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Abstract
Saving body water by optimal reabsorption of water filtered by the kidney leading to excretion of urine with concen-
trations of solutes largely above that of plasma allowed vertebrate species to leave the aquatic environment to live on 
solid ground. Filtered water is reabsorbed for 70% and 20% by proximal tubules and thin descending limbs of Henle, 
respectively. These two nephron segments express the water channel aquaporin-1 located along both apical and baso-
lateral membranes. In the proximal tubule, the paracellular pathway accounts for at least 30% of water reabsorption, 
and the tight-junction core protein claudin-2 plays a key role in this permeability. The ascending limb of Henle and the 
distal convoluted tubule are impermeant to water and are responsible for urine dilution. The water balance is adjusted 
along the collecting system, i.e. connecting tubule and the collecting duct, under the control of arginine-vasopressin 
(AVP). AVP is synthesized by the hypothalamus and released in response to an increase in extracellular osmolality or 
stimulation of baroreceptors by decreased blood pressure. In response to AVP, aquaporin-2 water channels stored in 
subapical intracellular vesicles are translocated to the apical plasma membrane and raise the water permeability of the 
collecting system. The basolateral step of water reabsorption is mediated by aquaporin-3 and -4, which are constitutively 
expressed. Drugs targeting water transport include classical diuretics, which primarily inhibit sodium transport; the new 
class of SGLT2 inhibitors, which promotes osmotic diuresis and the non-peptidic antagonists of the V2 receptor, which 
are pure aquaretic drugs. Disturbed water balance includes diabetes insipidus and hyponatremias. Diabetes insipidus 
is characterized by polyuria and polydipsia. It is either related to a deficit in AVP secretion called central diabetes 
insipidus that can be treated by AVP analogs or to a peripheral defect in AVP response called nephrogenic diabetes 
insipidus. Diabetes insipidus can be either of genetic origin or acquired. Hyponatremia is a common disorder most 
often related to free water excess relying on overstimulated or inappropriate AVP secretion. The assessment of blood 
volume is key for the diagnosis and treatment of hyponatremia, which can be classified as hypo-, eu-, or hypervolemic.
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Water is essential for life and is abundantly supplied in 
an aquatic environment. Adaptation to a terrestrial life 
required the acquisition of water-saving mechanisms to 
cope with intermittent water supply. In terrestrial verte-
brates such as birds and mammals, this is achieved by the 
ability of the kidney to reabsorb large amounts of filtered 
water and to concentrate urine largely above plasma. In 
humans, the kidneys filter about 180 l each day to excrete 
about 1–2 l of urine whose osmolality is comprised of 
between 100 when the water supply is overabundant and 
1200 mOsm/Kg  H2O when the water supply is severely 
restricted. In this review, we will discuss the physiologi-
cal control of water balance and renal water handling. We 
will then summarize our current knowledge on disturbed 
water balance and drugs increasing renal water excretion.
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Water homeostasis

Control of water balance

Under physiological conditions, water balance is achieved 
by equilibration between water gain via food, beverage and 
metabolism, and water losses via respiration, transpiration, 
and urine excretion. Water balance is controlled on the one 
hand by thirst and on the other hand by urinary output.

Thirst is controlled by several groups of neurons located 
in the lamina terminalis adjacent to the third ventricle and 
more precisely in the subfornical organ and the organum 
vasculosum of the lamina terminalis [2, 86]. These neu-
rons, which control both thirst and sodium appetite are 
sensitive to extracellular osmolality and angiotensin II [29, 
42]. For more details, the neural control of thirst has been 
recently reviewed in depth [8, 97].

Urinary output is dependent on the one hand of the glo-
merular filtration rate, which determines the amounts of fluid 
entering the kidney tubules and on the other hand on water 
reabsorption along the kidney tubules. The glomerular filtra-
tion rate is supposed to be fairly constant via tight autoregu-
latory mechanisms. The water reabsorption process is mostly 
performed along the proximal tubule and the thin descending 
limb of the loop of Henle, which reabsorb about 70% and 
20% of the filtered water, respectively. Water reabsorption in 
these two nephron segments is fairly constant under physi-
ological conditions. Water balance is achieved more distally 
by regulated water reabsorption along the collecting system, 
i.e. connecting tubule and collecting duct [41].

Mechanism of vasopressin secretion and action

Arginine-vasopressin (AVP) also called antidiuretic hor-
mone (ADH) is of seminal importance in controlling water 
balance through regulation of water reabsorption along the 
collecting system and thereby urinary output. AVP is a 
small peptide composed of 9 amino acids. It is synthesized 
as a large preprohormone by magnocellular neurons of the 
hypothalamic paraventricular and supraoptic nuclei. AVP 
is generated in equimolar amounts with neurophysin and 
copeptin, which are co-secreted at the level of the posterior 
pituitary gland. AVP is stored in secretory vesicles located 
at the end of the axons of magnocellular neurons. AVP has 
a very short half-life (a few minutes) and circulates at a 
very low concentration (pM range) in plasma. Therefore, 
the measurement of plasma levels of copeptin, which is 
much more stable, is used as a surrogate of AVP secretion 
[24]. This information is summarized in Fig. 1.

AVP secretion is mainly controlled by extracellular 
osmolality. Increased extracellular osmolality leads to 

cell shrinkage that is sensed by both AVP-secreting cells 
and other osmosensitive neurons leading to increased AVP 
secretion. This osmotic AVP release can be suppressed 
by anticipation after oral absorption of water, which sup-
presses the activity of osmosensitive neurons located in 
the subfornical organ [68]. The so-called osmotic release 
of AVP is very sensitive and small variations in osmolal-
ity of the extracellular fluid are associated with parallel 
changes in AVP secretion. The threshold of AVP secretion 
is generally close to 290–295 mOsm/Kg  H2O [68]. TRPV1 
and TRPV4 channels were strongly suspected to mediate 
osmosensing. However, recent studies in knockout animals 
did not reveal abnormal AVP secretion in TRPV1 knock-
out mice [88] or detected slightly increased AVP secretion 
in response to hypertonic challenge in TRPV4 knockout 
mice [55], indicating that other important players are at 
work in this process and remain to be discovered.

Non-osmotic AVP release via high-pressure barorecep-
tors is a second major stimulus of AVP secretion [79]. Physi-
ological studies have shown that hypotension increases the 
sensitivity of AVP release in response to extracellular osmo-
lality with a leftward shift of the dose–response curve [28]. 
Several other stimuli of AVP secretion have been identified 
such as emotional stress [28] and angiotensin-II [9].

Once released into the bloodstream, AVP reaches its tar-
gets and binds to either V1 or V2 type G-protein-coupled 
receptors. V1 receptors are coupled to calcium signaling 
and mediate the vasoconstrictor effect of AVP. V2 recep-
tors are expressed by kidney tubule epithelial cells in both 
medullary and cortical thick ascending limb of Henle, distal 
convoluted tubule, connecting tubule, and collecting duct 
(principal cells and inner medullary collecting duct cells) 
[57] with the highest expression levels in medullary thick 
ascending limb and collecting duct. In connecting tubule 
and collecting ducts, V2 receptors are directly involved in 
the stimulation of water transport [5]. AVP also stimulates 
sodium transport in the thick ascending limb of Henle, distal 
convoluted tubule, and collecting system [26]. The binding 
of AVP to V2 receptors leads to Gαs-dependent activation of 
adenyl cyclase, generation of cyclic AMP, and activation of 
protein kinase A, which mediate both short- and long-term 
effects of AVP [5, 41]. This information is summarized in 
Fig. 1.

The apelin gene encodes a 77 amino-acid prepropep-
tide that is subsequently cleaved to generate proapelin 
and then bioactive peptides (apelin-13, -17, and -36) [34]. 
Apelin is widely expressed in the central nervous system 
as well as in peripheral tissues including kidneys. It binds 
to G-protein coupled receptors (APJ) and inhibits cAMP 
signaling via Gαi. Both apelin and APJ are expressed in 
hypothalamic supraoptic and paraventricular nuclei, i.e. 
the sites of AVP biosynthesis [71]. Inhibition of AVP 
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secretion was shown in response to ventricular apelin 
infusion [17]. Moreover, physiological studies in humans 
have shown that extracellular osmolality controls AVP and 
apelin release in an opposite manner [4]. These studies 
suggest that apelin physiologically inhibits AVP secretion 
by the posterior pituitary gland. Apelin also antagonizes 
the effect of AVP on kidney tubule epithelial cells by the 
inhibition of cAMP generation [35].

Kidney tubule water transport and aquaporins

Water filtered by the glomeruli is efficiently reabsorbed 
along the kidney tubule. The water permeability of the kid-
ney tubule displays a strong segment-specificity. The proxi-
mal tubule is highly water permeable, followed by the thin 
descending limb of Henle. These two segments are constitu-
tively permeable to water. The thin ascending limb of Henle, 
the thick ascending limb of Henle, and the distal convoluted 
tubule are impermeable to water. Finally, the water perme-
ability of the connecting tubule and collecting duct is highly 

variable and depends mostly on the circulating AVP concen-
tration. This information is summarized in Fig. 2.

