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A B S T R A C T

The main goal of this study is the identification of existing drugs that could be repurposed as antagonists of the V2R, a GPCR controlling renal water balance and 
involved in abnormal cell proliferation, cancer, and renal cyst enlargement. Given its clinical importance, we carried out the reverse screening of a collection of 1882 
existing drugs to repurpose them towards V2R by employing PLATO, a home-built target fishing AI-based platform. Five drugs were shortlisted as promising can
didates for V2R: cabergoline, clopidogrel, cloxacillin, perphenazine, and zafirlukast. Renal collecting duct MCD4 cells, stably expressing human V2R and AQP2, were 
used for experimentally testing the effects of the prioritized drugs on V2R responses. FRET studies were conducted to assess whether these drugs affect the DDAVP- 
induced cAMP responses. Interestingly, zafirlukast, at single-digit nanomolar concentration significantly reduced the DDAVP-dependent cAMP production and water 
reabsorption, with effects comparable to tolvaptan, a well-known selective V2R antagonist. The molecular rationale behind the observed binding was explained by 
mapping on the V2R a molecular cleft superimposable to CysLTR1 binding site of zafirlukast. Induced-fit docking simulations demonstrated that zafirlukast engages 
V2R by adopting a binding conformation closely resembling that of X-ray solved vasopressin. Taken together, our results support the repurposing of zafirlukast as a 
promising V2R antagonist candidate.

1. Introduction

The vasopressin type 2 receptor (V2R) is a G-protein-coupled re
ceptor (GPCR) playing a paramount action in regulating renal water 
balance. Upon stimulation, the V2R interacts with the Gαs protein by 
increasing the collecting duct water permeability and by promoting the 
intracellular trafficking of the water channel aquaporin-2 (AQP2) [1,2]. 
It is acknowledged that this action is related to cAMP/PKA signaling 
stimulation. Abnormal vasopressin signals are associated with several 
diseases, including congestive heart failure, cirrhosis, polycystic kidney 
disease, syndrome of inappropriate antidiuretic hormone secretion 
(SIADH), and cancer [3]. Abnormal expression and function of vaso
pressin receptors have been found in different forms of cancers [4–6]. In 
renal cell carcinoma, V2R-mediated signaling promoted YAP-dependent 

cell growth and proliferation [7]. Treatment with the V2R antagonist, 
mozavaptan, prevented cell proliferation of clear cell renal cell carci
noma (ccRCC) [7]. More recently, the effects of tolvaptan, a selective 
V2R antagonist, have been investigated in a Murine Xenograft Model of 
Small Cell Lung Cancer (SCLC), in which the drug showed significant 
reduction in tumor growth induced by V2R [8]. Abnormal expression 
and function of V2R have been found in the SIADH, which is a common 
cause of hyponatremia that leads to electrolyte disorders in elderly and 
hospitalized patients [9]. The V2R antagonist, tolvaptan, was first 
approved for the treatment of hyponatremia secondary to SIADH and 
congestive heart failure (CHF) [10,11]. Lately, tolvaptan has been 
approved for the treatment of adults with autosomal dominant polycy
stic kidney disease (ADPKD) [12], although several side effects have 
been reported, including increased thirst, polyuria, nocturia, polydipsia, 
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and liver toxicity [13]. ADPKD shares many similarities with autosomal 
recessive polycystic kidney disease (ARPKD), including the intracellular 
increase in cAMP [14–19]. Nowadays, however, there is no current 
effective therapy for ARPKD. Therefore, given the adverse effects of 
known vasopressin receptor antagonists and the importance of the 
vasopressin/cAMP axis, which has been implicated in several human 
diseases, an unmet need exists to develop therapeutic strategies target
ing this important pathway.

In this challenging scenario, drug repurposing could be an effective 
option as it would allow us to find new therapeutic uses for existing (i.e., 
marketed and/or approved) medicines [20,21].

Indeed, drug repurposing offers distinct advantages over conven
tional de novo drug discovery. By leveraging established safety, phar
macokinetic, and manufacturing data, repurposing substantially reduces 
development time, cost, and attrition risk. This strategy also facilitates a 
faster clinical application and provides a pragmatic framework for 
addressing urgent or unmet medical needs.

