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FUNDAMENTAL KIDNEY PHYSIOLOGY research can provide important insight into how the kidney works and suggest novel
therapeutic opportunities to treat human diseases. This is especially true for a relatively rare condition, nephrogenic diabetes insipidus (NDI). Over the past decade, studies elucidating
the molecular physiology and signaling pathways regulating
water transport have suggested novel therapies, in many cases
involving the repurposing of existing and commercially available medications. In this perspectives article, we will review
several of these advances.
Water reabsorption occurs in collecting duct principal cells.
When a person or animal needs to conserve water, the posterior
pituitary secretes vasopressin (also called antidiuretic hormone
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or ADH). Vasopressin binds to type 2 vasopressin receptors
(V2R) on the basolateral membrane of principal cells, activates
adenylyl cyclase, generates cyclic AMP, and activates a kinase
or kinases. The kinase is generally thought to be protein kinase
A (PKA) since it is inhibited by H-89. However, H-89 can also
inhibit other kinases, so direct evidence that PKA is the kinase
is lacking. The kinase(s) that is/are activated ultimately phosphorylates and causes the insertion of aquaporin 2 (AQP2)
water channels into the apical membrane (24). Water enters the
cell through AQP2, and exits via AQP3 and AQP4 in the
basolateral membrane. Failure of any of these steps can result
in diabetes insipidus (Fig. 1).
Central diabetes insipidus results from failure of the posterior pituitary to make or secrete vasopressin. Central diabetes
insipidus can be effectively treated with desmopressin, a selective V2R agonist, to replace the missing hormone. NDI
results from end-organ (kidney) insensitivity to vasopressin.
The primary mechanisms leading to a failure of the kidney to
respond to vasopressin can be predicted from the physiology of
water reabsorption: a defect in the V2R preventing activation
of the downstream signaling cascade; or a defect in AQP2
(reviewed in Refs. 22, 24). NDI can result from genetic
abnormalities: 90% of families have a mutation in the V2R;
and AQP2 mutations account for most of the other families. It
can also result from acquired causes, such as chronic lithium
therapy, amphotericin, foscarnet, and demeclocycline, which
reduce adenylyl cyclase activity, thereby decreasing the effect
of vasopressin on the collecting ducts. Lithium is the most
common cause of acquired NDI and its mechanism includes
inhibition of glycogen synthase 3␤ (GSK3␤). GSK3␤ inhibition increases cyclooxygenase 2 (COX2) and reduces adenylyl
cyclase activity, cyclic AMP production, and AQP2 phosphorylation, thereby leading to polyuria and NDI (18, 19). Patients
with NDI produce very large quantities of dilute urine. In the
most severe forms of congenital NDI, patients can produce 20
liters of urine daily, 24/7/365, and must drink a comparable
amount of water to avoid severe dehydration. At present,
therapy for congenital NDI includes a thiazide diuretic, a very
low-salt diet, and indomethacin, and is only minimally effective.
