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Background and Purpose: We investigated the inhibitory effect and associated

molecular mechanisms of tolvaptan on angiotensin II (AngII)‐induced aldosterone pro-

duction in vitro and in vivo.

Experimental Approach: In vitro, H295R human adrenocarcinoma cells were incu-

bated with 1 μmol·L−1 arginine vasopressin (AVP) or dDAVP, or tolvaptan (0.1, 1,

and 3 μmol·L−1) in the presence and absence of 100 nmol·L−1 of AngII. In vivo,

Sprague–Dawley rats were treated with tolvaptan 0.05% in the diet for 6 days in

the presence and absence of 200 pmol·min−1 AngII.

Key Results: Tolvaptan suppressed AngII‐induced aldosterone production in a

dose‐dependent manner in H295R cells, whereas neither AVP nor dDAVP in the

presence or absence of AngII altered aldosterone production, suggesting the vaso-

pressin V2 receptor was not involved in the inhibitory effect of tolvaptan on aldoste-

rone synthesis. In addition, tolvaptan inhibited the AngII‐induced increase in

aldosterone synthase (CYP11B2) protein levels without suppressing CYP11B2 mRNA

expression. Notably, tolvaptan increased the levels of unfolded protein response

(UPR) marker DDIT3 and eIF2α phosphorylation (a UPR‐induced event), which could

block the translation of CYP11B2 mRNA into protein and thereby inhibit aldosterone

production. In vivo, tolvaptan significantly inhibited AngII‐induced increases in serum

and adrenal aldosterone levels and CYP11B2 protein levels. This anti‐aldosterone

effect was associated with a reduction in the elevated systolic and diastolic BP.

Conclusions and Implications: Tolvaptan inhibited AngII‐stimulated aldosterone

production via a V2 receptor‐independent pathway, which can counteract or even

surpass its potential activating effect of diuresis‐induced aldosterone secretion in cer-

tain aldosterone‐mediated pathological conditions.
1 | INTRODUCTION

Aldosterone, a major mineralocorticoid, the synthesis and secretion of

which is stimulated by angiotensin II (AngII), is normally under the tight
ssin; Cont, control; DBP, diastolic

DNA damage‐induced transcript

ilure; RAAS, renin–angiotensin–

ssin V2 receptor
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regulation of the renin–angiotensin–aldosterone system (RAAS). Aldo-

sterone plays an important role in the pathophysiology of hypertension,

left ventricular hypertrophy, and heart failure (HF). It induces sodium

and fluid retention, myocardial fibrosis, vascular stiffening, endothelial

dysfunction, catecholamine release, and cardiac arrhythmias, all of

which lead to the worsening of HF. Indeed, mineralocorticoid receptor

(MR) antagonists effectively reduce BP in hypertensive individuals

(Souza, Muxfeldt, Fiszman, & Salles, 2010) and improve morbidity and
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What is already known

• The final step of aldosterone production in the adrenal

gland is catalysed by CYP11B2.

• Tolvaptan therapy avoids stimulation of aldosterone

production despite its strong diuretic effect in HF.

What this study adds

• Tolvaptan suppresses adrenal aldosterone production in

response to AngII via an AVP–V2 receptor‐independent

mechanism.

• Tolvaptan attenuated AngII‐induced CYP11B2 protein

synthesis through regulation of posttranscriptional

processes.

What is the clinical significance

• Tolvaptan might have a protective role against

deleterious effects of excess aldosterone produced in

certain pathological conditions.
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mortality in HF patients even if they are already on angiotensin‐

converting enzyme inhibitors or AngII‐receptor blockers (Zannad et al.,

2011; Miller, 2007). Despite their proven clinical efficacy, MR antago-

nists induce a broad range of side effects including hyperkalaemia and

worsening renal function (Grune et al., 2018). Again, conventional

diuretics have been widely used for treating HF, but they activate the

RAAS and adversely affect renal function (Dohi & Ito, 2014).

Tolvaptan , a selective vasopressin V2 receptor antagonist, has been

approved by the U.S. Food and Drug Administration in 2009 for the

treatment of euvolaemic and hypervolaemic hyponatraemia associated

with HF and in Japan for volume overload in HF patients since 2010.

Tolvaptan promotes aquaresis by inhibiting the binding of vasopressin

to the V2 receptor, a process that normally reduces free water clearance

via cAMP‐stimulated aquaporin‐2 translocation into the apical plasma

membrane of the principal cells in the collecting duct of the kidney

(Tamma et al., 2017). Several experimental and clinical trials have shown

the effectiveness of tolvaptan for improving symptoms and decreasing

body fluids in HF patients. Importantly, several experimental (Miyazaki,

Fujiki, Yamamura, Nakamura, & Mori, 2007) and clinical studies

(Boerrigter et al., 2006; Jujo et al., 2016) have reported that tolvaptan

therapy avoids RAAS activation despite its strong diuretic effect in

HF. A recent experimental study in our laboratory has demonstrated

that chronic tolvaptan therapy suppressed plasma aldosterone level in

a rat model of pulmonary arterial hypertension (Goto et al., 2016). How-

ever, the precise effect of tolvaptan on the RAAS, especially under path-

ological conditions in which the adrenals produce more aldosterone in

response to AngII, is not established.

Aldosterone synthesis in the adrenal zona glomerulosa cells is

firmly regulated by the selective expression of the enzyme aldoste-

rone synthase encoded by CYP11B2 (Hattangady, Olala, Bollag, &

Rainey, 2012). Several studies have reported the expression of ectopic

V2 receptors in the adrenal glands (Lee et al., 2005; Louiset et al.,

2008). Moreover, recent experimental studies have strongly

supported the existence of an extrarenal V2 receptor (Juul, Bichet,

Nielsen, & Norgaard, 2014), including in transformed epithelial cells

(North, 2000) and a number of human tumour cell lines (Iannucci

et al., 2011; Noh et al., 2009; Wang et al., 2012). Considering the

above, tolvaptan might have direct effects on adrenal aldosterone pro-

duction via V2 receptor antagonism. Therefore, we investigated the

potential of tolvaptan to affect the regulation of adrenal aldosterone

synthesis and studied the molecular mechanisms using aldosterone‐

producing H295R human adrenocarcinoma cells and an AngII‐induced

hyperaldosterone rat model.
2 | METHODS

2.1 | In vitro studies

2.1.1 | Cell culture

The human adrenocortical carcinoma cell line NCI‐H295R (Cat# CRL‐

2128, RRID:CVCL_0458; Rainey, Bird, & Mason, 1994) was obtained
from the ATCC (American Type Culture Collection, Manassas, VA)

