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Abstract
Background/Aims: Thiazolidinediones are highly beneficial in the treatment of type II diabetes. 
However, they are also associated with edema and increased risk of congestive heart failure. 
Several studies demonstrated that rosiglitazone (RGZ) increases the abundance of aquaporin-2 
(AQP2) at the plasma membrane of renal cells. The aim of this study was to investigate whether 
RGZ might activate a transduction pathway facilitating AQP2 membrane accumulation in renal 
cells. Methods: We analyzed the effect of RGZ on renal AQP2 intracellular trafficking in MCD4 
renal cells by confocal microscopy and apical surface biotinylation. Cytosolic Ca2+ dynamics 
were measured by a video-imaging approach in single cell. Transient Receptor Potential 
(TRP) channels expression was determined by RT-PCR. Results: We showed that in MCD4 
cells, short-term exposure to RGZ dramatically increases the amount of apically expressed 
AQP2 independently on cAMP production, PKA activation and AQP2 phosphorylation. RGZ 
elicited a cytosolic Ca2+ transient due to Ca2+ influx prevented by ruthenium red, suggesting 
the involvement of TRP plasma membrane channels. We identified TRPV6 as the possible 
candidate mediating this effect. Conclusions: Taken together these results provide a possible 
molecular mechanism explaining the increased AQP2 membrane expression under RGZ 
treatment: in renal cells RGZ elicits Ca2+ transients facilitating AQP2 exposure at the apical 
plasma membrane, thus increasing collecting duct water permeability. Importantly, this 
effect suggests an unexplored application of RGZ in the treatment of pathological states 
characterized by impaired AQP2 trafficking at the plasma membrane. 

http://dx.doi.org/10.1159%2F000373933


Cell Physiol Biochem 2015;35:1070-1085
DOI: 10.1159/000373933
Published online: February 02, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1071

Procino et al.: Effect of RGZ on AQP2 Trafficking

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Introduction

Administration of peroxisomal proliferator-activated receptor sub- type γ (PPAR- γ) 
agonists, thiazolidinediones (TZDs, rosiglitazone and pioglitazone), produces beneficial 
effects on type 2 diabetes by increasing insulin sensitivity, decreasing blood pressure and 
inhibiting inflammation [1-5]. Unfortunately, one side effect of these drugs is the tendency, 
for rosiglitazone (RGZ) in particular, to lead to fluid retention [6] causing edema and 
congestive heart failure in some patients [7, 8], by a not fully understood mechanism, likely 
involving increased salt and water reabsorption in the kidney. PPAR- γ belong to the PPAR 
family of nuclear receptors , is expressed in various organs and binds to PPAR responsive 
elements (PPRE) to regulate a number of target genes [9]. Within the kidney, PPAR- γ are 
expressed in the collecting duct (CD) [10-12]. This localization suggests that PPAR-γ may 
be physiologically involved in the fine regulation of electrolytes and water excretion in the 
distal nephron.

Many works tried to demonstrate an involvement of RGZ in modulating the expression 
of the main Na+ transporters and water channels in the kidney. Song and co-workers 
demonstrated in rats that RGZ increased the whole kidney protein abundance of the α-1 
subunit of Na+-K+-ATPase, the bumetanide-sensitive Na+-K+-2Cl- cotransporter (NKCC2), the 
sodium hydrogen exchanger (NHE3), the aquaporins 2 and 3 water channels (AQP2, AQP3) 
and the endothelial nitric-oxide synthase (NOS) [13]. Confirmation that TZDs stimulate 
Na+ and water reabsorption in the CD was provided by Zhang et al., who demonstrated that 
CD-specific deletion of PPAR-γ prevented the TZDs-induced fluid retention [14]. However, 
Vallon et al. demonstrated that the TZD-induced fluid retention is independent of ENaC 
activity [15].

The limiting barrier for water reabsorption in the CD is represented by the availability 
of the water channel AQP2 at the apical plasma membrane of CD epithelial cells [16-18]. The 
physiological stimulus increasing exocytosis of AQP2 storage vesicles at the apical plasma 
membrane is the systemic release of the antidiuretic hormone arginine-vasopressin (AVP) 
[19]. However, in the last decade, a number of vasopressin-independent mechanisms of 
AQP2 trafficking have been identified, leading to AQP2 plasma membrane accumulation in 
renal cells at short-term [20-22].

In RGZ-treated rats AQP2 total protein levels and the plasma membrane-associated 
fraction were upregulated at day three of treatment, likely contributing to cause water 
retention, but downregulated after five days as an attempt to re-establish water balance [23]. 
Increased expression of AQP2 at the plasma membrane suggests that RGZ might activate a 
short-term intracellular mechanism responsible for increased AQP2 apical expression. In 
the present work we investigated the effect of RGZ treatment on short-term AQP2 trafficking 
in kidney collecting duct MCD4 cells [24]. We found that RGZ induces a dose-dependent 
translocation of AQP2 exocytic vesicles to the apical plasma membrane. This event is 
independent on intracellular cAMP elevation and AQP2 phosphorylation but concomitant 
with Ca2+ influx likely mediated by RGZ-induced TRPV6 channels activation. 

Materials and Methods

Antibodies And Reagents
Ruthenium Red (RR), cyclopiazonic acid (CPA), H-89 dihydrochloride hydrate, adenosine triphosphate 

(ATP), 3-isobutyl-1-methylxanthine (IBMX) and RN-1734 were purchased from Sigma (www.sigmaaldrich.
com). Fura-2-AM was obtained from Molecular Probes (www.lifetechnologies.com ). Rosiglitazone maleate 
was purchased from Vinci-Biochem (www.vincibiochem.it ). Silencer® Select Pre-Designed siRNA against 
mus musculus TRPV6, and relative negative control, (Cat. #4390771 and #4390843) were from Life 
technologies (www.lifetechnologies.com). 

