 Similarly, the inwardly-rectifying K+ Kir4.1 (KCNJ10) channel 

is essential for Na+ reabsorption in the distal convoluted tubule and the Cl--HCO3
- 

exchanger pendrin (SLC26A4) for Na+ reabsorption in the cortical collecting duct. 

Mutations of Kir4.1 and pendrin cause EAST/SeSAME syndrome with Gitelman's-like 

tubulopathy and Pendred syndrome, respectively.10-12 These proteins are potential targets for 

diuretics development (Figure 1).

The WNK Pathway for Sodium Handling in the Distal Nephron

WNKs are cytoplasmic serine-threonine protein kinases, which phosphorylate and regulate 

downstream substrates. WNKs were named because of the lack of the catalytic lysine 

involved in ATP binding in the canonical β-strand 3, which is instead found in the glycine-

rich loop in β-strand 2 in the kinase domain.13 This position of the catalytic lysine, which is 

unique amongst the serine-threonine kinases, has been exploited in the development of 

specific WNK inhibitors, as we will describe later. Four members of the mammalian WNK 

kinase family (WNK1-4) have been identified since the initial cloning of WNK1.14 WNK 

kinases share a conserved kinase domain and the subsequent autoinhibitory domain, and 

several coiled-coil motifs, but otherwise are heterogeneous, particularly in the C-terminus. 

WNKs are widely expressed, including in heart, skeletal muscle, lung, and kidney.15 In 

kidney, WNK1/3/4 and kidney-specific WNK1 (KS-WNK1), a short isoform of WNK1 

transcribed from a distinct exon 4A, along with other splice isoforms are present in renal 

tubules with a differential distribution. Full-length WNK1 and WNK3 are expressed 

throughout the nephron while WNK4 and KS-WNK1 are highly localized to the distal 

convoluted tubule.16 WNK3 knockout mice have trivial alterations in kidney function, 

perhaps due in part to the relatively small amount of WNK3 and compensation by WNK1 

and WNK4.17

In humans, both deletion of intron 1 of the WNK1 gene and missense mutations of WNK4 
result in a hereditary hypertensive disorder, PHAII, characterized by hyperkalemia, 

metabolic acidosis, and hypertension with good therapeutic response to thiazides, indicating 

hyperactivity of NCC.8 This WNK1/4-NCC pathway has been under active investigation for 

more than a decade. The consequence of intron 1 deletion is the increased expression of full-

length WNK1 and NCC in the distal convoluted tubule, and PHAII mutations in WNK4 also 

result in increased expression, as described below. Early studies suggested that WNK4 

inhibited NCC by antagonizing WNK1 through a kinase-independent interaction.18 Studies 

using animal models, in vitro biochemistry and heterologous expression discovered that both 

WNK1 and WNK4 activate NCC through phosphorylating and activating Ste20-related 

proline/alanine-rich kinase (SPAK, STK39) and the closely related oxidative stress-

responsive 1 (OSR1).19 WNKs bind the CCT (conserved carboxyl-terminal) domain, also 

known as the PF2 (PASK/Fray homology 2) domain, of SPAK/OSR1 via RFxV motifs 
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(Figure 2). The binding facilitates the phosphorylation of the T-loop threonine in the SPAK/

OSR1 kinase domain and a serine in the S-motif of SPAK/OSR1. The active SPAK/OSR1 

then contacts the N-terminal RFxV/I motifs of SLC12 cation-chloride cotransporters 

including NCC, NKCC1 (SLC12A2), and NKCC2 and phosphorylates a cluster of 

conserved threonine and serine residues in the N-terminus of these cotransporters to activate 

them.19 Chronic stimulation of NKCC2 and NCC in the kidney enhances urinary NaCl 

reabsorption and causes positive salt balance and hypertension. WNKs also stimulate serum- 

and glucocorticoid-induced protein kinase (SGK) 1, and the epithelial Na+ channel (ENaC) 

in the cortical collecting duct, through kinase-independent mechanisms.20

The WNK1/4-NCC pathway is actively regulated under physiological conditions. Several 

hormones, including insulin, angiotensin II, and aldosterone, activate WNKs through their 

receptors in the distal nephron. However, the signaling cascades between these receptors and 

WNKs are mostly unknown, except the insulin-stimulated phosphatidylinositol 3-kinase-

Akt/SGK-WNK pathway.21 Recently, exome sequencing of PHAII patients without WNK1 

or WNK4 mutations identified two new pathogenic genes resulting in PHAII when mutated, 

KLHL3 and CUL3.22, 23 KLHL3 and CUL3 encode a substrate adaptor Kelch-like protein 3 

(KLHL3) and a scaffold protein cullin3 (CUL3), respectively, for a cullin3-based E3 

ubiquitin ligase, which ubiquitinates WNK kinases for proteasome-mediated degradation. 

Angiotensin II was shown to activate WNK4 by blocking the binding of KLHL3 to WNK4 

via a protein kinase C-dependent pathway.24 PHAII mutations in KLHL3, cullin3, and an 

acidic region of WNK4 also impaired binding between the cullin3 ubiquitin ligase and 

WNK4.22, 23 Compared to PHAII patients with WNK1 or WNK4 mutations, PHAII patients 

with CUL3 or KLHL3 mutations had more severe hyperkalemia, metabolic acidosis and 

earlier onset of hypertension, likely due to the synchronous increase of all WNK 

kinases.22, 23 Either way, the abundance of WNK1 and WNK4 are elevated in PHAII, 

consistent with gain-of-function in WNK signaling resulting in PHAII.

Other than protein degradation, the autophosphorylation and kinase activity of WNKs is 

highly sensitive to intracellular Cl- concentration (Figure 3). WNK kinases have been 

proposed to be Cl- sensing kinases for more than a decade, since low intracellular Cl- 

concentration stimulated WNKs. Recently, a Cl--binding pocket consisting of Leu369, 

Leu371, Phe283, and Leu299 in WNK1 was discovered by X-ray crystallographic studies 

(Figure 4A).25 Near the catalytic lysine, a Cl- ion bound in this pocket prevents 

autophosphorylation and activation of WNK1. In contrast, Cl--binding site mutants and low 

intracellular Cl- level reduce Cl- binding and increase the activity of WNK1. Subsequent 

studies have shown that Cl- also inhibits WNK3 and WNK4 activity, with WNK4 the most 

sensitive to Cl- inhibition in vitro.26, 27 In kidney, this Cl--sensing character of WNKs has 

been proposed to regulate NCC activity in response to the physiological changes of plasma 

K+ level.26 Hypokalemia hyperpolarizes the membrane potential of the basolateral 

membrane, enhancing Cl- efflux and reducing intracellular Cl- concentration. The decrease 

of intracellular Cl- then allows WNK kinase to phosphorylate itself and the downstream 

SPAK and NCC.28 Hyperkalemia is expected to exert the opposite effect, but a recent in 
vitro study suggests that hyperkalemia induces rapid NCC dephosphorylation through a 

SPAK/OSR1-independent pathway.29 Other conditions that could increase intracellular Cl- 

concentration, such as inhibition of the basolateral Kir4.1 or ClC-Kb channel, may also 
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inhibit the WNK-SPAK/OSR-NCC pathway in a manner similar to hyperkalemia (see below 

in Kir4.1 and ClC-Kb section) (Figure 3).