Water transport by proximal tubule

About 70% of filtered water is reabsorbed along the proxi-
mal tubule [26]. This water reabsorption is iso-osmotic and 
occurs through both transcellular and paracellular path-
ways. The prototypic water channel aquaporin-1 (AQP1) 
first identified in red blood cells [69] was subsequently 
found in the proximal tubule [18, 96]. This AQP1 water 
channel is located at a high density along both apical and 
basolateral membranes with little if any intracellular stor-
age [61]. Subsequent functional studies by in situ micro-
puncture and in vitro microperfusion performed in knockout 
animals confirmed that AQP1 mediates transcellular water 
reabsorption in proximal tubules [77, 78]. This transcellular 
water reabsorption accounts for at least 50% of water trans-
port [77]. Remarkably, proximal tubule luminal hypotonic-
ity was observed in AQP1 knockout mice indicating that 
transcellular water transport is required for the iso-osmotic 

Fig. 1  Hormonal control of water transport by collecting duct. Argi-
nine vasopressin (AVP) is synthesized in the hypothalamus and 
released by the posterior pituitary gland. In the renal collecting duct 
principal cells, AVP binds to the vasopressin receptor type 2 (V2R), 
which leads to the activation of the protein kinase A (PKA) and 

increases aquaporin-2 (AQP2) abundance in the apical plasma mem-
brane by stimulating its translocation from intracellular storage vesi-
cles. Water is reabsorbed via AQP2 at the apical membrane and then 
exits the cell through aquaporin-3 (AQP3) and aquaporin-4 (AQP4) 
at the basolateral membrane
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reabsorption process in this nephron segment [90]. Aqua-
porin-7 (AQP7) is a second aquaporin specie found along 
the brush border of proximal tubule cells [82]. Water per-
meability of proximal tubules from AQP7 knockout mice 
is slightly decreased, but these mice do not display obvious 
water loss or urinary concentration defect [80].

Vectorial water flux is driven by the osmotic gradient 
generated between the cytosol and the extracellular space 
comprised of between the deep invaginations of the baso-
lateral plasma membrane of proximal tubule cells [26]. The 
basolateral Na,K-ATPase actively extrudes intracellular 
sodium ions that accumulate into the extracellular space, 
driving anion reabsorption (bicarbonate and chloride) 
through secondary active (cotransporters) or passive (chan-
nels) pathways. This increased osmotic pressure generated 
by the accumulation of sodium salts is further enhanced by 
the reabsorption of other solutes such as phosphate, glucose, 
and amino acids and drives cellular water to the interstitium.

The paracellular pathway may account for at least 25–30% 
of water reabsorption by the proximal tubule. Paracellular 
water reabsorption is largely dependent on the expression 
of the tight-junction core component protein claudin-2 [58, 
78], which generates a water-permeable pore [75]. The slight 
osmotic gradient generated by transcellular solute reabsorp-
tion provides the driving force for paracellular water flux 
from the tubular lumen to the kidney interstitium.

It is worth mentioning that AQP1/claudin-2 double 
knockout mice do not display a massive reduction in proxi-
mal tubule water reabsorption when measured by in vivo 
micropuncture [78]. Pathways accounting for this residual 
water reabsorption in proximal tubule from AQP1/claudin-2 
double knockout mice remain to be identified.

The water reabsorption process is terminated by the 
transfer of interstitial fluid to peritubular capillaries. This 
absorptive process is driven by a very low capillary hydro-
static pressure due to the dissipation of hydrostatic pressure 
by the afferent and efferent glomerular arterioles and the 
high capillary oncotic pressure generated by the extraction 
of “deproteinated” glomerular filtrate from plasma during 
the glomerular filtration process.

Water transport by the thin descending limb of Henle

The thin descending limb of Henle, which plays a major role 
in the concentration process of the tubular fluid, is imper-
meable to solutes and highly permeable to water [76]. It 
constitutively reabsorbs about 20% of the filtered water load. 
This segment expresses high levels of AQP1 water chan-
nels located along apical and basolateral membranes of both 
short and long thin descending limbs of Henle in one study 
[61] or only long thin descending limbs in a second one 
[95]. In vitro micropuncture studies comparing wild-type 

Fig. 2  Aquaporin (AQP) 
distribution along the nephron. 
AQP1 is located in both the 
apical and basolateral mem-
brane of proximal tubule cells, 
which is highly permeable to 
water and accounts for 70% of 
total water reabsorption. AQP7 
is additionally found along the 
brush border of proximal tubule 
cells. The thin descending limb 
of Henle accounts for 20% 
of water reabsorption via the 
AQP1 located at both apical and 
basolateral sides of the plasma 
membrane. The collecting duct 
is less permeable to water (0 
to 9%) and expresses three 
aquaporins in principal cells: 
AQP2 at the apical membrane, 
and AQP3 and AQP4 at the 
basolateral membrane
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and AQP1 knockout mice revealed that AQP1 is mandatory 
for water permeability in the thin descending limb [13].

The hypertonic interstitium generated by the counter-
current concentration-dilution process provides the driving 
force for transcellular water reabsorption. Interstitial water 
is then reabsorbed by the ascending vasa recta to reach the 
bloodstream. It is noteworthy to mention that a high water 
permeability of descending vasa recta is generated by the 
expression of AQP1 by endothelial cells [65]. This unique 
property of ascending vasa recta prevents the dilution of 
the cortico-papillary osmotic gradient via efficient water 
reabsorption.

Water transport by the collecting duct

The collecting system including the connecting tubule 
and the collecting duct (CD) is the site of regulated water 
reabsorption. This regulation is performed on the last 10% 
of the filtered water load resulting in minimal or maximal 
urine excretion of approximately 0.5 l or 10 l, respectively. 
Water is specifically reabsorbed by principal cells, which 
also reabsorb sodium and secrete potassium. It is known for 
decades that the water permeability of the collecting duct is 
highly regulated by AVP. In the absence of AVP, the water 
permeability of the CD is very low under basal conditions, 
and it rises sharply in the presence of the hormone [56]. It 
is important to mention that in the presence of AVP, water 
reabsorption is much larger in the cortical than in the med-
ullary portion of the collecting system. Indeed, the water-
free NaCl reabsorption by the thick ascending limb of Henle 
and the distal convoluted tubule strongly dilutes the tubular 
fluid. At the end of the distal tubule, the osmolality of the 
tubular fluid is close to 50 mOsm/KgH2O, while interstitial 
osmolality is close to 300 mOsm/KgH2O. This steep osmotic 
gradient provides the driving force for massive water reab-
sorption in the presence of AVP. Water subtraction increases 
intratubular osmolality that would reach a maximum of 
300 mOsm/l in the absence of the counter-current concen-
tration process generated by the loop of Henle and the vasa-
recta. The cortico-papillary osmotic gradient from 300 to 
1200 mOsm/KgH2O in humans allows further water subtrac-
tion and maximal concentration of the urine up to the maxi-
mal interstitial osmolality of 1200 mOsm/KgH2O reaching 
the tip of the papilla. The maximal interstitial osmolality at 
the tip of the papilla (1200 mOsm/KgH2O) can be reached 
in the presence of AVP, which firstly enhances the active 
salt reabsorption by the thick ascending limb via stimula-
tion of NKCC2 and secondly, stimulates massive urea reab-
sorption via activation of urea transporters UT-A1/3 in the 
inner medullary collecting duct [5]. In addition to the direct 
stimulation of CD water permeability, AVP also stimulates 
ENaC and thereby transepithelial sodium reabsorption. 

This vectorial transport of solutes from the lumen to the 
interstitium increases the local osmolality, especially inside 
basolateral plasma membrane infoldings of principal cells, 
and further enhances water reabsorption [54]. The same pro-
cess is observed in response to aldosterone, which primarily 
stimulates sodium reabsorption [25].

The increase in water permeability of the collecting sys-
tem in response to AVP was first correlated with the appear-
ance of apical membrane protein aggregates [45], suggest-
ing the apical translocation of water pores. Aquaporin-2 
(AQP2) was then identified as a collecting duct-specific 
water channel located in the apical membrane of CD cells 
[27]. Thereafter, aquaporin-3 (AQP3) [21] and aquaporin-4 
(AQP4) [36] were identified as basolateral water channels 
in CD cells. These three aquaporins are expressed in CD 
principal cells as well as inner medullary collecting duct 
(IMCD) cells.

The generation of knockout mice confirmed the key role 
of AQP2 in water reabsorption since total knockout is lethal 
within a few days of life [74] and inducible knockout results 
in severe polyuria [93]. The lethality of the total AQP2 
knockout is explained by the absence of compensation by 
increased AQP2 expression by the CNT [74], which actively 
participates in water reabsorption as demonstrated by the 
increased diuresis and decreased concentration capacity of 
mice with a connecting tubule-specific AQP2 deletion [44]. 
The functional importance of aquaporins located in the baso-
lateral membrane of CD cells was confirmed by the genera-
tion of knockout mice. AQP4 [48] or AQP3 [47] knockout 
mice displayed a mild phenotype with urinary concentration 
defect while double knockout was characterized by poly-
uria [47]. The results confirmed that both aquaporins are 
expressed along the kidney tubule and partially compensate 
for each other.

AVP was shown to induce the rapid translocation of sub-
apical intracellular vesicles containing AQP2 to the apical 
membrane of CD principal cells and to increase the water 
permeability of the CD [19, 60]. Animal studies suggested 
that after cessation of the AVP challenge, apical AQP2 
undergoes endocytosis and intracellular retrieval [10, 49]. 
Studies performed in cultured renal epithelial cells (MDCK 
and LLC-PK cells) transfected with AQP2 showed that a 
large fraction of AQP2 can be recycled to participate in 
a new round of translocation to the apical membrane in 
response to a new AVP challenge [40], while another frac-
tion of AQP2 is ubiquitinated and degraded vis the lysoso-
mal pathway [37]. As recently reviewed in detail [64], at 
least five AQP2 phosphorylation sites have been identified 
and were shown to play a role in the translocation and sta-
bilization of the water channel to the apical membrane or 
its association with the ubiquitination and endocytic types 
of machinery. The so-called “shuttle hypothesis” implying 
the recycling of AQP2 for several rounds of intracellular 

Pflügers Archiv - European Journal of Physiology (2022) 474:841-852 845



1 3

storage and translocation remains to be formally demon-
strated in vivo.