Rabbit affinity-purified polyclonal antibody against human AQP2 was previously described [25]. 
Rabbit affinity-purified polyclonal antibody against rat phosphorylated AQP2 at serine 256 were produced 
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as previously described [26]. EZ-link Sulfo-NHS-biotin and Streptavidin Agarose Resin were from Thermo 
Scientific (www.piercenet.com). 

Cell culture 
MCD4 cells, a clone of M-1 cells [27] stably transfected with human-AQP2, were cultured as elsewhere 

described [24, 28], grown on 0.4µm pore size cell culture insert (www.corning.com ) and used two days 
after full confluence. Twenty-four hours before experiment cells were transferred to Opti-MEM® reduced 
serum medium (www.lifetechnologies.com ) and treated with the cyclooxigenase inhibitor indomethacin 50 
µM overnight in the culture medium to prevent the increase in basal cAMP concentration due to autocrine/
paracrine stimulation of P2-purinergic receptors [29, 30] as previously reported [24]. Confluence and 
polarization of cells was assessed by staining with the tight junctions marker ZO-1 (not shown). 

Immunofluorescence
For immunofluorescence experiments MCD4 cells were preincubated with H89 10µM (30 min) or 

Ruthenium Red 10 µM (5 min) or transfected with siRNAs (48h). Following, cells were stimulated with 
FK 100 µM (30 min) or 50 µM RGZ (30 min). Untreated cells were considered as control condition (ctr). 
Cell monolayers were then fixed with ice-cold methanol for 5 min and washed twice for 5 min in PBS. Cells 
were blocked with 1% BSA in PBS, then the primary antibody (anti AQP2 affinity purified) was diluted in 
PBS-BSA and incubated for 2 h at RT. Bound antibody was detected with Alexa Fluor 488 conjugated donkey 
anti-rabbit IgG antibodies (www.lifetechnologies.com). All incubations were performed from both sides of 
the filters. Filters were excised from the support, mounted on microscope slides and viewed with a Leica 
TCS-SP2 confocal microscope (www.leica-microsystems.com).

Apical surface biotinylation
MCD4 cells were incubated in the presence of 100 µM FK or 20/50 μM rosiglitazone for 20 min in the 

culture medium at 37°C. Biotinylation was performed as elsewhere described [24]. 
Briefly, filters were washed twice in ice-cold EBS buffer (10 mM triethanolamine pH 9.0, 150 mM NaCl, 

1 mM MgCl2, 0.1 mM CaCl2), and the apical side was incubated with biotin 2.5 mg/ml EZ-link Sulfo NHS-
biotin in EBS buffer on ice for 30 min. Filters were washed twice in ice-cold PBS-CM and unbound biotin was 
quenched for 10 min in quenching buffer (50 mM NH4Cl in PBS-CM) on ice. 

Cells were scraped from filters in 500 μl of lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM 
EDTA, 1% Triton X- 100, 0.2% BSA, 1 mM PMSF, protease inhibitors cocktail), lysates were sonicated for 30 
seconds and incubated at 37°C for 20 min.

Insoluble material was pelleted at 13,000 g for 10 min and biotinylated proteins in the supernatants 
were precipitated for 16 hours with 50 μl of streptavidin-agarose bead suspension under rotation at 
4°C. Beads from each condition were washed three times in complete lysis buffer and three times in lysis 
buffer without BSA. Biotinylated proteins were extracted in 30 μl of NuPAGE LDS Sample buffer (www.
lifetechnologies.com ) with 100 mM DTT, heated at 95°C for 10 min. 

Protein separation and Immunoblotting
Biotinylated proteins were resolved on 4-12% NuPAGE gels and electrophoretically transferred to 

Immobilon-P PVDF membrane (www.emdmillipore.com ) for Western blot analysis.
After blocking with 3% bovine serum albumin in TRIS buffer saline-tween 20, blots were incubated 

overnight at 4 °C with rabbit anti-AQP2 and anti-p256AQP2 (1µg/ml, affinity-purified Ab). Membranes were 
washed and incubated with horseradish peroxidase–conjugated anti rabbit IgG. Reactive proteins were 
revealed with an enhanced chemiluminescent detection system (SuperSignal West Pico Chemiluminescent 
Substrate www.piercenet.com) and chemiluminescence was detected with Chemidoc XRS detection system 
equipped with Image Lab Software for image acquisition (www.bio-rad.com).

The quantification of protein bands was performed by determination of the relative optical density 
using ImageJ software (National Institutes of Health, Bethesda, MD).