In this context, the primary objective of the present study is to 
identify approved drugs that may be repurposed as effective V2R an
tagonists. By revealing V2R-modulating activity within existing thera
peutics, the development of treatments for V2R-related disorders can be 
expedited, thereby enhancing the likelihood of rapid clinical translation 
[22]. In this regard, the advent of Artificial Intelligence (AI) and the 
progress in computing power open unprecedented chances to speed up 
the drug discovery or repurposing campaigns, enabling the efficient 
handling of ultra-large chemical libraries made of billions of molecules 
[23,24].

Nowadays, several examples of AI-driven drug repurposing ap
proaches are available to explore the drug-like chemical space and to 
unveil latent links bridging known drugs to new therapeutic targets 
[25–30]. In recent years, a plethora of software and tools have been 
made available to support drug repurposing campaigns, ranging from 
open-source packages to commercial suites [31–33]. Among others, 
PLATO (Polypharmacology pLATform predictiOn) is an easy-to-use 
technological platform for quantitative polypharmacology profiling 
[34–36], successfully applied in several recent studies [37–39].

In the present work, a repurposing study was thus carried out by 
employing the PLATO platform for fishing potential V2R modulators. 
Starting from a pool of 1882 approved drugs properly retrieved from the 
ChEMBL database [40], a final set of five drugs were selected for 
experimental investigation.

Functional studies based on renal Mouse Cortical Collecting Duct 
(MCD4) cells and Fluorescence Resonance Energy Transfer (FRET) un
veiled that zafirlukast, one of these approved drugs, achieved a bio
logical potency comparable to tolvaptan, a well-known selective V2R 
antagonist. Zafirlukast was able at 1 nM concentration to reduce the 1- 
deamino-8-D-arginine vasopressin (DDAVP)-dependent cAMP produc
tion and water reabsorption.

Computational investigations including molecular docking simula
tions were then carried out to shed light on the rationale behind the 
interaction between zafirlukast and V2R. In this context, we also 
observed a substantial energetic similarity between the crystallographic 
binding sites of V2R and the Cysteinyl leukotriene receptor 1 (CysLTR1) 
known to be effectively engaged by zafirlukast, suggesting potential 
opportunities for drug repurposing [41,42]. Furthermore, molecular 
docking simulations were performed to elucidate the binding molecular 
mechanism of zafirlukast towards V2R.

2. Methods

2.1. Cell culture and transfection

Mouse Cortical Collecting Duct cells (MCD4) [43] were grown in 
Dulbecco’s modified Eagle’s medium (DMEM/F12) supplemented with 
5 % (v/v) fetal bovine serum, 1 % (v/v) L-glutamine, 100 IU/ml peni
cillin, 100 μg/mL streptomycin, 5 μM dexamethasone. Routinely, cells 

were tested for Mycoplasma with MycoSPY® Master Mix (DUOTECH 
SRL, Baranzate, Milano Italy) or by fluorescence staining with DAPI. The 
cells were maintained at 37 ◦C in a 5 % CO2 incubator. MCD4 cells were 
transfected as previously described [44] using Epac-S-H187, (Plasmid 
#170348, Addgene). All experiments were performed 24 h after 
transfection.

2.2. PLATO reverse screening

In silico predictive investigations were carried out by employing a 
reverse screening based on our home-built PLATO drug discovery plat
form based on a multi-fingerprint similarity approach for target fishing 
and bioactivity prediction. PLATO is freely available at https://prometh 
eus.farmacia.uniba.it/plato/ [34–36]. Specifically, the reverse 
screening workflow was run on a total number of 1882 approved drugs 
available from the ChEMBL database (release 31) [40]. To expedite and 
streamline the screening process, all compounds were converted into 
SMILES (Simplified Molecular Input Line Entry System) strings and 
screened. The results were stored as a.json file to better manage large 
volumes of data and information. The reverse VS campaign yielded 185 
candidate compounds (available in the Supporting Information), each 
exhibiting a predicted IC50 value toward V2R below 50 nM. Among 
these, five clinically approved drugs (perphenazine, zafirlukast, cloxa
cillin, clopidogrel, and cabergoline) were prioritized for subsequent 
investigations, owing to their acknowledged pharmacological activities 
in the brain, lung, and kidney, which represent the principal sites of V2R 
expression.

