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36

Abstract

37

Nephrogenic diabetes insipidus (NDI) is characterized by renal resistance to the antidiuretic hormone

38

arginine vasopressin (AVP) which leads to polyuria, plasma hyperosmolarity, polydipsia and impaired

39

quality of living. Inherited forms are caused by X-linked loss-of-function mutations in the gene encoding the

40

vasopressin 2- receptor (V2R) or autosomal recessive/dominant mutations in the gene encoding aquaporin

41

2 (AQP2). A common acquired form is lithium-induced NDI. AVP facilitates reabsorption of water through

42

increased abundance and insertion of AQP2 in the apical membrane of the principal cells in the collecting

43

ducts. In X-linked NDI, the V2R is dysfunctional, which leads to impaired water reabsorption. These patients

44

have functional AQP2 and thus the challenge is to achieve AQP2 membrane insertion independently of the

45

V2R. Current treatment is symptomatic, and is based on distally acting diuretics (thiazide, amiloride) and

46

COX-inhibitors (indomethacin). The review covers published data from trials in preclinical in vivo models

47

and few human intervention studies to improve NDI by more causal approaches. Promising effects on NDI

48

in preclinical studies have been demonstrated by use of pharmacological approaches with secretin, Wnt5a,

49

protein kinase A agonist, fluconazole, prostaglandin E2 EP2 and EP4 agonists, statins, metformin and soluble

50

prorenin receptor agonists. In patients, only casuistic reports have evaluated the effect of statins,

51

phosphodiesterase inhibitors (rolipram, sildenafil) or the guanylate cyclase stimulator, riociguat, without

52

amelioration of symptoms. It is concluded that there is currently no established intervention that causally

53

improves symptoms and quality of life in patients with NDI. There is a need to collaborate to improve study

54

quality and conduct formal trials.

55
56

Introduction

57

Clinical features: Nephrogenic diabetes insipidus (NDI) can be acquired or congenital and is caused by an

58

inability of the kidney to concentrate urine (Figure 1 depicts the normal physiological process). Congenital

59

NDI is very rare, and most often caused by mutations in the AVPR2 gene located on the X-chromosome
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60

encoding the vasopressin 2-receptor (V2R), but also individuals with aquaporin 2 (AQP2) mutations have

61

been described. These loss-of-function mutations result in NDI characterized by polyuria (often > 15L / day)

62

and excessive water intake, high plasma-sodium concentration and plasma osmolality in combination with

63

low urinary osmolality. Symptoms emerge early with failure to thrive. These patients are at high risk of

64

developing cognitive deficits caused by prevalent and recurrent hypernatremic dehydration episodes if

65

undiagnosed (32). The risk of irreversible neurological damage may be prevented if diagnosis is recognized

66

early (32, 34, 43). However, some patients develop learning or behavior problems and are diagnosed with

67

attention-deficit hyperactivity disorder or impaired concentration (23, 44). Patients with NDI often

68

experience nocturnal enuresis, incomplete voiding, interrupted night sleep and develop long term

69

complications including unilateral or bilateral hydronephrosis, enlarged bladder capacity with incomplete

70

bladder emptying and constipation (44). In cases where renal water loss is not sufficiently replaced by fluid

71

intake, the patients may develop severe hyperosmolar dehydration, hypotension, acute kidney failure,

72

cardiovascular symptoms, and hypovolemic shock. The changes in osmolality may cause irritability and

73

cerebral dysfunction, and in severe cases unconsciousness, seizure and coma (10). Although NDI caused by

74

a defect V2R presents a range of potential targets available for therapy, there is no curative

75

pharmacological therapy. Any successful treatment strategy to circumvent the V2R stimulation could

76

represent a noticeable improvement for patients with NDI. In the current minireview we focus on recent

77

advances in potential therapies for NDI. We restricted the review to in vivo data from preclinical animal

78

models of X-linked NDI and excluded in vitro studies and animal studies performed in central/pituitary

79

diabetes insipidus or lithium induced NDI in animals. In humans, we highlight the few available published

80

data from interventions in patients with V2R mutations and lithium-induced NDI.

81

Current symptomatic treatment guidelines

82

Current treatment of NDI includes both non-pharmaceutical and pharmaceutical interventions. Non-

83

pharmacologic interventions are pivotal to the management of NDI patients. Replacing water loss is critical

3

84

to avoid severe dehydration. Furthermore, salt- and protein restriction is recommended to reduce the

85

osmotic load (7). Amiloride, thiazide diuretics and prostaglandin synthesis inhibitors individually or in

86

combination are the most commonly used drugs for NDI (13) (Figure 3). Thiazides increased urinary

87

osmolality and reduced diuresis in subjects with NDI (12). Thiazide diuretics induce a state of mild sodium

88

depletion through inhibition of the sodium chloride co-transporter (Figure 3) in the distal nephron, which

89

leads to an increased salt- and water reabsorption in the proximal tubules(16) mediated by stimulation of

90

renin release and angiotensin II (ANGII) formation(26). This leads to a reduced amount of flow into the

91

distal tubules thereby reducing diuresis. Furthermore, thiazides may confer additional antidiuretic effects

