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Nephrogenic diabetes insipidus (NDI) is a rare disease characterized by the inability of the kidney to respond to vasopressin and
concentrate urine. Hereditary NDI is primarily caused by mutations in the arginine vasopressin receptor-2 (AVPR2) gene, which
enables the response to antidiuretic hormone. Mutations may lead to misfolding of the mutant AVPR2 protein or its retention
within the Endoplasmic reticulum of the cell. Therefore, patients cannot respond to antidiuretic hormone and concentrate urine.
Consequently, in untreated patients severe dehydration and hypernatremia may occur depending on the severity of the disease.
Low-sodium and protein diet, using thiazide diuretics, and amiloride treatment are the conventional and standard treatments
for NDI. Besides, many in vitro functional analysis studies have been focused on pharmacological chaperones for restoring func-
tion of NDI-causing AVPR2 mutants. Vaptans, which are known as vasopressin receptor antagonists and also pharmacological
chaperones, are among the current and controversial topics for developing new treatment strategies for NDI. This study aims to
review the in vitro studies on vaptans which are targeted to restore expression and function of mutant AVPR2s that cause NDI
and highlight the importance of their effectiveness according to the type of mutation.
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Introduction

Water is the main component of the body and there-
fore maintaining water homeostasis within the body is very
important [1]. It is controlled by the arginine vasopressin
(AVP) - Arginine vasopressin receptor-2 (AVPR2) - aqua-
porin 2 (AQP2) water channel axis [2]. Any loss of func-
tion or decreased function of any of the proteins in this axis
will cause a disruption ofwater balance. Hereditary nephro-
genic diabetes insipidus (NDI) is one of these diseases pri-
marily caused by defects in the receptor encoded by AVPR2
gene [3,4]. These kinds of genetic diseases resulting in re-
duced or complete loss of function due to misfolding of pro-
teins are defined as conformational diseases.

NDI patients suffer from severe dehydration and hy-
pernatremia and life quality of them depends on the de-
gree of the dehydration, hyperosmolality, and consequently
severity of the disease. Sufficient water intake and a low-
sodium diet is essential for the patients [5]. NDI treat-
ment includes thiazide diuretics, fluids, nonsteroidal anti-
inflammatory drugs (NSAIDs) and amiloride [6]. Unfor-
tunately, current treatment options are insufficient to treat
the disease and this situation affects the patient’s daily life
[7]. In vitro functional characterization studies of mutant
AVPR2s causing NDI may shed light for new treatment
strategies [3,4]. Vaptans bind to AVPR2, and they are con-
sidered promising treatment options due to their antago-
nistic effects. Besides their antagonistic treatment proper-

ties, they can also act as pharmacological chaperones [8].
Mutant AVPR2 proteins can be misrouted by the cellular
quality control system or retained in Endoplasmic reticulum
(ER) within the cell, depending on the mutation severity. In
this case, the mutant proteins cannot perform their physio-
logical functions and cause several pathologies. Pharma-
cological chaperones help to rescue these proteins by as-
sisting them in reaching their targets. In this study, we re-
viewed vaptans, which are considered among the targeted
and promising therapeutic strategies at the molecular level
for AVPR2 mutations causing NDI.

The AVP, AVPR2 and AQP2 Axis in the Body
Water Homeostasis

The primary determining factor of water homeostasis
in the human body by increasingwater reabsorption through
the kidneys is the hormone AVP, which is known as antid-
iuretic hormone (ADH) [9]. AVP also has other important
roles, such as regulation of blood pressure, sodium home-
ostasis and kidney function [10]. A nine amino acid-peptide
hormone AVP, which is encoded by AVP-neurophysin II
(AVP-NPII) gene, synthesized as preprohormone in the
magnocellular cells of paraventricular and supraoptic nu-
clei of the hypothalamus [11,12]. After prepro-AVP-NPII
is synthesized, signal peptide is removed and converted to
pro-AVP in ER. Pro-AVP is then processed to AVP, its car-
rier protein NPII and a copeptin during the axonal transport
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process [13,14]. Osmotic regulation of AVP hormone stim-
ulation and release are controlled by the response of cen-
tral and peripheral osmoreceptors to environmental changes
such as increased plasma osmolality and decreased blood
volume. In response to elevated plasma osmolality, cen-
tral osmoreceptors increase vasopressin secretion while pe-
ripheral osmoreceptors detect the effects of food and fluid
intake on osmolality at an early stage [15]. The AVP hor-
mone exerts its effects by interacting with AVPR1a found
on various vascular smooth muscle, AVPR2 found on the
basolateral membrane of the collecting duct cells of the kid-
neys, and AVPR1b found on central nervous system cells.
These receptors regulate vasoconstriction, renal water re-
absorption and central nervous system effect, respectively
[16]. The AVPR1a and AVPR1b direct cellular signaling
in response to AVP, while the AVPR2 is critically impor-
tant for the maintenance of water homeostasis [17–19]. On
the way of renal water reabsorption, AVPR2 has essential
roles. AVPR2 is a member of the G protein-coupled recep-
tor (GPCR) superfamily. Since GPCR superfamily mem-
bers have important roles in the cellular response after the
detection of extracellular signals, they are among the po-
tential targets of drugs which are prescribed in the market
[20].