AQP2 is transcriptionally controlled by AVP, as demon-
strated by the induction of AQP2 expression by administra-
tion of AVP to Brattleboro rats, which exhibit a natural AVP 
gene knockout [70] and incubation of cultured CD principal 
cells in the presence of AVP [32]. This basal AVP-depend-
ent expression of AQP2 is modulated by many other factors 
among which aldosterone and osmolality are the most physi-
ologically relevant [31, 82]. Aldosterone exerts a biphasic 
effect on AQP2 expression levels by cultured CD principal 
cells. After an initial decrease in both AQP2 mRNA and 
protein levels, aldosterone stabilizes AQP2 protein leading 
to its accumulation, which generates a synergistic effect 
with AVP [33]. This effect might be especially important 
to maintain plasma osmolality under conditions of hyperal-
dosteronism. The TonEBP-dependent stimulation of AQP2 
transcription in response to extracellular hypertonicity [30] 
plays an important role to help water reabsorption in the 
hypertonic kidney medulla. AQP3 expression is also stimu-
lated by long-term AVP challenge although to a lesser extent 
than AQP2 [84] and is remarkably aldosterone-dependent 
[46]. Increased AQP4 expression in response to AVP has 
been shown in the kidney cortex but not in the hypertonic 
medulla [67]. This observation suggests that hypertonicity 
inhibits the effect of AVP or that AVP and hypertonicity 
increase AQP4 expression levels through the same signal-
ing pathway.

Drugs targeting renal water handling

Diuretics

Classical diuretics are primarily natriuretic drugs specifi-
cally targeting an apical sodium transporter along the kid-
ney tubule. Their pharmacology and mode of action were 
reviewed in detail elsewhere [22]. Carbonic anhydrase inhib-
itors, a class of diuretics mostly targeting the proximal tubule 
are no longer used, except for a few specific indications such 
as glaucoma or high altitude disease. The so-called “loop 
diuretics,” including the widely used furosemide, are the 
most potent diuretics. They inhibit the apical Na/K/2Cl 
transporter NKCC2, which accounts for 15–20% of tubular 
sodium reabsorption and is mandatory for the generation of 
the cortico-papillary osmotic gradient. Therefore, this class 
of diuretics severely decreases the concentration/dilution 
power of the kidney. Thiazide diuretics, which inhibit the 
Na/Cl-cotransporter NCC expressed in the distal convoluted 
tubule, potentially inhibit up to 5–7% of the reabsorption of 
filtered sodium. Finally, potassium-sparing diuretics either 
targeting ENaC either directly or indirectly via blockade or 
mineralocorticoid receptor, inhibit the reabsorption of 1–5% 

of the filtered sodium. Diuretics primarily induce natriuresis 
and secondarily water diuresis via inhibition of urine dilu-
tion in the loop of Henle, the distal convoluted tubule, or the 
collecting system. This effect increases luminal osmolality 
in the collecting system that decreases the lumen to inter-
stitium osmotic gradient and prevents in part water reabsorp-
tion along the connecting tubule and cortical collecting duct. 
Inhibitors of ENaC also prevent the generation of hyperto-
nicity in the interstitial space between interdigitations of the 
basolateral membrane of CD principal cells, which drives 
part of the transcellular water flux [54].

Inhibitors of SGLT2

The recently developed SGLT2 inhibitors induce an osmotic 
diuresis by combining glycosuria, natriuresis, and aquaresis. 
It has been suggested that the metabolic and cardiovascular 
benefits of SGLT2 inhibitors are, at least, partly explained 
by the stimulation of water-conserving processes via AVP 
secretion, partly counterbalancing the osmotic diuresis in 
CD [52]. AVP not only increases water reabsorption but 
also facilitates urea transport by IMCD cells and induces 
accumulation in the inner medulla [7] that contributes to the 
osmotic driving force for water reabsorption [6]. Moreover, 
it has been shown that rats treated with SGLT2 inhibitors 
displayed higher expression levels of the urea transporter 
UT-A1, suggesting urea-dependent compensatory water 
reabsorption in the medulla in response to this drug [3, 12]. 
This urea-driven water conservation process not only relies 
on the renal urea-recycling pathway but also on the hepatic 
urea cycle, which generates urea from dietary proteins or 
from endogenous protein reservoirs. The urea-driven water 
conservation process induced by SGLT2 inhibitors to main-
tain water balance increases the metabolic demand and 
results in a negative energy balance, which participates in 
the beneficial effects of this drug [59, 98].

Non‑peptidic inhibitors of the V2 receptor

The non-peptidic inhibitor of the V2 receptor tolvaptan rep-
resents a new class of drugs called aquaretics that specifi-
cally increase free water excretion. As already mentioned, 
the availability of these inhibitors has been a long-awaited 
step to study, understand, and treat hypo-osmolar states. 
Since the early 1990s, this class of drugs named vaptans has 
been developed in two subclasses: V1/V2 receptors inhibi-
tors and V2 receptors inhibitors [91]. Four compounds were 
developed and did exhibit a significant effect on increasing 
free water excretion and achieving maximal urine dilution. 
Their efficacy to reverse hyponatremia was demonstrated 
by clinical studies in the acute setting, and the risks of over-
correction were evaluated as very low. Tolvaptan was also 
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demonstrated to slow the renal cysts growth and to slow the 
decline in renal function in autosomal dominant polycystic 
kidney disease [87]. It should be mentioned that the chronic 
utilization of vaptans was associated with increased risks 
of hepatotoxicity, a severe side effect that strongly limited 
their clinical use.

Disturbed water balance

Diabetes insipidus

When the AVP pathway does not function correctly, it leads 
to inadequate urine concentration (hypotonic urine), which 
is defined as diabetes insipidus (DI). DI is clinically charac-
terized by polyuria/polydipsia and biologically by hyperos-
molarity and hypernatremia. DI is classified into two major 
groups: central (CDI) and nephrogenic (NDI). Another class 
of DI is gestational DI, which is secondary to very high 
levels of vasopressinase during pregnancy, which degrades 
almost instantly circulating AVP [20]. CDI might be genetic 
or acquired. When associated with AVP gene mutation (auto-
somal dominant (90%) or recessive), the onset of DI is early 
but gradual, between the first and the sixth year of life [73]. 
Diagnosis might be difficult according to the pattern of fluid 
intake. Water deprivation test, which demonstrates the defect 
in urine concentration ability, can be difficult to interpret, 
and delayed diagnosis is not unusual. To improve the accu-
racy of the water deprivation test, AVP can be measured by 
radioimmunoassay. However, copeptin, which is processed 
by the same precursor peptide and regulated by the same 
physiological process, is the easiest to analyze by copeptin 
assay [16]. Acquired CDI has several causes, which include 
tumors, cranial trauma, post-neurosurgery operations, and 
infections. The symptoms may vary in severity and can 
be transient. In adults, the water deprivation test is easiest 
to perform and interpret than in children. Primary (dipso-
genic) polydipsia is one differential diagnosis, which can 
be excluded. Neuroradiology, especially MRI is of utmost 
importance to determine the cause of acquired CDI. Fortu-
nately, substitutive treatments are available in addition to 
free access to water. Synthetic AVP analogs with a longer 
half-life than AVP (desmopressin) are available by different 
routes: oral, nasal spray, sublingual, or parenteral [15].

Nephrogenic diabetes insipidus (NDI) is character-
ized by a normal physiologic release of AVP in response 
to an increase in plasma osmolarity, which, however, does 
not translate into subsequent hypertonic urine. Therefore, 
“nephrogenic” determines a disrupted cellular pathway of 
the principal cells going from V2 receptors (V2R) muta-
tions (majority of cases of genetic NDI) to water channels 
(AQP2) dysfunctions (majority of acquired NDI). The 
disease (especially the X-linked recessive mutations of 

AVP2R) starts at birth and delayed diagnosis is frequent. 
As the polyuria is more severe, newborns might suffer from 
the cerebral sequela of chronic dehydration and mental 
development is frequently suboptimal and mortality more 
elevated [14]. Acquired NDI is better identified especially 
when associated with drug toxicity such as lithium, elec-
trolytes disorders (hypokalemia, hypercalcemia), or ureteral 
obstruction. Usually, the concentration power alteration is 
less severe and not as debilitating as in CDI. However, as 
production of AVP is not the problem, desmopressin has no 
place (almost) in the treatment, and appropriate fluid intake 
is the hallmark of treatment. Some drugs, such as NSAIDs 
and thiazides diuretics, improve the symptoms by enhancing 
cellular response to AVP and also, for hydrochlorothiazide, 
by decreasing water and sodium delivery to the collecting 
tubules. This effect of thiazides most likely relies on a stimu-
lated proximal sodium and water reabsorption. Other drugs 
have been demonstrated to stimulate AQP2 migration to the 
luminal membrane by a cAMP-dependent mechanism such 
as PGE2 and rolupram or by AVP- and cAMP-independent 
mechanisms such as simvastatin, sildenafil, and metformin. 
These drugs might be promising when combined to mitigate 
the concentrating defect [53]. Targeting AQP2 regulation 
is the most promising therapeutic development. Several 
approaches are investigated including direct stimulation of 
cAMP generation, the major activator of AQP2, inhibition of 
cAMP phosphodiesterase, stimulation of AQP2 phosphoryl-
ation by cGMP kinase… [63]. It should be emphasized that 
DI patients have usually normal plasma osmolality provid-
ing a normal thirst mechanism and adequate access to fluid.