2.3. Fluorescence Resonance Energy Transfer measurements

To evaluate intracellular changes of cAMP, Fluorescence Resonance 
Energy Transfer (FRET) experiments were performed as already 
described [44]. Briefly, cells were transiently transfected with the 
Epac-S-H187 probe (Epac-S-H187, Addgene plasmid #170348; htt 
p://n2t.net/addgene). FRET experiments were performed 24 h after 
transfection. Cells were perfused with a Ringer solution (140 mM NaCl, 
1 mM MgCl2, 5 mM KCl, 1 mM CaCl2, 5 mM Glucose,10 mM HEPES, 
pH7.4) After recording the basal fluorescence signal, cells were stimu
lated with DDAVP (100 nM) as a positive and internal control. Alter
natively, cells were stimulated with forskolin/IBMX (10− 5 M/100 μM). 
In addition, MCD4 cells were treated with cabergoline, clopidogrel, 
cloxacillin, perphenazine, and zafirlukast at 1 nM, 10 nM, and 100 nM. 
Alternatively, cells were costimulated with DDAVP and the selected 
drugs at 1 nM concentration. Detection of FRET was performed on an 
inverted microscope (Nikon Eclipse TE2000-S) controlled by Meta
fluor® Software (Molecular Devices, MDS Analytical Technologies, 
Toronto, Canada).

2.4. Water permeability assay

Osmotic water permeability was measured as previously described 
[45]. Briefly, MCD4 cells were grown on 25-mm glass coverslips. Cells 
were left under basal conditions or stimulated with DDAVP (100 nM for 
45 min). Alternatively, cells were treated with clopidogrel 1 nM or 
zafirlukast 1 nM in the absence or the presence of DDAVP (100 nM for 
45 min) and loaded with 10 μM membrane-permeable Calcein-AM for 
45 min at 37 ◦C, 5 % CO2 in DMEM. Measurements were performed 
using an inverted TE2000-S microscope (Nikon Eclipse microscope, 
Tokyo, Japan) equipped for single-cell fluorescence measurements and 
imaging analysis. The Calcein-AM loaded samples were excited at 490 
nm. Fluorescence measurements, following isosmotic (140 mM NaCl, 1 
mM MgCl2, 5 mM KCl, 1 mM CaCl2, 5 mM Glucose,10 mM HEPES, pH 
7.4) or hyperosmotic (isosmotic solution added with 135 mM Mannitol) 
solutions, were carried out using Metafluor software (Molecular De
vices, MDS Analytical Technologies, Toronto, Canada). Time course 
fluorescence data after perfusing cells with hyper or isosmotic solutions 
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were recorded every 5 s and over about 3 min. The time constant of cell 
shrinkage due to the hypertonic stimulus was obtained by fitting data 
with an exponential function [45].

2.5. Statistical analysis

The one-way analysis of variance (ANOVA) followed by Dunnett’s 
multiple comparisons test was applied. Values are shown as means ±
Standard Error of the Means (SEMs). The difference of p < 0.05 was 
considered statistically significant.

2.6. Cavities detection and comparison

The 3D dimensional crystallographic structures of V2R (PDB entry 
7DW9 [46], resolution equal to 2.60 Å) and CysLTR1 (PDB entry 6RZ5 
[42], resolution equal to 2.53 Å) were retrieved from the Protein Data 
Bank (PDB) [47]. The protein residues were first processed by using the 
Fixpdb tool, and all water molecules and cofactors were filtered. The 
Flapsite algorithm implemented in BioGPS (version 24.01.4) software 
and licensed by Molecular Discovery Ltd was thus used for the identi
fication of putative cavities in the three-dimensional protein structures 
[48]. The mapping procedure implied the embedding of the target 
protein into a 3D grid with a spatial resolution of 1.0 Å and the identi
fication of pocket points through the so-called GRID probe H. The cav
ities on the V2R and CysLTR1 were thus detected by employing the GRID 
force field in order to evaluate the type, strength and direction of the 
molecular interactions established from the cavities. Three GRID probes 
(that are CRY, N1, and O) were used to quantify hydrophobic, HB 
acceptor, and HB donor properties. The comparison of the cavities was 
carried out by looking for the best overlay of the corresponding MIFs. In 
this respect, the level of similarity was estimated by considering four 
single probes (i.e., H, CRY, N1, O) and by summing or multiplying their 
individual contribution to result the values of Global Sum and Global 
Product, respectively. For details, the interested reader could be referred 
to Ref. [48].