In response to plasma hypertonicity, AVP is secreted
and transported to the kidney through the blood stream
and binds to AVPR2 in the distal nephron [21,22]. This
hormone-receptor complex activates the Gαs proteins to
increase the intracellular cyclic AMP (cAMP) levels and
activates cAMP-protein kinase A (PKA) signaling cascade
which then triggers the AQP2 trafficking in the cell. AQP2
proteins, which are the main water channel proteins in the
kidneys located in the subapical storage vesicles of the prin-
cipal cells in the collecting ducts, are another important
protein of the way of water reabsorption. Increased lev-
els of cAMP promote the phosphorylation of Ser256 in
the C-terminus of AQP2 via PKA which is critical for the
AQP2 trafficking [21,23,24]. This phosphorylation causes
the translocation ofAQP2-containing storage vesicles to the
apical membrane which leads to water reabsorption from
urine to the bloodstream. This mechanism is crucial for
meeting the organism’s water needs by increasing water re-
absorption in the renal collecting ducts, thus contributing
to urine concentration. A defect occurring at any point in
the AVP-AVPR2-AQP2 pathway may lead to water imbal-
ance disorders which are characterized by a risk of hyper-
natremia [2,25].

Diabetes Insipidus

Diabetes insipidus is a rare disease with a preva-
lence of approximately 1 in 25,000, occurring equally in
both males and females that results in excessive urination
(polyuria) and excessive fluid intake (polydipsia) due to im-
balances in the body’s fluid and electrolyte regulation [26].

This condition arises from issues related to the ADH, either
because of ADH deficiency or because of the kidneys’ in-
ability to respond to this hormone properly [27]. Patients
suffer from excessive urination (more than 50 mL/kg body
weight/24 h) and excessive drinking water (more than 3–
3.5 L/24 hours in adults or 6.6 mL/kg/hour in children)
[5,27,28]. The urine is diluted and low in osmolality, less
than 250–300 mOsmol/kg of water, clear and dull [28]. The
differential diagnosis of DI is primarily based on distin-
guishing between primary forms which can be central or
renal or secondary form resulting from primary polydipsia
[29]. Measuring plasma AVP levels, biological assessment,
laboratory diagnostic testing, water deprivation test and
desmopressin (dDAVP) challenge, MRI scan and copeptin
assay are performed for diagnosis of the disease [5,28,30].
Treatment of the disease depends on the aetiology of the DI
type since there are four types of DI: central, nephrogenic,
primary polydipsia, and gestational [26,31]. Themost com-
mon form is central DI (CDI) which can be associated with
hereditary form and acquired form. Acquired form of CDI
may arise from traumatic reasons or non-traumatic damage
of themagnocellular neurons of the hypothalamus. Accord-
ing to Flynn and colleagues, up to 36% of the cases arise
from head trauma or transfrontal/transsphenoidal surgery
[27]. Inflammation, autoimmune disease, tumors or infil-
trative diseases are the other reasons for CDI. In CDI pa-
tients, production and secretion of AVP deficiency is ob-
served. Familial or hereditary CDI is a rare disease and
typically follows an autosomal dominant inheritance pat-
tern due to mutations in the AVP gene. More than 55 mu-
tations reported for familial CDI [27]. On the other hand,
NDI occurs as a result of the kidneys’ resistance to the AVP
hormone which can also be hereditary or acquired. The
hereditary form of NDI is caused by mutations in the other
two important genes which are the target proteins of AVP;
AVPR2 and AQP2. Acquired forms of the NDI are often re-
sults from lithium treatment or infiltrative disease [32]. Pri-
mary polydipsia is frequently observed in individuals with
psychotic disorders such as schizophrenia [33]. This con-
dition can lead to excessive fluid intake during psychotic
episodes and may result in complications such as hypona-
tremia. Gestational DI (GDI), which is another type of the
DI, is a temporary condition that occurs during pregnancy
especially at the end of the second or early third semester
and typically resolves on its own after childbirth. GDI
arises due to a deficiency of ADH in the body [26]. There-
fore, accurate recognition and management of DI and re-
lated conditions are crucial for improving patients’ quality
of life.