For statistical analysis, GraphPad Prism software (version 5.00, GraphPad Software, San Diego, 
California, USA) was used. Significant differences between means were tested by one-way analysis of 
variance (ANOVA) with Newman-Keuls’s post-test. Significance was accepted for P values < 0.05.
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Intracellular Ca2+ measurements
For intracellular Ca2+ measurements, cells were seeded on Ø 40 mm glass coverslips. MCD4 cells were 

loaded with 5-7 µM Fura-2AM for 30 min at 37°C in DMEM. Ringer’s Solution was used to perfuse cells 
during the experiment containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM Hepes, 5 mM Glucose, 1.0 
mM CaCl2, pH 7.4. MCD4 cells were stimulated with a variety of drugs as described in the results, including 
adenosine triphosphate, Cyclopiazonic acid, Ruthenium red, RN-1734 and rosiglitazone. For fluorescence 
measurements, the coverslips with dye-loaded cells were mounted in a perfusion chamber (FCS2 Closed 
Chamber System, BIOPTECHS, Butler, U.S.A.) and measurements were performed using an inverted 
microscope (Nikon Eclipse TE2000-S microscope) equipped for single cell fluorescence measurements and 
imaging analysis. The sample was illuminated through a 40X oil immersion objective (NA = 1.30). The Fura-
2AM loaded sample was excited at 340 and 380 nm every 5 seconds. Emitted fluorescence was passed 
through a dichroic mirror, filtered at 510 nm (Omega Optical, Brattleboro, VT, USA) and captured by a cooled 
CCD camera (CoolSNAP HQ, Photometrics). Fluorescence measurements were carried out using Metafluor 
software (Molecular Devices, MDS Analytical Technologies, Toronto, Canada). Results are presented as 
the ratio of the fluorescence signal obtained upon excitation at 340/380 nm. The bar graphs show the 
averaged rate of fluorescence ratio changes with respect to those elicited by ATP used in each experiment 
as internal control. Data from 20 to 40 cells were summarized in a single run, and at least three independent 
experiments were conducted.

Paired data were assessed for statistical significance using the Student’s t test. Data are expressed as 
means ± SEM with N equal to the number of experiments. P <0.05 was considered statistically significant 
for Fura-2 ratio imaging experiments.

Intracellular cAMP measurements 
Intracellular cAMP level was imaged in single cells using Epac H96 [CFP(d)Del-EPAC(dDEPCD)-

cp173Venus(d)-Venus(d)] or Epac H90 [CFP(nd)-EPAC(∂DEP/CD)-cp173Venus(d)] [31]. These reporters 
(kindly provided by Kees Jalink, Netherlands Cancer Institute) are soluble monomeric constructs that rely 
on conformation-dependent FRET between YFP- and CFP-labeled fragments of the Epac protein. Wild-
type MCD4 cells were transiently transfected with Epac H90 or Epac H96 using the Lipofectamine 2000 
transfection reagent (www.lifetechnologies.com). Real-time digital imaging measurements of the 480 
nm-to-535 nm FRET emission ratio (reflecting the degree of Epac conformational changes and, hence, 
intracellular cAMP levels) were carried out on subconfluent cells using a Metafluor-based imaging set-up 
and the perfusion apparatus described above. Data from 3 to 5 cells were summarized in a single run, and at 
least four independent experiments were conducted. Paired data were assessed for statistical significance 
using the Student’s t test. Data are expressed as means ± SEM with N equal to the number of experiments P 
<0.05 was considered statistically significant also for cAMP FRET experiments.

RNA isolation and RT-PCR
Total RNA was extracted from confluent MCD4 cells and adult mouse kidney by the TRIzol extraction 

method (TRIzol reagent, www.lifetechnologies.com) and then was reverse transcribed into cDNA using 
Super-Script® VILO™ cDNA Synthesis Kit (www.lifetechnologies.com). PCR amplifications were performed 
using Taq DNA Polymerase recombinant (www.lifetechnologies.com) according to the following program:

(94° C, 5 min) x 1 cycle;
(94° C, 45 s; 52° C, 30 s; 72° C, 1 min) x 30 cycles;
(72° C, 10 min) x 1 cycle.
The primers (Table 1) were designed on the basis of the mus musculus TRP channels nucleotide 

sequences available in the GenBank database (web site: http://www.ncbi.nlm.nih.gov/nuccore).
The primers pairs were chosen to hybridize with complementary DNA sequences derived from different 

exons, thereby excluding those amplimers arising from genomic DNA contamination. The specificity of the 
cDNAs amplified by RT-PCR was confirmed by cloning and sequencing the PCR fragment (data not shown).

A positive control was performed by using primers specific for mouse β-actin complementary DNA 
(not shown). 

The PCR products were separated on a 1% agarose gel and were visualized with ethidium bromide.
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RNAi
MCD4 cells were transfected with Lipofectamine 2000 reagent (www.lifetechnologies.com) alone 

(mock control), or with 100nM siRNA targeting TRPV6 or control siRNA, in serum-free Opti-MEM. Cells 
were then subjected to total RNA extraction and RT-PCR, immunofluorescence or intracellular Ca2+ 
measurements. 

To assess the degree of TRPV6 silencing, a non-saturating RT-PCR protocol for TRPV6 and β-actin was 
performed using specific primer pairs as described above. The intensity of each PCR band was quantified 
using ImageJ software, version 1.6 (Research Services Branch, National Institute of Mental Health, Bethesda, 
MD). Peaks representing each band were obtained using the ImageJ Gel Analysis tool, and measures of the 
area under each peak were used for calculating the ratio of TRPV6 over β-actin. 

Results

RGZ increases AQP2 apical expression with a cAMP/PKA-independent mechanism
The study was performed on MCD4 cells [24], a clone of M-1 cells [27] stably transfected 

with human-AQP2. We incubated polarized renal MCD4 cells, grown on porous cell culture 
insert, with different concentrations of RGZ (5, 10, 20, 50, 100 µM) in the culture medium 
for 20 min to investigate the possible effect of this drug on AQP2 subcellular localization. 
Fig. 1A reports the confocal analysis of AQP2 localization in resting cells (Ctr), after 
forskolin stimulation (FK) and after treatment with RGZ 50µM for 20 min. All conditions 
were analyzed in the presence or in the absence of 10µM H89 a selective PKA inhibitor. RGZ 
treatment resulted in AQP2 redistribution from intracellular storage vesicles to the apical 
plasma membrane of renal cells. This effect was observed both in a xy confocal plan, passing 
through the cell apical membrane (upper panel), and in the xz confocal plan. The effect of 
RGZ on AQP2 translocation was comparable to that obtained by maximal FK stimulation (Fig. 
1A, FK). Interestingly, 10µM H89 completely prevented FK-induced AQP2 plasma membrane 
accumulation (Fig. 1 FK+H89) but did not prevent the same RGZ-induced effect on AQP2 
trafficking (Fig. 1A, RGZ+H89). 