and cultured in DMEM/F12 (1:1) medium supplemented with 2.5%

Nu‐serum, 1% ITS+ premix supplement (insulin, 6.25 mg·ml−1; trans-

ferrin, 6.25 mg·ml−1; selenium, 6.25 ng·ml−1; and linoleic acid,

5.35 mg·ml−1), and antibiotics (penicillin and streptomycin). The cells

were maintained at 37°C in a humidified atmosphere containing air

and carbon dioxide (95%/5%, vol/vol). The H295R cell lines provide

a good in vitro system for the analysis of the human adrenal steroido-

genic pathway at the level of hormone production and gene expres-

sion (Oskarsson, Ulleras, Plant, Hinson, & Goldfarb, 2006).
2.1.2 | RNA isolation, cDNA synthesis, and real‐time
quantitative PCR

Total RNA was extracted from H295R cells using the RNeasy Mini Kit

(Qiagen, Hilden, Germany) according to the manufacturer's protocol.

Purity and integrity of the RNA were checked spectroscopically using

DS‐11 Nanopad (DeNovix®, Wilmington, DE, USA). From each sam-

ple, an equal amount of RNA was reverse transcribed to obtain the

cDNA template using the SuperScript II RT (Invitrogen) following the

manufacturer's protocol. Quantitative real‐time PCR was performed

using the 7300 Real Time PCR Systems (Applied Biosystems).

Amplification was performed with the following time course:

preincubation at 95°C for 10 min, 40–50 cycles of 95°C for 10 s,

60°C for 5 s, and 72°C for 15 s; using a 20 μl total volume consisting

of cDNA, Eagle Taq Master Mix (Roche Molecular Systems, Inc),

primer‐probe mix, and GAPDH. Water instead of cDNA was used as

the negative control (Cont). The mRNA levels were normalized to

the levels of GAPDH housekeeping gene.

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2226
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=368
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=368
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1360
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1360


YUSUF ET AL. 1317BJP
The TaqMan probe sets for human CYP11B2 (Hs01597732_m1)

and GAPDH (Hs99999905_m1) were purchased from Applied

Biosystems. The relative expression values of mRNA were measured

by the 2−ΔΔCt method (Livak & Schmittgen, 2001). Statistical analysis

was then performed by calculating the Ct (cycle‐to‐threshold) values

obtained. ΔCt, correction for loading Cont, is equal to

Cttarget − Ctreference, where reference is the Ct value for GAPDH; ΔΔCt

is calculated as ΔCttreated − ΔCtcontrol.
2.2 | In vivo studies

2.2.1 | Animals

Male Sprague–Dawley (SD) rats (RGD Cat# 12910483, RRID:

RGD_12910483), aged 4 weeks (145–155 g), purchased from Japan

SLC, Shizuoka, Japan, and were housed in single cages (four rats per

cage) with wood‐derived bedding material in a specific pathogen‐free

facility. The animals were allowed free access to tap water and stan-

dard rat chow under controlled temperature (21 ± 1°C) and humidity

(55 ± 2%) with a 12:12‐hr light–dark cycle. All experimental protocols

for the present study were approved by the Mie University Board

Committee for Animal Care and Use (approval number, 29‐2) and con-

ducted strictly in accordance to the National Institutes of Health

Guide for the Care and Use of Laboratory Animals (8th Edition, Insti-

tute for Laboratory Animal Research).

As adrenal aldosterone synthesis is tightly regulated by AngII, we

adopted an AngII‐infused SD rat model to elucidate the effects of

tolvaptan in order to minimize the HF‐related confounding factors

including neurohormonal activation and cardiorenal haemodynamic

alterations. Animal studies are reported in compliance with the

ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman,

2010) and with the recommendations made by the British Journal of

Pharmacology.
2.2.2 | Experimental protocol

Protocol 1: Dose–response analysis of AngII

For the preliminary study, the rats were divided into four groups (n = 5

for each) for a 6‐day treatment with AngII at different doses (0, 20, 60,

and 200 pmol·min−1) dissolved in normal saline. After acclimatization

for 1 week, the rats were anaesthetized using isoflurane (induction

5%, maintenance 2.0–2.5% mixed with 100% oxygen), and blood

was collected from the tail vein at baseline. One week later, the rats

were again anaesthetized with i.p. injection of ketamine (50 mg·kg−1)

and xylazine (10 mg·kg−1) for implantation of a miniosmotic pump

(model 2001; Alzet Durect™ Corp., Cupertino, CA 95014) to infuse

the indicated doses of AngII s.c. on the dorsum of the neck. BP was

measured by a programmable sphygmomanometer (BP‐98AW,

Softron Corp., Tokyo, Japan) using the tail‐cuff method at two time

points: (a) the day before pump implantation and (b) the day before

dissection. At the end of the treatment, the rats were re‐anaesthetized

by continuous isoflurane inhalation, and tail blood was collected in a

serum collection tube. Then a longitudinal incision of the abdominal
wall was performed, and the rats were killed by direct cardiac punc-

ture. The adrenal glands were removed immediately, frozen in liquid

nitrogen, and stored at −80°C until further analysis for CYP11B2

protein‐level measurement by Western blotting.

Protocol 2: Investigation of the effect of tolvaptan on the

responses induced by AngII

In Protocol 2, the rats were divided into four groups (n = 8 each) and

randomized to receive normal saline as vehicle Cont group, AngII

treatment group, vehicle and tolvaptan treatment group, and AngII

and tolvaptan treatment (AngII + tolvaptan) group (Figure S1). After

1‐week of acclimatization, rats were placed individually into the meta-

bolic cages for 24 hr for baseline measurement of urine parameters

and then underwent BP measurement and blood sample collection.

After a 1‐week recovery period, the rats in the AngII and

AngII + tolvaptan groups were surgically implanted with a miniosmotic

pump to infuse 200 pmol·min−1 of AngII. The dose of 200 pmol·min−1

AngII has been selected on the basis of our findings from Protocol 1.