Nephrogenic Diabetes Insipidus
NDI is a rare endocrine disorder that results in reduced

water permeability of the kidney’s collecting duct princi-
pal cells despite the elevated concentrations of AVP [34].
As mentioned before, this form of the disease is associ-
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ated with functional defects resulting from mutations in the
AVPR2 and AQP2 [35]. Under normal conditions, AVP
hormone triggers the water reabsorption process by bind-
ing the AVPR2 in the kidney. However, this mechanism
is impaired in NDI disease which results in preventing the
concentration of urine and leads to the production of large
volumes of diluted urine [36]. NDI is categorized as hered-
itary, which typically presents in early childhood and is pri-
marily associated with genetic mutations in the AVPR2 or
AQP2 genes, or acquired, which develops as a result of vari-
ous diseases or drug treatments and is more commonly seen
in adulthood [30,36].

Acquired NDI is commonly caused by the side ef-
fects of long-term lithium therapy, which is used in the
treatment of schizophrenia and bipolar spectrum disorders
[37–41]. Even if lithium has serious side effects such as
NDI, its effectiveness is higher compared to other mood-
stabilizing drugs [37]. Hereditary NDI is associated with
mutations in the AVPR2 and AQP2, which can exhibit both
autosomal recessive and autosomal dominant inheritance
traits. While X-linked (AVPR2 mutations) inheritance ac-
counting for 90% of cases, autosomal recessive or dom-
inant (AQP2 mutations) inheritance accounting for 10%
[23,42]. Mutations in AQP2 gene disrupt its normal func-
tion to negatively affect the kidneys’ ability to retain water
[7,43]. While dominant mutations are functional, they dis-
rupt the tetrameric structure of AQP2, preventing its rout-
ing to the apical membrane. In contrast, recessive muta-
tions result in the retention of AQP2 within the ER [19,44].
Approximately 90% of cases of hereditary NDI exhibit an
X-linked recessive mode of inheritance due to mutations
in the AVPR2. AVPR2 is located on Xq28 and consists of
three exons encoding a 371 amino acid-long protein. The
receptor has seven transmembrane helices with three ex-
tracellular and three cytoplasmic loops [23]. More than
250 mutations have been identified in the AVPR2, includ-
ing missense, nonsense, deletions, and insertions. These
AVPR2mutations yield different kinds of clinical presenta-
tions [45]. Themost pathogenic variants in the gene are sin-
gle nucleotide variants, result in a decreased capacity of the
receptor to bind to ligands, the formation of abnormal pro-
tein structures, or the accumulation of misfolded proteins in
the ER or Golgi apparatus that leading to protein degrada-
tion and loss of function [45,46]. For reverting these types
of effects, pharmacological chaperone therapies are consid-
ered as important for the proper trafficking of the misfolded
protein and helping them be functional again. In addition
to this, although some mutant proteins may reach to the cell
surface, defects in the ligand binding regions prevent the
receptor from responding effectively. As a result, a reduc-
tion in cAMP signaling occurs, and insufficient transport of
AQP2 to the apical plasma membrane limits the kidneys’
ability to retain water [7,46]. AVPR2 mutations classified
to five groups [47]. Class I mutations affect the transcrip-
tion and translation process and therefore, lead to truncated

proteins that are degraded. Class II mutations are missense
or insertion/deletion mutations which result in accumula-
tion of misfolded proteins in the ER by the cellular qual-
ity control system and leading to degradation of the protein
as mentioned before. Class III mutations lead to proteins
that are expressed in plasma membrane but with reduced
affinity to Gαs proteins while class IV mutations have low
affinity to AVP. The last type, class V mutations, cause pro-
teins to be misdirected and to travel to different subcellular
organelles [7].