The effect of RGZ on AQP2 translocation was dose-dependent, as lower doses (5, 10, 
20µM) produced a smaller effect compared to that obtained at 50µM (not shown).

We also measured the possible effect of RGZ on cAMP levels with the Epac-based 
FRET sensor H90. Results, reported in Fig. 1B, showed that RGZ 50 μM did not induce 
significant changes in cAMP levels when compared with submaximal doses of the cAMP-
increasing drugs forskolin and IBMX (5 and 100 µM, respectively) used as internal control. 
In addition, we repeated RGZ stimulation in the continuous presence of 100 µM IBMX to 
prevent compartmentalization of cAMP and again, we were not able to record any significant 
increase in cAMP levels in H90-transfected MCD4 cells (Fig. 1C).

Furthermore, to exclude that undetected cAMP signaling could still activate PKA and 
phosphorylate AQP2, a key event promoting AQP2 exocytosis at the apical plasma membrane 
in renal cells, we investigated whether RGZ could increase AQP2 phosphorylation at that 
site. We used a previously characterized phospho-specific antibody against p256AQP2 [26]. 

Table 1. Primers used for RT-PCR of TRP channels
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Fig. 1D reports the immunoblotting analysis performed on lysates of MCD4 cells treated in 
the same experimental conditions reported above. The signal from total AQP2 was used to 
normalize that of p256AQP2. The densitometry analysis (Fig. 1E) indicated that FK but not 
RGZ was able to induce a significant increase of p256AQP2 that was significantly inhibited by 
pretreatment with H89. 

To semi-quantify the effect of RGZ on AQP2 apical expression, we performed apical 
surface biotinylation experiment on polarized MCD4 cells in the presence of RGZ as reported 

Fig. 1. RGZ increases apical plasma membrane expression of AQP2 in MCD4 cells by a cAMP/PKA-indepen-
dent mechanism. (A) Immunofluorescence analysis of AQP2 subcellular localization in MCD4 renal cells in 
resting condition (Ctr), after 100 µM FK stimulation, and after incubation with rosiglitazone 50µM in the ab-
sence (RGZ) or in the presence of the PKA inhibitor H89 (RGZ+H89). AQP2 immunostaining was visualized 
in the xy apical confocal plan (upper panels) and in the xz confocal plan (lower panels). Compared to Ctr 
conditions, FK and RGZ redistributed AQP2 staining to the apical plasma membrane. H89 prevented the FK- 
but not the RGZ-induced effect on AQP2 membrane accumulation indicating that the latter was independent 
on PKA activation. Pictures are representative of at least three independent experiments giving the same 
results. (B) Response of Epac H90-transfected MCD4 cells to rosiglitazone (RGZ, 50 µM) compared with the 
cAMP-elevating drugs forskolin (FK) and IBMX (5 and 100 µM, respectively) used as internal control. The 
data plotted are averaged from all the cells acquired for each experiment (n=4). Data are expressed as mean 
(squares) ± SE (vertical bars). (C) Response of Epac H90-transfected MCD4 cells to rosiglitazone (RGZ, 50 
µM) in the continuous presence of 100 µM IBMX ) compared with the cAMP-elevating drugs forskolin (FK) 
and IBMX (5 and 100 µM, respectively) used as internal control. The data plotted are averaged from all the 
cells acquired for each experiment (n=3). Data are expressed as mean (squares) ± SE (vertical bars). (D) 
Cells were treated as in (A) and cell lysates subjected to immunoblotting analysis of the phosphorylated 
AQP2 at ser256 (p256AQP2) by a phospho-specific antibody. (E) Band densities were normalized for the total 
content of AQP2 (tot AQP2) and expressed means ± SE of 3 independent experiments. **P<0.01 relative to 
ctr by 1way Anova/Newman-Keuls Multiple comparison test.
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in Fig. 2A and the densitometry analysis in Fig. 2B. In resting cells (ctr) a small amount of AQP2 
was exposed to Sulfo NHS-biotin incubated in the extracellular medium at the apical side. As 
previously reported in this cell line [24], maximal FK stimulation promoted a 5-fold increase 
in the plasma membrane-expressed AQP2 (Fig. 2, FK). RGZ 50µM dramatically increased 
apical AQP2 expression and the effect was dose-dependent, as lower concentration (RGZ 
20µM) elicited a smaller effect. The maximal effect induced by RGZ was comparable to that 
elicited by maximal FK stimulation. Fig. 2B reported the statistical analysis of biotinylated 
AQP2 normalized for total AQP2 expressed in each experimental condition. 