92

through inhibition of carbonic anhydrase (Figure 3) in the proximal tubules and a subsequent reduction of

93

GFR through tubulo-glomerular feedback (45). Amiloride inhibits sodium reabsorption through blocking the

94

apical epithelial sodium channel, ENaC, (Figure 3) in the renal collecting duct principal cells, which, through

95

a similar mechanism as for thiazides, may provide an ANGII-dependent anti-natriuretic effect in proximal

96

tubules of NDI patients(1). Prostaglandin synthesis inhibitors, particularly indomethacin, have been

97

reported to reduce urinary output especially in pediatric NDI patients and are often used in combination

98

with thiazide diuretics (24, 28, 35, 36, 38, 46). The use of these drugs however, may be limited by side

99

effects such as gastrointestinal bleeding and impaired kidney function and rarely renal failure (49). Thus,

100

current interventions may reduce diureses, but do not significantly ameliorate the polyuric condition in NDI

101

patients. Most patients will be treated with a combination of the drugs listed above during childhood, but a

102

proportion of patients cease the treatment during adolescence without apparent worsening of their

103

condition (44). It may be speculated that structural damage to the nephron associated with increased pelvic

104

pressure and hydronephrosis contributes to loss of kidney function. There are limited reports of long-term

105

renal outcomes in NDI patients, but two retrospective reviews of medical records in pediatric NDI patients

106

found impaired renal function in a large proportion of patients(13, 44), one reporting a median eGFR

107

51mL7min (range 26-140) after a median follow-up of 9,5 years(44), and another study reporting 30% of

108

patients with chronic kidney disease (CKD) stage 2 or greater(13)
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109

Animal studies to treat NDI

110

Many in vivo and in vitro experimental approaches have been attempted to treat NDI (Figure 2+3).

111

Especially X-linked NDI, caused by impaired V2R has been in focus, since AQP2 is expressed in the principal

112

cells and could, theoretically, be inserted into the apical membrane, if the cyclic adenosine monophosphate

113

(cAMP) pathway could be targeted. Available animal models, that mimic human X-linked NDI, have been

114

challenging since V2R deficient male mice die within the first week after birth due to hypernatremic

115

dehydration (50). To overcome this, mice with inducible V2R gene knockout during adult life, were

116

developed (27). This murine model displayed the characteristic features of X-linked NDI; polyuria,

117

polydipsia, significantly lower urine osmolality resistant to a selective V2R agonist (dDAVP) and

118

morphological distention of the renal pelvis. Inner medullary collecting duct cells from these mice exhibited

119

significant levels of the EP4 subtype of the prostaglandin E2 (PGE2) receptor. With the aim to bypass the

120

defect V2R and stimulate a different Gs-coupled receptor, a compound selectively activating the EP4 PGE2

121

receptor (ONOAE1-329) was tested. Result found an approximately 3-fold increase in urine osmolality 1

122

hour after injection and 50% lower cumulative- urine output and water consumption, 6 hours after

123

injection, despite absence of V2R (27). This provided proof-of-concept, that despite lower levels of AQP2

124

protein, there was sufficient available AQP2 in V2R-defect cells to recruit for insertion in the apical

125

membrane and ameliorate the key manifestations of X-linked NDI. Chronic infusion of ONOAE1-329 for 3

126

weeks led to a reduction in urine output and water intake and a concomitant increase in urine osmolality,

127

however, it was most pronounced after the first day of infusion which indicated, that PGE2-EP4 receptor,

128

could be a promising target for treatment of human patients. Using the same X-linked NDI murine model,

129

Procino et al. (41), tested the effect of administration of secretin, a GI-peptide hormone coupled to Gs-

130

dependent cAMP formation in combination with fluvastatin. They demonstrated that in secretin-infused X-

131

linked NDI mice, a single injection of fluvastatin reduced urinary output about 90% and increased urine

132

osmolality ̴2 folds (41). Their hypothesis was based on previous studies showing that fluvastatin induced

133

AQP2 membrane localization in vivo (39), and secretin receptor deficient mice displayed mild symptoms of
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134

diabetes insipidus (11) suggesting, that secretin might exhibit antidiuretic effect. Another approach to study

135

X-linked NDI in animal experiments was by disabling the V2R by administration of the V2R antagonists,

136

tolvaptan (33) or OPC-31260(21, 31). Tolvaptan infusion induced significant diuresis and hypoosmotic urine

137

making this model suitable for further studies. Using this strategy, Ando et al. (3) tested, whether targeting

138

and increase of intracellular calcium signaling by Wnt5a could be a target for treatment of X-linked NDI. In

139

this tolvaptan-induced X-linked NDI model, administration of intraperitoneal Wnt5a increased urine

140

osmolality and attenuated the effects of tolvaptan. Moreover, compared to tolvaptan-treated mice, control

141

mice and tolvaptan plus Wnt5a-treated mice accumulated AQP2 in the apical membrane. In another study,

142

administration of FMP-API-1, a direct activator of protein kinase A (PKA) (A-kinase Anchoring Protein

143

(AKAPs)-PKA disruptors), which dissociate the binding of AKAPs and PKA R subunits) were tested in the

144

tolvaptan NDI mouse model(2). This novel compound significantly attenuated the effect of tolvaptan, and

