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Abstract

Background: Nocturia is a prevalent condition with systematic etiologies which require
multidisciplinary collaborations during diagnosis and management. Here we evaluate
current evidence and present unresolved research questions regarding the three key
pathophysiological domains of nocturia with respect to a conceptual brain-kidney-bladder
axis, namely sleep enhancement, extra-renal water reabsorption and circadian regulation
of bladder tissue.

Methods: A Think Tank was convened at the 12th International Consultation on
Incontinence Research Society meeting in June 2025, looking at novel therapeutic targets
for nocturia. This article synthesizes key deliberations from this meeting session.
Results: The discussion was mainly focused on idiopathic nocturia with an overactive
bladder symptom complex or nocturnal polyuria. Firstly, medications and conservative
non-drug measures targeting sleep that could potentially improve nocturia were
considered. Secondly, investigation of water reabsorption mechanisms within the bladder
and the role of small molecule vasopressin receptor type-2 agonists were examined that
may provide novel therapeutic options to rectify nocturnal polyuria. Finally, to address
circadian misalignments, organ specific chronotherapies, based on abnormal circadian
features of bladder tissues that can be curative for nocturia, were discussed.
Conclusions: The evidence indicates that promising therapeutic modalities targeting the
regulation of sleep-wake cycles, intravesical water transport mechanisms, and circadian
patterns of detrusor activity may offer alternative strategies for managing nocturnal
polyuria. However, further mechanistic investigations and randomized controlled trials

are required to advance these approaches toward clinical translation.



1. Introduction

The symptom of nocturia, defined by the International Continence Society as "the
number of times urine is passed during the main sleep period", is prevalent and can be
highly bothersome when more severe. It can impair quality of life, and can be associated
with increased morbidity.!?> The clinical management of nocturia often poses
considerable challenges due to mixed lower urinary tract symptoms (LUTS), complex

underlying etiologies, and heterogeneous pathophysiology.

The algorithms for the evaluation and treatment of nocturia exemplifies a personalized
and holistic approach.®* It includes the use of a bladder diary to categorize underlying
pathophysiological features (the presence of 24 hour polyuria or nocturnal polyuria),
enabling categorization and paving the way for tailored treatment strategies.
Subsequently, the identification of potentially causative conditions is of paramount
importance, as evidenced by the PLanning Appropriate Nocturia Evaluation and
Treatment (PLANET) study series, in which sleep disorders, cardiovascular diseases,
chronic kidney diseases, endocrine diseases and neurological disorders are verified to be
potential contributing factors for nocturia in systematic reviews.>* Therefore, it has been
recommended that a global assessment using the “SCREeN” diagnosis algorithm could
be efficient for identifying these conditions in urology clinics and working in partnership
with multidisciplinary force.'® For idiopathic cases where these conditions are absent,
management shifts to a stepwise approach beginning with behavioral modifications and

progressing, if necessary, to pharmacotherapies.



Therapeutic strategies primarily target three key pathophysiological domains with respect
to the brain-kidney-bladder conceptual axis, namely optimizing sleep quality, minimizing
nocturnal urine production and maximizing functional bladder capacity. Despite a range
of available therapeutic options and combination regimens, a significant proportion of
patients exhibit suboptimal responses to pharmacological interventions.!! Even for those
who may have achieved statistically significant reductions in nocturnal frequency
compared to placebo, these often fail to translate into clinically meaningful improvements
in sleep quality or patient-reported satisfaction. Furthermore, the potential for drug-
related adverse events presents a clinically relevant concern. For example, although
desmopressin (either 25 pg, 50 pg or 75 pg) significantly reduced nocturia episodes
versus placebo,'>!? the incidence of hyponatremia is higher in patients aged >65 years

(up to 11%), necessitating cautious patient selection and electrolyte monitoring. '

To explore novel therapeutic targets for nocturia, a dedicated Think Tank was convened at
the 12th International Consultation on Incontinence Research Society (ICI-RS) meeting
in 2025. The aims were to evaluate the feasibility of current pharmacological and
behavioral interventions targeting sleep enhancement (the circadian sleep-wake cycle) for
nocturia management; to critically examine the evidence supporting extra-renal water
reabsorption mechanisms beyond classical renal tubular pathways; and to discuss
chronobiological regulation of bladder tissue (specifically circadian clock mechanisms)
and its therapeutic potential. This article synthesizes key deliberations from the think
tank, by presenting current evidence and unresolved research questions to encourage

future investigations. It is our intention to consider potential therapeutic avenues for



idiopathic nocturia co-existing with an overactive bladder symptom complex or nocturnal
polyuria, rather than those with poorly controlled causative conditions (such as reduced

functional capacity due to chronic retention).