The traditional treatment methods for NDI focus on
ensuring adequate fluid intake while restricting salt and pro-
tein consumption. In this context, medications such as thi-
azide diuretics and amiloride are frequently used. The goal
of these treatment approaches is not to eliminate the cause
of the disease but to alleviate existing symptoms; thus, these
methods do not offer a solution for the complete cure of the
disease. Among the development of new treatment strate-
gies, in vitro usage of pharmacological chaperones can fa-
cilitate the proper folding of AVPR2 and allow it to escape
from the ER [4,48].

Vaptans
History of Vaptans

In 1991, nonpeptide vaptans emerged which antago-
nise AVPRs. As mentioned above, AVP is a peptide hor-
mone that controls the water and electrolyte homeostasis
of the human body through the AVPRs. AVP antagonists
are generally used to treat imbalance of this homeostasis
such as hyponatremia. At first, peptide compounds were
synthesized as potential antagonists based on antidiuretic
effects of AVP; however, reduced bioavailability of the
peptide structure required the development of longer half-
lived nonpeptide compounds. Then the first nonpeptide
AVPR1 antagonist, OPC21268 (fuscoside), was identified.
OPC21268 is a selective V1 receptor antagonist and coun-
teracts vasopressin-induced vasoconstriction after oral ad-
ministration in rats [49]. One year later, nonpeptide V2
receptor antagonist OPC31260 (mozavaptan) was discov-
ered and it was the first successful usage of V2 recep-
tor antagonist in humans [50,51]. In the following years,
several nonpeptide antagonists were developed and today
we know that VPA985 (lixivaptan), OPC41061 (tolvaptan),
and SR121463 (satavaptan) are selective AVPR2 antago-
nists, SR49059 (relcovaptan) and SSR149415 (nelivaptan)
are AVPR1a/b antagonists, and YM087 (conivaptan) is a
non-selective AVPR1 and AVPR2 antagonist [52–57].

AVP acts on AVPR1a, AVPR1b, and AVPR2.
AVPR1a is found in smooth muscle, platelets, liver, adrenal
glands, adipocytes, and the heart, uterus, and it leads to
vasoconstriction, glycogenolysis, platelet aggregation, and
over time vascular smooth muscle proliferation. AVPR1b
is located in the central nervous system and the adenohy-
pophysis, stimulating the release of ACTH and prolactin.
AVPR2, which are found in the basolateral membrane of
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renal collecting ducts, play a crucial role in maintaining
fluid homeostasis in the body [57]. When AVP binds to
AVPR2, water from the urine is reabsorbed to the blood-
stream while electrolyte excretion is unaffected. The en-
tire process through the AVP-AVPR2-AQP2 axis can be
disrupted by disorders such as heart failure, liver cirrho-
sis, euvolemic and hypervolemic hyponatremia, autosomal
dominant polycystic kidney disease (ADPKD), and Syn-
drome of Inappropriate Antidiuretic Hormone Secretion
(SIADH). As treatment, vaptans show their antagonistic ef-
fects via binding AVPR2 itself. However, while AVP binds
to the receptor at the surface, vaptans bind deeper within the
transmembrane, thus blocking hormone-receptor interac-
tion [58,59]. They prevent water reabsorption and increase
urine volume. Their increased diuresis effect is quantita-
tively similar to diuretics such as furosemide, but it is qual-
itatively different because there is not a significant increase
in the excretion of urine electrolytes, such as sodium and
potassium. Therefore, these antagonists produce aquaresis
with a decrease in urine osmolality and an increase in serum
[Na]. For this reason, the aquaretic effect is the hallmark of
these nonpeptide antagonists and distinguishes them from
traditional diuretics [60]. These several antagonists, which
are called vaptans, have been developed and tested in hu-
mans. In 2004, YM087 was approved by FDA for the treat-
ment of euvolaemic and hypervolaemic hyponatraemia but
approval for oral use was withdrawn due to the risk of in-
creased enzyme interactions. Since 2009, OPC41061 has
been commercially available in the U.S.A; however, phase
III trials for VPA985 were discontinued in 2022 [57,61].