Among all WNK isoforms, KS-WNK1 is the only isoform that is known to inhibit salt 

reabsorption in the kidney. KS-WNK1 lacks a complete kinase domain but has an otherwise 

intact C-terminus. In vitro, KS-WNK1 antagonizes the effects of full-length WNK1 through 

competitively binding WNK1's substrates.30 The functions of KS-WNK1 are best 

demonstrated by the phenotypes of KS-WNK1 mouse models. Two KS-WNK1 knockout 

mice displayed increased activity of NCC and mild hypertension.31,32 In contrast, transgenic 

mice overexpressing KS-WNK1 became relatively hypotensive and excreted more urinary 

K+.32 Dietary K+ regulates WNK1 isoform expression. Restriction of K+ intake increased 

full length-WNK1 but decreased KS-WNK1 while high dietary K+ enhanced KS-WNK1 

and the ratio of KS-WNK1 to full-length WNK1.33 This modification of WNK1 isoforms 

adjusts the amounts of distal salt delivery to ensure a proper urinary K+ excretion in 

response to dietary K+. Other intracellular regulatory mechanisms of WNKs include the 

oligomerization between different WNKs and changing subcellular localization.9 In 

summary, WNK kinases are important regulators of NaCl reabsorption in the distal nephron. 

Agents targeting the KLHL3/CUL3-WNK1/4-SPAK/OSR1-NCC/NKCC2 pathway could be 

promising to induce solute diuresis and reduce blood pressure. Here, we introduce novel 

agents that exert inhibitory effects on this pathway.

WNK kinase inhibitor

WNK kinase inhibitors have been pursued by pharmaceutical companies for more than a 

decade. Researchers from Novartis recently reported the first orally bioavailable pan-WNK-

kinase inhibitor, WNK463.34 The prototype of WNK463 came from a hit in a high-

throughput screen for small molecule inhibitors of WNK1 catalytic activity. WNK463 

exhibited strong affinity and potent inhibition of all WNK kinases in vitro (KD ∼4 nM for 

WNK1 and WNK4) and reduced the phosphorylation of OSR1 in HEK293 cells. In the 

crystal structure of WNK463 in complex with WNK1 S382A (kinase-dead) kinase domain 

(PDB: 5DRB) (Figure 4B), WNK463 contacts the hinge region of the ATP binding site and 

fits in the narrow tunnel of the catalytic site, a unique structure created by the atypical 

placement of Lys233 in subdomain 1 of WNK1. Accordingly, WNK463 displayed a high 

specificity to WNK kinases and inhibited only 2 out of the other 422 human kinases tested at 

an extremely high inhibitor concentration. In both spontaneously hypertensive rats and 

WNK1 transgenic mice, WNK463 showed a remarkable saluretic and kaliuretic effect (urine 

output and Na+ excretion up to ∼4-fold of basal state at a dose of 10 mg/kg) and reduced 

blood pressure in a dose-dependent manner (∼40 mmHg reduction at 10 mg/kg). The 

amounts of phosphorylated SPAK and OSR1 in the kidney lysate of WNK463-treated 

rodents were also decreased. Despite the successes of in vitro and animal studies, the 

development of WNK463 as a therapeutic drug has been halted due to unspecified serious 

safety events, likely due to the ubiquitous expression of WNKs and the inhibition of all 

WNK paralogs by WNK463. The same group reported another ATP non-competitive 

allosteric WNK inhibitor, WNK476, by conducting another high-throughput screen against 

1.2 million compounds at high ATP concentrations.35 Distinct from WNK463, WNK476 

binds to the back-pocket formed by the outwardly moved αC-helix, activation loop, and 
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glycine-rich loop, adjacent to the ATP binding site of WNKs (PDB: 5TF9) (Figure 4C). 

WNK476 binds only phosphorylated WNK1 and could be more efficient in high 

physiological ATP conditions. Further chemical modification and trials in animals are 

ongoing.

WNK-SPAK binding disrupter

Knockout of WNK1 or OSR1 results in embryonic lethality.36 In contrast, SPAK knockout 

mice were viable and did not show obvious extra-renal phenotypes except vasodilation due 

to decreased vascular NKCC1 activation.37 This result suggests that agents that inhibit 

SPAK may cause less unwanted side effects. The unique CCT (or PF2) domain of SPAK is 

functionally essential by providing a docking site for its activators (WNKs) and substrates 

(SLC12 cation-chloride cotransporters) (Figure 4D). Since the CCT domain of SPAK/OSR1 

is structurally unique, agents that interrupt protein interactions with the CCT domain could 

be potentially specific to SPAK/OSR1. Two compounds, STOCK1S-50699 and 

STOCK2S-26016, were found to disrupt the binding between a WNK4-RFQV peptide and 

SPAK-CCT in a high-throughput screen testing 17,000 compounds using fluorescent 

correlation spectroscopy.38 These compounds dose-dependently (at 50∼200 μM range) 

reduced the phosphorylation of endogenous SPAK and NCC in mammalian kidney cells, but 

have not been tested in animals. However, knockin mice have been generated in which 

Leu502 in the CCT domain of SPAK was mutated to Ala, in order to abolish binding to 

RFXV/I in SPAK binding partners, genetically mimicking the effect of STOCK1S-50699 

and STOCK2S-26016. These mice had decreased NCC, NKCC1 and NKCC2 

phosphorylation and decreased blood pressure.39 Further testing will be required to 

determine pharmacokinetics, pharmacodynamics, and toxicity in animal models, with 

chemical modification as needed to improve bioavailability and potency. While the genetic 

data suggest that inhibition of SPAK binding to its substrates will not be overly toxic, it is 

unknown whether interfering with OSR1 binding to substrates will have additional toxicity.

SPAK kinase inhibitor

Another study conducted a high-throughput screen of a ∼20,000 compound small molecule 

library and identified compound STOCK1S-14279, which inhibited the phosphorylation of 

NKCC2 by constitutively active SPAK T233E with an IC50 of 0.26 μM in a non-ATP-

competitive manner.40 However, repeated injection of STOCK1S-14279 in mice caused 

lethality. In a library of 840 existing drugs, Closantel, an antiparasitic agent in livestock, 

showed similar structure and effect of STOCK1S-14279 in vitro. Moreover, Closantel 

induced a rapid-onset (< 30 mins) and short-lasting hypotensive effect after a single dose (20 

mg/kg) intraperitoneal injection in mice, likely due to the vasorelaxing effect through 

NKCC1 inhibition in vascular smooth muscle. In mouse kidney, Closantel inhibited NCC 

phosphorylation both acutely and chronically, but only chronic treatment (300 mg/kg oral) 

of Closantel reduced NKCC2 phosphorylation. The cause of this discrepancy remains 

unclear but may be due to the cross-reaction and concurrent inhibition of OSR1 by Closantel 

in chronic Closantel treatment. In addition, the level of phosphorylated NKCC2 does not 

always reflect the activity of NKCC2. For example, although NKCC2 phosphorylation is 

increased in SPAK knockout mice,37 ex vivo micro-perfusion experiments showed that 