145

increased urine osmolality in NDI mice compared to controls (from ̴500 mOsm/kgH2O in tolvaptan treated

146

vs. ̴1000 mOsm/kgH2O in tolvaptan+FMP-API-1 treated) (2). Vukicevic et al. (48) recently performed

147

another interventional study to test whether administration of fluconazole in V2R antagonized mice

148

attenuated symptoms of NDI. This approach was based on their previous study which identified the

149

antifungal drug fluconazole as a candidate for AQP2 modulation, based on screening a library of 17,700

150

molecules in a cell-based assay (8, 48). Fluconazole increased plasma membrane localization of AQP2 in the

151

absence of AVP (48) caused by alterations in the phosphorylation status and ubiquitination and due to

152

inhibition of RhoA. In the subsequent animal experiment with tolvaptan-induced diuresis, administration of

153

fluconazole significantly reduced urinary output ( ̴1.5 ml/day in NaCl treated vs. ̴1.0 ml/day in fluconazole

154

treated mice) and increased urinary osmolality ( ̴750 mOsm/kgH20 in NaCl treated vs. ̴1250 mOsm/kgH20

155

in fluconazole treated mice)(48). Administration of OPC-31260 is another approach to block the V2R and

156

create an in vivo experimental model mimicking human X-linked NDI (21, 31). Using this compound in rats,

157

Olesen et al(37) found, that butaprost, a stimulator of the E-prostanoid receptor (EP2) significantly reduced

158

urine volumes to 56% and 62% (day 1 and 2, respectively) in butaprost treated mice compared to control

6

159

values and increased urine osmolality ( ̴200 vs ̴400 mOsm/kgH20, OPC vs. OPC+butaprost, respectively)

160

representing an alternative mechanism to increase kidney concentrating ability. In another study,

161

administration of OPC-31260 in mice also induced symptoms of NDI that were attenuated by a

162

recombinant histidine-tagged soluble (pro)renin receptor (sPRR-His) treatment, with a decrease of urinary

163

output ( ̴ 4ml/day vs ̴2.8ml/day in OPC vs OPC+sPRR-HIS, respectively) and increase in urinary osmolality (

164

̴ 2400mOsm/kgH20 vs 1200mOsm/kgH2O in OPC vs OPC+sPRR-HIS , respectively) after three days of

165

treatment (29). (29) Efe et al. (17) performed a comprehensive study of the therapeutic effect of

166

metformin, a stimulator of 5´AMP-activated protein kinase (AMPK), in 2 models of X-linked NDI; V2R

167

blockade by tolvaptan in rats and knockout of the V2R in mice. Tolvaptan decreased urine osmolality (from

168

2,108 ± 134 mOsM to 1.303 ± 127 mOsM), which was restored to baseline levels upon treatment with

169

metformin (2,335 ± 273 mOsM),. These results were in accordance with an increased urine osmolality

170

within 2 hours, persisting for 12 hours in metformin-treated V2R KO mice (17). In conclusion, promising

171

effects on NDI in preclinical studies have been demonstrated by use of pharmacological approaches with

172

secretin, Wnt5a, PKA agonist, fluconazole, PGE2 EP2 and EP4 agonists, statins, metformin and soluble

173

prorenin receptor agonists.

174

Experimental studies in humans

175

There is a remarkable scarcity of published attempts to translate in vitro findings and preclinical animal

176

studies into clinical settings (Figure 2). The rarity of the disease poses a major challenge to gather a

177

sufficient number of patients to perform a clinical trial.

178

Drugs increasing the concentration of cyclic adenosine monophosphate/cyclic guanosine monophosphate:

179

Before the exact intracellular mechanisms involved in V2R activation were known, interventions aiming to

180

increase cAMP levels were attempted. In 1972, Jones et al. treated three pediatric patients with

181

intravenous boles of cAMP 1-3 mg/kg. Although this led to a transient reduction of diuresis, which was

182

likely secondary to a drop in blood pressure, it did not impact urinary osmolality or urinary sodium
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183

concentration (25). In 1990, treatment with increasing doses of the phosphodiesterase type 3 inhibitor

184

Rolipram for 7 days in two adult male patients with NDI showed no effect on urinary osmolality or free

185

water clearance (6). A case report of a 4½ year old male pediatric patient with X-linked NDI showed a

186

beneficial effect of the phosphodiesterase type 5 inhibitor, sildenafil, which normalized plasma sodium

187

levels and plasma osmolality and reduced the 24-hour diuresis by 50% compared to standard treatment

188

with hydrochlorothiazide-amiloride and indomethacin after 10 days of treatment (4). This promising

189

observation could not be reproduced in an open-label intervention study including two adult male patients

190

with NDI due to an AVPR2 mutation (22). In a cross-over design sildenafil was tested followed by the

191

soluble guanylate cyclase stimulator, riociguat. The treatments had no effect on baseline diuresis or the

192

urine concentration ability after 7 days of treatment, despite increases in cyclic guanosine monophosphate

193

(cGMP)(22). Similarly, a cross-over study with high doses of sildenafil (100-200 mg/day) in combination

194

with calcitonin in 4 children and young adults with NDI found no effect on 24-hour urinary volumes

195

(unpublished, clinicaltrials.gov: NCT00478335). A study in healthy volunteers corroborated these negative

196

findings. Individuals were treated with tolvaptan to induce diuresis. Sildenafil did not affect AVP-

197

independent urinary concentration ability (5).