Clinical use of vaptans such as treatment of ADPKD
or hyponatremia has revealed important safety considera-
tions. Vaptans can cause aquaretic side effects like thirsti-
ness or dry mouth and polydipsia [60,62]. Hepatotoxicity
is also a serious metabolic side effect of vaptans. It was
reported that long-term usage of OPC41061 might cause a
liver injury due to the significant elevation in liver enzymes
[63]. Therefore, OPC41061 treatment is often limited to 30
days for certain conditions, or requires rigorous monthly
liver function monitoring. Since vaptans are diuretics, they
can cause NDI-like symptoms in healthy people. For the
treatment of NDI, they should be used in very low doses.
Long-term use of vaptans would require careful monitoring
of liver enzymes and general condition of liver metabolism
[64].

Vaptans as Pharmacological Chaperones

Beside these antagonistic effects of vaptans, we can
call them pharmacological chaperones which are cell-
permeable molecules that can rescue proteins frommisfold-
ing in cellular quality control systems [65]. The term phar-
macological chaperone was introduced to the literature by
Morello and colleagues to explain the action of vasopressin
antagonists that can promote receptor processing via spe-
cific binding to the receptor. pharmacological chaperones

are often confused with chemical chaperones because they
are both small structures and take part in protein folding.
Like osmolytes and some hydrophobic compounds, while
chemical chaperones have an effect on protein’s surround-
ings to make them fold, pharmacological chaperones bind
specifically to the unfolded or misfolded proteins to lower
the folding energy barrier. Therefore, chemical chaperones
are non-specific and have an effect on a broad range of
proteins, whereas pharmacological chaperones are specific
to their targets [66,67]. Pharmacological chaperones can
be antagonists, agonists, or allosteric modulators, and their
specificity, higher binding affinity, and chaperone activity
are their hallmarks [68]. Selectively binding pharmacologi-
cal chaperones to their targets thermodynamically stabilizes
the protein’s native conformation. Protein folding interme-
diates are prone to aggregation like misfolded proteins due
to mutation. Pharmacological chaperones assist these mis-
folded proteins to get their conformation correctly [69,70].

Pharmacological chaperones have been broadly stud-
ied for several protein conformational disorders such as
Alzheimer’s disease, lysosomal storage disease, amyloi-
doses, NDI, Retinitis pigmentosa, pain perception, familial
hypocalciuric hypercalcemia and hyper or hypo-gonadism.
Many of them were successful in clinical trials, and a few
of them have been approved for use in patients [71–82].

In terms of NDI, in vitro therapeutic usage of vaptans
is mainly designed for mutant AVPR2s rather than mutant
AQP2s. Since the mechanism of vaptans as pharmacolog-
ical chaperones relies on their high binding affinity for the
specific orthosteric pocket of AVPR2, they do not show
any affinity to AQP2s [83,84]. Also, these antagonistic
small molecules bind with enough affinity to stabilize the
misfolded protein and once mutant AVPR2 reaches to the
membrane, vaptans can be displaced with natural ligand.
Cytosolic AQP2 can be functional in tetramer form then
translocate on membrane, and finding a molecule that stabi-
lizes the AQP2 tetramer without permanent binding affin-
ity can be difficult. Therefore, AQP2 based NDI studies
mainly focus on by pass strategies that trigger AQP2 mem-
brane insertion via pathways that do not require a functional
AVPR2 [83].

Vaptans and Rescue of Mutant AVPR2s
Through the years, vaptans have been widely stud-