2. Potential interventions targeting sleep quality

Although the definition of nocturia incorporates a need to wake up (for the first time)
owing to a desire to void urine rather than due to poor quality sleep, interventions
targeting sleep could potentially improve nocturia in patients with or even without

insomnia.

Medications that improve nocturia by a mechanism targeting sleep should ideally be
suitable for long-term use. Currently, cognitive behavioral therapy is the preferred
management for chronic insomnia. When necessary, benzodiazepine agonists, melatonin
agonists, and orexin antagonists are approved drugs for management.'> Although the risk
is less with benzodiazepine agonists, drug dependence is a concern with this class of
drugs. Evidence on nocturia is chiefly found regarding melatonin, ramelteon (a melatonin
agonist), as well as lemobrexant and daridorexant (both are orexin receptor antagonists).

(Table 1)

With regard to melatonin, five studies examined patients with nocturia, while one each
enrolled men with self-reported insomnia combined with lower urinary tract symptoms. '
22 The studies included a small number of subjects with diverse clinical characteristics,

predominantly recruited men, used varying cutoffs for defining nocturia, and were of



short duration.”* A modest decrease in nocturia episodes was noted in four
studies.!®172922 A randomized trial in 20 men with bladder outflow obstruction noted a
difference in the nocturia responder rate (defined as a reduction of at least 0.5 episodes
per night) but no difference in the number of nocturia episodes. Half of the men had

nocturnal polyuria and the study defined nocturia as >3 episodes."®

Three studies examined ramelteon, a long acting melatonin agonist, in men with insomnia
and nocturia which noted a decrease ranging from -0.39 to -1.1 episodes per night.*2
Togo et al. conducted a prospective study using lemborexant, in which sleep quality was
dramatically improved accompanied with a relief of nocturia symptoms (nocturia
episodes fell from 4.3 to 2.3, p<0.001).?” In addition, daridorexant was studied in a
randomized controlled trial against placebo in a crossover design with 4 weeks exposure
to the drug. There was a significant reduction in nocturia episodes and an increase in time
to first nocturia episode (representing an uninterrupted sleep period) of 0.6 episodes (95%

CI-0.9 to -0.3; p<0.001) and 31 minutes (p=0.0027) respectively. However, these

differences were not significant at 4 weeks.?

As to conservative non-drug measures, timed light exposure may act as a chronotherapy,
restoring the circadian sleep—wake cycle and relieving nocturia. Epidemiological analyses
indicate that individuals who watch television or digital video content for more than five
hours per day have an increased likelihood of developing nocturia.?’ The widespread
exposure to blue light emitted by electronic devices has prompted investigation into the

effects of photopic and melanopic wavelengths on the suprachiasmatic nucleus (SCN).*°



In healthy human subjects, blue light has been demonstrated to suppress melatonin
secretion more strongly than other wavelengths.*! However, in a randomized, double-
blind, cross-over, placebo-controlled trial, the use of blue light LED smartphones at night
did not lead to a significant change in serum melatonin and cortisol levels, although it did
negatively impact sleep quality and cognitive functions.?! Furthermore, an experimental
animal study revealed that prolonged light exposure impaired circadian behavioral
rhythms and SCN astrocytic oscillations in the absence of water channel aquaporin-4
AQP4 expression, suggesting a potential role of light therapy to restore central clock
rhythmicity and behavioral patterns.>! However, whether timed light exposure or
reducing blue light irradiance, by either altering the melatonin secretion pattern or
improving sleep quality, relieves nocturia remain important questions for future research.
Plus, it is equally important that, since chronic users of blue-light-emitting devices often
exhibit sedentary habits (with the possibility of lower limb edema not excluded), research
must correlate this behavior with the measurement of nocturia volume to identify the

exact underlying causes.