Minipumps containing vehicle alone were implanted into the rats in

the control and tolvaptan groups. In the tolvaptan and AngII + tolvaptan

groups, 0.05% tolvaptan in the diet was started 24 hr after the initia-

tion of AngII infusion, because the pumping of AngII started approxi-

mately 24 hr after implantation (Lu et al., 2015). This dose of

tolvaptan was chosen from our recent (Goto et al., 2016) and previous

(Morooka et al., 2012) studies. Then the rats of all four groups were

individually placed into the metabolic cages, where they had free

access to food and water, for the assessment of fluid and food intake

and urine volume for 24 hr. After 6 days of treatment, the rats

underwent BP measurement. Finally, under continuous isoflurane

anaesthesia, blood was collected from the tail vein, and the adrenal

glands were removed. Blood samples were centrifuged at 1,431× g

for 20 min at 4°C to obtain the blood serum. Aliquots of urine and

serum samples were kept at −20°C and − 80°C, respectively, until fur-

ther analysis. The adrenal glands were kept at −80°C until further anal-

ysis for adrenal aldosterone‐level and CYP11B2 protein‐level

measurement. No animal losses occurred throughout the study period,

and all animals were used for all of the analyses, which were per-

formed by investigators blinded to group assignment. To facilitate this,

the samples were recorded by a technician (R. I., in the Acknowledge-

ments) during collection.
2.2.3 | Aldosterone production analysis

Aldosterone from H295R cells

H295R cells were cultured in 12‐well plates until about 80% conflu-

ence. The medium was then replaced with fresh reduced serum

medium (0.2% Nu‐serum) and incubated for an additional 24 hr (serum

starvation). Then the culture supernatants were replaced with the

reduced serum experimental medium containing vehicle (0.1% DMSO)

and AngII with and without tolvaptan. In some experiments, arginine

vasopressin (AVP) and desmopressin (dDAVP) were used in the pres-

ence and absence of AngII. After 24 hr of incubation, the supernatants

were collected and stored at −80°C.
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Aldosterone from rat adrenal glands

The whole rat adrenal glands were individually homogenized in ice‐

cold RIPA buffer containing 50 mmol·L−1 Tris–HCl, pH 7.4, and with

1 mmol·L−1 NaF, 150 mmol·L−1 NaCl, 10 mmol·L−1 Na4P2O7,

1 mmol·L−1 Na3VO4, 0.25% sodium deoxycholate, 1 mmol·L−1 EDTA,

1% Nonidet P‐40, 1 mmol·L−1 DTT, and 1× protease inhibitor

mixture (Roche). The homogenates obtained were centrifuged at

1,610× g for 15 min at 4°C. The supernatants were collected and

stored at −80°C.

Aldosterone levels in the supernatants from both H295R cells and

rat adrenals were then measured by submitting them to a clinical lab-

oratory testing service (SRL, Tokyo, Japan). Aldosterone levels were

normalized to the total protein content of the respective sample,

which was measured by performing the bicinchoninic acid (BCA) pro-

tein assay using a BCA kit (Pierce Chemical, Rockford, IL, USA).

2.2.4 | Blood serum and urine measurements

Serum and urine electrolytes, urea nitrogen, creatinine, osmolality,

serum aldosterone, and urine total protein were measured by a clinical

laboratory testing service (SRL, Tokyo, Japan). Electrolyte clearance

(E‐Cosm), electrolyte‐free water clearance (E‐CH2O), osmolar clear-

ance (C‐Cosm), and free water clearance (C‐CH2O) were calculated

as follows (Veeraveedu et al., 2008):

E − Cosm ¼ UNa þ UKð Þ × UV∕SNa;

E − CH2O ¼ UV − E − Cosm;

C − Cosm ¼ Uosm∕Sosmð Þ × UV;

C − CH2O ¼ 1 − Uosm∕Sosmð Þ × UV;

where UNa is the urinary sodium concentration, UK is the urinary

potassium concentration, UV is the urine volume, SNa is the serum

sodium concentration, Uosm is the urinary osmolality, and Sosm is

the serum osmolality.

2.2.5 | Western blotting for proteins from H295R
cells and rat adrenal glands

All Western blotting procedures and analysis comply and adhere with

the recommendations on goals and practicalities of immunoblotting in

pharmacology (Alexander et al., 2018).

Proteins from H295R cells

H295R cells incubated for 20–24 hr in 0.1% low‐serum medium

were treated with the appropriate agents as indicated. Cells were

solubilized in ice‐cold RIPA buffer and 1× protease inhibitor mixture

(Roche). The cell lysates were centrifuged, and the supernatants

were mixed with 2× SDS sample buffer and then boiled at 97°C

for 5 min. The proteins were separated through 12.5% SDS‐PAGE

gels and electrophoretically transferred to PVDF membrane (EMD
Millipore, Darmstadt, Germany). The membranes were blocked using

5% non‐fat dry milk for 1 hr and then incubated in 1% non‐fat dry

milk containing human‐specific CYP11B2 antibody (mouse, 1:1,000

dilution), phospho‐ERK and ERK antibodies (rabbit, 1:1,000 dilution),

DDIT3/GADD153/CHOP antibody (mouse, 1:1,000 dilution), (AVPR

V2) V2 receptor antibody (rabbit, 1:500 dilution), and

phospho‐eIF2α (Ser51) and eIF2α antibodies (rabbit, 1:1,000 dilution)

overnight at 4°C with constant rocking. The membranes were fur-

ther incubated for 1 hr at room temperature in 1% non‐fat dry milk

that contained HRP‐conjugated secondary antibodies and then

extensively washed in Tris‐buffered saline containing 0.1% Tween

20. The membranes were stripped and re‐incubated with anti‐β‐actin

antibody (rabbit, 1:10,000 dilution) for normalization. Chemilumines-

cence was performed for visualization using the Amersham ECL

advance Western blotting detection reagent (GE Healthcare Life Sci-

ences, UK). The protein bands were obtained using ImageQuant LAS

4000 (Fuji, Tokyo, Japan), and the signal densities were quantified by

ImageJ software (ImageJ, RRID:SCR_003070; National Institutes

of Health).