70∼80% of Na+ flux in the thick ascending limb of Henle's loop, which is mostly due to 
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NKCC2 activity, is SPAK-dependent.41 The remainder could be mediated by OSR142 and 

other Ste20 kinase-independent NKCC2 stimulation pathways, such as AMP-activated 

protein kinase (AMPK, PRKA), calcium-binding protein (CAB39), cAMP, or other 

kinases.43-45 A recent study confirmed that Closantel and another structurally similar anti-

parasitic agent, Rafoxanide, inhibited the kinase activity of OSR1 T185E and SPAK T233E 

(constitutively active mutants) in vitro through binding to the secondary pocket of the CCT 

domain (Figure 4D).46 Surprisingly, STOCK1S-50699, a WNK-SPAK disrupter, also bound 

to the secondary pocket and inhibited OSR1 kinase activity. Therefore, STOCK1S-50699 

may have dual actions and high potency against SPAK/OSR1. Overall, the role of SPAK in 

NKCC2 regulation is not as clear as its dominant role in NCC activation. Of note, chronic 

treatment with Closantel neither reduced blood pressure nor increased urinary salt excretion, 

possibly due to downstream adaptation in the collecting duct. Further modification of 

STOCK1S-14279 or Closantel and in vivo testing in animals are warranted.

Taken together, WNK463, a specific pan-WNK kinase inhibitor, has become a proof-of-

concept agent that elegantly demonstrates the powerful role of WNK kinases in controlling 

renal salt and K+ handling. However, the clinical application of WNK463 seems limited by 

the ubiquitous expression of WNKs in other critical organs (Figure 5). Further modification 

of WNK463 to enhance its specificity to WNK4 kinase might be a solution to avoid serious 

side effects since WNK4 is highly concentrated in the distal convoluted tubule and WNK4 

knockout mice did not show severe extra-renal phenotypes. Like WNK4, SPAK inhibition is 

a theoretically practical choice to inhibit the WNK-N(K)CC pathway due to the relatively 

milder phenotype of SPAK knockout mice compared to the embryonic lethality of WNK1 or 

OSR1 knockout mice. However, the goal of producing a SPAK-specific agent is challenging 

due to the similarity between SPAK and OSR1. Closantel, an existing drug with anti-SPAK 

effects, displayed some promising results of reducing phosphorylation of NCC and NKCC2 

in kidneys, and NKCC1 in aorta, but had a short-acting antihypertensive effect. More 

experiments are required to realize a potent and safe anti-WNK-SPAK-NCC diuretic.

Alternative Routes to Manipulate Na+ Transport in the Distal Nephron

Inwardly rectifying Kir4.1 in the distal convoluted tubule

In 2009, two groups reported that human KCNJ10 mutations lead to EAST syndrome 

characterized by epilepsy, ataxia, sensorineural deafness, and Gitelman's-like 

tubulopathy.10, 11 The KCNJ10 gene encodes an inwardly rectifying K+ Kir4.1 channel that 

is expressed in brain, inner ear, and kidney. Kir4.1 forms a heterotetramer with Kir5.1 in the 

basolateral membrane of the distal nephron ranging from thick ascending limb to collecting 

duct. Kir4.1/5.1 maintains the normal resting membrane potential of distal nephron 

epithelial cells close to the equilibrium potential of K+. In addition, by recycling K+, 

Kir4.1/5.1 is critical for the activity of the basolateral Na+, K+ ATPase for extrusion of Na+ 

into the circulation. Since EAST syndrome patients manifest a renal phenotype similar to 

Gitelman's syndrome, the major renal defect of KCNJ10 mutation likely occurs in the distal 

convoluted tubule. This notion is supported by the finding that genetic deletion of Kir4.1 

abolished the basolateral K+ conductance and depolarized the membrane potential of 

epithelial cells of distal convoluted tubule.47 Also, expression of Kir4.1 disease mutants in 
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distal convoluted tubule cells increased intracellular Cl- concentration because the 

depolarized resting membrane potential suppressed the Cl- efflux via the ClC-Kb channel.27 

Kidney-specific Kir4.1 knockout mice recapitulated Gitelman's syndrome with decreased 

phosphorylation of NCC, NKCC2, and SPAK in renal tubules, perhaps through Cl--mediated 

inhibition of WNK kinase activity.48 The NCC activity of Kir4.1 knockout mice did not 

respond to changes in dietary and plasma K+, likely due to the persistently depolarized 

membrane potential of distal convoluted tubule.

So far, there is no known specific Kir4.1 inhibitor. Pharmacological inhibition of Kir4.1 is 

expected to decrease NCC and possibly NKCC2 activity and cause salt diuresis. Kir4.1 also 

functions in the connecting tubule and cortical collecting duct and contributes to the 

polarized basolateral membrane potential. ENaC expression was increased in Kcnj10 
knockout mice, but the amiloride-sensitive Na+ flux was not measured.49 The broad 

distribution of Kir4.1, including important roles in the nervous system (Figure 5) that 

explain the neurological phenotypes in patients with KCNJ10 mutations, and the fact that 

global KCNJ10 deletion led to an early fatality 2 weeks after birth, raise concerns about 

potential side effects.47

Voltage-gated ClC-Kb chloride channel in the loop of Henle and distal convoluted tubule

Similar to the Kir4.1 channel, the ClC-Kb Cl- channel is also localized to the basolateral 

membrane of thick ascending limb, distal convoluted tubule, connecting tubule, and 

intercalated cells of collecting duct. Human mutations in the CLCNKB gene, encoding ClC-

Kb, lead to classic Bartter's syndrome featuring urinary Na+, K+, and divalent cation 

wasting, hypokalemia, and metabolic alkalosis, resembling the phenotype of defective 

NKCC2.5 In addition, some patients with CLCNKB mutations manifest a milder phenotype 

mimicking Gitelman's syndrome due to defective NCC. These clinical phenotypes highlight 

the important role of ClC-Kb in the loop of Henle and distal convoluted tubule. The Clcnk2 
(mouse ortholog of human CLCNKB) mouse model has not been established until recently. 

The Clcnk2 knockout mice had antenatal Bartter's-like syndrome with growth retardation, 

hyperprostaglandin E, and severe salt-losing tubulopathy with hypotension.50, 51 In Clcnk2 
knockout mice, the phosphorylated and total NCC levels were remarkably decreased, while 

levels of NKCC2 phosphorylation were highly variable. In diuretic challenge tests, Clcnk2 
knockout mice had blunted responses to furosemide and thiazide, suggesting decreased 

activity of NCC and NKCC2. The difference between the highly variable phosphorylated 

NKCC2 level and the blunted response to furosemide test further emphasizes that 

phosphorylated NKCC2 may not accurately reflect NKCC2 activity. Although the 

mechanisms of NCC and NKCC2 deactivation in Clcnk2 knockout mice are still unclear, it 

is proposed that basolateral ClC-Kb channel deletion leads to increased intracellular Cl- 

concentration, which binds and inhibits the kinase activity of WNK and switches off the 