2.7. Docking protocol calibration

The dimensional cryo-EM structures of V2R (PDB code 7DW9) [46] 
was firstly refined by using the Protein Preparation Wizard (Schrödinger 
Suite 2024–1) [49] in order to correct bond order, add hydrogen atoms 
and possible missing aminoacidic side chains and loops. An energy 
minimization with Force Fields OPLS-2005 was applied to reduce steric 
clashes. The 3D conformation of the zafirlukast was processed by using 
LigPrep (Schrödinger Suite 2024–1) in order to properly generate 
possible ionization states at a physiological pH value of 7.4. The pro
tonation state of zafirlukast was investigated by using MoKa software 
(version 4.0.14) [50]. Induced fit docking (IFD) simulation was thus 
performed by using Schrodinger Suite (Schrödinger Suite 2024–1). A 
cubic grid with edge of 10 Å centered on cavity residues detected by 
using BioGPS (version 24.01.4) algorithm (i.e., Thr31, Arg32, Asp33, 
Leu36, Glu40, Gln92, Gln96, Lys100, Asp103, Arg104, Lys116, Gln119, 
Met123, Phe178, Asp191, Trp193, Arg202, Val206, Phe287, Gln291, 
Ala294, Leu302, Glu303, Val308, Met311, Leu312, Leu313 and Ala314) 
was built [48]. During the initial docking procedure, the van der Waals 
scaling factor was set to 0.5 for both receptor and zafirlukast. The ligand 
is docked into the induced-fit receptor structure by using Glide SP and a 
maximum of 20 poses were considered to be then redocked at SP mode. 
The Prime refinement step was set by optimizing side chains of residues 
within 5 Å of the zafirlukast including cavity residues detected by using 
BioGPS algorithm.

3. Results

3.1. Drugs selection

Based on reverse screening carried out with PLATO, an initial pool of 
185 out of 1882 approved drugs properly retrieved from the ChEMBL 
database (release 31) was selected towards V2R, with predicted IC50 <

50 nM (see File_S1.csv of Supporting Information for details). Consid
ering their established pharmacological actions in the brain, lung, and 
kidney, organs where V2R is predominantly expressed, five candidates 
were prioritized for experimental evaluation: perphenazine, zafirlukast, 
cloxacillin, clopidogrel, and cabergoline (Fig. 1).

Cabergoline is a dopamine 2 receptor agonist and was first recom
mended for use in Parkinson’s disease, pituitary cancer, and prolacti
nomas, and it can also lower blood sugar levels [51]. Clopidogrel is a 
P2Y12 receptor inhibitor and has antiplatelet effect [52]. Interestingly, 
clopidogrel has been shown to augment vasopressin responses and in
crease AQP2 expression [53,54]. Cloxacillin is an anti-staphylococcal 
antibiotic used to treat serious infections that are resistant to peni
cillin [55]. Perphenazine is a generic antipsychotic drug well-tolerated 
in psychiatric patients [56]. Perphenazine is also useful to treat 
nausea and vomiting due to chemotherapy [57]. Zafirlukast is a leuko
triene receptor antagonist, recommended to treat asthma, inflammation, 
and it also has anti-bacterial actions [58].

3.2. Functional studies to test the effects of possible V2R ligands

To better evaluate the repurposing promise of the five known drugs 
towards V2R, renal collecting duct MCD4 cells, stably expressing the 
human V2R, and the AQP2, were used as an experimental cell model 
[43]. Immunoblotting and confocal analysis confirmed that MCD4 cells 
express the hV2R (Fig. 2) compared to the mock cell line. FRET studies 
were performed to test whether the potential V2R modulators identified 
by reverse VS alter intracellular levels of cAMP. To this end, cells were 
transiently transfected with the EPAC-based FRET sensors for cAMP, and 
FRET studies were performed 24 h after transfection. The FRET probe 
expresses a cAMP-binding sequence of Epac sandwiched between ECFP 
(donor) and EYFP (acceptor). The binding of cAMP to the cognate 
interacting sequence results in an intramolecular structural change that 
increases the distance between the fluorescent donor and the acceptor, 
thereby decreasing the FRET process [6,59]. In line, Fig. 3 shows that 
acute stimulation of MCD4 cells with DDAVP, a stable analog of the 
hormone vasopressin, reduced the FRET signal consistent with a sig
nificant increase in intracellular cAMP (DDAVP: 0.71 ± 0.03 vs basal: 
1). FRET studies were further used to assess the potential actions, on 
intracellular cAMP, of the five drugs identified as potential V2R modu
lators, cabergoline, clopidogrel, cloxacillin, perphenazine, and zafirlu
kast (Table 1).