Proteins from rat adrenal glands

The whole rat adrenal glands were individually homogenized in ice‐

cold RIPA buffer and 1× protease inhibitor mixture (Roche). The

homogenates obtained were sonicated and centrifuged at 1,610× g

for 15 min at 4°C. The supernatant was collected, and total protein

concentration was measured using a BCA Protein Assay (Pierce

Chemical, Rockford, IL, USA). To the supernatant was added 2×

SDS sample buffer (1:1) and then boiled at 97°C for 5 min. The sam-

ples were then separated on SDS‐PAGE (12.5% gel) and transferred

to PVDF membrane. The membrane was then blocked for 1 hr and

then probed with a rat‐specific CYP11B2 antibody (rabbit, 1:500

dilution) in 1% non‐fat dry milk, overnight at 4°C. This was further

probed with HRP‐conjugated secondary antibody for 1 hr at room

temperature and then washed in Tris‐buffered saline containing

0.1% Tween 20. The membrane was stripped and re‐incubated with

anti‐β‐actin antibody (rabbit, 1:10,000 dilution) for normalization.

The visualization and quantification of bands were performed as

mentioned above for H295R cells.
2.3 | Statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology.

All data are represented as mean ± SD and % change (or fold mean

where appropriate) versus control. Statistical analyses were

performed with one‐way ANOVA, followed by Bonferroni's post hoc

test for multiple comparisons. For the in vivo experiments, repeated

measures ANOVA were performed to analyse haemodynamic, serum,

and urine parameters when appropriate. The post hoc tests were run

only if F achieved P < 0.05 and there was no significant variance

inhomogeneity. In each experiment, n represents the number of

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2016
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separate experiments (in vitro) and the number of rats (in vivo).

Technical replicates were used to ensure the reliability of single

values. A P value <0.05 was considered as statistically significant.

The SPSS version 13.0 (SPSS, RRID:SCR_002865) was used for all sta-

tistical tests.
2.4 | Materials

AngII was purchased from Sigma‐Aldrich (St. Louis, MO, USA), AVP

and 1‐deamino‐8‐D‐arginine vasopressin (dDAVP) from Tocris Biosci-

ence (IO Centre, Bristol, UK), and tolvaptan from Wako Pure Chemical

(Osaka, Japan). DMEM/F12 (1:1) medium was purchased from Gibco

(Invitrogen Life Technologies, Carlsbad, CA, USA). Nu‐serum was

obtained from BD Biosciences (Bedford, MA, USA). Penicillin–

streptomycin was purchased from Sigma‐Aldrich. ITS+ Premix Univer-

sal Culture Supplement was purchased from Discover Labware Inc.

(Bedford, MA, USA). Trypsin–EDTA (0.25%) was obtained from Life

Technologies. Anti‐CYP11B2, clone 41‐17B, mouse monoclonal IgG1k

antibody (Cat# MABS1251, lot# 2782057, RRID:AB_2783793) was

purchased from EMD Millipore (Temecula, CA, USA) and was used

only for the time course analysis of CYP11B2 protein levels by AngII

in H295R cells. The human‐specific mouse anti‐CYP11B2 (Cat#

CYP11B2, RRID:AB_2650562) and the rat‐specific rabbit anti‐

CYP11B2 (Cat# 2066, RRID:AB_2716717) antibodies were generous

gifts from Dr. Celso E. Gomez‐Sanchez (University of Mississippi Med-

ical Center, Jackson, MS). The rabbit anti‐phospho‐ERK (Cat# 9101,

lot# 29, RRID:AB_331646) and total ERK (Cat# 9102, lot# 26, RRID:

AB_330744) and anti‐phospho‐eIF2α (Ser51; Cat# 9721, lot# 15,

RRID:AB_330951) and total eIF2α (Cat# 9722, lot# 15, RRID:

AB_2230924) antibodies were obtained from Cell Signaling Technol-

ogy (Danvers, MA, USA). The mouse anti‐DDIT3/GADD153/CHOP

(Cat# sc‐56107, sample lot# E0918, RRID:AB_783507) antibody was

obtained from Santa Cruz Biotechnology (Dallas, TX, USA). The rabbit

anti‐(AVPR V2) V2 receptor (Cat# ab108145, lot# GR68616‐6, RRID:

AB_10892181) antibody was purchased from Abcam (Cambridge,

MA, USA). The rabbit anti‐β‐actin (Cat# A5441, RRID:AB_476744)

antibody was obtained from Sigma. The HRP‐conjugated donkey

anti‐rabbit (Cat# NA934, RRID:AB_772206) and sheep anti‐mouse

(Cat# NA9310‐1 ml, RRID:AB_772193) secondary antibodies were

obtained from GE Healthcare UK Ltd.
2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander,

Christopoulos, et al., 2017; Alexander, Fabbro, et al., 2017; Alexander,

Kelly, et al., 2017).
3 | RESULTS

3.1 | In vitro results

3.1.1 | Tolvaptan inhibited AngII‐induced aldoste-
rone production in H295R cells

AngII stimulated aldosterone production in a concentration‐

dependent manner in H295R cells (Figure 1a), and this was consis-

tent with results reported previously (Romero, Plonczynski, Vergara,

Gomez‐Sanchez, & Gomez‐Sanchez, 2004). Tolvaptan at 0.1, 1, and

3 μmol·L−1 effectively and dose‐dependently inhibited AngII‐induced

aldosterone production (Figure 1b). To analyse the responses of V2

receptor agonists in adrenal steroidogenesis, we treated the H295R

cells with 1 μmol·L−1 AVP or dDAVP in the presence and absence

of AngII (100 nmol·L−1); both treatments had no effect on aldoste-

rone production (Figure 1c), suggesting an AVP–V2 receptor‐

independent effect of tolvaptan in the reduction of AngII‐induced

aldosterone levels.
3.1.2 | Effect of tolvaptan on AngII‐induced
CYP11B2 mRNA and protein expression in H295R
cells

CYP11B2 mRNA expression was significantly increased by the stimu-

lation with 100 nmol·L−1 AngII, and the maximum level was observed

at 12 hr (Figure 2a). This result was in agreement with those reported

previously (Felizola et al., 2014; Romero et al., 2004). There was a ten-

dency for AngII‐induced CYP11B2 mRNA expression to be increased

by tolvaptan at all the indicated doses, but this was not significant

(Figure 2b). Even 24 hr after the treatment with tolvaptan (1 μmol·L−1),

no significant effect on AngII‐induced CYP11B2 mRNA expression was

observed (Figure S2).