198

Statins: Evidence from in vitro and animal studies indicate a potential effect on AQP2 abundance in the

199

apical membrane of the principal cells in the renal collecting ducts by cholesterol lowering drugs (statins)

200

(reviewed in (9)). In a study of 37 subjects with hypercholesterolemia and normal renal function,

201

simvastatin treatment for 12 weeks resulted in a rapid (within one week) and sustained increase in urinary

202

AQP2 excretion and a simultaneous increase in urinary osmolality. The increased urinary AQP2 excretion

203

was also observed in subjects on long-term simvastatin treatment (42). In a study of 12 healthy volunteers,

204

40 mg of simvastatin surprisingly reduced baseline urinary osmolality after one week of treatment (760

205

(353–937) vs. 388 (187–388) mOsm/kg, p=0.02) despite standardized water intake before the trial date. On

206

the contrary, after water loading, the minimal urinary osmolality was slightly, but significantly higher after

8

207

simvastatin (70 (61–89) vs. 85 (65–96) mOsm/kg, p=0.05) (5). These contradicting results highlight the

208

complexity of renal water handling in vivo. In lithium-induced NDI, a cross-sectional study of 71 lithium-

209

users showed an association between the use of statins and urinary osmolalities above 300 mOsm/kg,

210

which was present in 17/17 statin users compared to 43/54 statin non-users (p=0.055). The overall urinary

211

osmolality was similar between the two groups (18). These results prompted the initiation of an ongoing

212

randomized, placebo-controlled clinical trial of atorvastatin 20 mg/day in 60 patients with indications of

213

lithium-induced NDI defined as a urinary osmolality < 600 mOsm/kg after 10 hours of water deprivation

214

(19). The results of this trial are yet to be published. Only one report has described the use of fluvastatin

215

titrated to 80 mg/day in a patient with X-linked NDI due to a V2R mutation. While there was an apparent

216

increase in AQP2 abundance in urinary exosomes after fluvastatin, there was no effect on urinary output or

217

urinary osmolality after 60 days of treatment (40).

218

Acetazolamide: Attention has been drawn towards a role of the carbonic anhydrase inhibitor acetazolamide

219

in the treatment of lithium-induced NDI, which was sparked by the observation, that thiazides could reduce

220

diuresis in thiazide sensitive sodium chloride cotransporter (NCC)-knockout mice, presumably through

221

inhibition of carbonic anhydrase in the proximal tubules (45). The first report of the use of acetazolamide in

222

a patient with NDI was a 49-year old male with NDI due to long-term lithium treatment. Due to large

223

diuresis and inability to take in fluids orally in the postoperative phase after an intracerebral operation,

224

acetazolamide was initiated and led to a marked decrease in diuresis, normalization of plasma sodium and

225

increase in urinary osmolality (20). A similar promising effect of acetazolamide was found in a patient with

226

lithium-induced NDI during hospitalization due to a bowel obstruction (30). On the contrary, a study of six

227

patients with lithium-induced NDI failed to reproduce these findings (14). In this study, there was a high

228

frequency of side-effects associated with acetazolamide treatment including impaired renal function. In

229

the context of hereditary NDI, results from lithium-induced NDI are probably not directly

230

applicable, since it has been hypothesized, that acetazolamide works through attenuation of the lithium-
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231

induced increase in prostaglandin E2 (15). Indeed, no studies have reported the use of acetazolamide in X-

232

linked NDI (Figure 2).

233

Metformin: Despite indications from mouse studies of a potential effect of metformin to increase urinary

234

osmolality in AVPR2-knockout mice (17), very sparse data exist regarding this effect in NDI patients. Only

235

one study has been registered in clinical trial registries (clinicaltrials.gov: NCT02460354). This study aimed

236

to include 20 NDI patients with an AVPR2 mutation in an open-label, single-group trial investigating the

237

effect of metformin 500 mg, once daily, on urinary osmolality and diuresis. The study was terminated after

238

two patients completed, due to a lack of effect. In summary, published studies regarding treatment of NDI

239

patients are either case reports or include very few participants and promising preclinical results have not

240

been reproducible in subsequent studies.

241

Challenges for human studies and future strategies

242

Experimental animal models mimicking human X-linked NDI have been employed, to test ability of

243

pharmacological compounds, to ameliorate the symptoms of NDI. However, it is necessary to consider

244

potential side effects of the treatment strategies when transferring to a human setting. Few studies were

245

performed using pharmacological therapy appropriate for direct translation into human interventional

246

studies. Translation of preclinical data into clinical trials has been sparse and with predominantly negative

247

results (Figure 2). There is an unmet need for improved treatment regimens in NDI. In recent years, there

248

has been a global interest in repurposing previously approved drugs for new indications, which may

249

significantly reduce both costs and efforts associated with drug approval (47). In that respect, the animal

250

studies using fluconazole may hold promise of feasible interventional trials in patients with congenital NDI.