Hyponatremia

Hyponatremia (plasma sodium concentration less than 
135 mmol/L) is considered the most frequent electrolyte dis-
order. It should be, however, reminded that hyponatremia is 
most often caused by a defect in free water excretion, which 
results in an increased plasma water/sodium plasma ratio 
rather than by sodium loss. This defect in free water excre-
tion has been demonstrated at a molecular level in situations 
of hyponatremia such as cardiac failure, wherein animal 
models and in humans, inappropriate activation of AQP2 
has been observed [51, 62]. The term “hypo-osmolar state” 
would be more appropriate as it would allow discriminat-
ing this disorder from other electrolytes disorders such as 
hypo-, hyperkaliemia, hypo-hypercalcemia, etc.…, which 
indicate, in most cases, loss or excess of the electrolyte 
incriminated. The most important task when plasma sodium 
is decreased is to determine the extracellular volume status. 
Indeed, hyponatremia can be seen in a state of hypervolemia, 
euvolemia, and hypovolemia and are universally classified 
as hyponatremia hypo-eu-or hypervolemic [85]. Therefore, 
the accuracy of extracellular assessment is necessary to 
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properly classify and treat hyponatremia (Fig. 3). Evalua-
tion of volume status is not always straightforward. When 
the hyper-or hypovolemia is mild, clinical signs are scarce. 
Diagnosis should combine careful medical history taking, 
physical examination, and laboratory parameters analyses. 
Amongst those, urine electrolytes and osmolarity are of 
utmost importance. Collecting urine samples simultaneously 
with blood samples is the best (and only) way to estimate 
how the kidney is operating in the setting of hyponatremia. 
When urinary osmolarity is higher than plasma osmolarity, 
this demonstrates that AVP is not appropriately suppressed 
to inhibit free water reabsorption and produce hypotonic 
urine. In addition, sodium fractional excretion (and/or urea 
excretion) gives an important clue to the extracellular vol-
ume management by the kidney. Other laboratory param-
eters such as glucose (to exclude pseudohyponatremia), 
urea, creatinine, K, Cl, total bicarbonates, and urates are 
extremely useful for integrative analyses. Recently, point 
of care (POC) cardiac ultrasound has been demonstrated to 
improve physical examination in the diagnosis of hypona-
tremia [11]. A proper classification related to extracellular 
volume status is important because the consequences of 

hyponatremia differ depending on this classification. Finally, 
the timeline and the severity of hyponatremia have to be 
determined. European and American guidelines [81, 92] 
defined natremia between 135 and 130 as mild, 129–125 as 
moderate, and < 125 as severe or profound. Similarly, acute 
hyponatremia is defined when documented in less than 48 h, 
whereas chronic hyponatremia exists for more than 48 h. 
When timing is not possible, chronic is the default choice 
unless clinical symptoms are very severe. These elements 
demonstrate that hyponatremia cannot be only considered 
an isolated laboratory parameter but necessitates a compre-
hensive and systematic clinical approach.

For more than 40 years, studies have demonstrated the 
prognostic values of hyponatremia to assess the severity 
of the disease in the setting of cardiac failure [83], liver 
failure, pneumonia, hip fractures, etc. Recent studies con-
firmed this early observation and indicate that hyponatremia 
is a severity marker of diseases such as stroke [66], frailty 
[39], and pre-end-stage kidney disease [50]. These find-
ings demonstrate that hyponatremia has to be considered 
a risk factor and has to be identified as such. A major issue 
is the clinical relevance of hyponatremia as a modifiable 

Fig. 3  Major biological and clinical characteristics of the various types of hyponatremias
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parameter, which is associated with a better outcome. To 
summarize many studies, the prognosis is improved when 
the underlining cause of hyponatremia is successfully treated 
(cardiac failure, liver failure, pneumonia, etc.) leading to 
the correction of hyponatremia but not modified by treating 
hyponatremia per se. The availability of non-peptide V2R 
antagonists (vaptans) was a major step to address this issue. 
Their roles in the long-term management of major diseases 
such as cardiac failure or liver cirrhosis are still a matter of 
debate. In patients with cardiac failure, the administration of 
tolvaptan did improve hyponatremia, but it did not modify 
the outcomes at 24 months [43]. However, post hoc analy-
ses did identify the class of patients who had an improved 
outcome with tolvaptan [89]. In liver cirrhosis, tolvaptan 
may improve long-term survival if the therapeutic response 
is sustained in Japanese patients [38], but other studies did 
not observe this better outcome, and EASL does not recom-
mend its use for long term [1], whereas the Japan Society of 
Hepatology is more in favor [94]. More studies are therefore 
needed to better delineate the long-term use of tolvaptan.

Interventional studies were performed in hypervolemic 
hyponatremia where the non-osmotic release of AVP is trig-
gered by baroreceptors-induced stimuli secondary to organ 
dysfunction. This situation is not transposable to hypov-
olemic or euvolemic hyponatremia such as syndrome of the 
inappropriate release of AVP (SIADH). In the first situa-
tion, AVP release has another trigger than osmolarity but is 
appropriate due to strong hemodynamic stimuli, whereas, in 
the second situation (SIADH), AVP is in excess because of 
dysregulation of its secretion or ectopic release. This second 
situation might be in certain circumstances deleterious by 
itself and might have clinical consequences. For instance, in 
patients with mild or moderate hyponatremia, an increased 
incidence in falls secondary to balance/gait troubles induced 
by hyponatremia has been demonstrated [72]. Up to now, 
no randomized studies have been performed to demonstrate 
that correction of chronic hyponatremia might decrease the 
risk of falls. However, a recent study suggests that tolvaptan 
decreases hyponatremia symptoms such as unsteady gait, 
dizziness, and confusion [23].

Acknowledgements This work has been supported by the Swiss 
National Foundation NCCR Kidney.ch.

Funding Open access funding provided by University of Geneva

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Abdallah MA, Kuo YF, Asrani S, Wong RJ, Ahmed A, Kwo P, 
Terrault N, Kamath PS, Jalan R, Singal AK (2021) Validating a 
novel score based on interaction between ACLF grade and MELD 
score to predict waitlist mortality. J Hepatol 74:1355–1361. 
https:// doi. org/ 10. 1016/j. jhep. 2020. 12. 003

 2. Anderson JW, Washburn DL, Ferguson AV (2000) Intrinsic osmo-
sensitivity of subfornical organ neurons. Neuroscience 100:539–
547. https:// doi. org/ 10. 1016/ s0306- 4522(00) 00313-4

 3. Ansary TM, Fujisawa Y, Rahman A, Nakano D, Hitomi H, 
Kobara H, Masaki T, Titze JM, Kitada K, Nishiyama A (2017) 
Responses of renal hemodynamics and tubular functions to acute 
sodium-glucose cotransporter 2 inhibitor administration in non-
diabetic anesthetized rats. Sci Rep 7:9555. https:// doi. org/ 10. 1038/ 
s41598- 017- 09352-5

 4. Azizi M, Iturrioz X, Blanchard A, Peyrard S, De Mota N, Char-
trel N, Vaudry H, Corvol P, Llorens-Cortes C (2008) Reciprocal 
regulation of plasma apelin and vasopressin by osmotic stimuli. 
J Am Soc Nephrol 19:1015–1024. https:// doi. org/ 10. 1681/ asn. 
20070 70816

 5. Bankir L, Bichet DG, Morgenthaler NG (2017) Vasopressin: phys-
iology, assessment and osmosensation. J Intern Med 282:284–
297. https:// doi. org/ 10. 1111/ joim. 12645

 6. Bankir L, Chen K, Yang B (2004) Lack of UT-B in vasa recta and 
red blood cells prevents urea-induced improvement of urinary 
concentrating ability. Am J Physiol Renal Physiol 286:F144-151. 
https:// doi. org/ 10. 1152/ ajpre nal. 00205. 2003

 7. Bankir LT, Trinh-Trang-Tan MM (2000) Renal urea transport-
ers. Direct and indirect regulation by vasopressin. Exp Physiol 
85 Spec No:243s-252s. https:// doi. org/ 10. 1111/j. 1469- 445x. 2000. 
tb000 29.x

 8. Bichet DG (2019) Regulation of thirst and vasopressin release. 
Annu Rev Physiol 81:359–373. https:// doi. org/ 10. 1146/ annur ev- 
physi ol- 020518- 114556

 9. Bonjour J, Malvin R (1970) Stimulation of ADH release by the 
renin-angiotensin system. Am J Physiol 218:1555–1559. https:// 
doi. org/ 10. 1152/ ajple gacy. 1970. 218.6. 1555

 10. Brown D, Orci L (1983) Vasopressin stimulates formation of 
coated pits in rat kidney collecting ducts. Nature 302:253–255. 
https:// doi. org/ 10. 1038/ 30225 3a0