As shown in Figure 2c, 100 nmol·L−1 AngII increased CYP11B2

protein levels in a time‐dependent manner up to 24 hr. Addition of

tolvaptan at 0.1, 1, and 3 μmol·L−1 to the AngII‐treated cells signifi-

cantly suppressed CYP11B2 protein levels stimulated by AngII in a

dose‐dependent fashion (Figure 2d). The inhibitory effect of tolvaptan

on AngII‐induced aldosterone production, therefore, can simply be

explained by its ability to inhibit AngII‐induced CYP11B2 protein syn-

thesis. We considered whether toxic effects of tolvaptan, if any, were

responsible for the reduction of protein levels obtained in our experi-

ment. However, the trypan blue cell viability assay (Figure S3a) and

the MTT test (Figure S3b) results showed that tolvaptan did not affect

the total number of viable cells and consequently the proliferation of

H295R cells, suggesting no cytotoxic effect of tolvaptan. The results

that tolvaptan inhibited AngII‐induced CYP11B2 protein levels with-

out affecting its mRNA expression levels indicate that tolvaptan might

have an inhibitory role in the translational processes requiring

CYP11B2 protein synthesis, which can be largely responsible for the

inhibition of aldosterone production.

http://www.guidetopharmacology.org


FIGURE 1 Effects of tolvaptan and arginine vasopressin (AVP)/1‐deamino‐8‐D‐arginine vasopressin (dDAVP) on angiotensin II (AngII)‐induced
aldosterone production in H295R cells. (a) Dose‐dependency of AngII on aldosterone production. Cells were stimulated with AngII at the
indicated doses for 24 hr. (b) Effect of tolvaptan on AngII‐induced aldosterone production. Cells were pretreated with tolvaptan at the
indicated doses for 30 min and then stimulated with 100 nmol·L−1 AngII for 24 hr. (c) Effect of 1 μmol·L−1 AVP or dDAVP on aldosterone
production with and without 100 nmol·L−1 AngII for 24 hr. Results are shown as mean ± SD (n = 5 separate experiments performed in
duplicate). †P ˂ 0.05 versus Cont; *P ˂ 0.05 versus AngII
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3.1.3 | Effect of tolvaptan on AngII‐induced ERK and
eIF2α phosphorylation and DDIT3 protein expression
in H295R cells

To figure out the possible mechanisms by which tolvaptan inhibits

aldosterone production, we analysed the AngII‐response pathway in

adrenal steroidogenesis. Using Western blot analysis, we assessed

the effect of tolvaptan on the phosphorylation levels of ERK, a down-

stream molecule of the AngII signalling cascade (Nakamura, Felizola,

Satoh, Fukaya, & Sasano, 2014; Spat & Hunyady, 2004). Cells were

treated by tolvaptan (0, 0.1, 1, and 3 μmol·L−1) for 30 min and then

stimulated with 100 nmol·L−1 AngII for 5 min. As shown in Figure 3a,

AngII stimulation increased the phosphorylation level of ERK, and

this level was not affected by tolvaptan treatment. We also checked

for a longer treatment period (24 hr) with tolvaptan, but the result

remained the same as with the shorter (30 min) incubation period (data

not shown). These data indicate that the effect of tolvaptan to inhibit

aldosterone production is not mediated through the ERK pathway.

To test the potential regulatory effect of tolvaptan on the protein

translation process of CYP11B2, we verified the effect of tolvaptan

on DDIT3 protein expression and eukaryotic initiation factor 2α

(eIF2α) phosphorylation by Western blot analysis. DDIT3 (also known

as G1 arrest and DNA damage 153) encodes the protein C/EBP

homologous protein (CHOP) and is a transcription factor known to

be induced by endoplasmic reticulum (ER) stress. Induction of the ER

stress activates multiple pathways to initiate the unfolded protein
response (UPR), which triggers eIF2α phosphorylation (a UPR‐induced

event that inhibits global protein translation) in an attempt to amelio-

rate the ER protein load (Pan et al., 2014). As shown in Figure 3b, the

DDIT3 protein levels were significantly increased by tolvaptan only at

high concentration, whereas the lower concentrations of tolvaptan

and AngII had no significant effect on it. tolvaptan also significantly

increased the expression levels of phospho‐eIF2α (Figure 3c), although

AngII had no effect on eIF2α phosphorylation. These results suggest

that tolvaptan could have attenuated CYP11B2 translation and

subsequently inhibited the aldosterone biosynthesis, likely in part by

promoting the UPR and subsequent inhibition of global protein trans-

lation initiation via eIF2α phosphorylation.
3.2 | In vivo results

3.2.1 | Effect of AngII on aldosterone and CYP11B2
protein levels as well as BP in rats

In Protocol 1, serum aldosterone levels (Figure 4a) and systolic BP

(SBP; Figure 4c) showed no differences among the groups at baseline.

Although SBP was significantly elevated by AngII treatment at

20 pmol·min−1 and further increased dose dependently (Figure 4c),

significant elevations of serum aldosterone levels (Figure 4a) and adre-

nal CYP11B2 protein expression (Figure 4b) with AngII infusion were

observed only at 200 pmol·min−1 AngII. Therefore, the dose of

200 pmol·min−1 AngII was used in Protocol 2.



FIGURE 2 Effects of tolvaptan on CYP11B2 mRNA and protein expressions in H295R cells stimulated with angiotensin II (AngII). (a) Time course
of the increase in CYP11B2 mRNA expression by AngII. Cells were treated with 100 nmol·L−1 AngII for the indicated periods, and CYP11B2 mRNA
expression was measured by quantitative real‐time PCR. (b) Effect of tolvaptan on AngII‐induced CYP11B2 mRNA expression. Cells were
pretreated with tolvaptan at the indicated doses for 30 min and then stimulated with AngII for 12 hr. (c) Time course of the increase in
CYP11B2 protein levels induced by AngII. Cells were incubated with 100 nmol·L−1 AngII for the indicated periods, and CYP11B2 protein level
was analysed by Western blotting (antibody used: Millipore). Upper, representative immunoblots; lower, relative quantification of protein
expression. (d) Effect of tolvaptan on AngII‐induced CYP11B2 protein levels. Cells were pretreated with tolvaptan at the indicated doses for
30 min and then stimulated by 100 nmol·L−1 AngII for 24 hr. CYP11B2 protein level was analysed by Western blotting (antibody used: Dr
Celso E. Gomez‐Sanchez). Upper, representative immunoblots; lower, relative quantification of protein expression (n = 5 separate experiments
performed in duplicate). Results are shown as mean ± SD. †P ˂ 0.05 versus Cont; *P ˂ 0.05 versus AngII