251

Likewise, conclusive results regarding effects of metformin in the treatment of hereditary NDI are lacking.

252

An interesting approach, which is currently unexplored in humans, would be to combine treatments

253

directed at different targets. For example, a combination of V2R independent drugs i.e. secretin or EP4-

254

PGE2 receptor agonists combined with a statin or fluconazole could have an additive effect. An important

10

255

challenge in NDI research is gathering the sufficient number of participants to perform conclusive clinical

256

trials. Furthermore, consideration should be paid, to selecting sufficiently high dosages of drugs, fully or

257

partially eliminated by filtration, due to the observation, that NDI patients often have an elevated renal

258

plasma clearance. We encourage international collaborations in future interventional trials. In light of

259

promising results from pre-clinical studies, a dedicated effort to perform sufficiently powered translational

260

clinical trials, may provide the long-awaited break-through in the management of NDI patients.
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Figure legends

270

Figure 1: Schematic presentation of the AVP-mediated trafficking of AQP2 in the principal cells of the

271

collecting ducts. Binding of AVP to the G protein coupled, vasopressin-2 receptor (V2R) located in the

272

basolateral membrane, stimulates the release of GαS, which in turn increases the conversion of ATP to

273

cAMP. Increased levels of cAMP activate PKA, which subsequently phosphorylates several residues on the

274

c-terminus of AQP2 and enables trafficking and insertion of AQP2 into the apical membrane and facilitates

275

water diffusion along concentration gradients. Water exits the cell by AQP3 and AQP4 located in the

276

basolateral membrane.
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277

Figure 2: Overview showing recent publications about potential treatment strategies for congenital

278

nephrogenic diabetes insipidus. X-axis depicts years. Y-axis depicts clinical trials in patients with X-linked

279

NDI and in vivo studies in animal model with X-linked NDI induced by V2R blockade or V2R KO. Although

280

multiple investigative drugs have been examined in mice models with promising data to support AVP

281

independent AQP2 activation, the progression into clinical trials are sparse.

282

Figure 3: Left panel: Current treatment is symptomatic and based on distally acting diuretics (thiazide,

283

amiloride) that enhance proximal tubular reabsorption and COX-inhibitors like indomethacin. Right panel:

284

Potential treatment strategies and proposed mechanism of action.

285

12

286

References

287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333

1. Alon U, and Chan JC. Hydrochlorothiazide-amiloride in the treatment of congenital nephrogenic diabetes
insipidus. Am J Nephrol 5: 9-13, 1985.
2. Ando F, Mori S, Yui N, Morimoto T, Nomura N, Sohara E, Rai T, Sasaki S, Kondo Y, Kagechika H, and
Uchida S. AKAPs-PKA disruptors increase AQP2 activity independently of vasopressin in a model of
nephrogenic diabetes insipidus. Nature communications 9: 1411, 2018.
3. Ando F, Sohara E, Morimoto T, Yui N, Nomura N, Kikuchi E, Takahashi D, Mori T, Vandewalle A, Rai T,
Sasaki S, Kondo Y, and Uchida S. Wnt5a induces renal AQP2 expression by activating calcineurin signalling
pathway. Nature communications 7: 13636, 2016.
4. Assadi F, and Sharbaf FG. Sildenafil for the Treatment of Congenital Nephrogenic Diabetes Insipidus. Am
J Nephrol 42: 65-69, 2015.
5. Bech AP, Wetzels JFM, and Nijenhuis T. Effects of sildenafil, metformin, and simvastatin on ADHindependent urine concentration in healthy volunteers. Physiological reports 6: e13665, 2018.
6. Bichet DG, Ruel N, Arthus MF, and Lonergan M. Rolipram, a phosphodiesterase inhibitor, in the
treatment of two male patients with congenital nephrogenic diabetes insipidus. Nephron 56: 449-450,
1990.
7. Bockenhauer D, and Bichet DG. Pathophysiology, diagnosis and management of nephrogenic diabetes
insipidus. Nat Rev Nephrol 11: 576-588, 2015.
8. Bogum J, Faust D, Zuhlke K, Eichhorst J, Moutty MC, Furkert J, Eldahshan A, Neuenschwander M, von
Kries JP, Wiesner B, Trimpert C, Deen PM, Valenti G, Rosenthal W, and Klussmann E. Small-molecule
screening identifies modulators of aquaporin-2 trafficking. Journal of the American Society of Nephrology :
JASN 24: 744-758, 2013.
9. Bonfrate L, Procino G, Wang DQ, Svelto M, and Portincasa P. A novel therapeutic effect of statins on
nephrogenic diabetes insipidus. Journal of cellular and molecular medicine 19: 265-282, 2015.
10. Christ-Crain M, Bichet DG, Fenske WK, Goldman MB, Rittig S, Verbalis JG, and Verkman AS. Diabetes
insipidus. Nature reviews Disease primers 5: 54, 2019.
11. Chu JY, Chung SC, Lam AK, Tam S, Chung SK, and Chow BK. Phenotypes developed in secretin receptornull mice indicated a role for secretin in regulating renal water reabsorption. Molecular and cellular biology
27: 2499-2511, 2007.
12. Crawford JD, and Kennedy GC. Chlorothiazid in diabetes insipidus. Nature 183: 891-892, 1959.
13. D'Alessandri-Silva C, Carpenter M, and Mahan JD. Treatment regimens by pediatric nephrologists in
children with congenital nephrogenic diabetes insipidus: A MWPNC study. Clinical nephrology 89: 358-363,
2018.
14. de Groot T, Doornebal J, Christensen BM, Cockx S, Sinke AP, Baumgarten R, Bedford JJ, Walker RJ,
Wetzels JFM, and Deen PMT. Lithium-induced NDI: acetazolamide reduces polyuria but does not improve
urine concentrating ability. American journal of physiology Renal physiology 313: F669-f676, 2017.
15. de Groot T, Sinke AP, Kortenoeven ML, Alsady M, Baumgarten R, Devuyst O, Loffing J, Wetzels JF, and
Deen PM. Acetazolamide Attenuates Lithium-Induced Nephrogenic Diabetes Insipidus. Journal of the
American Society of Nephrology : JASN 27: 2082-2091, 2016.
16. Earley LE, and Orloff J. THE MECHANISM OF ANTIDIURESIS ASSOCIATED WITH THE ADMINISTRATION
OF HYDROCHLOROTHIAZIDE TO PATIENTS WITH VASOPRESSIN-RESISTANT DIABETES INSIPIDUS. The Journal
of clinical investigation 41: 1988-1997, 1962.
17. Efe O, Klein JD, LaRocque LM, Ren H, and Sands JM. Metformin improves urine concentration in
rodents with nephrogenic diabetes insipidus. JCI insight 1: 2016.
18. Elie D, Segal M, Low NC, Mucsi I, Holcroft C, Shulman K, Looper KJ, and Rej S. Statins in the prevention
of lithium-associated diabetes insipidus: preliminary findings. Kidney international 87: 862, 2015.
19. Fotso Soh J, Torres-Platas SG, Beaulieu S, Mantere O, Platt R, Mucsi I, Saury S, Renaud S, Levinson A,
Andreazza AC, Mulsant BH, Muller D, Schaffer A, Dols A, Cervantes P, Low NC, Herrmann N, Christensen