 11. Chatterjee T, Koratala A (2022) Point of care cardiac ultrasound 
in the management of hyponatremia: an enhancement to physical 
examination. CEN Case Rep 11:6–10. https:// doi. org/ 10. 1007/ 
s13730- 021- 00623-9

 12. Chen L, LaRocque LM, Efe O, Wang J, Sands JM, Klein JD 
(2016) Effect of dapagliflozin treatment on fluid and electrolyte 
balance in diabetic rats. Am J Med Sci 352:517–523. https:// doi. 
org/ 10. 1016/j. amjms. 2016. 08. 015

 13. Chou CL, Knepper MA, Hoek AN, Brown D, Yang B, Ma T, 
Verkman AS (1999) Reduced water permeability and altered ultra-
structure in thin descending limb of Henle in aquaporin-1 null 
mice. J Clin Invest 103:491–496. https:// doi. org/ 10. 1172/ jci57 04

Pflügers Archiv - European Journal of Physiology (2022) 474:841-852 849

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jhep.2020.12.003
https://doi.org/10.1016/s0306-4522(00)00313-4
https://doi.org/10.1038/s41598-017-09352-5
https://doi.org/10.1038/s41598-017-09352-5
https://doi.org/10.1681/asn.2007070816
https://doi.org/10.1681/asn.2007070816
https://doi.org/10.1111/joim.12645
https://doi.org/10.1152/ajprenal.00205.2003
https://doi.org/10.1111/j.1469-445x.2000.tb00029.x
https://doi.org/10.1111/j.1469-445x.2000.tb00029.x
https://doi.org/10.1146/annurev-physiol-020518-114556
https://doi.org/10.1146/annurev-physiol-020518-114556
https://doi.org/10.1152/ajplegacy.1970.218.6.1555
https://doi.org/10.1152/ajplegacy.1970.218.6.1555
https://doi.org/10.1038/302253a0
https://doi.org/10.1007/s13730-021-00623-9
https://doi.org/10.1007/s13730-021-00623-9
https://doi.org/10.1016/j.amjms.2016.08.015
https://doi.org/10.1016/j.amjms.2016.08.015
https://doi.org/10.1172/jci5704


1 3

 14. Christ-Crain M, Bichet DG, Fenske WK, Goldman MB, Rittig S, 
Verbalis JG, Verkman AS (2019) Diabetes insipidus. Nat Rev Dis 
Primers 5:54. https:// doi. org/ 10. 1038/ s41572- 019- 0103-2

 15. Christ-Crain M, Gaisl O (2021) Diabetes insipidus. Presse Med 
50:104093. https:// doi. org/ 10. 1016/j. lpm. 2021. 104093

 16. Christ-Crain M, Refardt J, Winzeler B (2022) Approach to the 
patient: “Utility of the Copeptin Assay.” J Clin Endocrinol Metab. 
https:// doi. org/ 10. 1210/ clinem/ dgac0 70

 17. De Mota N, Reaux-Le Goazigo A, El Messari S, Chartrel N, 
Roesch D, Dujardin C, Kordon C, Vaudry H, Moos F, Llorens-
Cortes C (2004) Apelin, a potent diuretic neuropeptide coun-
teracting vasopressin actions through inhibition of vasopressin 
neuron activity and vasopressin release. Proc Natl Acad Sci U S 
A 101:10464–10469. https:// doi. org/ 10. 1073/ pnas. 04035 18101

 18. Deen PM, Dempster JA, Wieringa B, Van Os CH (1992) Isolation 
of a cDNA for rat CHIP28 water channel: high mRNA expres-
sion in kidney cortex and inner medulla. Biochem Biophys Res 
Commun 188:1267–1273. https:// doi. org/ 10. 1016/ 0006- 291x(92) 
91368-z

 19. DiGiovanni SR, Nielsen S, Christensen EI, Knepper MA (1994) 
Regulation of collecting duct water channel expression by vaso-
pressin in Brattleboro rat. Proc Natl Acad Sci U S A 91:8984–
8988. https:// doi. org/ 10. 1073/ pnas. 91. 19. 8984

 20. Durr JA, Hoggard JG, Hunt JM, Schrier RW (1987) Diabetes 
insipidus in pregnancy associated with abnormally high circulat-
ing vasopressinase activity. N Engl J Med 316:1070–1074. https:// 
doi. org/ 10. 1056/ nejm1 98704 23316 1707

 21. Echevarria M, Windhager EE, Tate SS, Frindt G (1994) Clon-
ing and expression of AQP3, a water channel from the medul-
lary collecting duct of rat kidney. P Proc Natl Acad Sci U S A 
91:10997–11001. https:// doi. org/ 10. 1073/ pnas. 91. 23. 10997

 22. Ellison DH (2019) Clinical Pharmacology in Diuretic Use. Clin 
J Am Soc Nephrol 14:1248–1257. https:// doi. org/ 10. 2215/ cjn. 
09630 818

 23. Estilo A, McCormick L, Rahman M (2021) Using tolvaptan to 
treat hyponatremia: results from a post-authorization pharma-
covigilance study. Adv Ther 38:5721–5736. https:// doi. org/ 10. 
1007/ s12325- 021- 01947-9

 24. Fenske WK, Christ-Crain M, Hörning A, Simet J, Szinnai G, 
Fassnacht M, Rutishauser J, Bichet DG, Störk S, Allolio B (2014) 
A copeptin-based classification of the osmoregulatory defects in 
the syndrome of inappropriate antidiuresis. J Am Soc Nephrol 
25:2376–2383. https:// doi. org/ 10. 1681/ asn. 20130 80895

 25. Feraille E, Dizin E (2016) Coordinated control of ENaC and Na+, 
K+-ATPase in renal collecting duct. J Am Soc Nephrol 27:2554–
2563. https:// doi. org/ 10. 1681/ asn. 20160 20124

 26. Féraille E, Doucet A (2001) Sodium-potassium-adenosinetriphos-
phatase-dependent sodium transport in the kidney: hormonal 
control. Physiol Rev 81:345–418. https:// doi. org/ 10. 1152/ physr 
ev. 2001. 81.1. 345

 27. Fushimi K, Uchida S, Hara Y, Hirata Y, Marumo F, Sasaki S 
(1993) Cloning and expression of apical membrane water channel 
of rat kidney collecting tubule. Nature 361:549–552. https:// doi. 
org/ 10. 1038/ 36154 9a0

 28. Goldsmith SR, Dodge D, Cowley AW (1987) Nonosmotic influ-
ences on osmotic stimulation of vasopressin in humans. Am J 
Physiol 252:H85-88. https:// doi. org/ 10. 1152/ ajphe art. 1987. 252.1. 
H85

 29. Gutman MB, Ciriello J, Mogenson GJ (1988) Effects of plasma 
angiotensin II and hypernatremia on subfornical organ neurons. 
Am J Physiol 254:R746-754. https:// doi. org/ 10. 1152/ ajpre gu. 
1988. 254.5. R746

 30. Hasler U, Jeon US, Kim JA, Mordasini D, Kwon HM, Féraille E, 
Martin PY (2006) Tonicity-responsive enhancer binding protein is 
an essential regulator of aquaporin-2 expression in renal collecting 

duct principal cells. J Am Soc Nephrol 17:1521–1531. https:// doi. 
org/ 10. 1681/ asn. 20051 21317

 31. Hasler U, Leroy V, Martin PY, Féraille E (2009) Aquaporin-2 
abundance in the renal collecting duct: new insights from cultured 
cell models. Am J Physiol Renal Physiol 297:F10-18. https:// doi. 
org/ 10. 1152/ ajpre nal. 00053. 2009

 32. Hasler U, Mordasini D, Bens M, Bianchi M, Cluzeaud F, Rous-
selot M, Vandewalle A, Feraille E, Martin PY (2002) Long term 
regulation of aquaporin-2 expression in vasopressin-responsive 
renal collecting duct principal cells. J Biol Chem 277:10379–
10386. https:// doi. org/ 10. 1074/ jbc. M1118 80200

 33. Hasler U, Mordasini D, Bianchi M, Vandewalle A, Féraille E, 
Martin PY (2003) Dual influence of aldosterone on AQP2 expres-
sion in cultured renal collecting duct principal cells. J Biol Chem 
278:21639–21648. https:// doi. org/ 10. 1074/ jbc. M2123 88200

 34. Hu G, Wang Z, Zhang R, Sun W, Chen X (2021) The role of 
apelin/apelin receptor in energy metabolism and water homeosta-
sis: a comprehensive narrative review. Front Physiol 12:632886–
632886. https:// doi. org/ 10. 3389/ fphys. 2021. 632886

 35. Hus-Citharel A, Bodineau L, Frugière A, Joubert F, Bouby N, 
Llorens-Cortes C (2014) Apelin counteracts vasopressin-induced 
water reabsorption via cross talk between apelin and vasopressin 
receptor signaling pathways in the rat collecting duct. Endocrinol-
ogy 155:4483–4493. https:// doi. org/ 10. 1210/ en. 2014- 1257

 36. Jung JS, Bhat RV, Preston GM, Guggino WB, Baraban JM, Agre 
P (1994) Molecular characterization of an aquaporin cDNA from 
brain: candidate osmoreceptor and regulator of water balance. 
Proc Natl Acad Sci U S A 91:13052–13056. https:// doi. org/ 10. 
1073/ pnas. 91. 26. 13052