ied to understand their rescuing effects of mutant AVPR2s
since they can somehow restore cell surface expression and
function of intracellularly retained mutant receptors. Along
these studies, some pharmacological chaperones showed
better restoration of functional properties of mutant recep-
tors than others but also the chaperone effect of pharmaco-
logical chaperones mostly was found to depend onmutation
type. Therefore, in this part, we mentioned in vitro studies
which demonstrate different rescue potentials of many vap-
tans together with their common chaperoning patterns and
success on implications for functional signaling.
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According to the Human Gene Mutation Database,
there are 210 known missense/nonsense mutations in the
AVPR2. While some missense mutations are found on
highly conserved residues within mammalian AVPR2 or-
thologs, the other ones locate on partially conserved (only
two possible amino acids) or non-conserved residues of
AVPR2 [85]. The structural architecture of AVPR2 com-
prises extracellular, intracellular, and transmembrane do-
mains; consequently, mutations in conserved residues can
severely impair receptor function by altering critical physic-
ochemical properties, such as residue polarity and side-
chain size [23]. The cell-permeable antagonists restored
cell surface expression and function of mutant receptors
through their binding and stabilizing ability to the incom-
pletely folded receptor in the ER. By this way, improperly
folded receptor protein could escape the ER quality con-
trol system and be processed to the mature form. The res-
cued receptors were found to be fully functional once they
reached the plasma membrane which were capable of in-
ducing cAMP production in response to vasopressin. As
a result of many functional analysis studies, we know that
vaptans show their rescue effects on mutant AVPR2s at dif-
ferent levels according to the mutation type. In a study, the
AVPR2 antagonists SR121463A and VPA985 successfully
rescued del62-64, L59P, L83Q, Y128S, S167L, A294P,
R322H, and R337X in vitro but at different levels [67].
While SR121463A promoted cell surface expression of
Y128S and S167L at the same level, cAMP response of
S167L was lower than Y128S. Both codon 128 and 167
are conserved residues but the change of residue polarity
was dramatic in S167L since serine is a polar amino acid,
but leucine is not. Therefore, residue polarity change in a
transmembrane domain could affect the function of the re-
ceptor even if the mutant receptor could be stabilized and
folded properly by a vaptan to translocate on membrane.
In another study supporting this result, YM087 was used to
rescueY128S and S167L and the results were seen as nearly
same with the SR121463A treatment. YM087 rescued
both mutant receptors but again the cAMP accumulation of
S167L was lower than Y128S [86]. R137Hmutation which
was known to promote constitutive B-arrestin-mediated in-
ternalization/desensitization of the receptor was rescued
fromER quality control by using SR49059. However, treat-
ment with SR49059 could not prevent constitutive inter-
nalization of the mutant receptor although its cell surface
expression was increased [87]. Like SR49059, YM087
also rescued mistrafficked R137H and restored cell surface
expression and function of misfolded receptor but the in-
crease of AVP-stimulated cAMP accumulation was not as
high as other mutant receptors that analyzed in that study
which could be the result of constitutive internalization of
R137H [87]. Robben and colleagues showed that pharma-
cological chaperones could show broader and stronger res-
cuing activity rather than chemical chaperones. They used
SR121463B and also chemical chaperones such as glycerol,

DMSO, and curcumin to understand their effects on nine
ER-retained AVPR2 mutants. Only the V206D mutant re-
ceptor could be rescued by most chemical chaperones and
among nine mutants, both V206D and S167T but specifi-
cally S167T mutant receptor was successfully rescued by
SR121463B [88]. Another in vitro study revealed that the
effects of PCs on receptor maturation and rescue poten-
tials were correlated directly with their antagonist affini-
ties. SR49059, OPC31260, OPC41061, and SR121463B
were used to analyze nine ER-retained AVPR2 mutants and
these four pharmacological chaperones showed different
affinities between 0.50 to 75 nM (Ki) [89]. Among nine
AVPR2mutants, eight of them showed different cell surface
expression levels and functional rescue except S167L mu-
tant receptor which was unresponsive as mentioned above
in similar studies. As a conclusion of this study, func-
tional rescue is a balance between sufficient translocation
of a mutant receptor and sufficient displacement by the ag-
onist. It means that functional rescue can be most effective
with high-affinity antagonists at clinically relevant concen-
trations. In addition to this antagonistic effect of pharma-
cological chaperones, OPC41061 and OPC31260 can have
inverse agonistic effects beside their pharmacological chap-
erone properties. These inverse agonistic effects of them
were shown on Y128S and Ser-333del mutants [90]. It
was revealed that OPC41061 and OPC31260 exhibited pro-
tean agonism in which they acted as pharmacological chap-
erones for functional rescue of mutants while simultane-
ously showing their functions as inverse agonists that sup-
pressed constitutive basal activity of the wild type AVPR2.
The inverse agonist effect of OPC41061 was also shown
in another functional analysis study of S127F mutant re-
ceptor [91]. S127F mutant receptor was severely mistraf-
ficked and retained in the ER and also showed only minimal
cAMP production in the cell. However, pretreatment with
OPC41061 significantly restored cAMP generation of the
mutant receptor in response toAVP stimulation. OPC41061
acted as inverse agonist on the wild type receptor through
reducing the basal cAMP production but did not show any
detectable basal effect on S127F mutant. Many other stud-
ies showed that different vaptans showed their pharmaco-
logical chaperone effects and rescue potentials on different
mutant receptors in varying levels. Some of them fully res-
cued a kind of mutant receptors while the others partially
restored cell surface expression of the mistrafficked mutant
receptor [8,76,92–95]. For example, we investigated the ef-
fects of YM087 and VPA985 on the restoration of function
of T273M mutation and VPA985 was found more effective
than YM087 in stabilizing the conformation of the mutant
receptor and restoring its function [95].