RGZ increases intracellular [Ca2+] as measured in Fura-2-loaded MCD4 cells
We next investigated whether the effect of RGZ on AQP2 plasma membrane accumulation 

was mediated by perturbation of the intracellular Ca2+ homeostasis in MCD4 cells. The results 
shown in Fig. 3 indicate that in the presence of 1 mM extracellular Ca2+ in the perfusion 
solution, 20 min exposure to 50µM RGZ elicited a cytosolic Ca2+ increase significantly larger 
than that produced by the Ca2+-mobilizing agonist ATP (100 μM) in the same cells (Fig. 3A). 
Similar results were obtained with 100 μM RGZ and increases of intracellular [Ca2+] could be 
detected with RGZ concentrations as low as 20 μM (Fig. 3B). In addition, the response to 50 
μM RGZ was significantly prevented in the absence of external Ca2+ (Fig. 3C). These results, 
summarized in the Fig. 3D, suggest that the main component of the Ca2+ signal elicited by 
RGZ was represented by the Ca2+ entry across the plasma membrane while RGZ seemed to be 
not able to release Ca2+ from internal stores. 

RGZ increases intracellular [Ca2+] via TRP channels activation 
We next sought to identify the entry pathway responsible for the Ca2+ influx triggered by 

RGZ. When extracellular Ca2+ was removed, the inhibition of sarcoendoplasmic reticulum Ca2+-
Mg2+ ATPase (SERCA) with 20 μM Cyclopiazonic acid (CPA), evoked a transient cytosolic Ca2+ 
increase (Fig. 4A). Restoration of extracellular [Ca2+] to 1.0 mM in the continuous presence 
of CPA evoked a second cytosolic [Ca2+] increase of similar magnitude. The latter increase in 
cytosolic [Ca2+] represents the Ca2+-entry incurred mostly as a result of store depletion by 
CPA indeed mediated by the store-operated channels (SOCs). Interestingly, exposure of MCD4 
cells to RGZ did not affect the Ca2+increase evoked by CPA in the absence of extracellular Ca2+, 

Fig. 2. Semiquantitation of the effect of RGZ on AQP2 expression at the apical plasma membrane of MCD4 
cells. MDC4 cells were either left untreated (Ctr) or stimulated with 100 µM FK or incubated with rosigli-
tazone (RGZ) 20 or 50 µM for 30 min. (A) Cells were then subjected to apical surface biotinylation expe-
riments. Biotinylated proteins were recovered and immunoblotted for AQP2. (B) Densitometric analysis 
of the 29-kDa biotinylated AQP2 band was performed after normalization for the total amount of AQP2 
for each experimental condition. Values are expressed as means ± SE of 3 independent experiments. The 
amount of biotinylated AQP2 obtained in resting cells (Ctr) was set as 100%. **P <0.01; * P<0.05 relative to 
Ctr by 1way Anova/Newman-Keuls Multiple comparison test.
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while Ca2+ entry elicited in presence of 1.0 mM extracellular Ca2+ was significantly increased 
by RGZ 50μM (Fig. 4A). These results suggest that the RGZ-induced increase of intracellular 
Ca2+ is not due to inhibition of the SERCA pump, as previously reported in monocytes cells 

Fig. 3. RGZ increases intracellular [Ca2+] as measured in Fura-2-loaded MCD4 cells. (A) RGZ (20 min, 50 µM, 
n=5) transiently increased intracellular Ca2+ level (278.29% ± 29.60, n=5, 73 cells, P<0.001) when compared 
with the Ca2+-mobilizing agonist ATP (100 µM) used in all the experiments performed as internal control. 
(B) Increasing doses of RGZ (3 min, 20, 50 and 100 µM, n=4, 49 cells) elevated intracellular Ca2+ of about 
69.89%± 20.62, 274.68% ± 46.52, 274.88% ± 51.80, respectively. (C) RGZ-induced increase in intracellular 
Ca2+ was significantly reduced in the absence of extracellular Ca2+ (288.49%±50,14 vs 14.43%±3.48, n=4, 41 
cells). (D) Summary of data. ***P <0.001 vs RGZ 50 μM; n.s. P > 0.05 vs RGZ 50 μM. 

Fig. 4. RGZ activates Ca2+ channels at the plasma membrane as measured in Fura-2-loaded MCD4 cells. (A) 
CPA (20 μM)-induced store emptying in a free Ca2+ extracellular solution was unaffected by 20 min pretreat-
ment with RGZ 50 μM (31.19% ± 5.4 vs 33.95% ± 7.5, n=5, 60 cells). On the other hand, re-addition of ext-
racellular Ca2+ in the continuous presence of CPA elicited a Ca2+ entry that was significantly increased after 
20 min pretreatment wit RGZ 50 μM (41.28%±2.5 vs 67.89% ± 4.3, n=5, 60 cells, P<0.01) (B) RGZ-induced 
increase in intracellular Ca2+ was completely abolished after 10 min pretreatment with 10µM ruthenium red 
10 μM (262.05% ± 30,4 vs 5.08% ± 1.57, n=4, 44 cells, P<0.001).
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[32], rather suggesting the activation of Ca2+ 
channels at the plasma membrane. 

Because several TRP channels are 
expressed in the collecting duct cells, where 
MCD4 cells derive from [33], we examined 
the possible contribution of these pathways 
for Ca2+ influx in the RGZ-induced cytosolic 
Ca2+ increase. Here, pretreatment with the 
nonspecific TRP channels blocker ruthenium 
red (RR, 10 μM) completely abolished RGZ-
induced increase in Fura-2 fluorescence 
ratio (Fig. 4B). These data indicate that a 

Fig. 5. Expression of TRP channels in MCD4 
cells by RT-PCR analysis. Total RNA from MCD4 
and mouse kidney was probed for the presence 
of mRNA coding TRP channels. Strong signals 
for TRPC3, TRPC6, TRPM3, TRPP2, TRPV4 and 
TRPV6 were detected and reported while the 
presence of mRNA for TRPV5 was not detected in 
MCD4 cells. Control RT-PCR was performed using 
primers amplifying mouse b-actin (not shown). 
The TRP amplimers obtained from MCD4 cells 
were the same size as those obtained using mouse 
kidney cDNA as PCR template.