 37. Kamsteeg E-J, Hendriks G, Boone M, Konings IBM, Oorschot 
V, van der Sluijs P, Klumperman J, Deen PMT (2006) Short-
chain ubiquitination mediates the regulated endocytosis of the 
aquaporin-2 water channel. Proc Natl Acad Sci U S A 103:18344–
18349. https:// doi. org/ 10. 1073/ pnas. 06040 73103

 38. Kanayama K, Chiba T, Kobayashi K, Koroki K, Maruta S, Kan-
zaki H, Kusakabe Y, Saito T, Kiyono S, Nakamura M, Ogasawara 
S, Suzuki E, Ooka Y, Nakamoto S, Yasui S, Kanda T, Maruyama 
H, Kato J, Kato N (2020) Long-term administration of tolvaptan to 
patients with decompensated cirrhosis. Int J Med Sci 17:874–880. 
https:// doi. org/ 10. 7150/ ijms. 41454

 39. Karakousis ND, Kostakopoulos NA (2021) Hyponatremia in the 
frail. J Frailty Sarcopenia Falls 6:241–245. https:// doi. org/ 10. 
22540/ jfsf- 06- 241

 40. Katsura T, Ausiello DA, Brown D (1996) Direct demonstration of 
aquaporin-2 water channel recycling in stably transfected LLC-
PK1 epithelial cells. Am J Physiol Renal Physiol 270:F548–F553. 
https:// doi. org/ 10. 1152/ ajpre nal. 1996. 270.3. F548

 41. Knepper MA, Kwon TH, Nielsen S (2015) Molecular physiology 
of water balance. N Engl J Med 372:1349–1358. https:// doi. org/ 
10. 1056/ NEJMr a1404 726

 42. Knowles WD, Phillips MI (1980) Angiotensin II responsive cells 
in the organum vasculosum lamina terminalis (OVLT) recorded 
in hypothalamic brain slices. Brain Res 197:256–259. https:// doi. 
org/ 10. 1016/ 0006- 8993(80) 90455-2

 43. Konstam MA, Gheorghiade M, Burnett JC Jr, Grinfeld L, Mag-
gioni AP, Swedberg K, Udelson JE, Zannad F, Cook T, Ouyang J, 
Zimmer C, Orlandi C (2007) Effects of oral tolvaptan in patients 
hospitalized for worsening heart failure: the EVEREST Outcome 
Trial. JAMA 297:1319–1331. https:// doi. org/ 10. 1001/ jama. 297. 
12. 1319

 44. Kortenoeven MLA, Pedersen NB, Miller RL, Rojek A, Fenton 
RA (2013) Genetic ablation of aquaporin-2 in the mouse con-
necting tubules results in defective renal water handling. J Physiol 
591:2205–2219. https:// doi. org/ 10. 1113/ jphys iol. 2012. 250852

 45. Kubat B, Lorenzen M, Reale E (1989) Vasopress-inin-
duced  intramembrane particle aggregates. A dose-response 

Pflügers Archiv - European Journal of Physiology (2022) 474:841-852850

https://doi.org/10.1038/s41572-019-0103-2
https://doi.org/10.1016/j.lpm.2021.104093
https://doi.org/10.1210/clinem/dgac070
https://doi.org/10.1073/pnas.0403518101
https://doi.org/10.1016/0006-291x(92)91368-z
https://doi.org/10.1016/0006-291x(92)91368-z
https://doi.org/10.1073/pnas.91.19.8984
https://doi.org/10.1056/nejm198704233161707
https://doi.org/10.1056/nejm198704233161707
https://doi.org/10.1073/pnas.91.23.10997
https://doi.org/10.2215/cjn.09630818
https://doi.org/10.2215/cjn.09630818
https://doi.org/10.1007/s12325-021-01947-9
https://doi.org/10.1007/s12325-021-01947-9
https://doi.org/10.1681/asn.2013080895
https://doi.org/10.1681/asn.2016020124
https://doi.org/10.1152/physrev.2001.81.1.345
https://doi.org/10.1152/physrev.2001.81.1.345
https://doi.org/10.1038/361549a0
https://doi.org/10.1038/361549a0
https://doi.org/10.1152/ajpheart.1987.252.1.H85
https://doi.org/10.1152/ajpheart.1987.252.1.H85
https://doi.org/10.1152/ajpregu.1988.254.5.R746
https://doi.org/10.1152/ajpregu.1988.254.5.R746
https://doi.org/10.1681/asn.2005121317
https://doi.org/10.1681/asn.2005121317
https://doi.org/10.1152/ajprenal.00053.2009
https://doi.org/10.1152/ajprenal.00053.2009
https://doi.org/10.1074/jbc.M111880200
https://doi.org/10.1074/jbc.M212388200
https://doi.org/10.3389/fphys.2021.632886
https://doi.org/10.1210/en.2014-1257
https://doi.org/10.1073/pnas.91.26.13052
https://doi.org/10.1073/pnas.91.26.13052
https://doi.org/10.1073/pnas.0604073103
https://doi.org/10.7150/ijms.41454
https://doi.org/10.22540/jfsf-06-241
https://doi.org/10.22540/jfsf-06-241
https://doi.org/10.1152/ajprenal.1996.270.3.F548
https://doi.org/10.1056/NEJMra1404726
https://doi.org/10.1056/NEJMra1404726
https://doi.org/10.1016/0006-8993(80)90455-2
https://doi.org/10.1016/0006-8993(80)90455-2
https://doi.org/10.1001/jama.297.12.1319
https://doi.org/10.1001/jama.297.12.1319
https://doi.org/10.1113/jphysiol.2012.250852


1 3

relationship in the isolated cortical collecting duct of the rab-
bit kidney Biol Cell 66:59-63

 46. Kwon TH, Nielsen J, Masilamani S, Hager H, Knepper MA, 
Frokiaer J, Nielsen S (2002) Regulation of collecting duct AQP3 
expression: response to mineralocorticoid. Am J Physiol Renal 
Physiol 283:F1403-1421. https:// doi. org/ 10. 1152/ ajpre nal. 00059. 
2002

 47. Ma T, Song Y, Yang B, Gillespie A, Carlson EJ, Epstein CJ, Verk-
man AS (2000) Nephrogenic diabetes insipidus in mice lacking 
aquaporin-3 water channels. Proc Natl Acad Sci U S A 97:4386–
4391. https:// doi. org/ 10. 1073/ pnas. 08049 9597

 48. Ma T, Yang B, Gillespie A, Carlson EJ, Epstein CJ, Verkman AS 
(1997) Generation and phenotype of a transgenic knockout mouse 
lacking the mercurial-insensitive water channel aquaporin-4. J 
Clin Invest 100:957–962. https:// doi. org/ 10. 1172/ jci231

 49. Marples D, Knepper MA, Christensen EI, Nielsen S (1995) Redis-
tribution of aquaporin-2 water channels induced by vasopres-
sin in rat kidney inner medullary collecting duct. Am J Physiol 
269:C655-664. https:// doi. org/ 10. 1152/ ajpce ll. 1995. 269.3. C655

 50. Marroquin MV, Sy J, Kleine CE, Oveyssi J, Hsiung JT, Park C, 
Soohoo M, Kovesdy CP, Rhee CM, Streja E, Kalantar-Zadeh K, 
Tantisattamo E (2022) Association of pre-ESKD hyponatremia 
with post-ESKD outcomes among incident ESKD patients. Neph-
rol Dial Transplant 37:358–365. https:// doi. org/ 10. 1093/ ndt/ gfab2 
03

 51. Martin PY, Abraham WT, Lieming X, Olson BR, Oren RM, Ohara 
M, Schrier RW (1999) Selective V2-receptor vasopressin antag-
onism decreases urinary aquaporin-2 excretion in patients with 
chronic heart failure. J Am Soc Nephrol 10:2165–2170. https:// 
doi. org/ 10. 1681/ asn. V1010 2165

 52. Marton A, Kaneko T, Kovalik JP, Yasui A, Nishiyama A, Kitada 
K, Titze J (2021) Organ protection by SGLT2 inhibitors: role 
of metabolic energy and water conservation. Nat Rev Nephrol 
17:65–77. https:// doi. org/ 10. 1038/ s41581- 020- 00350-x

 53. Milano S, Carmosino M, Gerbino A, Svelto M, Procino G (2017) 
Hereditary nephrogenic diabetes insipidus: pathophysiology and 
possible treatment. An update. Int J Mol Sci 18(11):2385. https:// 
doi. org/ 10. 3390/ ijms1 81123 85

 54. Mironova E, Chen Y, Pao AC, Roos KP, Kohan DE, Bugaj V, 
Stockand JD (2015) Activation of ENaC by AVP contributes to 
the urinary concentrating mechanism and dilution of plasma. Am 
J Physiol Renal Physiol 308:F237-243. https:// doi. org/ 10. 1152/ 
ajpre nal. 00246. 2014

 55. Mizuno A, Matsumoto N, Imai M, Suzuki M (2003) Impaired 
osmotic sensation in mice lacking TRPV4. Am J Physiol Cell 
Physiol 285:C96-101. https:// doi. org/ 10. 1152/ ajpce ll. 00559. 2002

 56. Morgan T, Berliner RW (1968) Permeability of the loop of Henle, 
vasa recta, and collecting duct to water, urea, and sodium. Am 
J Physiol 215:108–115. https:// doi. org/ 10. 1152/ ajple gacy. 1968. 
215.1. 108

 57. Mutig K, Paliege A, Kahl T, Jöns T, Müller-Esterl W, Bachmann 
S (2007) Vasopressin V2 receptor expression along rat, mouse, 
and human renal epithelia with focus on TAL. Am J Physiol 
Renal Physiol 293:F1166–F1177. https:// doi. org/ 10. 1152/ ajpre 
nal. 00196. 2007

