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The homeostasis of cell volume, which is essential for the survival of all mammalian cells, requires the dynamically

regulated transport of ions across the plasmalemma. While the individual “effector” molecules involved in cell volume

regulation such as ion channels (e.g., VRACs) and transporters (e.g., the NKCC1 and KCC2 cation-Cl- cotransporters

(CCCs) are well established, the “sensor” and “transducer” molecules that coordinate their activities remain poorly

characterized. Dysregulation or failure of cell volume homeostasis occurs in numerous clinical contexts, with cerebral

edema (i.e., “brain swelling”) – as occurs after stroke or trauma – being a quintessential example. In the review, we

summarise previous work and recent advances that attest to  cation chloride cotransporters’s growing potential as a

therapeutic target for Cardiovascular diseases (CVDs).
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of mortality globally. It has been estimated that countries in the

European region alone spent GBP 80 billion on health care costs related to CVDs . CVDs are a group of health

complications that affect the heart and circulation, including coronary heart disease, heart attack, stroke, heart failure,

arrhythmia, and more. Coronary heart disease (CHD) is mainly caused by reduced or blockage of blood flow to the heart

and can lead to heart attacks (blocked blood flow to the heart) and heart failure (failure of the heart to pump blood). CHD

could also cause heart valve problems and abnormal rhythms (arrhythmias). A stroke occurs due to blockages of blood

flow to the brain. Risk factors associated with CVDs include hypertension, diabetes, atherosclerosis, smoking, obesity and

high cholesterol. Among the risk factors, hypertension and atherosclerosis are the main underlying causes of CVD. The

renal system plays a critical role in blood pressure homeostasis. Water retention in the kidney, due to increased sodium

reabsorption, causes extracellular fluid (ECF) volume expansion . The volume expansion contributes to the elevation of

preload which contributes to the increase in blood pressure. Hypertension could also lead to atherosclerosis.

Atherosclerosis is the process of hardening and narrowing of the blood vessels. Vascular proliferation is one of the

contributing factors to the pathophysiology of atherosclerosis. Vascular proliferation is the phenotypic changes of the

vascular smooth muscle cells (VSMCs), the most numerous cell type in the blood vessel, characterized by the reversible

transition from a quiescent contractile state to a synthetic migratory phenotype . Although there are preventive measures

to reduce the burden of CVDs, atherosclerosis is common in people over the age of 65 and 1.3 billion people worldwide

are estimated to be hypertensive . Thus current research aims are to discover novel targets for the treatment of

CVDs. Our recent research developed a molecular compound termed ZT-1a for the treatment of stroke, by modulating the

activities of cation chloride cotransporters (CCC) . In the review, the focus is to summarise previous work and recent

advances that attest to CCC’s growing potential as a therapeutic target for CVDs.

2. Cation Chloride Cotransporter

2.1 Evaluation of the Cation Chloride Cotransporter Family

Comprehensive phylogenetic analysis by Hartmann et al. revealed the existence of a single ancestral cation chloride

cotransporter (CCC) gene in the Archean, Methanosarcina acetivorans  . The ancestral gene appears to be the base of

numerous duplication events which led to paralogous CCC subfamilies in Archean and eukaryotes. These subfamilies

consist of sodium chloride cotransporter (NCC), sodium potassium chloride cotransporters (NKCCs, NKCC1 and NKCC2;

with NCC collectively referred to as N[K]CCs), potassium chloride cotransporters (KCCs, KCC1–4), polyamine transporter

(CCC9) and CCC-interacting protein (CIP1). NCC and NKCCs use Na  in their stoichiometric translocation of Cl ,
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whereas KCCs using K . CIP1 have been shown to  inhibit NKCC1 activity  and enhance KCC2 [9] activity in cultured

cells. CCC9 remains unclassified. CCCs provide electroneutral transport of sodium, potassium and chloride across the

plasma membrane; with an exception of NCC, all CCCs are inhibited by several structurally similar compounds, such as

bumetanide and furosemide (Table 1). It is important to note that KCCs are only weakly inhibited by these compounds.

Further gene-loss events resulted in the complex distribution of CCCs across the taxa.

Gene duplication within the CCC subfamilies of vertebrates resulted in subfunctionalization . This process created a

number of isoforms with different expression patterns and functionality in various organs and tissues. Further variants are

generated by alternative splicing of the isoforms with various ratios of expression in human tissues (Table 1).

Table 1. Major characteristics of Cl -coupled cation cotransporters .
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SLC12A2 5q23.3 NKCC1 Na , K , Cl
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NA, information not available.

 

The topology of all CCCs consists of 12 transmembrane domains (TM) domains and large intracellular amino (N) and

carboxyl (C) terminal domains . Notably, the KCC and N[K]CC subfamilies vary in their position of the long extracellular

loop: between TM5 and TM6 in KCCs and between TM7 and TM8 in the N[K]CC subfamily. Within the isoforms of the

subfamilies, the TMs and C-terminus are highly conserved. In contrast, the N terminus is considerably more variable

amongst isoforms . Binding of diuretics occurs in the conserved TMs and not the variable termini . Therefore, loop

diuretics like furosemide and bumetanide are used to characterize the physiological function of KCCs and NKCCs with

little specification for each paralog. The termini are involved in the regulation of transport activity indicative of the sites for

post-translational modifications like phosphorylation that are located within them.

