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Abstract

The effects of retinoids on adrenal aldosterone synthase gene (CYP11B2) expression and

aldosterone secretion are still unknown. We therefore examined the effects of nuclear retinoid

X receptor (RXR) pan-agonist PA024 on CYP11B2 expression, aldosterone secretion and

blood pressure, to elucidate its potential as a novel anti-hypertensive drug. We demonstrated

that PA024 significantly suppressed angiotensin II (Ang II)-induced CYP11B2 mRNA expres-

sion, promoter activity and aldosterone secretion in human adrenocortical H295R cells. Human

CYP11B2 promoter functional analyses using its deletion and point mutants indicated that the

suppression of CYP11B2 promoter activity by PA024 was in the region from -1521 (full length)

to -106 including the NBRE-1 and the Ad5 elements, and the Ad5 element may be mainly

involved in the PA024-mediated suppression. PA024 also significantly suppressed the Ang II-

induced mRNA expression of transcription factors NURR1 and NGFIB that bind to and activate

the Ad5 element. NURR1 overexpression demonstrated that the decrease of NURR1 expres-

sion may contribute to the PA024-mediated suppression of CYP11B2 transcription. PA024

also suppressed the Ang II-induced mRNA expression of StAR, HSD3β2 and CYP21A2, a ste-

roidogenic enzyme group involved in aldosterone biosynthesis. Additionally, the PA024-medi-

ated CYP11B2 transcription suppression was shown to be exerted via RXRα. Moreover, the

combination of PPARγ agonist pioglitazone and PA024 caused synergistic suppressive effects

on CYP11B2 mRNA expression. Finally, PA024 treatment significantly lowered both the sys-

tolic and diastolic blood pressure in Tsukuba hypertensive mice (hRN8-12 x hAG2-5). Thus,

RXR pan-agonist PA024 may be a candidate anti-hypertensive drugs that acts via the suppres-

sion of aldosterone synthesis and secretion.
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Introduction

Hypertension has long been recognized as a major risk factor for cardiovascular disease,

stroke, and chronic kidney disease [1]. In 2010, the number of patients with hypertension was

reported to be 31.1% of the world’s adult population (an estimated 1.39 billion people) [2], and

the prevalence has been reported to be increasing, especially in low- and middle-income coun-

tries since 2000 [2]. Blood pressure control is very important to reduce complications and the

mortality risk. In many cases, however, sufficient hypotensive effects are not obtained from

lifestyle modification or popular anti-hypertensive drugs such as angiotensin converting

enzyme inhibitors, angiotensin II (Ang II) receptor blockers (ARBs), thiazide-diuretics and

calcium channel blockers. In particular, approximately 20–30% of hypertensive patients are

estimated to be ‘‘resistant hypertension” in spite of the concurrent use of more than 3 anti-

hypertensive agents [3]. In order to treat the growing number of patients with ‘‘resistant hyper-

tension,” the development of novel antihypertensive drugs are needed.

Retinoids, which are natural and synthetic vitamin A derivatives, regulate a wide range of

biological processes including development, differentiation, proliferation, and apoptosis. Reti-

noids exert their effects through retinoic acid receptors (RARα, β, γ) and retinoid X receptors

(RXRα, β, γ), which are members of the nuclear steroid/thyroid hormone receptor superfamily

[4]. Whereas RARs form a heterodimer with RXRs alone, RXRs form a homodimer or a het-

erodimer with other nuclear receptors including peroxisome proliferator-activated receptors

(PPARs) and liver X receptors (LXRs) as well as RARs, and regulate various transcriptional

activities by binding to the specific DNA response element of the target gene [5].

Various RXR selective agonists, which are also called rexinoids, have recently been developed,

and some of them have shown anti-tumor effects both in vivo and in vitro [4,6–9]. Indeed, bexar-

otene, a novel oral selective RXR agonist, has already been approved for the treatment of refrac-

tory cutaneous T-cell lymphomas (CTCLs) and non-small cell lung cancer (NSCLC) in human

[9,10]. We recently demonstrated that both synthetic RXR pan-agonist HX630 and PA024

induced apoptosis and inhibited proliferation in murine pituitary corticotroph tumor AtT20

cells. We also demonstrated that HX630 inhibited tumor growth in vivo and decreased pro-opio-

melanocortin gene (Pomc) mRNA expression and in vitro. Thus, we provide new evidence that

RXR agonists, especially HX630 could be new therapeutic candidates for Cushing’s disease [11].

Aldosterone, secretion of which is mainly regulated by Ang II and serum potassium, is one of

the most important hormone in the regulation of the systemic blood pressure through the absorp-

tion of sodium and water. Aldosterone production is regulated tightly by selective expression of

aldosterone synthase (CYP11B2) at the regulatory step in the adrenal outer-most zone, the zona

glomerulosa [12,13]. We have previously shown that the PPARγ agonist pioglitazone inhibited

both Ang II- and potassium-mediated aldosterone synthase gene (CYP11B2) transcriptional activa-

tion via Ca2+/calmodulin-dependent kinase (Ca2+-CaM-CaMK) inhibition in H295R cells derived

from human adrenocortical carcinoma [14]. On the other hand, there has been no report showing

the effects of RXR, which is a heterodimer partner of PPAR, on CYP11B2 expression and aldoste-

rone secretion in adrenocortical cells. The objectives of this study are to examine the effects of the

RXR pan-agonist PA024 on CYP11B2 expression, aldosterone secretion, and blood pressure, and

to elucidate its molecular mechanisms for the future innovation of novel anti-hypertensive drugs.

Materials and methods

Reagents

Human angiotensin II (Ang II) was purchased from Sigma (St. Louis, MO). Ang II was dis-

solved in PBS and 0.1% bovine serum albumin (BSA) at 100 μmol/L and stored at -80˚C.
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These stocks were diluted with medium to 100 nmol/L immediately before each experiment.

RXR pan-agonist PA024 was previously described [15,16]. The PPARγ agonist pioglitazone

was purchased from Alexis Biochemicals (Farmingdale, NY, USA). Each drug was dissolved

in DMSO at 10 mmol/L and stored at -20˚C. These stocks were diluted with medium to the

desired concentration immediately before each experiment, keeping the final concentration

of DMSO at 0.1%.