The obtained data showed that all these drugs did not affect the basal 
level of the FRET signal when applied at 1 nM, 10 nM, and 100 nM. Thus, 
these findings suggest that these potential V2R ligands did not affect the 
basal level of the intracellular cAMP. Furthermore, co-stimulation of 
MCD4 cells with DDAVP and cabergoline (1 nM) or cloxacillin (1 nM), or 
perphenazine (1 nM) reduced the FRET signal similarly to DDAVP alone, 
suggesting that these drugs did not alter the intracellular cAMP response 
induced by DDAVP. Additionally, compared to DDAVP stimulation, the 
FRET signal was significantly reduced when cells were co-stimulated 
with DDAVP and clopidogrel, likely suggesting that clopidogrel 
further increased the intracellular level of cAMP. In this respect, osmotic 
water permeability measurements (Fig. 4) revealed that compared to 
cells left under control conditions, treatment with clopidogrel signifi
cantly increased the intracellular water transport, similarly to cells 
stimulated with DDAVP (clopidogrel: 2.44 ± 0.13; n = 127 cells; 
DDAVP: 2.56 ± 0.12; n = 250 cells vs control: 1.00 ± 0.03; n = 355 
cells).

To test whether the clopidogrel-induced water transport was 
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mediated by V2R signaling, cells were stimulated with clopidogrel in the 
presence of tolvaptan (10 nM for 45 min). Data showed that treatment 
with tolvaptan did not affect the intracellular water reabsorption 
induced by clopidogrel (clopidogrel/tolvaptan: 2.66 ± 0.15; n = 102 
cells vs clopidogrel: 2.44 ± 0.13; n = 127 cells), suggesting that the 
effect of clopidogrel on intracellular water transport is independent of 
V2R activation and cAMP generation. Indeed, co-stimulation with 
DDAVP and clopidogrel increased the intracellular water transport 
compared to the treatment with DDAVP alone (clopidogrel/DDAVP: 
3.14 ± 0.21; n = 103 cells vs DDAVP: 2.56 ± 0.13; n = 250 cells). In 

contrast, zafirlukast prevented DDAVP-induced FRET reduction, similar 
to the response obtained when MCD4 cells were exposed to tolvaptan 
(zafirlukast 1 nM + DDAVP: 0.99 ± 0.01; tolvaptan + DDAVP: 1.02 ±
0.02). Specifically, Fig. 5A revealed that zafirlukast did not alter the 
basal level of cAMP when applied at 1 nM, 10 nM, and 100 nM (Table 1). 
In addition, no reduction in FRET signal was observed when cells were 
co-stimulated with zafirlukast and DDAVP. Conversely, a significant 
decrease in the FRET signal, consistent with increased cAMP, was 
observed following treatment with forskolin and iso
butylmethylxanthine (FK/IBMX, 10− 5 M/100 μM), which increases 

Fig. 1. Prioritized five drugs towards V2R based on reverse VS campaign. The IC50 values predicted by PLATO are also reported.

Fig. 2. V2R expression in MCD4 cells. (A) Immunoblotting experiments showed that MCD4 cells express the hV2R compared to mock cells. (B) Immunofluorescence 
analysis confirmed the expression of hV2R in MCD4 cells.
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intracellular cAMP by inducing adenylate cyclase and inhibiting phos
phodiesterases, respectively. Furthermore, the FRET ratio was also 
evaluated when cells were first stimulated with DDAVP alone (Fig. 5B). 
Importantly, DDAVP failed to increase cAMP only when zafirlukast was 
added. In contrast, FK/IBMX significantly increased cAMP by acting as a 
downstream effector of the V2R pathway. Data and statistics are shown 
in the bar plot (Fig. 5C).

Functional studies were carried out to assess whether the zafirlukast- 
dependent impairment of DDAVP-induced cAMP generation reduced the 
AQP2-regulated water reabsorption (Fig. 6). Importantly, treatment 
with zafirlukast abolished the stimulatory effect of DDAVP-regulated 
water permeability, similarly to the action elicited by treatment with 
tolvaptan, likely suggesting that zafirlukast is acting as a negative 
modulator of the V2R-regulated signaling.