Other potential lifestyle and behavioral modifications may include: ambient temperature
control to modify bladder function; restricting evening fluid intake to reduce nocturnal
diuresis; limiting caffeine and alcohol consumption to minimize bladder hypersensitivity;
promoting regular daytime physical activity (such as walking, while avoiding heavy
meals and strenuous exercise before bedtime); and incorporating stress-management
strategies (such as hypnosis, yoga, and thermoregulation techniques) (Figure 1).3? For

example, in a study from Japan, investigators found that reducing the ambient



temperature during the day increased the odds of developing nocturia at night (OR
+1.075, 95% CI 1.026-1.126; p=0.002).>* However, another randomized trial comparing
multicomponent behavioral therapy with or without tamsulosin found no difference in
nocturia episodes between the two groups.** In this study, the conservative arm combined
several interventions making it difficult to draw conclusions regarding the impact of sleep
hygiene alone.** Therefore, despite these recommendations on behavioral and
psychological interventions, the current evidence is largely derived from studies on
insomnia, and their impact on nocturia, particularly in individuals affected by both

disorders, remains unclear.®

In short, these sleep interventions were generally well-tolerated with no reports of
increased risk of drug abuse, cognitive decline, or falls. However, the studies were
constrained by a small number of subjects and short duration for a therapy that could
potentially be used in long-term management. Further research questions include:

»  Are there specific clinical characteristics of patients who might be suitable
candidates for this intervention? (need clinical trials to reveal predictive factors)

» Can a modality of timed drug administration with circadian-controlled
pharmacokinetics be developed, based on the sleep—wake cycle or metabolic
oscillations to optimize the efficacy of nocturia treatment? (need pharmacokinetics
and behavioral studies on animal models)

» How does light-induced melatonin suppression affect nocturia in terms of age-related
variations in nocturnal urine secretion and differential interventional responses to

specific light exposure modalities? (need to be investigated in animal models)



» How do the types of light (visible or invisible) and time of exposure differently
influence protein expression and signaling in the urothelium, where normal and
aberrant filling sensations are understood to arise? (need molecular biology and
proteomic studies on animal models)

» Can we use optogenetics to elucidate the neural circuits involved in specific light-
induced circadian misalignment that causes nocturia? (need to design implantable

optogenetic interfaces and validate through animal model studies and neural network

mapping)

3. Potential interventions targeting on renal and non-renal water reabsorption
mechanisms
Water reabsorption mechanisms within bladder
An early study in rats observed a reduction of intravesical volume with saline infusion
into the bladder, but not with soybean oil, when reaching the micturition threshold,
indicating water and electrolyte permeability and oil impermeability of the bladder wall.*
Clinical observations support the idea of transurothelial absorption of water into systemic
circulation. Watanabe and Azuma used overnight transabdominal real-time 3D ultrasound
in healthy volunteers and identified transient reductions in bladder urine volume
(decreases of up to 150ml per episode, occurring at 1-2 hour intervals) at night without
voiding, consistent with systemic water reabsorption from the bladder lumen.?” More
recently, Torimoto et al also confirmed this phenomenon in a separate study,
strengthening the evidence that the human bladder itself can contribute to nocturnal

homeostasis of plasma volume.*® While dehydration typically elicits lower urine volume



of higher osmolality,* healthy adults choosing to extend their voiding interval from 3 to
5h without water restriction produced a >30% reduction in daily urine volume without a
concomitant rise in urine osmolality.*’ Intravesical water reuptake could play a role in
reducing nocturnal urine volume and perceptions of bladder filling to avoid nocturia,
whereas failure of the reabsorption pathways may potentiate nocturnal polyuria and

urinary frequency.

MRI scans (with a 7 Tesla 30-cm AVIII spectrometer) of mice bladders measured water
influx from hyperosmolar urine (>400mOsmoles/l) to the isotonic (280mOsmoles/1)

#4142 is antithetical to the concept of osmosis for water

extracellular space of urothelium,
reabsorption and opposed the dogma of a water-impermeable bladder lining.** A viable

mechanism for water reabsorption is passive paracellular diffusion across tight junctions,
as 27% of the luminal surface, lined by apicolateral umbrella cell borders, is amenable to

the size of free and bound water molecules, which diffuse more efficiently with the

dilation of intercellular gaps during bladder filling.*!

The passive diffusion of water from lumen to extracellular space is augmented by the
facilitated diffusion of water from extracellular space to intravascular space of capillaries
through aquaporin channels in the intermediate urothelium. Aquaporins (AQPs) are a
family of water channels that facilitate the transmembrane flux of water and small
solutes. Several isoforms are expressed in the human bladder urothelium, with AQP3
most consistently reported, together with AQP4, AQP7 and AQP9, supporting the concept

that the bladder has a regulatory capacity for water and solute exchange.** Functional
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studies in differentiated human urothelial cell cultures demonstrate that hyperosmotic
stress increases AQP3 expression and that inhibition of AQPs using mercuric chloride,
and reduces both water and urea permeability, providing direct evidence of their