13

334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383

BM, Trepiccione F, Rajji T, and Rej S. Atorvastatin in the treatment of Lithium-induced nephrogenic
diabetes insipidus: the protocol of a randomized controlled trial. BMC psychiatry 18: 227, 2018.
20. Gordon CE, Vantzelfde S, and Francis JM. Acetazolamide in Lithium-Induced Nephrogenic Diabetes
Insipidus. N Engl J Med 375: 2008-2009, 2016.
21. Hayashi M, Sasaki S, Tsuganezawa H, Monkawa T, Kitajima W, Konishi K, Fushimi K, Marumo F, and
Saruta T. Expression and distribution of aquaporin of collecting duct are regulated by vasopressin V2
receptor in rat kidney. The Journal of clinical investigation 94: 1778-1783, 1994.
22. Hinrichs GR, Mortensen LA, Bistrup C, Dieperink HH, and Jensen BL. Treatment of Nephrogenic
Diabetes Insipidus Patients With cGMP-Stimulating Drugs Does Not Mitigate Polyuria or Increase Urinary
Concentrating Ability. Kidney Int Rep 5: 1319-1325, 2020.
23. Hoekstra JA, van Lieburg AF, Monnens LA, Hulstijn-Dirkmaat GM, and Knoers VV. Cognitive and
psychosocial functioning of patients with congenital nephrogenic diabetes insipidus. American journal of
medical genetics 61: 81-88, 1996.
24. Jakobsson B, and Berg U. Effect of hydrochlorothiazide and indomethacin treatment on renal function
in nephrogenic diabetes insipidus. Acta Paediatr 83: 522-525, 1994.
25. Jones NF, Barraclough MA, Barnes N, and Cottom DG. Nephrogenic diabetes insipidus. Effects of 3,5,
cyclic-adenosine monophosphate. Arch Dis Child 47: 794-797, 1972.
26. Knoers NV, and Deen PM. Molecular and cellular defects in nephrogenic diabetes insipidus. Pediatr
Nephrol 16: 1146-1152, 2001.
27. Li JH, Chou CL, Li B, Gavrilova O, Eisner C, Schnermann J, Anderson SA, Deng CX, Knepper MA, and
Wess J. A selective EP4 PGE2 receptor agonist alleviates disease in a new mouse model of X-linked
nephrogenic diabetes insipidus. The Journal of clinical investigation 119: 3115-3126, 2009.
28. Libber S, Harrison H, and Spector D. Treatment of nephrogenic diabetes insipidus with prostaglandin
synthesis inhibitors. J Pediatr 108: 305-311, 1986.
29. Lu X, Wang F, Xu C, Soodvilai S, Peng K, Su J, Zhao L, Yang KT, Feng Y, Zhou SF, Gustafsson JA, and
Yang T. Soluble (pro)renin receptor via beta-catenin enhances urine concentration capability as a target of
liver X receptor. Proceedings of the National Academy of Sciences of the United States of America 113:
E1898-1906, 2016.
30. Macau RA, da Silva TN, Silva JR, Ferreira AG, and Bravo P. Use of acetazolamide in lithium-induced
nephrogenic diabetes insipidus: a case report. Endocrinology, diabetes & metabolism case reports 2018:
2018.
31. Marples D, Christensen BM, Frokiaer J, Knepper MA, and Nielsen S. Dehydration reverses vasopressin
antagonist-induced diuresis and aquaporin-2 downregulation in rats. The American journal of physiology
275: F400-409, 1998.
32. Milano S, Carmosino M, Gerbino A, Svelto M, and Procino G. Hereditary Nephrogenic Diabetes
Insipidus: Pathophysiology and Possible Treatment. An Update. International journal of molecular sciences
18: 2017.
33. Miranda CA, Lee JW, Chou CL, and Knepper MA. Tolvaptan as a tool in renal physiology. American
journal of physiology Renal physiology 306: F359-366, 2014.
34. Moeller HB, Rittig S, and Fenton RA. Nephrogenic diabetes insipidus: essential insights into the
molecular background and potential therapies for treatment. Endocrine reviews 34: 278-301, 2013.
35. Monn E. Prostaglandin synthetase inhibitors in the treatment of nephrogenic diabetes insipidus. Acta
Paediatr Scand 70: 39-42, 1981.
36. Monnens L, Jonkman A, and Thomas C. Response to indomethacin and hydrochlorothiazide in
nephrogenic diabetes insipidus. Clin Sci (Lond) 66: 709-715, 1984.
37. Olesen ET, Rutzler MR, Moeller HB, Praetorius HA, and Fenton RA. Vasopressin-independent targeting
of aquaporin-2 by selective E-prostanoid receptor agonists alleviates nephrogenic diabetes insipidus.
Proceedings of the National Academy of Sciences of the United States of America 108: 12949-12954, 2011.
38. Pattaragarn A, and Alon US. Treatment of congenital nephrogenic diabetes insipidus by
hydrochlorothiazide and cyclooxygenase-2 inhibitor. Pediatr Nephrol 18: 1073-1076, 2003.
14