TRP channel-dependent Ca2+ entry pathway is involved in the RGZ-induced intracellular Ca2+ 
increase. 

RT-PCR studies were carried out to evaluate the expression of TRP channels in 
cultured MCD4 cells. The RT-PCR experiments were performed on total RNA extracted from 
confluent MCD4 cells and mouse kidney as positive control (see Table 1 for primers used 
in the reactions). As showed in Fig. 5, MCD4 cells were found to express TRPC3, TRPC6, 
TRPM3, TRPP2, TRPV4 and TRPV6 transcripts. TRPV5 transcript was the only TRP channel 
undetectable in MCD4 cells.

Therefore, we investigated the possible involvement of each isoform of TRP channels 
expressed in MCD4 cells in inducing Ca2+ increase upon exposure to RGZ. At first, perfusion 
with RGZ 50 μM did not alter Fura-2 fluorescence ratio in wild type HEK293 cells, previously 
reported to express functional TRPC 3 and TRPC 6 channels [34-37], suggesting that these 
two channels are likely not involved in the RGZ-induced Ca2+ increase observed in MCD4 (Fig. 
6A).

We thus explored the possibility that the Ca2+-permeable TRPV4 channel, a critical 
determinant of mechanosensitive properties in distal nephron cells [38, 39], might represent 
the Ca2+ entry pathway elicited by RGZ. However, 10 min pretreatment with the TRPV4 
selective inhibitor RN 1734 [40] (10 μM) did not significantly reduce the RGZ induced Ca2+ 
increase measured in Fura 2-loaded cells (Fig. 6B). Same results were obtained with higher 
concentrations of RN 1734 (20 and 50 μM, data not shown). These data indicate that TRPV4 
is not involved in the RGZ induced Ca2+increase. 

Therefore, we investigated the possible role of TRPV6 in the Ca2+-mediated response 
elicited by RGZ. Unfortunately, there is no selective blocker for TRPV6-mediated calcium 
influx available [41, 42], therefore we considered the knockdown approach to uncover the 
role of TRPV6 in mediating the Ca2+ influx responsible of the AQP2 membrane accumulation. 
As shown in Fig. 6C (inset) 48h after transfection with siRNA against TRPV6, TRPV6 mRNA 
was reduced of about 60% in MCD4 cells, compared to control siRNA, as revealed by 
semiquantitative RT-PCR. Ca2+ measurements under this experimental conditions indicated 
that TRPV6 siRNA significantly reduced (of about 65 %) the RGZ-induced increase in Fura-
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2 fluorescence ratio (Fig. 6C). Importantly, the response to ATP, used as internal control 
to quantify intracellular Ca2+ changes, was unaffected by transfection with either TRPV6 
or control siRNA. In line with this partially blunted Ca2+ response, immunofluorescence 
localization of AQP2 showed that the RGZ-induced apical accumulation of AQP2 was 
dramatically inhibited in TRPV6 siRNA-transfected cells but not in ctr siRNA-transfected 
cells (Fig. 6D). 

Discussion

TZDs, synthetic agonists of PPAR-γ are highly beneficial in the treatment of type II 
diabetes. However, they are also associated with fluid retention and edema [43, 44], potentially 

Fig. 6. RGZ increases intracellular [Ca2+] via TRPV6 channel activation as measured in Fura-2-loaded 
MCD4 cells. (A) In Fura-2 loaded-HEK293 cells, RGZ (50 µM, n=4) did not elicit intracellular Ca2+ changes 
when compared with the Ca2+-mobilizing agonist ATP; (B) RGZ-induced increase in intracellular Ca2+ was 
not significantly inhibited by pretreatment with the TRPV4 specific inhibitor RN-1734 (269.45% ± 42,4 vs 
275.18% ± 41.67, n=4, 62 cells, p=n.s.) (C) TRPV6 mRNA was downregulated by specific siRNA (inset). Un-
der this condition the RGZ-induced increase in intracellular Ca2+ measured with respect to those elicited by 
ATP (100%) was significantly reduced (unpaired data, p<0.01) in TRPV6 siRNA-transfected cells (red line, 
83.66% ± 17.39, n=4, 59 cells) compared to control siRNA-transfected cells (black line, 233.44% ± 13.9, n=4, 
62 cells). The data plotted are averaged from all the cells acquired for each condition. Data are expressed 
as mean (squares) ± SE (vertical bars). Note that ATP-induced Fura-2 ratio increase was not significantly 
changed after transfection with TRPV6- or CTR siRNA, respectively (Δ Ratio: 1.77 a.u. ± 0.2 vs 1.94 a.u. ± 
0.2, p=n.s.). (D) MCD4 cells transfected with the Lipofectamine reagent alone (ctr) or in combination with 
TRPV6 siRNA or control siRNA were analyzed 48h after transfection for AQP2 intracellular localization. Af-
ter 30 min of treatment with 50µM RGZ, AQP2 accumulates at the apical plasma membrane in control cells 
(ctr) and ctr siRNA-transfected cells (ctr siRNA). TRPV6 knockdown completely prevented the RGZ-induced 
AQP2 accumulation at the apical plasma membrane. Representative pictures in the xy and xz confocal plans 
from three independent experiments. 
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serious side effects, whose origin is still not 
fully understood. In the last decade many 
works attempted to demonstrate that RGZ 
may activate water and sodium reabsorption 
in the kidney, likely induced by a drop in 
mean arterial blood pressure (MAP) induced 
by RGZ. The aim of those studies was to 
investigate whether Na+ transporters and 
aquaporins, in particular AQP2, might play a 
significant role in the edema formation. 