WNK-SPAK-N(K)CC pathway in the distal convoluted tubule and loop of Henle. The 

phenotype of Clcnk2 knockout mice was more like antenatal Bartter's syndrome rather than 

classic Bartter's syndrome with highly variable phenotypes. The severe phenotype of Clcnk2 
knockout mice likely results from the efficient genetic ablation and nearly abolished ClC-K2 

current. Also, there was no detectable 40-pS ClC-K1 channel in isolated Clcnk2 knockout 

distal renal tubules, suggesting that ClC-K1, a homologous chloride channel mostly 
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distributed in renal medulla, did not compensate for ClC-K2 in renal cortex. Whether ClC-

Ka (human ortholog of ClC-K1) compensates for ClC-Kb in human is still unknown. The 

phenotypic heterogeneity in patients with CLCNKB mutations could be due to variable 

degrees of remaining basolateral Cl- conductance in the thick ascending limb and distal 

convoluted tubule provided by the mutant ClC-Kb channels52 or other Cl- channels, such as 

ClC-Ka or pseudo-cystic fibrosis transmembrane conductance regulator (pseudo-CFTR) 

channel.53 In the collecting duct, ClC-Kb dominates the basolateral Cl- conductance in type 

A and type B intercalated cells, but not in principal cells.50, 54 The function of ClC-Kb in 

intercalated cells is still unclear but likely mediates Cl- absorption or Cl- recycling across the 

basolateral membrane.54, 55 Other Cl- transporters, such as K+, Cl- cotransporter or anion 

exchangers, are present in these segments and may compensate for the loss of ClC-Kb.

Two benzofuran derivatives, MT-189 and RT-93, were chemically synthesized by Liantonio 

A, et al with affinity for ClC-Ka/Kb of KD < 10 μM.56 When orally fed to rats, MT-189 and 

RT-93 increased urine flow by ∼60% at the dosage of 50 mg/kg and significantly reduced 

blood pressure by ∼12% at the dosage of 200 mg/kg. The total urinary salt excretion, 

however, was not increased, suggesting that the renal effect of these two agents was mainly 

water diuresis instead of salt diuresis. It is possible that the current benzofuran derivatives 

inhibit ClC-K1 more efficiently than ClC-K2. The ClC-K1 channel in mice is mainly 

localized in both the apical and basolateral membranes of the thin ascending limb of Henle's 

loop and is partly responsible for the hyperosmolality of the renal medulla. The Clcnk1 
knockout mice (mouse ClC-K1 is equivalent to human ClC-Ka) exhibited nephrogenic 

diabetes insipidus and had a lower salt concentration in the renal medulla.57 MT-189 treated 

rats do not show decreased inner medulla osmolality but do have reduced aquaporin 2 

(AQP2) expression. The link between ClC-K1 and aquaporin 2 needs further clarification. 

Since their expression is limited to a few organs, including kidney, brain, inner ear, salivary 

gland, and thyroid gland (Figure 5), ClC-K channels may represent better targets for novel 

diuretics in comparison with Kir4.1. In addition, a potent ClC-Ka and ClC-Kb inhibitor can 

theoretically induce both water diuresis and salt diuresis, similar to the phenotype of severe 

polyuria and renal salt wasting in patients with bigenic CLCNKA and CLCNKB mutations 

or BSND mutation.58 The BSND gene encodes barttin (BSND), which is an essential 

accessory protein for both ClC-Ka and ClC-Kb. Barttin mutation disrupts the function of 

ClC-Ka and ClC-Kb simultaneously and causes Bartter's syndrome type IV with 

sensorineural deafness.59 The congenital deafness in these affected infants hints at the 

potential risk of ototoxicity with non-selective ClC-K inhibitors.

Pendrin inhibitors

Pendrin, encoded by the PDS gene, is a monovalent anion (Cl-, HCO3
-, I-, formate) 

exchanger, which is mainly expressed in thyroid, inner ear, adrenal gland, inflamed airways, 

and distal nephron.12 Mutations in the PDS gene result in Pendred syndrome, an autosomal 

recessive disorder with congenital goiter and sensorineural deafness. Pendrin is highly 

expressed in the apical membrane of type B and non-A, non-B intercalated cells in 

connecting tubule and cortical collecting duct and functions as a Cl--HCO3
- exchanger (one 

luminal Cl- for a cytoplasmic HCO3
-).60 Although pendrin does not transport Na+ itself, it 

regulates the activity and abundance of ENaC in principal cells through luminal HCO3
- 
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levels and functionally couples with Na+-dependent Cl--bicarbonate exchanger (NDCBE, 

SLC4A8) in type B intercalated cells.61, 62 However, neither patients with Pendred 

syndrome nor pendrin-deficient mice manifest obvious abnormalities in renal salt handling 

or acid-base imbalance. The importance of pendrin in salt handling and blood pressure was 

revealed only in certain conditions when pendrin is normally upregulated, such as salt 

restriction and disorders of upstream Na+ transporters.63 Pendrin is upregulated in NCC-null 

mice and SPAK-null mice.64, 65 Double knockout of NCC and pendrin predisposes mice to 

severe salt wasting and volume depletion.66 Of note, neither NCC nor pendrin single 

knockout displayed significantly increased urinary NaCl loss or blood pressure change, 

indicating that NCC function compensates for the loss of pendrin-ENaC function in the 

cortical collecting duct and vice versa. This notion is supported by the report that a child 

with Pendred syndrome had an exaggerated response to thiazide,67 and suggests that dual 

inhibition of NCC and pendrin may be a potent diuretic therapy.

A new pendrin inhibitor, PDSinh-C01, is a pyrazole-thiophenesulfonamide derivative.68 This 

compound was selected from a high throughput screen of 36,000 synthetic small molecules 

against human pendrin and modified from the original hit. PDSinh-C01 inhibited ∼85% of 

pendrin activity with an IC50 1.2 μM in vitro and did not affect the activities of other anion 

exchangers. In an animal trial, PDSinh-C01 treatment alone did not significantly cause 

increased urinary salt excretion, acid-base disturbance, or decreased blood pressure, but 

potentiated the saluretic and kaliuretic effects of furosemide, especially in chronic 

furosemide use when pendrin is expected to be activated to compensate for the loss of 

NKCC2 activity. Surprisingly, PDSinh-C01 decreased the effects of thiazide, which seems to 

be in conflict with the notion of upregulation of NCC. However, it should be noted that 

thiazide may also inhibit the activity of the pendrin/NDCBE functional complex.62 Overall, 

since it is likely the last gatekeeper for salt reabsorption, pendrin may be an attractive target 

for novel diuretics. The effects of PDSinh-C01 on pendrin in other tissues, such as inner ear 

and thyroid (Figure 5), demands careful evaluation before human trials.

Another compound, PDSinh-A01, which has a tetrahydropyrazolopyridine structure, showed 

a more potent inhibitory effect on pendrin than PDSinh-C01, and nearly abolished pendrin 

activity in vitro at a dose of <10 μM.69 PDSinh-A01 also showed a high specificity towards 

pendrin as compared to the proteins highly similar to pendrin in sequence, such as Cl--anion 

exchanger (chloride-losing diarrhea protein, SLC26A3). The in vivo effect of PDSinh-A01 in 

mice has not been reported. Pendrin increases the airway surface liquid depth in IL-13 

treated inflamed human airway epithelial cells. Therefore, PDSinh-A01 could be therapeutic 

for cystic fibrosis patients with defective Cl- and HCO3
- transport in airways. Pendrin 

activity is not affected by most currently used diuretics, including thiazide and furosemide.