FIGURE 3 Effects of tolvaptan on angiotensin II (AngII)‐induced ERK and eIF2α phosphorylation and DDIT3 protein expression in H295R cells.
ERK phosphorylation (a). Cells were pretreated with tolvaptan at the indicated doses for 30 min and then stimulated with 100 nmol·L−1 AngII for
5 min. The phosphorylation level of ERK was analysed by Western blotting. Upper, representative immunoblots; lower, relative quantification of
protein expression. (b) Effect of tolvaptan on DDIT3 protein expression levels. Cells were pretreated with tolvaptan at the indicated doses for
30 min and then stimulated with 100 nmol·L−1 AngII for 24 hr. DDIT3 protein level was analysed by Western blotting. Upper, representative
immunoblots; lower, relative quantification of protein expression. eIF2α phosphorylation (c). Cells were pretreated with tolvaptan at the
indicated doses for 30 min and then stimulated with 100 nmol·L−1 AngII for 24 hr. The phosphorylation level of eIF2α was analysed by
Western blotting. Upper, representative immunoblots; lower, relative quantification of protein expression. Results are shown as mean ± SD
(n = 5 separate experiments) and expressed as fold over control. †P ˂ 0.05 versus Cont; *P ˂ 0.05 versus AngII
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FIGURE 4 Effects of angiotensin II (AngII) on aldosterone production, CYP11B2 protein expression, and systolic BP (SBP) in Sprague–Dawley
rats. Rats were treated with AngII at the indicated doses. Results are shown as mean ± SD (n = 5 rats per group). (a) Dose‐dependency of
effect of AngII on aldosterone production. †P ˂ 0.05 versus all other AngII‐treated groups. (b) CYP11B2 protein levels were analysed by Western
blotting in whole adrenal tissue homogenates. Upper, representative immunoblots; lower, relative quantification of protein expression. †P ˂ 0.05
versus AngII 0 and 20 pmol·min−1. (c) Dose dependency of effect of AngII on SBP elevation. †P ˂ 0.05 for AngII versus corresponding baseline
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3.2.2 | Effect of tolvaptan on the responses induced
by AngII in rats

In Protocol 2, there were no significant differences in the metabolic,

serum, and urine parameters at baseline among the four groups (Cont,

AngII, tolvaptan, and AngII + tolvaptan; data not shown). The effects

of tolvaptan on these parameters in rats treated with or without AngII

are shown in Table 1. The AngII group had greater urine volume and

water intake than the Cont group, and the tolvaptan and

AngII + tolvaptan groups showed greater increases in these parame-

ters with the highest results being seen in the tolvaptan group during

the first 24 hr. Serum urea nitrogen and creatinine levels were higher

in the AngII and AngII + tolvaptan groups compared with the Cont and

tolvaptan groups. Serum sodium and chloride levels were significantly

lower only in the AngII group, whereas serum potassium levels were

similar in the four groups. Serum osmolality was higher in the

AngII + tolvaptan group than in all other groups. A 24‐hr total urinary

protein was greater in the AngII and AngII + tolvaptan groups than in

the Cont and tolvaptan groups and the highest in the AngII group.

Urine osmolality was lower, and E‐CH2O and C‐CH2O were higher

in the tolvaptan and AngII + tolvaptan groups than in the Cont and

AngII groups. There were no significant differences in E‐Cosm and

C‐Cosm among the four groups.

AngII stimulated serum aldosterone and adrenal CYP11B2 pro-

tein levels as well as adrenal aldosterone production 10.44 ± 5.37‐

fold (P < 0.05), 2.32 ± 0.41‐fold (P < 0.05), and 5.44 ± 2.34‐fold

(P < 0.05), respectively, compared with the Cont group. tolvaptan
treatment significantly reduced serum aldosterone levels (% inhibi-

tion was 42.70 ± 16.16% vs. AngII, P < 0.05), adrenal CYP11B2

protein levels (% inhibition was 32.33 ± 10.29% vs. AngII,

P < 0.05), and adrenal aldosterone levels (% inhibition was

60.45 ± 24.32% vs. AngII, P < 0.05) induced by AngII (Figure 5a–c,

respectively), whereas tolvaptan given to the normal rats did not

have a significant effect on these parameters compared with the

Cont group (Figure 5a–c). Histological analysis of the treated rat

adrenal tissues stained with haematoxylin and eosin showed no

appreciable changes in the treatment groups compared with the

Cont group (data not shown).

Baseline BP (Figure 6a,b) and heart rate (Figure 6c) among the four

groups were similar. AngII infusion markedly elevated SBP (from Cont

group 114 ± 6 mmHg to AngII group 248 ± 21 mmHg, P < 0.05) and

diastolic BP (DBP; from Cont group 85 ± 6 mmHg to AngII group

188 ± 28 mmHg, P < 0.05). In contrast, SBP (196 ± 20 mmHg,

P < 0.05 vs. AngII; Figure 6a) and DBP (144 ± 25 mmHg, P < 0.05

vs. AngII; Figure 6b) in the AngII + tolvaptan group were significantly

lower than those in the AngII group but were higher than those in

Cont and tolvaptan groups. None of the treatments affected the heart

rate (Figure 6c).
4 | DISCUSSION

The present study firstly demonstrated that tolvaptan significantly

suppressed AngII‐induced aldosterone production both in vitro in



TABLE 1 Metabolic, serum, and urine parameters in rats with or without treatment with tolvaptan for 6 days in the absence or presence of AngII
stimulation