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

39. Procino G, Barbieri C, Carmosino M, Tamma G, Milano S, De Benedictis L, Mola MG, Lazo-Fernandez Y,
Valenti G, and Svelto M. Fluvastatin modulates renal water reabsorption in vivo through increased AQP2
availability at the apical plasma membrane of collecting duct cells. Pflugers Archiv : European journal of
physiology 462: 753-766, 2011.
40. Procino G, Maiolo D, Barbieri C, Milano S, Carmosino M, Squatrito S, Svelto M, and Gullo D.
Fluvastatin Increases AQP2 Urine Excretion in a Dyslipidemic Patient with Nephrogenic Diabetes Insipidus:
An In Vivo and In Vitro Study. J Diabetes Metab 5: 2014.
41. Procino G, Milano S, Carmosino M, Barbieri C, Nicoletti MC, Li JH, Wess J, and Svelto M. Combination
of secretin and fluvastatin ameliorates the polyuria associated with X-linked nephrogenic diabetes insipidus
in mice. Kidney international 86: 127-138, 2014.
42. Procino G, Portincasa P, Mastrofrancesco L, Castorani L, Bonfrate L, Addabbo F, Carmosino M, Di
Ciaula A, and Svelto M. Simvastatin increases AQP2 urinary excretion in hypercholesterolemic patients: A
pleiotropic effect of interest for patients with impaired AQP2 trafficking. Clin Pharmacol Ther 99: 528-537,
2016.
43. Rivas-Crespo MF, Minones-Suarez L, and SS GG. Rare neonatal diabetes insipidus and associated late
risks: case report. BMC pediatrics 12: 56, 2012.
44. Sharma S, Ashton E, Iancu D, Arthus MF, Hayes W, Van't Hoff W, Kleta R, Bichet DG, and Bockenhauer
D. Long-term outcome in inherited nephrogenic diabetes insipidus. Clinical kidney journal 12: 180-187,
2019.
45. Sinke AP, Kortenoeven ML, de Groot T, Baumgarten R, Devuyst O, Wetzels JF, Loffing J, and Deen PM.
Hydrochlorothiazide attenuates lithium-induced nephrogenic diabetes insipidus independently of the
sodium-chloride cotransporter. Am J Physiol Renal Physiol 306: F525-533, 2014.
46. Usberti M, Dechaux M, Guillot M, Seligmann R, Pavlovitch H, Loirat C, Sachs C, and Broyer M. Renal
prostaglandin E2 in nephrogenic diabetes insipidus: effects of inhibition of prostaglandin synthesis by
indomethacin. J Pediatr 97: 476-478, 1980.
47. Verbalis JG. An Antifungal for Antidiuresis? Journal of the American Society of Nephrology : JASN 30:
717-718, 2019.
48. Vukicevic T, Hinze C, Baltzer S, Himmerkus N, Quintanova C, Zuhlke K, Compton F, Ahlborn R, Dema A,
Eichhorst J, Wiesner B, Bleich M, Schmidt-Ott KM, and Klussmann E. Fluconazole Increases Osmotic Water
Transport in Renal Collecting Duct through Effects on Aquaporin-2 Trafficking. Journal of the American
Society of Nephrology : JASN 30: 795-810, 2019.
49. Wesche D, Deen PM, and Knoers NV. Congenital nephrogenic diabetes insipidus: the current state of
affairs. Pediatric nephrology (Berlin, Germany) 27: 2183-2204, 2012.
50. Yun J, Schöneberg T, Liu J, Schulz A, Ecelbarger CA, Promeneur D, Nielsen S, Sheng H, Grinberg A,
Deng C, and Wess J. Generation and phenotype of mice harboring a nonsense mutation in the V2
vasopressin receptor gene. The Journal of clinical investigation 106: 1361-1371, 2000.