In patients with NDI due to V2R mutations or lithium, there
are no functional abnormalities in AQP2, or in another key
inner medullary transport protein, the UT-A1 urea transporter
(23). This suggests the hypothesis that if it is possible to
phosphorylate these proteins and/or increase their apical membrane accumulation and function, independent of vasopressin
or cAMP, one may be able to treat NDI. If these treatments
reduced urine output, even if not to normal levels, they would
still make a major improvement in the quality of life for
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Physiol 311: F1149 –F1152, 2016. First published August 17,
2016; doi:10.1152/ajprenal.00418.2016.—Fundamental kidney
physiology research can provide important insight into how the
kidney works and suggest novel therapeutic opportunities to treat
human diseases. This is especially true for nephrogenic diabetes
insipidus (NDI). Over the past decade, studies elucidating the
molecular physiology and signaling pathways regulating water
transport have suggested novel therapeutic possibilities. In patients
with congenital NDI due to mutations in the type 2 vasopressin
receptor (V2R) or acquired NDI due to lithium (or other medications), there are no functional abnormalities in the aquaporin-2
(AQP2) water channel, or in another key inner medullary transport
protein, the UT-A1 urea transporter. If it is possible to phosphorylate and/or increase the apical membrane accumulation of these
proteins, independent of vasopressin or cAMP, one may be able to
treat NDI. Sildenifil (through cGMP), erlotinib, and simvastatin
each stimulate AQP2 insertion into the apical plasma membrane.
Some recent human data suggest that sildenafil and simvastatin
may improve urine concentrating ability. ONO-AE1-329 (ONO)
stimulates the EP4 prostanoid receptor (EP4), which stimulates
kinases that in turn phosphorylate AQP2 and UT-A1. Clopidogrel
is a P2Y12-R antagonist that potentiates the effect of vasopressin
and increases AQP2 abundance. Metformin stimulates AMPK to
phosphorylate and activate AQP2 and UT-A1, and it increases
urine concentrating ability in two rodent models of NDI. Since
metformin, sildenafil, and simvastatin are commercially available
and have excellent safety records, the potential for rapidly advancing them into clinical trials is high.
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patients with NDI. Recent physiological studies suggest that
this may be possible (Fig. 2).
The initial studies testing non-cAMP pathways used the
phosphodiesterase inhibitor, sildenafil, to increase cyclic GMP.
Sildenafil is used clinically to treat pulmonary hypertension
and erectile dysfunction. Sildenafil increased the apical membrane accumulation of AQP2, both in vitro and in vivo, in
Brattleboro rats (4). Brattleboro rats are a model of central
diabetes insipidus, rather than NDI; however, the increase in
AQP2 accumulation was a promising proof of concept. There
was no increase in urine osmolality in the Brattleboro rat,
possibly due to effects of sildenafil to increase medullary blood
flow, which would reduce urine concentrating ability (4).
However, sildenafil does reduce polyuria in rats with lithiumONO