Plasmids

The subcloned chimeric constructs containing the human CYP11B2 genomic DNA and luciferase

cDNA (pGL3-basic, Promega, Madison, WI) [14,17] were used for the transient transfection stud-

ies: -1521/+2-luc (harboring the CYP11B2 5’-flanking region from -1521 to +2 relative to the tran-

scription start site upstream of the luciferase cDNA in pGL3-basic); -747/+2-luc; -135/+2-luc; -106/

+2-luc; -65/+2-luc. β-Galactosidase control plasmid in pCMV (pCMV-β-gal) was purchased from

Clontech (Mountain View, CA). Murine nerve growth factor-induced clone B (NGFIB) and Nur-

related factor 1 (NURR1) cDNA were cloned by PCR from murine pituitary AtT20 cell RNA and

subcloned into the pcDNA3 expression vector (Invitrogen, Carlsbad, CA) (NGFIB-pcDNA3 and

NURR1-pcDNA3). Murine RXRα and RXRβ cDNA previously subcloned into pcDNA1/Amp

expression vector (Invitrogen) (RXRα-pcDNA1/Amp, RXRβ-pcDNA1/Amp) [18] were also used.

Several vectors were mutated using a QuikChange site-directed mutagenesis kit (Stratagene, La

Jolla, CA); NBRE-1 element in -1521/+2-luc from 5’-AAAGGCTA-3’ (-766/-759) to 5’-gAA
ttCTA-3’ (-1521/+2-luc-NBRE-1-mut); Ad5 element in -1521/+2-luc from 5’-GACCTT-3’
(-129/-114) to 5’-GAtaTc-3’ (-1521/+2-luc-Ad5-mut); Ad1/CRE element in -1521/+2-luc from

5’TGACGTGA-3’ (-71/-64) to 5’-gGtaccGA-3’ (-1521/+2-luc-Ad1/CRE-mut) [14,19].

Cell culture

NCI-H295R (H295R) human adrenocortical tumor cells purchased from ATCC (American

Type Culture Collection) were grown with 1:1 mixture of DMEM and Ham’s F12 medium

supplemented with 10% fetal bovine serum (FBS), insulin-transferrin-selenium-G supple-

ments (Invitrogen), 1.25 mg/ml BSA (Sigma), 5.35 mg/ml linoleic acid (Sigma), 100 U/ml pen-

icillin, and 100 mg/ml streptomycin. Cells were cultured in a humidified incubator at 37˚C

with 5% CO2.

Proliferation assay

The cell numbers were counted using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan)

according to the manufacturer’s instructions. Briefly, H295R cells (5×103 cells/well) seeded in

96-well plates were incubated in 100 μl regular media for several days. The cells were then re-

fed with DMEM supplemented with 1% stripped FBS media containing appropriate concen-

trations of PA024. After incubation for 48 h, 10 μl of assay reagent were added onto each well

and the plate was incubated for 4 h at 37˚C, 5% CO2. The generation of colored formazan

product, which was bio-reduced from tetrazolium compound in metabolically active cells, was

assessed optically by measuring the absorbance at 450 nm (reference 600 nm) using a micro-

plate reader. Results are expressed as percentages of control.

Apoptosis assay

Cell apoptosis was estimated using a Homogeneous Caspases Assay, (fluorimetric) kit (Roche,

Mannheim, Germany) according to the manufacturer’s instructions. Briefly, H295R cells

(5×103 cells/well) seeded in 96-well plates were incubated in 100 μl regular media for several
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days. The cells were then re-fed with DMEM supplemented with 1% stripped FBS media con-

taining appropriate concentrations of PA024. After incubation for 48 h, 100 μl of substrate

solution was added onto each well, and the plates were incubated for 2 h at 37˚C, 5% CO2.

Activated caspases (2, 3, 6, 7, 8, 9, and 10) from apoptotic cells were detected by measuring the

fluorescence using a microplate fluorescence reader with a 485 nm excitation filter and 535

nm emission filter. Results are expressed as percentages of control.

RNA isolation and quantitative real-time PCR

When H295R cells were grown to 70% confluence in regular medium in 24-multiwell plates,

they were incubated either without or with PA024 at appropriate concentrations in DMEM

supplemented with 1% stripped FBS media for 24 h. Then the cells were co-treated with 100

nmol/L Ang II for last 6 h. In the overexpression experiments, each expression vector was

transfected for 48 h before treatment with PA024. The cells were then lysed and their total

RNAs were isolated using ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufac-

turer’s instructions. Samples were eluted in RNase-free water (50 μl). The RNA was quantified

by a Nanodrop 2000 (Thermo Scientific, Waltham, MA). Reverse transcription-polymerase

chain reaction (PCR) was performed using Primer script RT master Mix (Takara Bio). Total

RNA was converted to cDNA at 37˚C for 15 min with reverse transcriptase, oligo dT primer

and random 6 mers. Thereafter, Reverse transcription mixtures were subjected to quantitative

real-time PCR (95˚C, 3 min for 1 cycle; 95˚C, 15 s; 60˚C, 10 s; 72˚C, 20 s for 40 cycles for

HSD3β1 and 95˚C, 3 min for 1 cycle; 95˚C, 15 s; 60˚C, 10 s; 72˚C, 20 s for 40 cycles for the oth-

ers) with iQ Supermix (for CYP11B1, CYP11B2, CYP17A1, HSD3β1 and HSD3β2) or iQ SYBR

green Supermix (for others) (Bio-Rad, Hercules, CA) using a DNA Engine thermal cycler

attached to a Chromo4 detector (Bio-Rad). The signals of the samples of interest were then

quantified from the standard curve, and all obtained data were normalized by β-actin in the

human primer and mouse 18S rRNA in the mouse primer. To confirm the amplification speci-

ficity, the PCR products from each primer pair were subjected to a melting curve analysis with

SYBR green. Results are expressed as percentages of each control. The sequences of the prim-

ers and TaqMan probe are shown in Table 1.

Transient transfection and luciferase assay

When H295R cells were grown to 60% confluence in 24-multiwell plates, they were transiently

transfected with 200 ng luciferase reporter plasmids and 100 ng pCMV-β-gal using Lipofecta-

mine LTX and Plus reagent (Invitrogen) for 24 h according to the manufacturer’s instructions.