420

15

Figure 1

Blood

Lumen

Principal cell
Nucleus

PP
PP

Afferent arteriole
Efferent arteriole

AVP

V2R

Bowman´s capsule

P
P P
P

Phosphorylation
of AQP2

GαS
Adenylate
cyclase

H2O

P P
P P

PP
P P

PP
PP

ATP

PKA

P
P PP

P P
P P

cAMP
P
P P
P

AQP3

H2O

H2O

AQP4

P P
P P

H2O

H2O
H2O

H20

in vivo experiments in NDI-models

Figure 2

1990

A selective EP4 PGE2
receptor agonist attenuated
polyuria in mice with
inducible deletion of V2R
and restored renal AQP2
expression ²⁷
Butaprost, a EP2 stimulator
reduced urine volume and
increased urine osmolality
in rats with V2R blockade
using OPC-31260 ³⁷

2009

2010

2011

2012

Administration of
secretin
and fluvastatin in
combination
ameliorated
polyuria in V2R
mutant mice ⁴¹

Metformin increased
AQP2 in the V2R KO
mice similar to the
tolvaptan-treated rats¹⁷
sPRR-His attenuated
symptoms in a mouse
model of NDI induced
with a V2R
antagonist, OPC ²⁹

Wnt5a improved urine
concentration ability in
tolvaptan-induced V2
blockade ³
2013

2014

2015

2016

2017

AKAPs-PKA disruptors
significantly attenuated the
effects of tolvaptan, a V2R
antagonist in mice ²

Fluconazole reduced urinary
output in tolvaptan treated
mice ⁴⁸

2018

2019

2020

No effects were
observed in two
male X-linked NDI
patients treated
with Rolipram, a
cyclic AMP-phosphodiesterase
isoenzyme type III
⁶

Clinical trials in NDI

Year
Sildenafil reduced urine
volume and p-sodium and
increased urine osmolality
and AQP2 in a boy with
X-linked NDI ⁴
Fluvastatin in a patient
with X-linked NDI
increased uAQP2, but
it was not accompanied
by a reduction of
diuresis or an increase
of urine osmolality ⁴²

Neither sildenafil nor
riociguat had any effect on
daily urine output or urine
concentration ability during
water deprivation in two
adult male patients with
X-linked NDI ²²

Figure 3

Potential treatment strategies
Distal concoluted tubule

Current treatment strategies

NCC

Thiazide

Indomethacin

Thick Ascending Limb

Amiloride

NKCC-2

Collecting duct

ENaC

Loop of Henle

Proximal convoluted tubule

Efferent arteriole

Bowman´s capsule

AKAPs-PKA disruptors: Dissociate binding of AKAPs and
PKA subunits, increase PKA activity, which leads to AQP2
phosphorylation, trafficking, and water reabsorption.
Metformin:Stimulates the catalytic subunits AMPK, a
serine/threonine kinase, which facilitates phosphorylation
of AQP2 and UT-A1

Afferent arteriole
Carbonic anhydrase II

Fluconazole: Reduces RhoA activity and F-actin, thereby
preventing the physical barrier that usually prevents AQP2
bearing vesicles from reaching the plasma membrane.

Soluble (pro)renin receptor: Binds FZD8 which activates
the Wnt/β–catenin pathway and increase cAMP accumulation which leads to enhanced AQP2 expression.
Wnt5a: Activates the calcium/calmodulin/calcineurin
signaling pathway, thereby regulating phosphorylation,
trafficking and protein expression of AQP2
Secretin and fluvastatin: Increase cAMP and AQP2
abundance. Fluvastatin induce AQP2 membrane accumulation possible through reduced prenylation of RhoA and
Rab5
E-prostanoid receptor agonists: Activates the Gs-coupled
EP4 and EP2 PGE2 receptor thereby increasing cAMP
levels
Sildenafil or riociguat: A phosphodiesterase type 5 inhibitor
and sGC stimulator that increase cGMP and thereby PKA
and PKG activity
Rolipram: inhibitors of cyclic AMP-phosphodiesterase,
thereby increasing cAMP and subsequently PKA

A minireview of pharmacologic strategies used to ameliorate
polyuria associated with X-linked nephrogenic diabetes insipidus

METHODS
The review summarizes primarily on in vivo data from
preclinical animal models of X-linked NDI and published data
from intervention studies in patients with V2R mutations and
lithium-induced NDI.

CONCLUSION
There is currently no established intervention that causally
improves symptoms and quality of life in patients with NDI.
There is a need to collaborate and translate findings from in
vivo experiments into human interventional trials.

RESULTS