Parameters Cont AngII Tolv AngII + Tolv

Metabolic

Body weight (g) 180 ± 14.7 164 ± 6.4 205.9 ± 20.4† 198.3 ± 21.3*

Urine volume (ml·day−1) 9.15 ± 0.9 31.6 ± 9† 118.3 ± 6.5† 84.7 ± 13†*

Food intake (g·day−1) 16.9 ± 1.5 11.1 ± 2.7† 15.75 ± 1.2 12.85 ± 3.44†

Water intake (ml·day−1) 22.9 ± 2.3 40.6 ± 8.5† 142 ± 13.1† 99 ± 20.5†*

Serum

Urea nitrogen (mmol·L−1) 5.4 ± 1.1 11.5 ± 3.2† 5.7 ± 0.6 9.2 ± 2.7†

Creatinine (μmol·L−1) 24.1 ± 4.1 34.7 ± 5.3† 29.9 ± 2.4 32.7 ± 5.2†

Na (mmol·L−1) 140.1 ± 1.7 134.6 ± 4.7† 140.6 ± 2.5 139.6 ± 3.95*

Cl (mmol·L−1) 106.3 ± 2.4 97.6 ± 3.8† 107 ± 2.88 103.4 ± 3.1*

K (mmol·L−1) 6.9 ± 0.37 7.66 ± 0.8 6.6 ± 0.67 6.9 ± 0.77

Osmolality (mOsm·kg−1 H2O) 294.6 ± 3.2 295 ± 4.73 297 ± 3.42 303.9 ± 4†,*

Urine

Total protein (g·L−1) 0.11 ± 0.06 0.97 ± 0.56† 0.08 ± 0.05 0.24 ± 0.18*

Urea nitrogen (mmol·L−1) 775.3 ± 162.9 133.5 ± 51.0† 57.8 ± 27.0† 91.2 ± 41.5†

Creatinine (μmol·L−1) 4291.9 ± 780.8 997.4 ± 431.2† 460.9 ± 220.8† 583.4 ± 162.8†

Na (mmol·L−1) 162.7 ± 12.8 24.1 ± 9.7† 21.1 ± 7.1† 13.6 ± 3.3†

Cl (mmol·L−1) 200.9 ± 18.8 48.9 ± 23.3† 25.6 ± 12.5† 19 ± 3.2†,*

K (mmol·L−1) 323.5 ± 41.3 60.8 ± 32.5† 30.2 ± 16.7† 31.4 ± 9.6†

Osmolality (mOsm·kg−1 H2O) 1905 ± 369.7 601 ± 381† 211.4 ± 125.9† 228 ± 44†,*

E‐Cosm (ml·day−1) 31.9 ± 2.4 20 ± 10.7 43.4 ± 20.8 27.68 ± 7.24

E‐CH2O (ml·day−1) −22.8 ± 2.4 11.6 ± 12† 74.9 ± 20.9† 57 ± 11.7†*

C‐Cosm (ml·day−1) 58.9 ± 11.5 59 ± 34.6 84 ± 49.9 65.1 ± 13.6

C‐CH2O (ml·day−1) −49.7 ± 11.4 −27.4 ± 36.2 34.3 ± 49.7† 19.6 ± 12.9†,*

Note. Results are shown as mean ± SD (n = 8 rats per group). Cont: control; AngII: angiotensin II; Tolv: tolvaptan; E‐Cosm: electrolyte clearance; E‐CH2O:

electrolyte‐free water clearance; C‐Cosm: osmolar clearance; C‐CH2O: free water clearance.
†P ˂ 0.05 versus Cont group.

*P ˂ 0.05 versus AngII group.
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H295R human adrenocarcinoma cells and in vivo in rats, which was

mediated by inhibiting AngII‐induced CYP11B2 protein production

via V2 receptor‐independent pathway.

Aldosterone is one of the major drivers of cardiovascular diseases

including HF. Several experimental (Miyazaki et al., 2007) and

clinical studies (Boerrigter et al., 2006; Jujo et al., 2016) have

reported that tolvaptan therapy avoids RAAS activation despite its

strong diuretic effect in HF. Importantly, a recent experimental study

performed in our laboratory has demonstrated that chronic tolvaptan

therapy suppressed plasma aldosterone levels in a rat model of

pulmonary arterial hypertension (Goto et al., 2016). These results

indicate that tolvaptan might have the potential to suppress aldoste-

rone synthesis independently of the cardiorenal haemodynamic

condition.

In our study, aldosterone production was not influenced by the V2

receptor agonists AVP and dDAVP, an active synthetic analogue of

the naturally occurring neurohypophyseal hormone AVP, regardless

of AngII stimulation. Moreover, to clarify the specificity of V2 receptor
signalling, we intended to examine the existence of V2 receptor, if any,

in H295R cells. However, the Ct value of V2 receptor mRNA was

undetected by quantitative real‐time PCR, and the V2 receptor protein

specific bands by Western blotting were extremely low or even not

identified in H295R cells (Figure S4). On the basis of the result of

the present study, we speculated that the effect of tolvaptan on the

inhibition of AngII‐induced aldosterone production might have been

mediated by an AVP–V2 receptor‐independent pathway. In addition,

tolvaptan had no effects on AngII‐induced ERK phosphorylation, a

downstream molecule of the AngII signalling cascade, indicating that

tolvaptan inhibited aldosterone production stimulated by AngII in an

ERK‐independent pathway.

The underlying molecular mechanisms of tolvaptan in the inhibi-

tion of AngII‐induced aldosterone synthesis were further investi-

gated using the H295R cell line. The inhibition of AngII‐induced

CYP11B2 protein levels by tolvaptan occurred without affecting its

mRNA expression, suggesting that tolvaptan posttranscriptionally

controls CYP11B2 protein synthesis. Taking this into account, we



FIGURE 5 Effects of tolvaptan (Tolv) on serum aldosterone and adrenal CYP11B2 protein levels as well as adrenal aldosterone production in
Sprague–Dawley rats treated with angiotensin II (AngII). Rats were treated with tolvaptan in the presence and absence of 200 pmol·min−1 AngII.
Results are shown as mean ± SD (n = 8 rats per group). Effects of tolvaptan on AngII‐induced serum aldosterone (a) and CYP11B2 protein levels
(b, upper, representative immunoblots; lower, relative quantification of protein expression) and adrenal aldosterone production (c). †P ˂ 0.05 versus
Cont group; *P ˂ 0.05 versus AngII group; $P ˂ 0.05 versus tolvaptan group