Song et al. showed that RGZ administra-
tion induced reduction of urine volume and 

Fig. 7. Proposed schematic diagram illustrating RGZ-
induced effect on AQP2 apical membrane expression 
in MCD4 cells. RGZ-induced exposure of AQP2 on the 
apical membrane of MCD4 cells depends on extra-
cellular calcium influx through TRPV6 (black solid 
line). TRPV6 could be activated either by direct in-
teraction with RGZ (red dashed line) or after activa-
tion of nuclear PPAR-γ (green dashed line).

Na+ excretion in Sprague-Dawley rats over a period of 3 days [13]. Interestingly, they mea-
sured a significant protein upregulation of Na+ transporters (Na+-K+-ATPase, NHE3, Na+-Pi2 
and NKCC2), AQP2 and AQP3 after 3 days of RGZ administration. Later on, Chen et al. showed 
that also the PPAR-γ agonist GI262570 upregulated ENaC, Na+-K+-ATPase and AQP2 [45]. In-
terestingly, a time-course analysis of AQP2 abundance at the cell plasma membrane, perfor-
med in Sprague–Dawley rats treated with RGZ, showed that AQP2 unglycosylated band was 
upregulated at day 3of RGZ treatment, followed by return to basal levels at day 5 [23]. This 
effect observed at the plasma membrane suggests that, besides boosting AQP2 transcription, 
RGZ might also activate short-term intracellular mechanisms increasing AQP2 abundance at 
the plasma membrane. 

In this work, we hypothesized that if, in one hand, water retention is an undesirable 
side effect of RGZ therapy, on the other hand, it might be beneficial for those pathological 
conditions characterized by elevated water excretion in the kidney tubule. 

In particular, mutations of the vasopressin type-2 receptor (V2R) severely impair both 
AQP2-mediated water reabsorption and the NKCC2-mediated solute reabsorption, the latter 
responsible for the formation of the cortico-medullary solute gradient in the kidney medulla 
[46]. In fact, both AQP2 and NKCC2 are upregulated in abundance [47-49] and plasma 
membrane expression [50, 51] by AVP. As a consequence of the unpaired AVP signaling, 
the affected subjects are unable to concentrate their urine even during severe dehydration 
or after infusion of exogenous AVP and develop a disease known as nephrogenic diabetes 
insipidus (NDI) characterized by polyuria and hyponatremia[21, 22, 52]. 

In attempt of uncovering a novel RGZ-sensitive intracellular mechanisms promoting 
AQP2 exocytosis for possible future clinical applications, we dissected the signal transduction 
pathways activated by RGZ in cultured renal cells. 

We showed that, in MCD4 cells, 50µM RGZ was as potent as FK in promoting a robust AQP2 
accumulation at the apical plasma membrane. We provided also a number of observations 
that this effect is independent on intracellular cAMP elevations/PKA activation: a) the effect 
of RGZ on AQP2 trafficking is not prevented by incubation with the PKA inhibitor H89, b) 
cAMP intracellular concentrations, as measured by FRET-based probes, are unchanged after 
RGZ treatment, c) RGZ does not increase AQP2 phosphorylation at its PKA consensus site, 
serine 256 [53]. 
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Although AQP2 exocytosis is triggered by PKA-dependent phosphorylation following 
systemic release of the antidiuretic hormone AVP (antidiuresis), over the last decade a 
number of papers uncovered a number of phosphorylation-independent mechanisms 
either occurring under physiological conditions or induced by drugs treatment, leading 
to significant increase of AQP2 at the apical plasma membrane of CD cells [20, 22, 54-59]. 
One of the mechanisms responsible for a significant fusion of AQP2-storage vesicles with 
the apical plasma membrane is an increase of intracellular Ca2+ concentration. In general, 
in neuronal cells or other specialized secretory cells, regulated exocytosis is facilitated by 
a burst of intracellular Ca2+ [60-62]. As for AQP2, we previously showed that in renal cells 
the Ca2+-mobilizing agent ATP stimulates per se a robust accumulation of AQP2 at the apical 
plasma membrane [63].

The evidence that RGZ might impact intracellular Ca2+ homeostasis at different level 
has been previously reported. Lee and co-workers demonstrated that the decreases of 
intracellular Ca2+ transients and Ca2+ stores recorded in diabetes and diabetic hypertensive 
hearts were attenuated by RGZ treatment via enhancement of SERCA2a expression and 
increased reuptake of intracellular Ca2+ after Ca2+ release in rat ventricular myocytes [64, 65].

In addition, incubation for over 5 min with 20 μM RGZ significantly increased basal 
intracellular [Ca2+] levels in isolated peripheral blood monocytes. This increase was not 
apparent until after 5min incubation with RGZ, and levels remained elevated for up to 1 h 
post-exposure, probably indicating a Ca2+leak into the cytoplasm rather than the activation 
of a Ca2+-mediated signaling cascade [66]. More recently, the mechanism underlying this 
effect was identified as a dose-dependent inhibition of SERCA2b [32]. 

In the present study, short time exposure (up to 20 min) to RGZ 50 μM did not inhibit 
the activity of the SERCA pump since CPA-induced store emptying, in a Ca2+-free extracellular 
solution, was not affected by pretreatment with RGZ (Fig. 4A). On the other hand, the fact 
that the capacitive Ca2+ entry induced by re-addition of extracellular Ca2+ in the presence of 
CPA was significantly larger in the presence of RGZ, clearly suggested the activation of an 
additional Ca2+ entry pathway at the plasma membrane. 