In the overexpression experiments, 100–300 ng of each expression vector including NGFIB-

pcDNA3, NURR1-pcDNA3, RXRα-pcDNA1/Amp or RXRβ-pcDNA1/Amp were also trans-

fected. The media were changed to DMEM supplemented with 1% resin and charcoal-treated

(stripped) FBS, and the cells were incubated either without or with PA024 at appropriate con-

centrations for 24 h. Then the cells were co-treated with 100 nmol/L Ang II for last 6 h. After

appropriated treatments, they were washed with PBS, and the cell extracts were prepared using

Glo Lysis Buffer (Promega). Luciferase activity was measured using Bright-Glo reagents (Pro-

mega), and β-galactosidase activity was simultaneously measured. Data were normalized by β-

galactosidase activity.

Measurement of aldosterone and cortisol concentration

When H295R cells were grown to 70% confluence in 24-multiwell plates, they were incubated

either without or with 10 μmol/L PA024 for 24 h in DMEM supplemented with 1% stripped

FBS. Next, the media were freshly changed, and the cells were incubated again either without
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or with 10 μmol/L PA024 and 100 nmol/L Ang II for 24 h. The aldosterone and cortisol con-

centrations of the media were thereafter measured by Aldosterone EIA kit (Cayman Chemical,

Ann Arbor, MI, USA) and Cortisol ELISA kit (Cayman Chemical) according to the manufac-

turer’s instructions, respectively. The obtained data were normalized by the protein concentra-

tions measured by Protein Assay Kit (Bio-Rad).

Western blot analyses

When H295R cells were grown to 70% confluence in regular medium in 6 cm dishes, they

were incubated in the presence (10 μmol/L) or the absence of PA024 in DMEM supplemented

with 1% stripped FBS media for 24 h and were co-treated with 100 nmol/L Ang II for the last 6

h. The cells were then harvested and lysed with TNE buffer (20 mmol/L Tris-HCl, 137 mmol/L

NaCl, 2 mmol/L EDTA, 1% NP-40, Protease Inhibitor Cocktail Set III (Calbiochem), pH 7.9).

Thereafter, 10 μg of extracted protein were electrophoresed on a SDS-polyacrylamide gel and

transferred onto PVDF membrane. For the detection of NURR1, the membrane was blocked

with 1% BSA for overnight at 4˚C and probed with the primary antibody for NURR1 (sc-991,

Santa Cruz Biotechnology, Dallas, TX) (diluted at 1:500) for 3 h at room temperature, and was

thereafter incubated with anti-rabbit IgG, horseradish peroxidase (HRP) linked whole anti-

body from donkey (NA934V, GE Healthcare Life Sciences, Pittsburgh, PA) (1:5000) for 1 h at

room temperature. For the detection of actin, the membrane was blocked with 1% BSA for

overnight at 4˚C and probed with the primary antibody for actin (sc-1616, Santa Cruz Biotech-

nology) (diluted at 1:500) for 3 h at room temperature, and was thereafter incubated with anti-

goat IgG, HRP pre-absorbed from donkey (ab97120) (1:5000) for 1 h at room temperature.

Thereafter, the membranes were washed and were visualized using ECL (Bio-Rad). Densito-

metric analyses of the membranes were performed using Image J.

Table 1. Primer and TaqMan probe sequences for real time PCR.

Gene Forward primer (5’-3’) Reverse primer (3’-5’) Product Size (bp)

CYP11B2 GGCAGAGGCAGAGATGCTG CTTGAGTTAGTGTCTCCACCAGGA 71

STAR GCATCCTTAGCAACCAAGAG TCACTTTGTCCCCATTGTCC 63

CYP11A1 TTCCGCTTTGCCTTTGAGTC TGGCATCAATGAATCGCTGG 93

HSD3β1 AGAAGAGCCTCTGGAAAACACATG TAAGGCACAAGTGTACAGGGTGC 127

HSD3β2 GCGGCTAATGGGTGGAATCTA CATTGTTGTTCAGGGCCTCAT 117

CYP21A2 AGACTACTCCCTGCTCTGGA CTCATGCGCTCACAGAACTC 123

CYP17A1 CAGAATGTGGGTTTCAGCCG CTCACCGATGCTGGAGTCAA 150

CYP11B1 GGCAGAGGCAGAGATGCTG TCTTGGGTTAGTGTCTCCACCTG 72

NURR1 AGAGAAGATCCCTGGCTTCG CAAGACCACCCCATTGCAAAA 148

NGFIB CCTGGAGCTCTTCATCCTCC TGTCAATCCAGTCCCCGAAG 125

β-actin CCAACCGCGAGAAGATGACC CCAGAGGCGTACAGGGATAG 97

Mouse RXRα GGCTTCGGGACTGGTAGCC GCGGCTTGATATCCTCAGTG 73

Gene TaqMan probe

CYP11B2 [6-FAM]CTGCACCACGTGCTGAAGCACT[TAMRA6-FAM]

CYP11B1 [6-FAM]TGCTGCACCATGTGCTGAAACACCT[TAMRA6-FAM]

HSD3β1 [6-FAM]CCATACCCACACAGC[NFQ-MGB]

HSD3β2 [6-FAM]TGATACCTTGTACACTTGTGC[TAMRA6-FAM]

CYP17A1 [6-FAM]TCAGTGACCGTAACCGTCTC[TAMRA6-FAM]

STAR, steroidogenic acute regulatory protein; HSD3β1/2, hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 1/2; NURR1,

nuclear receptor related 1 protein; NGFIB, nerve growth factor-induce clone B; Mouse RXRα, mouse retinoid X receptor α

https://doi.org/10.1371/journal.pone.0181055.t001

Effects of PA024 on CYP11B2 expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0181055 August 11, 2017 5 / 22

https://doi.org/10.1371/journal.pone.0181055.t001
https://doi.org/10.1371/journal.pone.0181055


Small interfering RNA

Small interfering RNAs (siRNAs) for RXRα (SI00046144) and negative control siRNA

(1027280) were obtained from Qiagen (Hilden, Germany). H295R cells grown to 50% conflu-

ence in 24-multiwell plates were transiently transfected with 20 pmol siRNAs using Lipofecta-

mine 2000 reagent (Invitrogen) for 48 h according to the manufacturer’s instructions. The

cells were incubated either without or with 10 μmol/L PA024 for 24 h. Then the cells were

treated with 100 nmol/L Ang II for 6 h. Thereafter they were used for quantitative RT-PCR.