FIGURE 6 Effects of tolvaptan (Tolv) on BP and heart rate (HR) in Sprague–Dawley rats treated with angiotensin II (AngII). Rats were treated with
tolvaptan in the presence and absence of 200 pmol·min−1 AngII. Results are shown as mean ± SD (n = 8 rats per group). Effects of tolvaptan on
AngII‐induced systolic BP (SBP; a), diastolic BP (DBP; b), and HR (c). †P ˂ 0.05 versus Cont group; *P ˂ 0.05 versus AngII group; $P ˂ 0.05 versus
Tolv group
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hypothesized that the suppressive effects of tolvaptan on AngII‐

induced CYP11B2 protein and aldosterone levels might be a result

of the ability of tolvaptan to attenuate CYP11B2 mRNA translation

and consequently a reduction in aldosterone production. Importantly,

an earlier study reported that pioglitazone inhibited CYP11B2 pro-

tein levels and aldosterone production in AngII‐treated HAC15

human adrenocortical carcinoma cells, a clone of NCI H295R cells,

likely by blocking global protein translation initiation through DDIT3

(CHOP) and phospho‐eIF2α (Pan et al., 2014). The phosphorylation

of eIF2α at serine 51 is the best characterized mechanism for the

regulation of mRNA translation. The eIF2α phosphorylation inhibits
global protein synthesis and is generally considered a rate‐limiting

step in mRNA translation (Kimball, 1999; Wek, 2018). In the present

study, tolvaptan indeed significantly increased DDIT3 (the UPR

marker) protein expression levels and the phosphorylation levels of

eIF2α (a UPR‐induced event that inhibits global protein translation).

These results suggest that tolvaptan attenuated CYP11B2 translation

and subsequently inhibited aldosterone production, likely in part by

interrupting the global protein translation initiation through DDIT3

and eIF2α activation. On the other hand, a previous study suggested

that CYP11B2 enzyme activity can be posttranslationally controlled

by protein phosphorylation (Lisurek & Bernhardt, 2004). Therefore,
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besides translation inhibition, we cannot ignore the possibility of

some of the complex processes of posttranslational modifications

including methylation, O‐linked glycosylation, and ubiquitination,

affecting protein synthesis (Bober, Murray, Parker, & Van Eyk,

2018). Further investigations are needed to explore the possible

involvement of the aforementioned processes.

Consistent with the results obtained from in vitro experiments,

tolvaptan suppressed AngII‐induced aldosterone production and

CYP11B2 protein expression levels in SD rat model. In the

early phase (first 24 hr) in rats, AngII enhanced diuresis and

promoted proteinuria secondary to increased glomerular capillary

pressure and glomerular injury. The addition of tolvaptan to the

AngII‐treated rats further increased the urine volume with increases

in free water clearance. Tolvaptan reduced the urine protein, presum-

ably due to BP reduction in the renal arteries. Importantly, the serum

potassium levels in all groups remained unchanged. These results are

in agreement with previous findings (Morooka et al., 2012; Yamazaki

et al., 2012). As aldosterone production is regulated primarily by AngII

and potassium levels, this result suggests that tolvaptan suppressed

the AngII‐induced CYP11B2 protein and serum and adrenal aldoste-

rone levels independently of the serum potassium concentration.

Although previous clinical studies have reported that tolvaptan

maintains or only mildly reduces BP in HF (Matsue et al., 2016;

Suzuki et al., 2013; Watanabe et al., 2012), we demonstrated that

tolvaptan administered in the diet to the AngII‐treated rats signifi-

cantly attenuated AngII‐induced increases in SBP and DBP, whereas

the normal rats remained unaffected. As tolvaptan therapy led to

body weight gain due to increased water intake despite its strong

diuretic effect in both the presence and the absence of AngII, BP‐

lowering effect of tolvaptan could be mediated through adrenal

aldosterone production inhibition but not through intravenous vol-

ume depletion. Indeed, tolvaptan reduced both BP and circulating

aldosterone level only in the presence of AngII in our experimental

model. These results were consistent with previous studies, which

revealed that BP elevation to exogenous AngII is associated with

an increase in circulating aldosterone level (Fielitz et al., 2012;

Neves, Amiri, Virdis, Diep, & Schiffrin, 2005; Neves, Virdis, &

Schiffrin, 2003) in rats.

A very recent study has demonstrated that AngII–salt‐induced

MR–epithelial sodium channel (ENaC)–AngII type 1 (AT1) receptor

signalling in the brain increases circulating aldosterone levels and

thereby contributes to severe hypertension (Lu et al., 2018). On

the other hand, tolvaptan reduced ENaC abundance (Miranda, Lee,

Chou, & Knepper, 2014). Thus, one possible explanation for the

effect of tolvaptan on the inhibition of AngII‐induced aldosterone

production would be the disruption of this pathway; this needs fur-

ther investigation, as tolvaptan could prevent AngII–aldosterone‐

mediated hypertension by suppressing the ENaC activity. Consider-

ing the above, we presumed that tolvaptan prevented AngII‐induced

increase in BP possibly via its inhibitive effect on AngII‐mediated

aldosterone production in our experimental model.

Our study has several limitations, such as (a) we have focused only

on the adrenal aldosterone production, although its synthesis has also
been reported in minor quantities in other organs, such as blood ves-

sels and the heart in certain pathological conditions (Lemarie, Paradis,

& Schiffrin, 2008; Yamamoto et al., 2002). (b) We did not analyse the

cardiac function and/or cardioprotective effect, if any, of tolvaptan. (c)

we did not compare the effect of tolvaptan on electrolyte disturbance,

renal haemodynamics, and neurohormonal activation with other

diuretics. The main strengths of this study include (a) preparation of

positive Cont to validate the exact molecular size of human CYP11B2

for Western blotting (Figure S5) and (b) the results of the in vitro study

are complemented by in vivo study.

In conclusion, our study demonstrates that tolvaptan inhibited

AngII‐stimulated aldosterone production in cultured H295R cells and

in vivo in rats. The anti‐aldosterone effect of tolvaptan occurred as a

result of inhibition of CYP11B2 protein synthesis in response to AngII.

Interestingly, tolvaptan suppressed the AngII‐induced CYP11B2

protein levels without affecting its mRNA expression. Thus, we

conclude that the effect of tolvaptan could have been mediated by

inhibiting the AngII‐induced increases in CYP11B2 protein, at least in

part through a posttranscriptional mechanism.
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