ROMK channel inhibitor

The ROMK (Kir1.1) channel encoded by the KCNJ1 gene is the founding member of the 

Kir inwardly-rectifying K+ channel family. Hypofunctional mutations in ROMK cause 

antenatal Bartter's syndrome type II. These patients present with prenatal polyhydramnios, 

metabolic alkalosis, hypotension, failure to thrive, and renal salt wasting, with hypokalemia 

after a period of neonatal hyperkalemia.5 The potential antihypertensive effect of inhibiting 
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ROMK is also demonstrated by the lower blood pressure found in individuals in the 

population with heterozygous KCNJ1 mutations or single nucleotide polymorphisms which 

reduce ROMK current.70, 71 The ROMK channel functions in the apical membrane of 

Henle's loop to recycle K+ back into the lumen to maintain NKCC2 activity since the 

luminal K+ level is much lower than Na+ and Cl- in the loop of Henle and becomes the rate-

limiting step for NKCC2 activity. In the aldosterone-sensitive distal nephron ranging from 

late distal convoluted tubule to medullary collecting duct, the apical ROMK channel secretes 

K+ into the lumen under the regulation of aldosterone. The K+ efflux via ROMK is 

responsible for K+ excretion in basal conditions. With higher dietary K+ content, the Maxi-K 

channel (also called BK, KCNMA1), a flow-stimulated K+ channel, is required to maximize 

urinary K+ secretion. Based on these physiological functions in the kidney, a ROMK 

inhibitor could be a potent furosemide-like diuretic without excessive K+ wasting and severe 

hypokalemia, leading to a search for specific ROMK inhibitors. The major obstacle is the 

specificity towards ROMK since all K+ channels share a similar structure. For example, 

early compounds, like glyburide, were not clinically useful as diuretics due to their low 

specificity towards ROMK, and cardiovascular and metabolic effects due to the inhibition of 

hERG (KCNH2) and ATP-sensitive K+ channels, respectively.72

Scientists at Merck discovered a ROMK inhibitor, Compound A, by chemically modifying 

an original hit from a high throughput screen of 1.5 million compounds.73 Compound A 

binds ROMK from the cytoplasmic side with high potency (IC50 < 100 nM) and high 

specificity (IC50 to hERG > 5 μM). Intravenous or oral administration of compound A 

enhanced urine output and total urinary salt excretion, but did not affect urine K+ 

excretion.73 The potency of diuresis and natriuresis (∼4-fold vs. vehicle) of compound A 

was similar to thiazide diuretics, and the average reduction in mean blood pressure by a 

continuous intravenous infusion at 1.55 mg/kg/hr was ∼10 mmHg. However, compound A 

induced QT prolongation. To further improve the specificity toward ROMK, the same group 

developed MK-7145, which showed superior diuretic and natriuretic effects (∼8-fold 

increase vs. vehicle) compared to thiazide (∼5-fold) and lowered systolic blood pressure by 

20 mmHg at a dose of 10 mg/kg/day with no reported cardiac side effects. The kaliuretic 

effect was relatively mild with 1.5 ∼2-fold increase, and the plasma K+ level was 

unchanged.74 In addition, MK-7145 enhanced the antihypertensive effect of thiazide and 

candesartan. Owing to the success in animal studies, the phase 1b trial (MK-7145-009 AM1) 

of MK-7145 has been conducted in humans, but results have not been released. Although the 

lack of kaliuretic effect of ROMK inhibitor could be attractive, this finding needs further 

evaluation, especially in chronic use, since patients with ROMK mutations develop 

hypokalemia after infancy due to the compensation by the Maxi-K channel.75 In sum, the 

targets discussed in this section are not Na+ transporters but support Na+ uptake by other 

transporters or channels. The combinatorial use of traditional diuretics and these potential 

novel diuretics could induce a more efficient diuresis and avoid diuretic resistance by 

blocking compensation by other Na+ transporter pathways.

Mineralocorticoid receptor antagonists

Mineralocorticoid receptor (MR, NR3C2) mediates the effects of aldosterone to conserve 

Na+ and excrete K+ in the aldosterone-sensitive distal nephron, where the enzyme 11β-
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hydroxysteroid dehydrogenase type 2 (11βHSD2) inactivates cortisol and allows aldosterone 

to interact with the ligand binding domain of MR. Patients with autosomal dominant 

mutation in NR3C2 gene manifest severe urinary salt wasting, failure to thrive, 

hyponatremia, hyperkalemia, and metabolic acidosis, similar to autosomal recessive PHAI 

but improving by age 1-3.76 To understand the renal effects of MR, two kidney-specific MR 

knockout mice were created.77, 78 Both models showed decreased total and active forms of 

ENaC and NCC in kidneys. MR has been long known to directly stimulate the transcription 

and apical abundance of ENaC under the control of aldosterone.79 However, the effect of 

aldosterone and MR on NCC has not been clearly demonstrated until recently. The PY-motif 

containing WNK1 was found in human kidney and subjective to Nedd4-2 mediated 

ubiquitination and proteasome degradation. Aldosterone phosphorylated and inactivated 

Nedd4-2 by SGK1 and thus enhanced the WNK1-SPAK-NCC signaling.80 In MR knockout 

mice, the NCC level, both total and phosphorylated forms, was reduced. This effect on NCC 

can be reversed by correcting hyperkalemia in MR knockout mice fed with low potassium 

diet, suggesting that the change of NCC in MR knockout mice was secondary to the plasma 

K+ levels.77 According to these findings, pharmacological blockade of MR could lead to 

suppression of ENaC activity, ROMK-mediated K+ secretion, and WNK-SPAK-NCC 

signaling, either directly through the SGK1-Nedd4-2 pathway or indirectly through the 

effect of hyperkalemia.

Spironolactone, the first developed MR antagonist (MRA) in 1957, exerts relatively weak 

K+-sparing diuresis and undesirable anti-androgenic effects (e.g. gynecomastia, impotence 

in men) and progesteronic effects (e.g. menstrual irregularity in women) through the non-

specific bindings to various steroid receptors. Many attempts have been made to improve the 

efficacy and specificity of MRA by modifying the structure of spironolactone.81 Eplerenone, 

the second-generation MRA, is more selective for MR despite lower potency. Evidence of 

the beneficial effects of adding spironolactone or eplerenone to the traditional treatments for 

heart failure or chronic kidney disease has accumulated, even at doses without anti-

hypertensive or diuretic effect. These benefits are likely mediated by extrarenal MR in heart, 

vessels, nervous system, macrophage, etc.82 However, spironolactone and eplerenone 

frequently lead to hyperkalemia and renal function impairment. These renal side effects 

often limit the further dose escalation for the beneficial effects, such as anti-inflammatory 

and anti-fibrotic effects and sympathetic nervous system blockade. To counter these renal 

side effects, third-generation nonsteroidal MRAs, such as finerenone, achieved higher 

potency and selectivity for extrarenal MR by modifying physicochemical properties (e.g. 

lipophilicity, polarity, plasma protein binding, etc.) and altering tissue distribution compared 

with spironolactone and eplerenone.83 Finerenone has demonstrated promising anti-

proteinuric effects and reduced cardiovascular events in patients with diabetic nephropathy 

without disturbing serum K+ level and renal function.84, 85 More than 350 clinical trials 

(ClinicalTrials.gov) of novel MRAs are ongoing. It will be interesting to follow the diuretic 

effect of these novel MRAs.