Although the family N[K]CC and KCC reciprocally regulate Cl  uptake for N[K]CCs and extrusion for KCCs, the

mechanism of coupled ion translocation is considered to be similar. In an alternating access model for NKCCs proposed

by Haas, the carriers only move when they are either fully loaded or completely empty . Following ions binding in a

strictly ordered sequence, a conformation change occurs that causes the transporter to face the opposite direction and

adopt a new form (inwards facing state during extracellular ion binding and vice versa) [30]. The ions are subsequently

released in the same order they were bound. Once empty, the transporters return to the original form ready for a new

cycle. Recent 3D models have been made that support Haas, however, due to the many differences between paralogs of

CCC family members, inferring functional properties from data obtained for a different family member may not be

desirable .

2.2. Functional Regulation of the Cation Chloride Cotransporter Family

It is generally accepted that regulation of CCC function is accomplished through phosphorylation/dephosphorylation

events. Phosphorylation/dephosphorylation reciprocally regulate the N[K]CC and KCC via a network of serine-threonine

kinases and phosphatases . Phosphorylation activates the Na  dependent subfamily and inactivates the K

dependent subfamily and vice versa [34]. The master regulator of CCCs, With-No-K (Lysine) kinases (WNKs) regulate the

CCCs via their downstream targets, Ste20/SPS1-related proline/alanine-rich kinase (SPAK) or the SPAK homolog

oxidative stress-responsive kinase 1 (OSR1) . Threonine and serine residues of the CCCs are phosphorylated as

a result of this downstream activation. The number and position of phospho-sites vary between different family members

as they are not evolutionarily conserved among isoforms and paralogs . Phosphatases such as protein phosphatase 1

(PP1) counterbalance the action of the kinases .

Recent data by Lee et al. challenge the current understanding of KCC regulation. Lee and team reported that

phosphorylation of KCC2 specific residue, Ser940, by protein kinase C (PKC) has been shown to activate KCC2, an

isoform exclusively expressed in the nervous system. However, the phosphorylation of highly conserved threonine

residues in all KCCs is ubiquitously associated with inactivation . Thus, the phosphorylation-mediated-

activation of KCC2 may be an adaptive mechanism to assist with KCC2 functions in the nervous system . Gene

mutations in WNK1 and WNK4 result in over-activation of the WNK-SPAK/OSR1 pathway, therefore increased

phosphorylation and activation of NCC occurs in the kidney, resulting in hypertension . Recent studies highlight

multiple other signaling factors and regulators of CCC activities that are implicated in cardiovascular disease 

. More specifically, the functional regulation of CCCs in vascular smooth muscle cells and renal cells play a significant

role in the pathogenesis of atherosclerosis and Mendelian and non-Mendelian forms of hypertension .
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2.3 Role of NCC in Cardiovascular Disease

Previous studies have demonstrated that the thiazide-sensitive NCC in the distal convoluted tubule (DCT) plays an

important role in blood pressure regulation and that loss of NCC function causes hypotension (Figure 1). Contrastingly,

gain-of-function mutations that result in the overactivation of NCC cause Familial Hyperkalemic Hypertension (FHHt) or

Gordon’s syndrome, a Mendelian form of hypertension. FHHt is caused by genetic mutations in genes encoding for the

regulatory WNK-SPAK/OSR1 and its upstream regulator, an E3 ubiquitin ligase complex containing kelch-like 3 (KLHL3)

and Cullin 3 (CUL3). Indeed, current research is focused on identifying novel targets within the WNK-SPAK/OSR1

pathway for use in FHHt and potentially non-Mendelian forms of hypertension. A large body of evidence has demonstrated

that inhibition of various components of the WNK-SPAK/OSR1-NCC pathway is an effective drug target for reducing blood

pressure . However, the lack of specificity across WNK and SPAK isoforms is challenging for the drug discovery

process . A more detailed account of the CUL3/KLHL3-WNK-SPAK/OSR1 pathway as a target for hypertension can be

found in the review by Ferdaus et al .

Figure 1. Expression of cation-chloride-cotransporters in the kidney. Alpha-intercalated cells in the collecting duct (CD)

secretes acid via the apical H-ATPase and H /K  exchanger and reabsorbs bicarbonate via the basolateral Cl/HCO

exchanger. Efflux of Cl  through the potassium chloride co-transporter-4 (KCC4) is important to maintain the

electrochemical gradient to facilitate the acid secretion activities of the alpha-intercalated cells. Loss of KCC4 leads to

renal tubular acidosis, which, if left untreated, could lead to cardiac arrhythmias. Sodium-chloride-cotransporters (NCCs)

are exclusively expressed in the distal convoluted tubule (DCT). Gain-of-function mutations in regulatory genes that lead

to the over activation of NCC cause Familial Hyperkalemic Hypertension (FHHt). Sodium potassium chloride

cotransporters-2 (NKCC2) is expressed in the thick ascending limb (TAL). Loss-of-function mutations of NKCC2 results in

the salt-wasting phenotype of type 1 Bartter Syndrome.
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