3.3. In silico drug repurposing of zafirlukast toward V2R

The identification of target binding sites as well as their structural 
comparison are increasingly important in drug design. In this respect, 
BioGPS is a software based on a semiautomated approach able to 

characterize and align them directly by comparing GRID-MIFs [48].
Zafirlukast is a highly selective antagonist of CysLT1R, a pharma

cological target involved in the treatment of asthma and inflammation 
[58]. In this context, the crystallographic binding site of CysLTR1 
co-crystallized with zafirlukast available in Protein Data Bank (PDB 
entry 6RZ5 [42]), was superimposed with crystallographic binding site 
of V2R by looking for the best overlay of the corresponding MIFs, in 
order to investigate the potential activity of zafirlukast towards the V2R. 
The superimposition of MIFs for the two cavities is depicted in Fig. 7, 
whereas the GRID probe similarity scores are summarized in Table S1 of 
the Supporting Information. For the sake of completeness, further 
structural details about the residues of the two mapped cavities are re
ported Fig. S1 of the Supporting Information.

Despite the different folding of the two proteins, the cavities shared a 
similar shape with an overlap of about 79 %. Looking at the similarity 
scores, the largest values correspond to polar interactions established by 
HBD (GRID probe N1) and HBA (GRID probe O) probes. Overall, the 
extent of structural similarity (Global-Sum = 0.680) between the two 
crystallographic active sites would suggest that zafirlukast could be 
repurposed as a potential modulator of V2R. Noteworthy, IFD simula
tion also revealed that zafirlukast would be a good binder towards V2R, 
as a good overlap was observed between its predicted docking pose and 
the co-crystallized vasopressin, as depicted in Fig. 8. For the sake of 
clarity, all cavity residues detected by BioGPS were considered flexible 
in order to explore in detail the molecular recognition with zafirlukast. 
As far as the molecular interactions are concerned, the obtained top- 
docking pose of zafirlukast (docking score equal to − 7.695 kcal/mol) 
showed two π-π contacts between the indole group and Phe178 and 
Trp193 of V2R at a distance of 5.3 Å and 4.6 Å, respectively. The 
zafirlukast was also able to engage HBs with the backbone Lys116 and 
Gln96 of V2R at a distance of 2.3 Å and 1.9 Å, respectively. In addition, 
the nitrogen of sulfonamide group also established salt bridge with 
Lys100 of V2R. A comprehensive 2D interaction diagram of zafirlukast 

Fig. 3. Evaluation of intracellular changes in cAMP elicited by DDAVP. A repre
sentative time course of the fluorescence raw FRET ratio. Stimulation with 
DDAVP resulted in a significant decrease in the FRET ratio consistent with an 
increase in intracellular cAMP. Data are shown as means ± SEMs (****p <
0.0001 vs basal; DDAVP: 0.71 ± 0.03 vs basal: 1).

Table 1 
FRET studies were applied to the five selected potential V2R modulators. Data 
are shown as means ± SEMs☨.

1 nM 10 nM 100 nM 1 nM +
100 nM 
DDAVP

Cabergoline ​ 0.90 ±
0.02**n 
= 37

0.87 ±
0.03***n 
= 30

0.88 ±
0.04**n 
= 30

0.54 ±
0.03****n 
= 16

Clopidogrel ​ 0.98 ±
0.01 n =
24

1.00 ±
0.01 n =
25

1.02 ±
0.02 n =
15

0.42 ±
0.03****n 
= 9

Cloxacillin ​ 0.99 ±
0.03 n =
8

0.93 ±
0.02 n =
11

0.83 ±
0.03**n 
= 11

0.56 ±
0.04****n 
= 7

Perphenazine ​ 1.01 ±
0.01 n =
16

1.01 ±
0.02 n =
16

1.02 ±
0.03 n =
16

0.65 ±
0.05****n 
= 17

Zafirlukast ​ 1.03 ±
0.02 n =
42

1.06 ±
0.04 n =
6

1.17 ±
0.09 n =
6

0.99 ±
0.01 n =
32

Basal 1.00 n =
169

​ ​ ​ ​

DDAVP 0.71 ±
0.03****n 
= 64

​ ​ ​ ​

FK þ IBMX 0.67 ±
0.03****n 
= 64

​ ​ ​ ​

☨*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs basal.