Mechanisms of Urine Concentration

Urine concentration relies on the osmotic gradient that increases progressively from the 

corticomedullary boundary to the tip of the papilla and proper membrane insertion of 
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aquaporin water channels in collecting duct (Figure 6). These two prerequisites of urine 

concentration are both tightly regulated by vasopressin. In the outer medulla, the osmotic 

gradient is maintained by the accumulation of NaCl, which depends on the activity of 

NKCC2 and the interactions between the loop of Henle and vasa recta, the so-called 

countercurrent multiplication and exchange.86 In the inner medulla, NaCl and urea 

accumulation likely contribute to the formation of medullary hyper-osmolality. The high 

water permeability and low solute permeability of the descending limb of Henle's loop result 

in increased luminal NaCl concentration, which passively diffuses into the medullary 

interstitium through the highly Cl--permeable hairpin loop and ascending limb of Henle's 

loop. Urea is one of the major metabolic wastes and urinary osmoles, especially when 

dietary protein intake is high. Because most urea has to be excreted, the tubular permeability 

of urea remains low except the iso-osmotic urea absorption in proximal tubule. 

Consequently, the high luminal urea concentration in collecting duct could counteract the 

action of vasopressin and renal tubular water reabsorption.87 The urea transporter A1 and A3 

(UT-A1, UT-A3) in the inner medullary collecting duct solve this conundrum by delivering 

urea into the inner medulla interstitium. The interstitial urea in renal medulla could not be 

maintained if the blood flow in ascending vasa recta removes urea. A delicate structure, the 

vascular bundle in the inner strip of the outer medulla, prevents the dissipation of urea in 

inner medulla.88 The ascending vasa recta co-localizes with descending vasa recta in the 

vascular bundle center, where the UT-B channel on descending vasa recta allows the urea in 

ascending vasa recta to quickly recycle to the inner medulla by countercurrent exchange. In 

addition, UT-A2 on the thin descending limb of short loop, which lines the periphery of the 

vascular bundle, offers an alternative route for urea to return to the inner medulla through the 

distal nephron. In contrast, some studies suggested that UT-A2 can outwardly transport urea 

to ascending vasa recta when pars recta secrets urea,89 which is, however, minuscule in the 

basal state. Further work will be needed to clarify the role of UT-A2 in urinary concentration 

mechanisms. Polyuria and water diuresis observed in several urea transporter knockout mice 

further consolidate the importance of urea transporters in urine concentration. 

Pharmacological targeting of urea transporters could be a promising strategy for water 

diuresis (Figure 6).

Lessons from human hereditary polyuric disorders and mouse models

Most human hereditary nephrogenic diabetes insipidus results from mutations in the 

vasopressin receptor V2 (AVPR2 gene) or mutations in the water channel aquaporin 2 

(AQP2 gene). The regulation of aquaporin and the use of vasopressin receptor antagonists 

have been extensively reviewed. Patients with SLC12A1 (NKCC2), CLCNKB (ClC-Kb) or 

BSDN (barttin) mutation develop Bartter's syndrome and characterized by prenatal 

polyhydramnios and neonatal polyuria.5 A small group of patients without Kidd blood group 

antigen (Jka-b-), also known as UT-B, had submaximal urine concentration (∼800 mOsm/

Kg.H2O).90 Single nucleotide polymorphisms (V227I, A357T) in UT-A2 have also been 

reportedly associated with reduced diastolic blood pressure although the underlying 

mechanism is still unknown.91 These congenital polyuric disorders demonstrate the 

importance of NaCl reabsorption in the ascending limb of Henle's loop and urea 

accumulation in inner medulla to the maximal concentrating ability of kidneys. The current 
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model of urine concentration comprises two separate systems for high NaCl transport in the 

ascending limb of Henle's loop and urea reabsorption in inner medullary collecting duct.

The human SLC14A1 and SLC14A2 genes encode UT-B and UT-A, respectively. In human 

kidneys, there are at least 3 spliced isoforms of UT-A (UT-A1, A2, A3) and two isoforms of 

UT-B (UT-B1, B2) due to alternative splicing or transcriptional initiation. These isoforms 

are differentially expressed in different parts of the kidneys. UT-B is limited to the 

endothelial cells of descending vasa recta. Genetic ablation of UT-B caused a 50% increase 

in urine output, mild reduction in maximal urinary osmolality, and increased plasma urea in 

mice.92 UT-A1 and UT-A3 differentially express in the apical and basolateral membrane of 

inner medullary collecting duct and mediate urea transport into the innermost portion of 

renal pyramids, the so-called papilla. UT-A1 and UT-A3 knockout mice urinated 3-fold 

more urine than wild-type mice on a regular diet and had severely impaired urine 

concentration.93 The urea concentration in the inner medulla of these mice was two-third 

lower than in wild-type mice while the medullary NaCl concentration did not change. This 

finding suggests that the urea accumulation via UT-A1 and A3 may not be the only 

mechanism to create the axial NaCl gradient in inner medulla.86 Of interest, a low protein 

diet partly rescued the urinary concentrating defect in UT-A1 and A3 knockout mice while 

high protein diet aggravated it. This finding suggests that the role of UT-A1 and UT-A3 in 

urine concentration is more important when dietary protein is high. UT-A2 is present in the 

descending limb of Henle's loop. Genetic deletion of UT-A2 in mice showed only a mild 

concentrating defect when the mice were on a low-protein diet.94 In addition, UT-A2 

deletion improved the urinary concentration defect in UT-B knockout mice, presumably by 

reducing the urea loss into circulation via ascending vasa recta.89 The function of UT-A2 is 

not as clear as other UTs. A recent all-UT-knockout mouse model exhibited a severe urine 

concentrating defect due to defective urea accumulation in inner medulla, slightly lower 

blood pressure but no disturbance of renal Na+ transporters activities and internal electrolyte 

balance.95 The lower blood pressure likely resulted from water diuresis. Also, these mice 

displayed few extrarenal phenotypes, except early maturation of the male reproductive 

system, providing substantial evidence supporting the safety of non-selective UT inhibitors.

Comparing the phenotypes between Clcnk1 knockout and all-UT-knockout mice, similar 

reductions in urinary osmolality (∼40% of wild type) and intramedullary osmolality 

(20∼40% of wild type) were observed.57, 95 Both mouse models displayed no significant 

change in urinary salt excretion, plasma electrolyte concentrations, and mild hypotension. In 

conclusion, NaCl and urea accumulation likely contribute to the hyperosmolality of the inner 

medulla. Both ClC-Ka inhibitors and non-selective UT inhibitors could be effective 

aquaretic agents.