physiological role.*

The functional consequence of water fluxes across bladder urothelium extends beyond
volume homeostasis. Distention of mouse urothelial cells in response to osmotic stress
drives ATP release, which activates suburothelial afferents via P2X3 receptors and
modulates detrusor excitability during cystometry.*® In cultured mouse and human
urothelial cells, mechanosensitive channels such as TRPV4 and PIEZO1/2 mediate this
signaling and AQP-driven changes in urothelial cell tonicity are likely to influence their
activity.*” Thus, AQPs provide a mechanistic link between water handling and detrusor
excitability. Establishing whether urothelial AQP expression and activity follow circadian
rhythms will be critical to understanding their contribution to nocturnal bladder function
and may enable identification of patient subgroups in whom AQP-targeted interventions

would be most effective.

Small molecule vasopressin receptor type 2 (VR2) agonists

In healthy individuals, the circadian rhythm of the hypothalamic pituitary axis augments
release of arginine vasopressin (AVP or antidiuretic hormone) from the pituitary gland and
aldosterone from the adrenal glands at nighttime to reduce diuresis and natriuresis, and
facilitate detrusor relaxation through modulating VR receptors in the bladder.*® This

combined with homeostatic inhibition of involuntary detrusor contractions to increase
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nocturnal bladder capacity, thereby allows uninterrupted sleep. Nocturia may occur due to
multifactorial etiologies involving increased diuresis,*® natriuresis,® non-dipping blood

pressure during sleep® and detrusor hypersensitivity/overactivity .53

Presently, the only approved drug to treat nocturia is the vasopressin receptor types 1b/2
(VR1b/VR2) agonist desmopressin (dAVP or Nocdurna), a large molecule (molecular
weight = 1069 g/mol vs. AVP = 1084 g/mol) peptide AVP analog typically administered as
an oral or sublingual tablet. However, the therapeutic profile of dAVP is suboptimal due to
its associated risk of hyponatremia and limited applicability in the elderly. Its use is
primarily confined to managing nocturnal polyuria. In patients with concurrent nocturnal

overactive bladder symptoms, combination pharmacotherapy becomes necessary.

In contrast, one potential alternative to dAVP is VA106483 (fedovapagon), a small
molecule (molecular weight=463) VR2 agonist. The pharmacological action of
fedovapagon is consistent with VR2 activation, triggering the 3’,5’-cAMP/PKA pathway
for increased transcription and phosphorylation of AQP2 channels and their embedding
into the apical membrane of the renal collecting ducts.’* The anti-diuretic action of
fedovapagon was tested in human subjects in ten completed phase I to III clinical trials
between 2008-2018 which ultimately demonstrated a 50% reduction in the number of
nocturnal voids in men with LUTS (NCT02637960). While the pharmacokinetic half-life
of fedovapagon in humans has not been reported, it is likely longer than dAVP (~2 hrs) and
AVP (~15 min) which would prolong its antidiuretic effect during the night if used to treat

nocturia. Based on the limited information from clinical trials, side effects of dry mouth,

12



headache, dizziness were minimal as VR2 is predominately located in the periphery. While
hyponatremia is still a concern it may be less severe with correct dosing: this remains to be

seen and requires further investigation.>

While Vantia Therapeutics, UK, reported that the site of action for fedovapagon was solely

on the renal collecting ducts,*®>*

recent studies using mice have demonstrated that it also
acts on VR2 receptors present in the bladder wall to initiate solute-free water reabsorption
by the bladder.*® In addition, it also relaxes the detrusor smooth muscle as demonstrated by
decreased bladder pressure observed in cystometric studies in which mice were subjective
to intravesical filling with soybean oil, a substance that is not reabsorbed.>® Furthermore,
it relieves bladder overactivity in an acrolein-induced cystitis animal model, thus

theoretically simultaneously targeting diuresis and nocturnal urgency (unpublished data,

personal communication, A. Kanai).

In summary, fedovapagon relaxes the detrusor, dampens overactivity and promotes water
reabsorption as a potential multi-action therapeutic agent for patients with nocturia and
detrusor overactivity. However, promising data raises further research questions:

» If dAVP stimulates bladder VR2 receptors to promote water reabsorption and treat
nocturia, what is a plausible mechanism by which fedovapagon also relaxes detrusor
smooth muscle? (need to investigate the changes on mechanosensory molecules,
detrusor contractile properties and neurotransmitters in animal models)

» Since fedovapagon relaxes the detrusor, should it be investigated for treating OAB?