Animal experiments

Tsukuba hypertensive mice (THM), which are transgenic mice carrying human renin and

human angiotensinogen genes kindly provided by Dr. Akiyoshi Fukamizu (Tsukuba Univer-

sity) and Riken BRC were used [20]. THM present excessive Ang II production and chronic

hypertension [20]. The mice were housed in temperature- and humidity-controlled cages with

a 12-hour/12-hour light/dark cycle, and given standard chow diet and tap water ad libitum.

Nine-week-old male THM were divided into 2 groups at random (each n = 5) and then admin-

istered either vehicle alone (corn oil) or PA024 (10 mg/kg/day) dissolved with corn oil intra-

peritoneally 3 times a week for 7 weeks. Their body weight (BW), heart rate (HR), systolic

blood pressure (SBP) and diastolic blood pressure (DBP) were monitored once a week

throughout the treatment. BW was measured by an electronic scale (FY-3000, A&D Company,

Tokyo). HR and BP were measured 8 to 12 hours after injection between 14:00–18:00 h by a

programmable sphygmomanometer (BP-98A-L, Softron, Tokyo) using the tail-cuff method

[20]. Unanesthetized mice were introduced into a small holder mounted on a thermostatically

controlled warming plate and maintained at 37˚C during the measurement.

All animal experiments were performed in accordance with the institutional regulations for

animal care of Tohoku University Graduate School of Medicine. The protocol was approved

by the Committee on the Ethics of Animal Experiments of the Tohoku University. Animals

were sacrificed by isoflurane anesthesia, and all efforts were made to minimize suffering.

Measurement of intracellular calcium

H295R cells (4×104 cells/well) seeded in 96-well plates were incubated in 100 μl regular media

for several days. Then they were incubated either without or with PA024 at appropriate con-

centrations in DMEM supplemented with 1% stripped FBS media for 24 h. Thereafter, the

cells were loaded with Fluo4-AM (Dojindo, Kumamoto, Japan; 5 mg/ml) in the presence of

1.25 mmol/l probenecid (Dojindo) and 0.04% Pluronic F-12 (Dojindo) for 1 h. They were then

washed with PBS, and the recording medium containing 1.25 mmol/l probenecid, and Ang II

(100 nmol/L) was added to the media. The change of intracellular calcium was determined by

fluorescent intensity (excitation at 485 nm, emission at 535 nm).

Statistical analysis

All data are presented as mean ± SEM. Statistical analyses were performed with ANOVA fol-

lowed by Fisher’s least significant difference post hoc test.

Results

Effects of PA024 on cell proliferation and apoptosis in H295R cells

We examined the effects of RXR pan-agonist PA024 on H295R cells proliferation using a

WST-8 assay after incubation with various concentrations of PA024 for 48 h. As shown in

Fig 1A, PA024 did not affect the proliferation of H295R cells. We next examined the effects of
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PA024 on the apoptosis of H295R cells by activated caspase assay. There was no significant dif-

ference in the caspase activity between each group (Fig 1B). These data suggest that PA024

treatment is not cytotoxic and does not induce apoptosis.

Effects of PA024 on CYP11B2 mRNA expression, promoter activity and

aldosterone secretion in H295R cells

We examined the effects of PA024 on CYP11B2 mRNA expression and promoter activity in

H295R cells. Ang II treatment significantly increased CYP11B2 mRNA expression and pro-

moter activity in H295R cells. On the other hand, co-treatment with PA024 significantly sup-

pressed Ang II-induced CYP11B2 mRNA expression and promoter activity in a dose-

dependent manner (Fig 1C and 1D), respectively. We next examined the effects of PA024 on

aldosterone secretion from H295R cells to the supernatants. Ang II treatment induced aldoste-

rone secretion as well as mRNA expression and transcriptional activity in H295R cells, but

10 μmol/L PA024 significantly suppressed Ang II-induced aldosterone secretion (Fig 1E).

These data suggest that PA024 negatively regulates Ang II-mediated CYP11B2 transcription,

resulting in the suppression of CYP11B2 mRNA expression and aldosterone secretion in

H295R cells.

Effects of PA024 on the CYP11B2 promoter deletion mutants and point

mutants

To identify the elements in the CYP11B2 promoter involved in the suppression of transcrip-

tional activity by PA024, we first examined the promoter activity of the CYP11B2 5’-flanking

region deletion mutants. The PA024-mediated suppression of the CYP11B2 promoter activity

observed in the 5’-flanking region from -1521/+2 relative to the transcription start site gradu-

ally diminished in parallel with gradual deletions from -1521 to -106 including NBRE-1

(-766/-759), Ad4 (-344/-336) and Ad5 (-129/-114) elements (Fig 2A). There exist three impor-

tant cis-elements for Ang II-induced CYP11B2 expression in the CYP11B2 promoter: NBRE-1,

Ad5 and Ad1/CRE (-71/-64) [12,13,19]. Therefore we next examined the promoter activity of

the CYP11B2 5’-flanking legion point mutants. Although Ad5 mutation affected the suppres-

sion by PA024, NBRE-1 and Ad1 mutations did not affect the suppression (Fig 2B). These data

suggested the possibility that the Ad5 element is involved in the PA024-mediated suppression

of the CYP11B2 promoter activity.

Possible involvement of NURR1 on the PA024-mediated suppression of

CYP11B2 promoter activity via the Ad5 element

There are two transcription factors that act the Ad5 element in the CYP11B2 promoter:

NURR1 and NGFIB [12,13,19]. Therefore, we first examined the effects of PA024 on the

Fig 1. Effects of RXR pan-agonist PA024 on cell proliferation/apoptosis, CYP11B2 mRNA expression/promoter activity, and

aldosterone secretion in H295R cells. Effects of PA024 on proliferation and apoptosis are shown in (A) and (B), respectively. H295R cells

were incubated for 48 h either in the presence (100 nmol/L, 1 μmol/L, 5 μmol/L, 10 μmol/L) or absence (control) of PA024, before each assay.