Urea transporter inhibitors

High throughput screening assays were developed in the Verkman laboratory using UT-

expressing epithelial cells for urea transport assays or erythrocytes with native UT-B for 

erythrocyte lysis assays. Based on these methods, the Verkman group discovered most of the 

small-molecule UT inhibitors. Compared to the traditional UT inhibitors, phloretin and 

dimethylthiourea, these novel selective UT inhibitors showed potent efficacies with IC50s in 
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the low nanomolar range. The discovery of these agents has been elegantly reviewed.96 

Here, we focus on four UT inhibitors that have been tested in animals. UTBinh-14, a 

selective UT-B inhibitor, was a modified derivative of triazolothienopyrimidine selected 

from a high throughput screen of 100,000 compounds against human UT-B.97 UTBinh-14 

binds to the cytoplasmic pore region of UT-B with IC50 ∼10 nM. The water diuretic effect of 

acute UTBinh-14 intraperitoneal injection was mild (∼80% increase in urine output, 20% 

reduction in maximal urine osmolality after dDAVP injection). PU-14, another small-

molecule thienoquinolin, showed a similar aquaretic effect by inhibiting more UT-B than 

UT-A.98 This result is not surprising since the relative contribution of UT-B to urine 

concentration is much less than that of UT-A1. An aryl-thiazole UT-A1 inhibitor, UTAinh-

E02, was identified from another high throughput screen of 100,000 small-molecule 

compounds against rat UT-A1.99 The IC50 of UTAinh-E02 toward UT-A1 and UT-B were 1 

μM and 50 μM, respectively. Intravenous injection of 20 mg/kg UTAinh-E02 induced diuretic 

effects (∼3-fold increase in urine output) and reduced the urine osmolality by 50% within 3 

hours in rats. After 3 hours, the urine concentrating ability was recovered, indicating the 

reversible effect of UTAinh-E02 on UT-A. Compared to the ubiquitous expression of UT-B, 

the renal-limited expression and dominant function of UT-A1 on renal urea reabsorption 

make UT-A1 inhibitor a better choice than UT-B inhibitors (Figure 5). However, a non-

selective UT inhibitor could still be therapeutic since all-UT-knockout mice displayed severe 

urine concentrating defect and rare extra-renal phenotypes. Dimethylthiourea, an existing 

drug selected from urea analog screening, inhibited both UT-A1 and UT-B by 

noncompetitive binding on the intracellular side with IC50 of 2-3 mM.100 A single 

intraperitoneal bolus of 500 mg/kg dimethylthiourea increased the 24-hour urine output by 

3-fold and reduced urine osmolality by 70%. The urinary urea and K+ clearance rates were 

also increased. With chronic dimethylthiourea treatment for 7 days, these effects were 

maintained, and rats developed mild hypokalemia without disturbing urinary salt excretion. 

The mechanism of hypokalemia is likely through the enhanced activity of flow-stimulated 

Maxi-K channel.

The differences between aquaretics and diuretics

Aquaretic is defined as an agent that predominantly results in water diuresis without a 

change in urinary electrolyte excretion. Accordingly, agents that interfere with the action of 

vasopressin or disrupt the formation of the corticomedullary osmotic gradient could be 

aquaretics. Currently, vaptans, the vasopressin receptor antagonists, are the only approved 

aquaretics and have been used in patients with water imbalance disorders, including 

euvolemic hyponatremia in the syndrome of inappropriate antidiuretic hormone secretion 

and hypervolemic hyponatremia in heart failure and liver cirrhosis. Of note, aquaretics 

should not be used in patients with hypovolemic hyponatremia due to the dangers of severe 

volume depletion and acute kidney injury. Other known agents with aquaretic effect, such as 

demeclocycline and lithium, have limited clinical use due to their known side effects. In 

contrast, diuretics enhance urinary salt wasting and cause a negative salt and water balance 

in extracellular fluid. Therefore, diuretics are the treatment of choice for hypertensive and 

hypervolemic disorders. Of note, the free water excretion rate is variable among diuretics. 

Drugs that disrupt the NaCl transport in the ascending limb of Henle's loop, such as 

furosemide and ClC-K channel inhibitors, could be mixed diuretic and aquaretic since active 
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NaCl reabsorption in this region is critical to the corticomedullary osmotic gradient. Since 

vasopressin stimulates NCC and ENaC, people have also suggested that vaptan aquaretics 

may lead to a mild diuretic effect by increasing salt excretion. We compare the characters of 

diuretics and aquaretics in table 1.

Conclusion

Furosemide and thiazide have been and remain the mainstay treatment for disorders with 

expanded extracellular volume or edema for the past three decades. One major problem of 

clinical diuretic use is diuretic resistance. The compensatory upregulation of non-targeted 

Na+ transporters is an important mechanism underlying diuretic resistance. Given the normal 

physiological tubular response, this phenomenon is nearly inevitable with chronic diuretic 

use. Combination diuretic therapy is important. The phenotypes of several double knockout 

mice suggest the potential outcomes of combination diuretic therapy. Recent advances in the 

understandings of renal salt handling have laid strong foundations for future promising novel 

diuretics to achieve this goal (Table 2). Finally, agents that promote water diuresis with 

minimal saluretic effect, such as UT-A inhibitors, would be particularly beneficial for 

conditions associated with hyponatremia and refractory edema.
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Figure 1. The mechanisms of salt reabsorption in the distal nephron and the related new classes 
of diuretics
The WNK-SPAK/OSR1-N(K)CC pathway regulates the activity of NCC in the distal 

convoluted tubule (DCT) and NKCC2 in the loop of Henle through a kinase-dependent 

phosphorylation cascade. SPAK dominates NCC phosphorylation in DCT while both OSR1 

and SPAK activate NKCC2. WNK1 was reported to enhance ENaC in the connecting tubule 

and cortical collecting duct through SKG1-mediated Nedd4-2 phosphorylation and 

inactivation, which inhibits the ubiquitination and endocytosis of ENaC. This stimulatory 

effect of WNK1 on SGK1 is kinase activity independent and may need to cooperate with 3-

Phosphoinositide-dependent protein kinase (PDK). The ClC-Kb chloride channel is 

expressed in the basolateral membrane of TAL, DCT, and non-principal cells of connecting 

tubule and cortical collecting duct and functionally couples with Na+ transporters in the 

apical membrane. The potassium Kir4.1/5.1 channel is also localized in the basolateral 

membrane of the distal nephron and is essential to keep the normal resting membrane 

potential (MP) and Na+, K+ ATPase activity. ROMK channel provides K+ efflux and 

recycling to maintain NKCC2 activity in TAL and K+ secretion in the connecting tubule 

(CNT) and cortical collecting duct (CCD). The Cl--HCO3- exchanger pendrin modulates 

NaCl reabsorption via ENaC in principal cells and NDCBE in type B intercalated cells. 

Potentially novel diuretics are listed in the right lower corner, and the molecular targets of 

these agents are marked in the figure (+P: phosphorylation, ↑: stimulation, ┬: inhibition).

Cheng et al. Page 22

Clin Pharmacol Ther. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. The activation cascade of the WNK-SPAK/OSR1-N(K)CC pathway and the related 
novel diuretics
(A) Domain structures of WNKs, SPAK/OSR1, and NKCC1/NKCC2/NCC are shown. 