kinase
? PKA

AVP

basolateral

UT-A1
P

AQP3/4

H2 O

cGMP

Simvastatin
Erlotinib Sildenifil
Fig. 2. Potential nonvasopressin treatments for NDI. Diagram of an inner
medullary collecting duct cell showing alternative stimulation of water reabsorption pathways. In green, ONO-AE1-329 (ONO) stimulates the EP4 prostanoid receptor (EP4) which stimulates AC that phosphorylates urea and
AQP2 transporters; and in purple, clopidogrel inhibits the P2Y12-R receptor
resulting in increased AC activity and increases AQP2 abundance. In brown,
metformin stimulates AMPK to phosphorylate and activate AQP2 and urea
transporter UT-A1. In blue, erlotinib, simvastatin, and sildenifil (through
cGMP) stimulate insertion of AQP2 into the apical plasma membrane.
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induced NDI (21). Recently, a case was reported of a child with
X-linked NDI who was treated with sildenafil. The child had
decreased urine volume and increased urine osmolality compared with prior treatment with the standard combination of
hydrochlorothiazide, amiloride, and indomethacin (2).
Another approach that was based on the physiology of water
transport was altering the cholesterol content of the apical
membrane to increase AQP2 accumulation. Methyl-␤-cyclodextrin is a cholesterol-depleting drug that induces the apical
membrane accumulation of AQP2 by inhibiting endocytosis
(20). Simvastatin is used clinically to lower serum cholesterol.
Simvastatin was tested in Brattleboro rats and shown to enhance the apical membrane expression of AQP2 through downregulation of Rho GTPase activity and inhibition of endocytosis, and to transiently increase urine osmolality (15). Although
simvastatin has not been tested in patients with NDI, hypercholesterolemic patients treated with simvastatin show an increase in urinary AQP2, suggesting that it may be useful in
NDI (17). Fluvastatin is another cholesterol-lowering agent
that is used clinically. Administration of fluvastatin, along with
secretin, increases urine concentrating ability in a V2R knockout mouse, which is a model of X-linked congenital NDI in
humans (16).
Erlotinib is a selective epidermal growth factor receptor
(EGFR) inhibitor that is used clinically to treat advanced
nonsmall cell lung cancer and pancreatic cancer (3). Erlotinib
increases AQP2 expression in the apical membrane of collecting duct principal cells and reduces urine volume by nearly
50% in mice with lithium-induced NDI (5). This beneficial
effect was sustained for 5 days. Erlotinib increases AQP2
membrane expression both by increasing exocytosis and
decreasing endocytosis. The effect of erlotinib was not
through cyclic AMP or cyclic GMP (5). While the beneficial
effects of erlotinib on AQP2 and urine osmolality are
encouraging, erlotinib has several side effects, including
diarrhea, fatigue, skin rash, and rarely, interstitial pneumonitis (3). These side effects may preclude erlotinib’s use as
a treatment for NDI.
Another approach based on the physiology of the collecting
duct was to determine whether the principal cells might express
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Fig. 1. Known causes of nephrogenic diabetes insipidus (NDI). Left: in a normal principal cell, vasopressin (AVP) binds to the type
2 vasopressin receptor (V2R), activates adenylyl cyclase (AC), increases cyclic adenosine monophosphate (cAMP) production, and
activates a kinase. This results in the phosphorylation of AQP2 and UT-A1, and an
increase in their accumulation in the apical
membrane. Water is reabsorbed transcellularly by AQP2 in the apical membrane and
aquaporin (AQP)3 and 4 in the basolateral
membrane. Right: 3 mechanisms for NDI: 1)
congenital NDI due to mutation of V2R receptor that results in decreased AC activity; 2)
acquired NDI due to lithium (and other medications, not shown) that interrupts AC activity
thus decreasing kinase activity; and 3) congenital NDI due to AQP2 mutations resulting in an
inability to transport water. All 3 mechanisms
interfere with a key step in vasopressin-stimulated water reabsorption.
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an indirect activation of AMPK (1, 28). We recently showed
metformin increases osmotic water permeability by increasing
AQP2 phosphorylation and accumulation in the apical plasma
membrane (12). Metformin also increases urea permeability,
but does so by increasing the phosphorylation of UT-A1 that is
already present in the membrane; Metformin did not increase
UT-A1 accumulation in the apical plasma membrane (12). In
two rodent models of NDI, rats treated with tolvaptan to inhibit
the V2R and in V2R knockout mice, metformin increased both
AQP2 and UT-A1 protein abundances in the inner medulla,
and increased urine osmolality (7). Perhaps most promising for
metformin’s potential to be a therapeutic option for patients
with NDI, the effect of metformin was sustained for 10 days in
tolvaptan-treated rats (7). Tolvaptan is approved for the treatment of autosomal dominant polycystic kidney disease
(ADPKD) in some countries, and can result in iatrogenic NDI
in patients (26). The finding that metformin improved urine
concentrating ability in tolvaptan-treated rats suggests that
metformin may lessen the polyuria in patients treated with
tolvaptan (Figs. 1 and 2). Given that metformin is commercially available with an excellent long-term safety record,
including patients with polycystic ovary syndrome (and without diabetes mellitus), the opportunity for translation into
patients is high.
In summary, the knowledge gained from fundamental physiological research into the mechanisms of transcellular water
transport and the urine concentrating mechanism has led to
new insights into potential therapies for treating patients with
NDI. Several potential therapies involve repurposing existing
medications (metformin, sildenafil, simvastatin, clopidogrel).
Since these medications are commercially available and have
excellent safety records, the potential for rapidly advancing
them into clinical trials is high. Even if these therapies do not
normalize urine output in NDI patients, a significant reduction
in urine output would markedly improve their quality of life
and reduce the risk of dangerous levels of dehydration.
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