 58. Muto S, Hata M, Taniguchi J, Tsuruoka S, Moriwaki K, Saitou 
M, Furuse K, Sasaki H, Fujimura A, Imai M, Kusano E, Tsukita 
S, Furuse M (2010) Claudin-2-deficient mice are defective in the 
leaky and cation-selective paracellular permeability properties of 
renal proximal tubules. Proc Natl Acad Sci U S A 107:8011–8016. 
https:// doi. org/ 10. 1073/ pnas. 09129 01107

 59. Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, 
Erondu N, Shaw W, Law G, Desai M, Matthews DR (2017) Cana-
gliflozin and cardiovascular and renal events in type 2 diabetes. N 
Engl J Med 377:644–657. https:// doi. org/ 10. 1056/ NEJMo a1611 
925

 60. Nielsen S, Chou CL, Marples D, Christensen EI, Kishore BK, 
Knepper MA (1995) Vasopressin increases water permeability of 
kidney collecting duct by inducing translocation of aquaporin-CD 
water channels to plasma membrane. Proc Natl Acad Sci U S A 
92:1013–1017. https:// doi. org/ 10. 1073/ pnas. 92.4. 1013

 61. Nielsen S, Smith BL, Christensen EI, Knepper MA, Agre P (1993) 
CHIP28 water channels are localized in constitutively water-per-
meable segments of the nephron. J Cell Biol 120:371–383. https:// 
doi. org/ 10. 1083/ jcb. 120.2. 371

 62. Nielsen S, Terris J, Andersen D, Ecelbarger C, Frokiaer J, Jonas-
sen T, Marples D, Knepper MA, Petersen JS (1997) Congestive 
heart failure in rats is associated with increased expression and 
targeting of aquaporin-2 water channel in collecting duct. Proc 
Natl Acad Sci U S A 94:5450–5455. https:// doi. org/ 10. 1073/ pnas. 
94. 10. 5450

 63. Noda Y, Sasaki S (2021) Updates and perspectives on aquaporin-2 
and water balance disorders. Int J Mol Sci 22(23):12950. https:// 
doi. org/ 10. 3390/ ijms2 22312 950

 64. Olesen ETB, Fenton RA (2021) Aquaporin 2 regulation: 
implications for water balance and polycystic kidney dis-
eases. Nat Rev Nephrol 17:765–781. https:// doi. org/ 10. 1038/ 
s41581- 021- 00447-x

 65. Pallone TL, Edwards A, Ma T, Silldorff EP, Verkman AS (2000) 
Requirement of aquaporin-1 for NaCl-driven water transport 
across descending vasa recta. J Clin Invest 105:215–222. https:// 
doi. org/ 10. 1172/ jci82 14

 66. Potasso L, Refardt J, De Marchis GM, Wiencierz A, Wright 
PR, Wagner B, Dittrich T, Polymeris AA, Gensicke H, Bonati 
LH, Christ-Crain M (2022) Impact of sodium levels on func-
tional outcomes in patients with stroke - a Swiss Stroke Registry 
analysis. J Clin Endocrinol Metab 107:e672–e680. https:// doi. 
org/ 10. 1210/ clinem/ dgab6 50

 67. Poulsen SB, Kim Y-H, Frøkiær J, Nielsen S, Christensen BM 
(2013) Long-term vasopressin-V2-receptor stimulation induces 
regulation of aquaporin 4 protein in renal inner medulla and cor-
tex of Brattleboro rats. Nephrol Dial Transplant 28:2058–2065. 
https:// doi. org/ 10. 1093/ ndt/ gft088

 68. Prager-Khoutorsky M, Bourque CW (2010) Osmosensation in 
vasopressin neurons: changing actin density to optimize func-
tion. Trends Neurosci 33:76–83. https:// doi. org/ 10. 1016/j. tins. 
2009. 11. 004

 69. Preston GM, Agre P (1991) Isolation of the cDNA for erythro-
cyte integral membrane protein of 28 kilodaltons: member of 
an ancient channel family. Proc Natl Acad Sci U S A 88:11110–
11114. https:// doi. org/ 10. 1073/ pnas. 88. 24. 11110

 70. Promeneur D, Kwon TH, Frøkiaer J, Knepper MA, Nielsen 
S (2000) Vasopressin V(2)-receptor-dependent regulation 
of AQP2 expression in Brattleboro rats. Am J Physiol Renal 
Physiol 279:F370-382. https:// doi. org/ 10. 1152/ ajpre nal. 2000. 
279.2. F370

 71. Reaux A, De Mota N, Skultetyova I, Lenkei Z, El Messari S, 
Gallatz K, Corvol P, Palkovits M, Llorens-Cortès C (2001) 
Physiological role of a novel neuropeptide, apelin, and its recep-
tor in the rat brain. J Neurochem 77:1085–1096. https:// doi. org/ 
10. 1046/j. 1471- 4159. 2001. 00320.x

 72. Renneboog B, Musch W, Vandemergel X, Manto MU, Decaux 
G (2006) Mild chronic hyponatremia is associated with falls, 
unsteadiness, and attention deficits. Am J Med 119:71.e71-78. 
https:// doi. org/ 10. 1016/j. amjmed. 2005. 09. 026

 73. Robertson GL (2021) Differential diagnosis of familial diabetes 
insipidus. Handb Clin Neurol 181:239–248. https:// doi. org/ 10. 
1016/ b978-0- 12- 820683- 6. 00017-8

 74. Rojek A, Füchtbauer E-M, Kwon T-H, Frøkiær J, Nielsen S (2006) 
Severe urinary concentrating defect in renal collecting duct-selec-
tive AQP2 conditional-knockout mice. Proc Natl Acad Sci U S A 
103:6037–6042. https:// doi. org/ 10. 1073/ pnas. 05113 24103

Pflügers Archiv - European Journal of Physiology (2022) 474:841-852 851

https://doi.org/10.1152/ajprenal.00059.2002
https://doi.org/10.1152/ajprenal.00059.2002
https://doi.org/10.1073/pnas.080499597
https://doi.org/10.1172/jci231
https://doi.org/10.1152/ajpcell.1995.269.3.C655
https://doi.org/10.1093/ndt/gfab203
https://doi.org/10.1093/ndt/gfab203
https://doi.org/10.1681/asn.V10102165
https://doi.org/10.1681/asn.V10102165
https://doi.org/10.1038/s41581-020-00350-x
https://doi.org/10.3390/ijms18112385
https://doi.org/10.3390/ijms18112385
https://doi.org/10.1152/ajprenal.00246.2014
https://doi.org/10.1152/ajprenal.00246.2014
https://doi.org/10.1152/ajpcell.00559.2002
https://doi.org/10.1152/ajplegacy.1968.215.1.108
https://doi.org/10.1152/ajplegacy.1968.215.1.108
https://doi.org/10.1152/ajprenal.00196.2007
https://doi.org/10.1152/ajprenal.00196.2007
https://doi.org/10.1073/pnas.0912901107
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.1073/pnas.92.4.1013
https://doi.org/10.1083/jcb.120.2.371
https://doi.org/10.1083/jcb.120.2.371
https://doi.org/10.1073/pnas.94.10.5450
https://doi.org/10.1073/pnas.94.10.5450
https://doi.org/10.3390/ijms222312950
https://doi.org/10.3390/ijms222312950
https://doi.org/10.1038/s41581-021-00447-x
https://doi.org/10.1038/s41581-021-00447-x
https://doi.org/10.1172/jci8214
https://doi.org/10.1172/jci8214
https://doi.org/10.1210/clinem/dgab650
https://doi.org/10.1210/clinem/dgab650
https://doi.org/10.1093/ndt/gft088
https://doi.org/10.1016/j.tins.2009.11.004
https://doi.org/10.1016/j.tins.2009.11.004
https://doi.org/10.1073/pnas.88.24.11110
https://doi.org/10.1152/ajprenal.2000.279.2.F370
https://doi.org/10.1152/ajprenal.2000.279.2.F370
https://doi.org/10.1046/j.1471-4159.2001.00320.x
https://doi.org/10.1046/j.1471-4159.2001.00320.x
https://doi.org/10.1016/j.amjmed.2005.09.026
https://doi.org/10.1016/b978-0-12-820683-6.00017-8
https://doi.org/10.1016/b978-0-12-820683-6.00017-8
https://doi.org/10.1073/pnas.0511324103


1 3

 75. Rosenthal R, Milatz S, Krug SM, Oelrich B, Schulzke JD, 
Amasheh S, Günzel D, Fromm M (2010) Claudin-2, a component 
of the tight junction, forms a paracellular water channel. J Cell Sci 
123:1913–1921. https:// doi. org/ 10. 1242/ jcs. 060665

 76. Sands JM, Kokko JP (1996) Current concepts of the countercur-
rent multiplication system. Kidney Int Suppl 57:S93-99

 77. Schnermann J, Chou CL, Ma T, Traynor T, Knepper MA, Verk-
man AS (1998) Defective proximal tubular fluid reabsorption 
in transgenic aquaporin-1 null mice. Proc Natl Acad Sci U S A 
95:9660–9664. https:// doi. org/ 10. 1073/ pnas. 95. 16. 9660