Fig. 4. Water permeability measurement under clopidogrel treatment. Cells were 
grown and treated as described in the Methods section. The time course of 
fluorescence changes in calcein-loaded cells indicates that clopidogrel signifi
cantly increased the intracellular water transport, similarly to cells stimulated 
with DDAVP. Co-treatment with DDAVP/clopidogrel significantly increased the 
osmotic water permeability compared to cells stimulated with only DDAVP. 
Data are shown as means ± SEMs (****p < 0.0001 vs basal; ####p < 0.0001 
vs DDAVP).
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with V2R is reported in Fig. S2 of the Supporting Information.

4. Discussion

To date, the non-peptide V2R antagonist tolvaptan remains the only 
approved therapy for the treatment of ADPKD and is also used in several 
cancer-related cases of SIADH. Tolvaptan functions by binding to the 
V2R, inhibiting the activation of the Gαs-dependent pathway, thereby 
preventing the intracellular generation of cAMP. However, its clinical 
use is frequently limited by adverse effects such as excessive thirst and 
polyuria, and long-term treatment carries the risk of severe and poten
tially fatal liver toxicity. These limitations highlight the urgent need for 
safer therapeutic alternatives. Consequently, this study aims to identify 
already-approved drugs that can be repurposed as V2R antagonists, 

offering a faster and potentially safer route to novel treatments.
In silico drug repurposing approaches enable efficient exploration of 

the drug-like chemical space, uncovering latent connections between 
existing drugs and new therapeutic targets. In this study, we employed 
PLATO, a free and easy-to-use technological platform to identify po
tential modulators for repurposing analysis towards V2R. Basically, by 
using a reverse VS strategy, PLATO was able to select 185 out of 1882 
approved drugs as promising candidates with a precited IC50 < 50 nM 
towards V2R. Five known drugs (i.e., perphenazine, zafirlukast, cloxa
cillin, clopidogrel and cabergoline) were finally shortlisted for experi
mental testing being already acknowledged their role in organs like 
brain, lung and kidney normally expressing V2R.

In particular, the selected five known drugs were functionally tested 
in renal collecting duct MCD4 cells stably expressing human V2R. 

Fig. 5. Evaluation of intracellular changes in cAMP elicited by zafirlukast. (A) A representative time course of the fluorescence raw FRET ratio. Incubation with 
zafirlukast at 1 nM,10 nM and 100 nM did not alter the FRET ratio. Moreover, DDAVP failed in reducing the FRET ratio when cotreated with zafirlukast. FK/IBMX 
significantly decreased the FRET ratio. (B) A representative time course of the fluorescence raw FRET ratio showing the effect of DDAVP, zafirlukast + DDAVP and 
FK/IBMX. (C) A bar plot showing the normalized raw FRET data. Data are shown as means ± SEMs (****p < 0.0001 vs basal).
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Specifically, FRET studies revealed that treatment with perphenazine or 
cloxacillin or cabergoline did not affect the intracellular cAMP genera
tion in the absence or presence of DDAVP, likely suggesting that these 
drugs did not bind or functionally interact with V2R. Conversely, clo
pidogrel treatment potentiated the DDAVP response in terms of cAMP 
production, despite no changes in intracellular cAMP being evoked by 
clopidogrel treatment alone. Clopidogrel is a selective inhibitor of the 
P2Y12 receptor that plays key roles in platelet aggregation, 