Results are expressed as percentages of each control. Data represent mean ± S.E.M. (n = 6). n.s.: not significant versus control. (C), total

RNAs extracted from the cells treated with PA024 (the indicated concentration, 24 h) and Ang II (100 nmol/L, 6 h) were examined for CYP11B2

mRNA expression by quantitative real-time PCR. (D), H295R cells transiently transfected for 24 h with CYP11B2-luc (-1521 to +2-luc) and

pCMV-β-gal were treated with PA024 (indicated concentrations, 24 h) and Ang II (100 nmol/L, 6 h), before the luciferase assay. Data represent

mean ± S.E.M. (n = 4), percent of control. (E) and (F), supernatants obtained from the cells treated with PA024 (10 μmol/L, 48 h) and Ang II

(100 nmol/L, 24 h) were examined for aldosterone and cortisol secretion by EIA, respectively. (E), the experiments were performed twice, and

each data set (n = 4) was pooled and shown as one data set (n = 8). Data represent mean ± S.E.M. (n = 8), percent of control. (F), data

represent mean ± S.E.M. (n = 4), percent of control. ***P<0.001, **P<0.01 vs. control, †P<0.05, n.s.: not significant vs. Ang II.

https://doi.org/10.1371/journal.pone.0181055.g001
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NURR1 and NGFIB mRNA expression levels in H295R cells. PA024 significantly suppressed

the Ang II-induced mRNA expression of NURR1 and NGFIB in a dose-dependent manner

(Fig 3A and 3B). Next, we examined the effects of NURR1 and NGFIB overexpression on the

CYP11B2 promoter activity. NURR1 overexpression rescued the PA024-mediated suppression

of the CYP11B2 promoter activity (Fig 3C), whereas NGFIB overexpression did not (Fig 3D).

As shown in Fig 3E, PA024 treatment also significantly decreased Ang II-induced NURR1 pro-

tein expression approximately to 0.4-fold by Western blot analyses. These data indicate the

decrease of Ad5 activation via NURR1 decrease may contribute to the PA024-mediated sup-

pression of CYP11B2 transcription.

Effects of PA024 on mRNA expression of other enzymes involved in

aldosterone synthesis

Aldosterone biosynthesis is regulated by several steroidogenic enzymes group [21]. The

expression of steroidogenic acute regulatory (StAR) protein, which is involved in the transport

of cholesterol into the mitochondria in the early rate-limiting step of aldosterone biosynthesis,

is stimulated by Ang II both in vitro [22–24] and in vivo [25,26]. Ang II also stimulates the

expressions of steroidogenic enzymes, which are involved in subsequent steps of aldosterone

biosynthesis, including cholesterol side-chain cleavage (SCC or CYP11A1) [27], type II 3β-

hydroxysteroid dehydrogenase (HSD3β2) [28], and CYP21A2 [29]. Ang II treatment signifi-

cantly increased mRNA expressions of StAR, HSD3β2 and CYP21A2 in H295R cells, while

10 μmol/L PA024 significantly suppressed Ang II-induced mRNA expressions of these

enzymes (Fig 4A, 4D and 4E). These data suggest that these enzymes may also be involved in

the PA024-mediated suppression of aldosterone synthesis.

Effects of PA024 on CYP11B1 mRNA expression and cortisol secretion

CYP11B1 is involved in cortisol synthesis in the zona fasciculata of the adrenal gland, and its

gene structure is fairly similar to that of CYP11B2 [30]. Therefore, we next examined the effects

of PA024 on CYP11B1 mRNA expression in H295R cells and cortisol secretion from H295R

cells to the supernatant. Ang II treatment significantly increased CYP11B1 mRNA expression

and cortisol secretion in H295R cells. Co-treatment with 10 μmol/L PA024 significantly sup-

pressed Ang II-induced CYP11B1 mRNA expression (Fig 4G), wheareas 10 μmol/L PA024 did

not suppress Ang II-induced cortisol secretion (Fig 1F). These data suggest that PA024 sup-

presses Ang II-induced CYP11B1 mRNA expression, but did not affect the cortisol secretion in

H295R cells.

Involvement of RXRα in the suppressive effect of PA024 on CYP11B2

mRNA expression and promoter activity

We next examined the involvement of RXRα or RXRβ on CYP11B2 and NURR1 mRNA

expression by knockdown using respective small interfering RNA (siRNA). The decrease of

Fig 2. Effects of PA024 on the CYP11B2 promoter deletion mutants and point mutants. (A), effect of

PA024 on the CYP11B2 promoter deletion mutants. Either -1521/+2-luc, -747/+2-luc, -135/+2-luc, -106/

+2-luc, -65/+2-luc, or pGL3-Basic (control plasmid) was transiently transfected for 48 h with pCMV-β-gal into

H295R cells, and the cells were thereafter treated with PA024 (10 μmol/L, 24 h) and Ang II (100 nmol/L, 6 h).

Data represent mean ± S.E.M. (n = 4), percent of -1521/+2-luc control. (B), effect of PA024 on the CYP11B2

promoter point mutants. Either -1521/+2-luc, -1521/+2-luc-NBRE-1-mut, -1521/+2-luc-Ad5-mut, or -1521/

+2-luc-Ad1/CRE-mut was transiently transfected for 48 h with pCMV-β-gal into H295R cells, and the cells

were thereafter treated with PA024 (10 μmol/L, 24 h) and Ang II (100 nmol/L, 6 h). Data represent mean ± S.