 78. Schnermann J, Huang Y, Mizel D (2013) Fluid reabsorption in 
proximal convoluted tubules of mice with gene deletions of clau-
din-2 and/or aquaporin1. Am J Physiol Renal Physiol 305:F1352-
1364. https:// doi. org/ 10. 1152/ ajpre nal. 00342. 2013

 79. Schrier RW, Berl T (1975) Nonosmolar factors affecting renal 
water excretion (first of two parts). N Engl J Med 292:81–88. 
https:// doi. org/ 10. 1056/ nejm1 97501 09292 0207

 80. Sohara E, Rai T, Miyazaki J, Verkman AS, Sasaki S, Uchida S 
(2005) Defective water and glycerol transport in the proximal 
tubules of AQP7 knockout mice. Am J Physiol Renal Physiol 
289:F1195-1200. https:// doi. org/ 10. 1152/ ajpre nal. 00133. 2005

 81. Spasovski G, Vanholder R, Allolio B, Annane D, Ball S, Bichet 
D, Decaux G, Fenske W, Hoorn EJ, Ichai C, Joannidis M, Soupart 
A, Zietse R, Haller M, van der Veer S, Van Biesen W, Nagler 
E (2014) Clinical practice guideline on diagnosis and treatment 
of hyponatraemia. Nephrol Dial Transplant 29(Suppl 2):i1–i39. 
https:// doi. org/ 10. 1093/ ndt/ gfu040

 82. Su W, Cao R, Zhang X-y, Guan Y (2020) Aquaporins in the kid-
ney: physiology and pathophysiology. Am J Physiol Renal Physiol 
318:F193–F203. https:// doi. org/ 10. 1152/ ajpre nal. 00304. 2019

 83. Szatalowicz VL, Arnold PE, Chaimovitz C, Bichet D, Berl T, 
Schrier RW (1981) Radioimmunoassay of plasma arginine vaso-
pressin in hyponatremic patients with congestive heart failure. N 
Engl J Med 305:263–266. https:// doi. org/ 10. 1056/ nejm1 98107 
30305 0506

 84. Terris J, Ecelbarger CA, Nielsen S, Knepper MA (1996) Long-
term regulation of four renal aquaporins in rats. Am J Physiol 
271:F414-422. https:// doi. org/ 10. 1152/ ajpre nal. 1996. 271.2. F414

 85. Thompson C, Berl T, Tejedor A, Johannsson G (2012) Differen-
tial diagnosis of hyponatraemia. Best Pract Res Clin Endocrinol 
Metab 26(Suppl 1):S7-15. https:// doi. org/ 10. 1016/ s1521- 690x(12) 
70003-9

 86. Thrasher TN, Keil LC, Ramsay DJ (1982) Lesions of the orga-
num vasculosum of the lamina terminalis (OVLT) attenuate 
osmotically-induced drinking and vasopressin secretion in the 
dog. Endocrinology 110:1837–1839. https:// doi. org/ 10. 1210/ 
endo- 110-5- 1837

 87. Torres VE, Chapman AB, Devuyst O, Gansevoort RT, Grantham 
JJ, Higashihara E, Perrone RD, Krasa HB, Ouyang J, Czerwiec FS 
(2012) Tolvaptan in patients with autosomal dominant polycystic 
kidney disease. N Engl J Med 367:2407–2418. https:// doi. org/ 10. 
1056/ NEJMo a1205 511

 88. Tucker AB, Stocker SD (2016) Hypernatremia-induced vasopres-
sin secretion is not altered in TRPV1-/- rats. Am J Physiol Regul 
Integr Comp Physiol 311:R451-456. https:// doi. org/ 10. 1152/ ajpre 
gu. 00483. 2015

 89. Urbach J, Goldsmith SR (2021) Vasopressin antagonism in heart 
failure: a review of the hemodynamic studies and major clinical 
trials. Ther Adv Cardiovasc Dis 15:1753944720977741. https:// 
doi. org/ 10. 1177/ 17539 44720 977741

 90. Vallon V, Verkman AS, Schnermann J (2000) Luminal hypoto-
nicity in proximal tubules of aquaporin-1-knockout mice. Am J 
Physiol Renal Physiol 278:F1030-1033. https:// doi. org/ 10. 1152/ 
ajpre nal. 2000. 278.6. F1030

 91. Veeraveedu PT, Palaniyandi SS, Yamaguchi K, Komai Y, Than-
davarayan RA, Sukumaran V, Watanabe K (2010) Arginine vaso-
pressin receptor antagonists (vaptans): pharmacological tools and 
potential therapeutic agents. Drug Discov Today 15:826–841. 
https:// doi. org/ 10. 1016/j. drudis. 2010. 08. 001

 92. Verbalis JG, Goldsmith SR, Greenberg A, Korzelius C, Schrier 
RW, Sterns RH, Thompson CJ (2013) Diagnosis, evaluation, and 
treatment of hyponatremia: expert panel recommendations. Am J 
Med 126:S1-42. https:// doi. org/ 10. 1016/j. amjmed. 2013. 07. 006

 93. Yang B, Zhao D, Qian L, Verkman AS (2006) Mouse model of 
inducible nephrogenic diabetes insipidus produced by floxed aqua-
porin-2 gene deletion. Am J Physiol Renal Physiol 291:F465–
F472. https:// doi. org/ 10. 1152/ ajpre nal. 00494. 2005

 94. Yoshiji H, Nagoshi S, Akahane T, Asaoka Y, Ueno Y, Ogawa 
K, Kawaguchi T, Kurosaki M, Sakaida I, Shimizu M, Taniai M, 
Terai S, Nishikawa H, Hiasa Y, Hidaka H, Miwa H, Chayama 
K, Enomoto N, Shimosegawa T, Takehara T, Koike K (2021) 
Evidence-based clinical practice guidelines for liver cirrho-
sis 2020. J Gastroenterol 56:593–619. https:// doi. org/ 10. 1007/ 
s00535- 021- 01788-x

 95. Zhai XY, Fenton RA, Andreasen A, Thomsen JS, Christensen EI 
(2007) Aquaporin-1 is not expressed in descending thin limbs of 
short-loop nephrons. J Am Soc Nephrol 18:2937–2944. https:// 
doi. org/ 10. 1681/ asn. 20070 10056

 96. Zhang R, Skach W, Hasegawa H, van Hoek AN, Verkman AS 
(1993) Cloning, functional analysis and cell localization of a kid-
ney proximal tubule water transporter homologous to CHIP28. J 
Cell Biol 120:359–369. https:// doi. org/ 10. 1083/ jcb. 120.2. 359

 97. Zimmerman CA, Leib DE, Knight ZA (2017) Neural circuits 
underlying thirst and fluid homeostasis. Nat Rev Neurosci 18:459–
469. https:// doi. org/ 10. 1038/ nrn. 2017. 71

 98. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Han-
tel S, Mattheus M, Devins T, Johansen OE, Woerle HJ, Broedl 
UC, Inzucchi SE (2015) Empagliflozin, cardiovascular outcomes, 
and mortality in type 2 diabetes. N Engl J Med 373:2117–2128. 
https:// doi. org/ 10. 1056/ NEJMo a1504 720

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Pflügers Archiv - European Journal of Physiology (2022) 474:841-852852

https://doi.org/10.1242/jcs.060665
https://doi.org/10.1073/pnas.95.16.9660
https://doi.org/10.1152/ajprenal.00342.2013
https://doi.org/10.1056/nejm197501092920207
https://doi.org/10.1152/ajprenal.00133.2005
https://doi.org/10.1093/ndt/gfu040
https://doi.org/10.1152/ajprenal.00304.2019
https://doi.org/10.1056/nejm198107303050506
https://doi.org/10.1056/nejm198107303050506
https://doi.org/10.1152/ajprenal.1996.271.2.F414
https://doi.org/10.1016/s1521-690x(12)70003-9
https://doi.org/10.1016/s1521-690x(12)70003-9
https://doi.org/10.1210/endo-110-5-1837
https://doi.org/10.1210/endo-110-5-1837
https://doi.org/10.1056/NEJMoa1205511
https://doi.org/10.1056/NEJMoa1205511
https://doi.org/10.1152/ajpregu.00483.2015
https://doi.org/10.1152/ajpregu.00483.2015
https://doi.org/10.1177/1753944720977741
https://doi.org/10.1177/1753944720977741
https://doi.org/10.1152/ajprenal.2000.278.6.F1030
https://doi.org/10.1152/ajprenal.2000.278.6.F1030
https://doi.org/10.1016/j.drudis.2010.08.001
https://doi.org/10.1016/j.amjmed.2013.07.006
https://doi.org/10.1152/ajprenal.00494.2005
https://doi.org/10.1007/s00535-021-01788-x
https://doi.org/10.1007/s00535-021-01788-x
https://doi.org/10.1681/asn.2007010056
https://doi.org/10.1681/asn.2007010056
https://doi.org/10.1083/jcb.120.2.359
https://doi.org/10.1038/nrn.2017.71
https://doi.org/10.1056/NEJMoa1504720

	Renal water transport in health and disease
	Abstract
	Water homeostasis
	Control of water balance
	Mechanism of vasopressin secretion and action
	Kidney tubule water transport and aquaporins
	Water transport by proximal tubule
	Water transport by the thin descending limb of Henle
	Water transport by the collecting duct


	Drugs targeting renal water handling
	Diuretics
	Inhibitors of SGLT2
	Non-peptidic inhibitors of the V2 receptor


	Disturbed water balance
	Diabetes insipidus
	Hyponatremia

	Acknowledgements 
	References