inflammation, and renal water reabsorption. Particularly, in the renal 
collecting duct, clopidogrel mitigates the lithium-induced water diuresis 
by promoting urine concentration and AQP2 expression and function. 
Functional studies showed that incubation with clopidogrel alone 
significantly increased the osmotic water reabsorption in MCD4 cells. 
Notably, this increase was not prevented by tolvaptan exposure, sug
gesting that clopidogrel may increase the osmotic water reabsorption 
independently of the V2R signal transduction pathway. Accordingly, 
cotreatment with clopidogrel and DDAVP significantly increased the 
osmotic permeability compared to cells treated with DDAVP alone. 
These findings revealed that clopidogrel can modulate AQP2-dependent 
water reabsorption independently of the V2R binding and signaling. 
Conversely, treatment with zafirlukast prevented the DDAVP-induced 
cAMP generation and consequently the DDAVP-regulated water 
permeability, similarly to the action evoked by tolvaptan. Zafirlukast is a 
leukotriene receptor antagonist approved for the treatment of asthma in 
adults and children [60]. Leukotrienes are derived from arachidonic 
acid metabolism and are important inflammatory mediators. Following 
oral administration, zafirlukast is rapidly absorbed. This drug mainly 
binds to plasma proteins and has low permeability through the 
blood-brain barrier. Zafirlukast is mostly metabolized in the liver [61], 
and only 10 % is excreted in the urine [62], likely suggesting that only a 
small portion may reach renal tubules. However, in the kidney, leuko
trienes decrease renal blood flow and glomerular filtration rate (GFR) 
[63]. Recent findings reported that zafirlukast has been repurposed for 
renoprotection action in ischemia-reperfusion injury [64], in which 
vasopressin plays a modulatory effect [65]. In this report, we find that 
zafirlukast prevented the DDAVP-induced cAMP generation and water 
reabsorption, possibly by functionally interacting with V2R signaling. 
Importantly, zafirlukast is a selective antagonist inhibiting the effect of 
CysLT1R that is coupled to Gi [66]. At the molecular level, inhibition of 
Gi, would lead to a relevant increase of intracellular cAMP that was not 
found in our study. In addition, CysLT1R is not expressed in the renal 
collecting duct cells [67]. Our findings, therefore, strongly suggest that 
in MCD4 cells, zafirlukast is not acting on its classical cognate CysLT1R, 
even if it cannot be excluded that zafirlukast is modulating other 
intracellular signaling crosstalking with the DDAVP-dependent 

Fig. 6. Water permeability measurement under zafirlukast treatment. Cells were 
grown and treated as described in the Methods section. The time course of 
fluorescence changes in calcein-loaded cells indicates that in the presence of 
zafirlukast, DDAVP failed to promote cell permeability. Data are shown as 
means ± SEMs (****p < 0.0001 vs basal).

Fig. 7. V2R (PDB entry 7DW9) [46] and CysLTR1 (PDB entry 6RZ5) [42] cavities predicted by BioGPS are depicted in cyan and pink surface and are shown in Panel 
A. Superimposition of GRID-MIFs for the two cavities representing hydrophobic, HB donor and HB acceptor interactions colored in green, blue and red are shown in 
Panel B, C and D, respectively. The energetic isocontours are displayed as mesh/surface, generated from the V2R/CysLTR1 crystal structures. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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pathway. Notably, the in silico investigation unveiled a significant sim
ilarity between the crystallographic cavities of the V2R and CysLT1R, 
demonstrating approximately 79 % of shape similarity despite the 
different overall folding of the two proteins. Overall, the structural and 
energetic similarity expressed in terms of GRID-MIFs with a global-sum 
parameter equal to 0.680 prompted us to hypothesize that zafirlukast 
could be effectively repurposed towards V2R. Furthermore, our 
structure-based studies demonstrated that a good overlap exists between 
the docking and crystallographic poses of zafirlukast and vasopressin at 
the interface of V2R binding site.

Indeed, ex vivo and in vivo studies would strengthen our results, thus 
confirming zafirlukast as a V2R antagonist. In particular, future studies 
are needed to test renal targeting in more detail, given the very low renal 
excretion. Finally, evaluating zafirlukast against current V2R antago
nists in preclinical models of SIADH and ADPKD could clarify its po
tential use in other still incurable disorders, including ARPKD.
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F. Hunter, L. Junco, G. Mugumbate, M. Rodriguez-Lopez, F. Atkinson, N. Bosc, C. 
J. Radoux, A. Segura-Cabrera, A. Hersey, A.R. Leach, ChEMBL: towards direct 
deposition of bioassay data, Nucleic Acids Res. 47 (D1) (2019) D930–D940, 
https://doi.org/10.1093/nar/gky1075.

[41] L. Yan, A. Sun, X. Zafirlukast Xu, a Cysteinyl Leukotriene Receptor 1 Antagonist, 
Reduces the effect of advanced glycation end-products in rat renal mesangial cells 
in vitro, Med. Sci. Monit. 25 (2019) 8753–8763, https://doi.org/10.12659/ 
MSM.918187.

[42] A. Luginina, A. Gusach, E. Marin, A. Mishin, R. Brouillette, P. Popov, A. Shiriaeva, 
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