E.M. (n = 4), percent of -1521/+2-luc control. ***P<0.001, **P<0.01 vs. Ang II.

https://doi.org/10.1371/journal.pone.0181055.g002
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Fig 3. Possible involvement of NURR1 in the PA024-mediated suppression of CYP11B2 promoter activity via binding to the Ad5

element. (A) and (B), dose-response analyses of the NURR1 and NGFIB mRNA expression. H295R cells were treated with PA024 (indicated
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endogenous RXRα or RXRβ mRNA expression by each siRNA was confirmed by quantitative

real-time PCR (data not shown). Endogenous RXRα knockdown by its siRNA significantly

restored the inhibitory effects of PA024 on CYP11B2 and NURR1 mRNA expression (Fig 5A

and 5B). On the other hand, RXRβ knockdown by its siRNA did not affect inhibitory effects of

PA024 on CYP11B2 or NURR1 mRNA expression (data not shown). Moreover, RXRα overex-

pression significantly augmented the PA024-mediated suppression of CYP11B2 mRNA

expression and promoter activity in a dose-dependent manner (Fig 5C and 5D). The increase

of endogenous RXRα mRNA expression by its overexpression was confirmed by quantitative

real-time PCR (data not shown). These data suggest that the negative regulation of CYP11B2
transcription by PA024 is most likely mediated via RXRα.

Synergistic effects of pioglitazone and PA024 on CYP11B2 mRNA

expression

We next examined the effects of the combination of PPARγ agonist pioglitazone and RXR

pan-agonist PA024 on CYP11B2 mRNA expression. Treatment with either 10 μmol/L pioglita-

zone or 10 μmol/L PA024 significantly suppressed the Ang II-induced CYP11B2 mRNA

expression to approximately 0.65-fold and 0.55-fold, respectively. Moreover, co-treatment

with 10 μmol/L PA024 and 10 μmol/L pioglitazone further suppressed the Ang II-induced

CYP11B2 mRNA expression to approximately 0.25-fold (Fig 6). These data suggest that the

combination of PA024 and pioglitazone causes synergistic suppressive effects on CYP11B2
mRNA expression.

Effects of PA024 on body weight, heart rate and blood pressure in vivo

Finally, we examined the effects of PA024 in vivo. We injected nine-week-old male THM (hRN8-

12 x hAG2-5) with PA024 (10 mg/kg/day) or vehicle intraperitoneally 3 times a week for 7 weeks.

There was no significant difference in BW change before and after treatment between the control

group and the PA024 treated group (Δ2.8±0.12 g versus Δ2.26±0.24 g, P = 0.052) (Fig 7A). There

was also no significant difference in the HR between the two groups after treatment for 7 weeks

(control group: 699±8 /min versus PA024 treated group: 656±13 /min, P = 0.13), although PA024

transiently decreased HR after treatment for 6 weeks (control group: 704±17 /min versus PA024

treated group: 597±15 /min, P = 0.0012) (Fig 7B). On the other hand, PA024 significantly decreased

both SBP and DBP after a few weeks of treatment (Fig 7C and 7D). Their SBP after treatment for 7

weeks was: 134±2 mmHg in the control group and 127±2 mmHg in the PA024 treated group,

respectively. Their DBP after treatment for 7 weeks was: 91±4 mmHg in the control group and 80

±2 mmHg in the PA024 treated group, respectively.

Discussion

There have been few studies showing the relationship between nuclear receptors and CYP11B2
expression or aldosterone secretion in adrenocortical cells. We previously demonstrated sup-

pressive effects of PPARγ agonist pioglitazone on Ang II-mediated CYP11B2 expression and

aldosterone secretion via Ca2+-CaM-CaMK inhibition in H295R cells [14]. On the other hand,

concentrations, 24h) and Ang II (100 nmol/L, 6 h). Data represent mean ± S.E.M. (n = 4), percent of control. ***P<0.001 vs. control, †P<0.05 vs.

Ang II. (C) and (D), effect of NURR1 or NGFIB overexpression on the CYP11B2 promoter activity. H295R cells transiently transfected with

NURR1-pcDNA3, NGFIB-pcDNA3 or pcDNA3 (Mock) for 48 h were treated with PA024 (10 μmol/L, 24 h) and Ang II (100 nmol/L, 6 h),

respectively. Data represent mean ± S.E.M. (n = 4), percent of pcDNA control. ***P<0.001, **P<0.01 vs. Ang II. (E), effect of PA024 on NURR1

protein expression. H295R cells were treated with PA024 (10 μmol/L, 24 h) and Ang II (100 nmol/L, 6 h). Upper panel, NURR1 protein expression

indicated by arrow. Lower panel, actin protein expression indicated by arrow.

https://doi.org/10.1371/journal.pone.0181055.g003
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Pan et al. reported that pioglitazone promoted CYP11B2 expression but nevertheless inhibited

aldosterone production in Ang II-treated human adrenocortical HAC15 cells, a clone of NCI

H295R cells [31]. Therefore, the effect of pioglitazone on CYP11B2 expression is controversial.

Recently, RXR agonists are expected to have therapeutic potential for cancer prevention and

treatment. Indeed several RXR agonists (e.g. LG100268, AGN194204, 9-cis UAB30) were

found to be effective in suppressing tumor development in multiple carcinogenesis models,

including those of breast, skin, pancreas, and prostate [4,6–9]. We also demonstrated that

RXR-selective pan-agonists HX630 and PA024 exerted anti-proliferative and pro-apoptotic

effects in murine pituitary corticotroph tumor AtT20 cells [11]. Furthermore, we confirmed

that HX630 inhibited tumor growth in vivo. However, there has been no report showing the

effects of RXR agonists on CYP11B2 expression or aldosterone secretion in adrenocortical

cells. In the present study, we demonstrated for the first time regarding the suppressive effects

of RXR pan-agonist PA024 on CYP11B2 expression and aldosterone secretion in H295R cells.

Furthermore, we confirmed the hypotensive effect of PA024 in vivo.

The regulatory mechanism of human CYP11B2 expression by Ang II has been elucidated

in detail [12,13,19]. Ang II binds to the angiotensin type 1 receptors (AT1Rs) and activates

Ca2+-CaM-CaMK pathway, inducing the expression of NURR1/NGFIB and, furthermore,

phosphorylates activating transcription factor (ATF) and cyclic AMP response element

binding protein (CREB). NURR1 and NGFIB bind to and activate the NGFIB response ele-

ment (NBRE-1) and Ad5 element, respectively. ATF and CREB bind to and activate the CYP
11B2 consensus cyclic AMP response element (Ad1/CRE). Therefore, CYP11B2 gene expres-

sion is regulated through these three cis-elements (NBRE-1, Ad5 and Ad1/CRE), leading to

aldosterone biosynthesis. In the present study, human CYP11B2 promoter functional analyses

using its deletion/point mutants or NURR1 overexpression indicated that the decrease of Ad5

activation via NURR1 decrease may mainly contribute to the PA024-mediated suppression of

CYP11B2 transcription (Figs 2A, 2B and 3C). A previous study reported that mutation of the

Ad5 site further reduced both NGFIB- and NURR1-stimulated CYP11B2 promoter activities

compared to the mutation of the NBRE-1 element [19], indicating that the Ad5 element is

more important than the NBRE-1 element for CYP11B2 transcription. Therefore, the Ad5 ele-

ment may be more predominant than the NBRE-1 element in the PA024-mediated suppres-

sion of CYP11B2 transcription.