(need to be validated in both animal model studies and clinical trials)

13



» How are AQPs in the bladder urothelium regulated under physiological and
pathological conditions (e.g. nocturia)? (need to study urothelium specimens from
both animal and human)

» Is there a circadian variation in urothelial water/solute transport mechanisms,
including AQP expression and activity? (need molecular and cell physiology studies
on animal models)

» Does circadian regulation of urothelial AQP expression and activity underlie nocturnal
bladder dysfunction, thereby enabling identification of patient subgroups for targeted
AQP modulation therapies? (need molecular and behavioral studies on both animal

and human)

4. Potential interventions targeting bladder circadian mechanisms

A circadian rhythm is a biological cycle driven by an intracellular molecular clock with a
period of approximately 24-hours and generally synchronized to a diurnal night-day (sleep-
awake) cycle. It is maintained by primary and secondary intracellular negative feedback
loops that influence the transcriptional-transcriptional activity of clock and bmall genes.*
The “master clock™ lies in the suprachiasmatic nucleus, within the hypothalamus, that

influences the activity of similar clocks in peripheral tissues, including those involved in

the storage-micturition cycle.®!

In principle, reduced bladder wall contractile activity during the sleep phase should

increase LUT storage function. Whilst rhythmical changes to agonist-induced contractions

have been reported in animal models,®” no substantial changes to the magnitude of nerve-

14



mediated contractions were observed;®>%

similar data from human tissue is lacking. Of
interest, the magnitude of spontaneous contractile activity is reduced in the sleep phase®

and because of mucosal involvement in its generation,** implies a role for this tissue in

contributing to functional circadian rhythmicity.

The mucosa (urothelium and suburothelium) receives a rich afferent innervation that is
activated by distortion of this layer mediated, at least in part, by paracrine urothelial ATP
release.®> Such afferent activity is diminished in the sleep phase,’® and is mirrored by
circadian variability of urothelial ATP release and several preceding stages that link
urothelial distortion to such release.®”*® Knock-out of the clock gene (in mice?) abolishes
such rhythmical changes, suggesting that the circadian clock regulates the urothelial
mechano-transduction pathway, from bladder distension to ATP release, and consequently

modulates afferent signaling activity.®”8

Under pathophysiological conditions, such functional and translational rhythmicity can be
disrupted or abolished, as demonstrated in animal models, including the spontaneously
hypertensive rat,” and the Dahl salt-sensitive rat.” With the latter model, a reduced salt
intake partly restores a normal circadian pattern, demonstrating that external cues can
resynchronize abnormal rhythms. Such inducing factors vary between different organ
systems implying that peripheral clocks in the bladder can be synchronized independently
of the central clock in the brain.”' For example, glucocorticoids shift the time-frame of
expression of molecular clock components in the bladder wall but have no effect on

hepatocyte activity;’? activation of local muscarinic and purinergic receptors can also reset

15



this time-frame.®?

Therefore, based on the circadian features of bladder tissues, organ specific re-

synchronization of the abnormal circadian variabilities could be curative of nocturia

episodes attributed to impaired circadian bladder sensitivity and excitability properties. The
future potential research questions may include:

» The development and validation of biomarkers that may indicate disruptions of
diurnal rhythms in the lower urinary tract. (need to study blood and urine samples
from healthy individuals and patients with nocturia)

» To describe mechanosensitive properties of epithelial Na* channels and diurnal
variation of function. (need molecular and cell physiology studies on animal models)

» To evaluate the relationships between diurnal variations of gene expression, protein
transcription and functional expression of physiological pathways underlying filling
sensations. (need molecular studies and bladder functional assessment on animal
models)

» s the circadian clock of bladder autonomous or dependent on the endocrine inputs
from hypothalamus-pituitary-adrenal gland axis relayed to the urothelium first?
(need studies on animal models and cultured isolated bladder)

» Does the urothelium receive chronobiology input through night-time fluctuations in
bladder fill rate of urine from kidney in addition to the blood levels of hormones

released during sleep? (need to be investigated in animal models)

Conclusions
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As discussed above, evidence suggests that promising therapeutic approaches targeting
the circadian sleep-wake cycle, intravesical water transport mechanisms (AQPs and VR2)
and rhythmic patterns of bladder tissue function, may provide alternative strategies for
improving nocturia symptoms. However, several research gaps remain, including,
standardizing drug administration and lifestyle modification protocols; investigating the
feasibility and safety of small-molecular VR2 agonists in clinical trials; clarifying the
physiological and pathological roles of urothelial AQPs; and exploring chronotherapies
that target the bladder’s peripheral clock to modify storage function according to the

circadian rhythm.
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