Autophosphorylation of WNK kinase (S382 and S335 in WNK1 and WNK4 respectively) is 

required for WNK activation and subsequent phosphorylation of SPAK and OSR1 (T233 

and T185 in the activation loop and S373 and S325 in the S-motif of SPAK and OSR1 

respectively). This process requires the interaction between RFxV motifs of WNKs and the 

CCT domain of SPAK/OSR1. The activated SPAK/OSR1 binds to the N-terminal RFxV/I 

motifs on their substrates via the CCT domain and phosphorylates a cluster of conserved 

threonine and serine residues. WNK inhibitors prevent the autophosphorylation of WNKs. 

WNK-SPAK disrupters interfere with the interaction between WNK and SPAK/OSR1. 

SPAK inhibitors inhibit SPAK kinase activity and N(K)CC phosphorylation and activation. 

These novel diuretic agents are highlighted in blue font. The red arrow denotes kinase-

dependent phosphorylation. Black arrow represents protein-protein interactions. The blue 

line indicates pharmacological inhibition.
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Figure 3. Regulation of the WNK-SPAK/OSR1-NCC pathway in the distal convoluted tubule
Autophosphorylation on the T-loop serine (S382 in WNK1, S335 in WNK4) activates WNK 

kinases. This process is inhibited by the Cl- ion binding to the Cl- sensing pocket. The 

plasma K+ level affects membrane potential (MP) and Cl- efflux via the ClC-Kb channel. 

Hypokalemia (↓[K]o) releases the Cl--sensing inhibition on WNK by hyperpolarizing MP, 

increasing Cl- efflux and reducing intracellular Cl- level ([Cl-]i). Hyperkalemia (↑[K]o) is 

supposed to do the opposite or inactivates NCC through an unknown SPAK/OSR1-

independent protein phosphatase (PP) pathway (blue dashed arrow). Kir4.1/5.1 functions to 

maintain normal MP of distal convoluted tubule (DCT), together with the Na+, K+ ATPase 

and ClC-Kb channel. Inhibition of Kir4.1 results in a depolarized MP and increased 

intracellular Cl- concentration. Activated WNKs switch on SPAK/OSR1-NCC signaling 

through a phosphorylation cascade. Other kinases may phosphorylate NCC since Spak and 

Osr1 double knockout mice still preserved some phosphorylated NCC. KS-WNK1 may 

exert competitive inhibition on WNK1 through the interaction with WNK1 downstream 

substrates. Red lines and blue lines denote stimulatory and inhibitory regulations on NCC, 

respectively. +P: phosphorylation; -P: dephosphorylation.
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Figure 4. New allosteric WNK and SPAK/OSR1 inhibitors
(A) The Cl- binding pocket of WNK1 (PDB: 3FPQ) is surrounded by the glycine-rich loop 

(yellow), αC-helix (cyan), and activation loop (red). The Cl- (orange dot) forms hydrophobic 

interactions with Leu369 and Leu371 (green sticks) in the DLG motif (green) and with 

Phe283 and Leu299 in β3 & β4 helix, respectively. The catalytic lysine (Lys233) and T-loop 

serine (Ser382) are shown in blue and red sticks. (B) The crystal structure of WNK1 

complexed with WNK463 (PDB: 5DRB). WNK463 (magenta) contacts the hinge region 

(orange loop) of the ATP-binding site and fits perfectly into the narrow tunnel of the 

catalytic site and interferes with ATP binding of WNKs. (C) ATP non-competitive WNK473 

(magenta) binds only to the back pocket (surrounded by DLG sequence, activation loop, and 

αC-helix) of WNKs but not the ATP-binding site (PDB: 5TF9). (D) The OSR1 CCT domain 

(PDB: 2V3S) shows the primary pocket (blue arrow) for RFQV peptide docking and 

secondary pocket where novel SPAK/OSR1 inhibitors bind (red arrow). We drew these 

figures using Pymol and the open PDB files.
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Figure 5. The tissue expression pattern of the novel diuretic target genes
Heat map represents the abundance (red: presence, white: absence) of 11 potential targets of 

novel diuretics or aquretics (columns) across 22 human tissues (rows) based on public RNA-

seq data (the Genotype-Tissue Expression (GTEx) Project, etc.). Color intensity represents 

fractional density expression of each mRNA across all tissues.
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Figure 6. The mechanisms of NaCl and urea accumulation in renal medulla and the related new 
classes of aquaretics
The urinary NaCl concentration (black arrow) increases along the thin descending limb. 

When urine enters the hairpin loop and thin ascending limb, the highly-concentrated urinary 

NaCl enters the inner medulla via ClC-Ka on the apical and basolateral membranes. NaCl 

further accumulates in outer medulla via the active reabsorption by NKCC2 in thick 

ascending limb.

The urinary urea (red arrow) is concentrated along the nephron. The concentrated urea in 

inner medullary collecting duct is reabsorbed via UT-A1 and UT-A3 under the stimulation of 

antidiuretic hormone. Urea leaving the inner medulla via ascending vasa recta (AVR) can be 

brought back to inner medulla via UT-B on descending vasa recta (DVR) or UT-A2 on thin 

descending limb. This phenomenon is called urea recycling. UT-A2 may reabsorb urinary 

urea into adjacent AVR (dashed arrow) and then reenter into DVR or general circulation, 

although the physiological function of UT-A2 is still unclear. Vascular bundle (dashed, pink 

cylinder) where close proximity of the DVR and AVR in the center and the AVR and thin 

descending limb in the periphery prevents removal of medullary urea into the circulation; 

see text for more details. The dashed line marked the separations of renal cortex, outer 

medulla, and inner medulla. Each colored line represents the localization of proteins that are 

involved in NaCl or urea accumulation. For the sake of simplicity, only a long loop of Henle 

is shown. The classes of potential novel diuretics are highlighted in blue font.

Cheng et al. Page 27

Clin Pharmacol Ther. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cheng et al. Page 28

Table 1
The comparisons between aquaretics and diuretics

Aquaretics Diuretics

Free water clearance rate ++ (except loop-like diuretics)

Saluresis — + ∼ ++

Kaliuresis — ∼ +/- —∼ ++

Urinary Ca2+excretion — ↑(loop-like diuretics) ↓(thiazide-like diuretics)

Urine osmolality ↓↓ ↓ ∼ ↑

Blood pressure — ∼ mild↓ ↓ ∼ ↓↓

GFR — ∼ mild↓ ↓ ∼ ↓↓

ECF osmole balance — ∼ mild↓(urea loss) ↓↓(NaCl loss)

ECF osmolality ↑ Occasionally↓

Plasma Na+, Cl- concentrations ↑ Occasionally ↓ (especially thiazides) but depend on salt and water balance.

Plasma K+ concentration — ∼ mild ↓ ↓(most diuretics) ↑(K+-sparing diuretics)

Plasma pH — ↑(except CAIs and MRAs)

Therapeutic resistance — (not obvious) Frequent (especially in chronic use)

Indications Water imbalance Hypertension, ECF volume expansion.

CAI denotes carbonic anhydrase inhibitor; ECF: extracellular fluid; GFR:glomerular filtration rate; MRA: mineralocorticoid receptor antagonist.
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