Among other vaptans, the rescue potential of
OPC41061 has come forward on a large scale through the
years. Many studies showed its great rescue potential of
mutant AVPR2s. In a latest study, therapeutic potential
of OPC41061 for AVPR2 mutations through a massive,
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protein-wide functional screen was addressed [96]. For
finding a universal pharmacological chaperone, mas-
sively parallel measurements via SUNi mutagenesis and
FACS-based multiplexed assay were used to quantify the
expression of thousands of AVPR2 variants simultane-
ously. They found that 87% of poorly expressed AVPR2
variants that cause NDI were rescued at least moderately
expressed levels. For the computationally predicted
pathogenic AVPR2 variants, 86.5% of them were rescued
by OPC41061. OPC41061 was sufficient to overcome the
small destabilization caused by most missense mutations,
regardless of their location on the AVPR2 structure. This
study suggested that general pharmacological chaper-
ones could offer an effective and widespread therapeutic
strategy for many rare diseases caused by loss of protein
abundance.

While the success of vaptans in vitro, in vivo and clin-
ical studies have also been conducted for using them as
a treatment of misfolded AVPR2s. However, not every
successful in vitro result showed its treatment potential in
clinical studies. Phase III clinical studies of SR121463,
SR49059, and VPA985 were discontinued [57]. Therefore,
finding a molecule that both has a rescue potential with
restoring the cell surface expression of the mutant recep-
tors and shows minimal side effects at clinical studies has
an importance for NDI treatment strategies. Providing a
foundation for the development of AVPR2-targeted ther-
apies, researchers have been tried to understand what are
the structural properties of antagonist recognition by the
AVPR2. For this purpose, OPC41061 and YM087, which
are approved for the treatment of hyponatremia, were an-
alyzed [97]. AVP binds to the large binding pocket of
AVPR2 and this orthosteric binding pocket is suitable for
small molecule ligands like vaptans. They showed that
OPC41061 was deeply inserted into the binding pocket
while YM087 showed a shallower binding pose and ex-
tended toward the first extracellular loop of AVPR2. Struc-
tural analysis reveals that antagonist binding reverses the
seventh transmembrane domain distortion caused by AVP,
thereby restoring helical continuity at the bottom of the
binding pocket. Consequently, the necessary conforma-
tional change for G protein coupling was prevented. This
conformational dependent antagonism can suggest a dis-
tinct inactivation mechanism for AVPR2s. Through this
understanding, more effective therapeutic agents can be de-
veloped in the near future.

Conclusions

There have beenmany studies conducted about in vitro
usage of vaptans as pharmacological chaperones for restor-
ing the function of mutant AVPR2s since developing new
treatment strategies for rare diseases like NDI has a great
importance on human health. Approximately 25 years ago,
vaptans were started to be used in vitro as pharmacologi-

cal chaperones and then some of them, especially most suc-
cessful ones at rescuing mutant receptors from mistraffick-
ing in the cell, were involved in clinical studies. Through
these clinical studies, some of them were elected at the crit-
ical phases of clinical studies because of their side effects.
Long-term use of vaptans can cause hepatotoxicity; there-
fore, if it is necessary to use them as a long-term, liver
metabolism and related enzymes of the patients should be
carefully monitored. Finding molecules that have both an-
tagonistic effect for the treatment NDI and also can be us-
able as pharmacological chaperones for rescuing most of
the mutant AVPR2s at clinically safe doses would have a
great impact on treatment strategies.
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