As described above, Ca2+-CaM-CaMK pathway is also involved in the regulation of CYP
11B2 transcription and aldosterone synthesis [32]. Therefore, we examined the effects of

PA024 on this pathway. As shown in Fig 8, PA024 increased the Ang II-mediated intracellular

Ca2+ concentration. From this result, we speculated that the PA024-mediated suppression of

CYP11B2 transcription is not through Ca2+-CaM-CaMK pathway and that PA024 may directly

suppress NURR1 expression or NURR1 binding to the Ad5 element, resulting in the suppres-

sion of CYP11B2 transcription. Indeed, we demonstrated that the PA024-mediated suppres-

sion of NURR1 or CYP11B2 transcription was mediated via RXRα by RXRα overexpression

or knockdown experiments (Fig 5A–5D). Since a half-site of RXRE (AGGTCA) exists on the

NURR1 promoter region, PA024 may suppress NURR1 transcription through this region via

RXRα, although further studies are needed to confirm it. Moreover, since RXRβ knockdown

Fig 4. Effects of PA024 on mRNA expression of other enzymes involved in steroid synthesis. (A)-(G),

total RNAs extracted from the cells treated with PA024 (10 μmol/L, 24 h) and Ang II (100 nmol/L, 6 h) were

examined for mRNA expression of StAR, CYP11A1, HSD3β1, HSD3β2, CYP21A2, CYP17A1 and CYP11B1

by quantitative real-time PCR. Data represent mean ± S.E.M. (n = 4), percent of control, normalized by β-actin

mRNA levels. ***P<0.001 vs. control, †P<0.05 vs. Ang II.

https://doi.org/10.1371/journal.pone.0181055.g004
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Fig 5. Involvement of RXRα in the suppressive effect of PA024 on CYP11B2 mRNA expression and promoter activity. (A) and (B),

effect of RXRα knockdown by its siRNA on the mRNA expression of CYP11B2 and NURR1. H295R cells transiently transfected with siRNA

(negative control or RXRα) for 48 h were incubated either in the presence (10 μmol/L) or absence (control) of PA024 for 24 h and co-treated

with 100 nmol/L Ang II for the last 6 h. Results are expressed as percentages of each Ang II. Data represent mean ± S.E.M. (n = 4). **P<0.01,

*P<0.05 vs. negative control siRNA at 10 μmol/L PA024. (C), effect of RXRα overexpression on the CYP11B2 mRNA expression. H295R cell

transiently transfected with RXRα-pcDNA1/Amp (mRXRα) or pcDNA3 (Mock) for 48 h were incubated either in the presence (10 μmol/L) or

absence (control) of PA024 for 24 h and co-treated with 100 nmol/L Ang II for the last 6 h. Results are expressed as percentages of each Ang

II. Data represent mean ±S.E.M. (n = 4). *P<0.05 vs. pcDNA3 at 10 μmol/L PA024. (D), effect of RXRα overexpression on the CYP11B2

promoter activity. H295R cell transiently transfected with -1521/+2-luc, pCMV-β-gal, and RXRα-pcDNA1/Amp (mRXRα) or pcDNA3 (Mock) for

48 h were incubated either in the presence (10 μmol/L) or absence (control) of PA024 for 24 h and co-treated with 100 nmol/L Ang II for the last

6 h. Results are expressed as percentages of each Ang II. Data represent mean ±S.E.M. (n = 4). ***P<0.001 vs. pcDNA3 at 10 μmol/L

PA024.

https://doi.org/10.1371/journal.pone.0181055.g005
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did not affect the PA024-mediated suppression (data not shown), RXRα may be mainly

involved in the effect.

We also demonstrated that PA024 significantly suppressed Ang II-induced mRNA expres-

sions of StAR, HSD3β2 and CYP21A2, which are a steroidogenic enzyme group involved in

aldosterone biosynthesis in H295R cells (Fig 4A, 4D and 4E). Thus, decrease expressions of

these enzymes may also contribute to the PA024-mediated suppression of aldosterone synthe-

sis. Furthermore, recent studies have shown that HSD3β1 is expressed exclusively in the adre-

nal zona glomerulosa (ZG) [33,34]. and Ang II could stimulate the expression of HSD3β1,

although the effects of HSD3β1 on aldosterone biosynthesis have remained unclear [35].

Therefore, we also examined the effects of PA024 on HSD3β1 mRNA expressions. After 6 h

Ang II treatment, HSD3β1 mRNA expression dramatically increased up to approximately

10-fold over the basal level. However, we could not observe the response of HSD3β1 mRNA

expression by PA024 treatment (Fig 4C).

Both CYP11B1 mRNA expression and cortisol secretion in H295R cells were significantly

increased by Ang II stimulation (Figs 1F and 4G). Previous studies have shown that treatment

with Ang II increased the expression of CYP11B1 mRNA in addition to that of CYP11B2
mRNA [36], and cortisol secretion through a mechanism of the Protein Kinase D activation in

H295R cells [37]. We here demonstrated that PA024 suppressed the Ang II-induced CYP11B1
mRNA expression (Fig 4G). In addition, PA024 suppressed the Ang II-induced mRNA expres-

sions of StAR, HSD3β2 and CYP21A2, which are also involved in cortisol biosynthesis in

H295R cells (Fig 4A, 4D and 4E). However, PA024 did not affect the Ang II-induced cortisol

secretion in H295R cells (Fig 1F). Therefore, the use of PA024 may not induce glucocorticoid

deficiency, and the clinical value of PA024 might not be limited.