In line with this hypothesis, the evidence that in our experiments RR, a nonspecific 
inhibitor of TRP channels completely prevented the RGZ-induced intracellular Ca2+ increase 
(Fig. 4B) and AQP2 translocation at the apical plasma membrane (data not shown), 
suggested that activation of these channels might account for this pleiotropic effect of RGZ. A 
RT-PCT-based screening indicated that multiple members of TRP channels (TRPM3, TRPC6, 
TRPC3, TRPV4, TRPP2 and TRPV6) are expressed in MCD4 cells (Fig. 5). We next performed 
a series of experiments to identify whether one or more of the TRP channels were activated 
by RGZ in renal cells. Majeed and coworkers showed that TRPM3 was potently inhibited by 
high doses of RGZ (IC50, 5-10 μM) in HEK 293 cells [67]. We next evaluated the effect of RGZ 
stimulation on HEK293 cells expressing, together with MCD4 cells, functional TRPC6 and 
TRPC3. However, RGZ did not evoke significant Ca2+ increases in Fura-2 loaded HEK-293 
cells, likely excluding these TRP channels as the putative candidates in the RGZ-induced Ca2+ 
influx also in renal cells (Fig. 6A).

Another possible candidate responsible for the RGZ-induced Ca2+ influx in our cells 
was TRPV4. This channel is endogenously expressed in renal CD cells where it displays a 
mechanosensitive function with activation properties consistent with a molecular sensor 
of both fluid flow and osmolality [38, 68]. Hypotonicity does not directly result in channel 
opening, but rather leads to stimulation of intracellular signaling cascades activating TRPV4 
(for a review see [69]). On the other hand, TRPV4 transduces flow-induced mechanical stimuli 
via a sustained Ca2+ influx in collecting duct cells and other epithelia [69]. Furthermore, 
TRPV4 might form an apical mechanosensitive complex with TRPP2 localized to the primary 
cilium of cultured CD cells working as a sensor reporting velocity of the tubular flow [70]. 
The expression of dominant negative constructs for either TRPV4 or TRPP2 abolished flow-
induced Ca2+ influx in M-1 collecting duct cells [71]. However, our results with increasing 
doses (10, 20 and 50 μM) of the specific blocker RN-1734 excluded the involvement of TRPV4 
(and likely TRPP2) in the RGZ-induced Ca2+ flux in MCD4 cells (Fig. 6B). 
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Finally, we evaluated the role of TRPV6 in RGZ-induced Ca2+ influx. TRPV6, a highly 
selective Ca2+ channel [72], is expressed in distal renal tubules [73]. Interestingly, its 
localization at the apical domain of principal and intercalated cells of the CD, which are not 
generally implicated in active Ca2+ reabsorption, suggests a physiological role that has not 
yet been clarified because to the lack of selective blockers for TRPV6-mediated Ca2+ influx. 
[41, 42]. In our experiments (Fig. 6, C), we found that TRPV6 silencing by siRNA, significantly 
inhibits (of about 65%) the RGZ-induced Ca2+ influx and, in parallel, dramatically blunted the 
RGZ-induced accumulation of AQP2 at the apical plasma membrane in MCD4 cells (Fig. 6D). 

Taken together, the results obtained in this study indicate that in MCD4 cells RGZ 
activates a Ca2+ influx, likely mediated by TRPV6, responsible for increased AQP2 exocytosis 
at the apical plasma membrane. The schematic diagram in Fig. 7 illustrates the supposed 
mechanism of action elicited by short-term exposure to RGZ in MCD4 cells. Here, we cannot 
discriminate whether or not rosiglitazone activates TRPV6 channels with a mechanism that 
involves PPAR-γ. We can only speculate that, according to the fact that RGZ-induced Ca2+ 
increase is extremely fast, RGZ directly interacts with TRPV6. Indeed, RGZ has been proved 
to directly affect several types of ion channels [74-76]. Importantly, RGZ inhibits TRPM3 
and activates TRPC5 channels expressed in HEK 293 cells with a mechanism that does not 
involve PPAR-γ activation but rather a direct interaction with drug binding sites on the 
channels. On the other hand, there is only one evidence that long-term treatment with TZD 
affects voltage-gated Ca2+ currents in cultured hippocampal neurons via direct activation of 
PPAR-γ [77]. 

Overall, RGZ-induced activation of TRPV6 might be responsible for the increased AQP2 
plasma membrane expression observed in vivo in animals treated with RGZ [23]. 

Of note we observed that also Pioglitazone, another member of the TZDs family, induces 
a comparable effect on both AQP2 trafficking and Ca2+ signaling in the same cellular model 
(data not shown).

In conclusion, these results are of great physiological importance as they uncover an 
additional vasopressin-independent mechanism responsible for AQP2 plasma membrane 
expression in renal cells. 

The therapeutic implication of this evidence is that members of the TZDs family 
might be useful to increase AQP2 membrane expression in pathological states caused by 
impairment of AVP signal transduction. We are aware that the doses of RGZ used in this 
study are higher than those prescribed to patients and this might explain why, no one has 
demonstrated a short-term antidiuretic effect of RGZ in animals or humans. Moreover, TZDs 
are often prescribed along with diuretics to lower blood pressure, which might mask the 
possible antidiuretic effect of TZDs. Further experimentation on animal models will help to 
demonstrate the efficacy of TZDs on AQP2 trafficking in vivo.
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