Our previous study showed that PPARγ agonist pioglitazone inhibits CYP11B2 mRNA

expression via Ca2+-CaM-CaMK pathway [14]. In this study, we showed that PA024 inhibited

the expression of CYP11B2 through different mechanisms. Therefore, we tested the combina-

tion of PA024 and pioglitazone on CYP11B2 expression. As shown in Fig 6, we demonstrated

that co-treatment with 10 μmol/L pioglitazone and 10 μmol/L PA024 significantly suppressed

Fig 6. Effects of the combination of pioglitazone and PA024 on CYP11B2 mRNA expression in H295R cells. Total

RNAs extracted from the cells treated with combinations of pioglitazone (10 μmol/L, 24 h), PA024 (10 μmol/L, 24 h), and

Ang II (100 nmol/L, 6 h) were examined for CYP11B2 mRNA expression by quantitative real-time PCR. Data represent

mean ± S.E.M. (n = 4), percent of control, normalized by β-actin mRNA levels. ***P<0.001 vs. Ang II, †††P<0.001,
††P<0.01 vs. 10 μmol/L pioglitazone + 10 μmol/L PA024

https://doi.org/10.1371/journal.pone.0181055.g006
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the Ang II-induced CYP11B2 mRNA expression compared to separate administration. Thus,

the combination of PA024 and pioglitazone may cause synergistic suppressive effects on

CYP11B2 mRNA expression via different mechanisms.

Fig 7. Effects of PA024 on body weight, heart rate, and blood pressure in vivo. Nine-week-old Tsukuba hypertensive mice (THM;

hRN8-12 x hAG2-5), which present excessive Ang II production and chronic hypertension, were randomized for injection with either vehicle

(corn oil) or PA024 (10 mg/kg/day) intraperitoneally 3 times a week for 7 weeks. Body weight (A), heart rate (HR) (B), systolic blood

pressure (SBP) (C) and diastolic blood pressure (DBP) (D) were monitored once a week throughout the treatment. Data represent

mean ± S.E.M. (n = 5). **P<0.01, *P<0.05, n.s: not significant vs. control mice at each week-old.

https://doi.org/10.1371/journal.pone.0181055.g007
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We confirmed that PA024 suppressed both SBP and DBP in vivo (Fig 7C and 7D). During

the course, no significant difference was observed in the BW change between the control

group and the PA024 treated group (Fig 7A). On the other hand, PA024 transiently decreased

the HR after treatment for 6 weeks (Fig 7B). There were no deaths in THM-administered

PA024. These data indicate that PA024 may affect not only the BP but also the HR transiently.

RXR has been demonstrated to play an important role in cardiac development. Loss-of-func-

tion mutation of the RXRα gene in the mouse germ line resulted in the hypoplastic

Fig 8. Effects of PA024 on intracellular calcium ion concentration in H295R cells determined by

Fluo4-AM. H295R cells were treated with or without PA024 (10 μmol/L, 24 h). After loading with Fluo4-AM,

cells were treated with 100 nmol/L Ang II, and the fluorescence change was monitored. Data represent mean

(the left panel, n = 6) or mean ± S.E.M. (the right panel, n = 6), fluorescence change from time 0, arbitrary

units. *P<0.05 versus Ang II.

https://doi.org/10.1371/journal.pone.0181055.g008
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development of the ventricular chambers of the heart [38]. The conduction system distur-

bances found in the RXRα homozygous mutant (-/-) embryos may reflect the requirement of

the developing conduction system for the RXRα signaling pathway, or it may be secondary to

the failure of septal development [39]. Zhu et al. recently reported that RXRα agonist bexaro-

tene treatment attenuated myocardial hypertrophy in spontaneously hypertensive rats by

modulating the activation of the liver kinase B1 (LKB1)/AMP-activated protein kinase

(AMPK)/p7056 kinase signaling pathway, which occurs independently of the BP [40].

Although the mechanism(s) involved in the changes of lowering heart rate by PA024 are

unclear, it is at least certain that RXR has an important role in heart development and may

possibly be involved. In this experiment, high-dose bexarotene treatment (100 mg/kg, by oral

gavage once daily for 12 weeks) resulted in a slight increase in aspartate aminotransferase, ala-

nine aminotransferase, and blood urea nitrogen [40]. In other animal experiments showing

suppression of vascular intimal hyperplasia, HX630 treatment (fed 5 or 10 mg/kg/day for 4

weeks) showed no significant alternations in BW, blood chemistry, or blood count [41]. There-

fore, high-dose RXR agonist might be potentially toxic.

In conclusion, we demonstrated that PA024 suppressed Ang II-induced CYP11B2 mRNA

expression and promoter activity in a dose-dependent manner, and aldosterone secretion at its

high concentrations in H295R cells. We also found that the decrease of Ad5 activation via

NURR1 decrease may contribute to the PA024-mediated suppression of CYP11B2 transcrip-

tion. These effects of PA024 were shown to be exerted via RXRα. Furthermore, we confirmed

that PA024 treatment lowered both the SBP and the DBP in male THM presenting chronic

hypertension in vivo. Thus, these results suggest that the RXR pan-agonist PA024 might be a

candidate anti-hypertensive drug that acts via the suppression of aldosterone synthesis and

secretion.

Acknowledgments

We would like to express our thanks to the members of Department of Molecular Endocrinol-

ogy, Tohoku University Graduate School of Medicine for their helpful suggestions and techni-

cal supports. We also acknowledge the Platform Project for Supporting in Drug Discovery and

Life Science Research (Platform for Drug Discovery, Informatics, and Structural Life Science)

from Japan Agency for Medical Research and development (AMED) for helpful supports.

Author Contributions

Conceptualization: Dai Suzuki, Akiko Saito-Hakoda, Ryo Ito, Ikuma Fujiwara, Shigeo Kure,

Sadayoshi Ito, Atsushi Yokoyama, Akira Sugawara.

Data curation: Dai Suzuki, Akiko Saito-Hakoda, Kyoko Shimizu.

Formal analysis: Dai Suzuki, Akiko Saito-Hakoda, Ryo Ito, Kyoko Shimizu, Hiroki Shimada.

Funding acquisition: Akiko Saito-Hakoda, Akira Sugawara.

Investigation: Dai Suzuki, Akiko Saito-Hakoda, Ryo Ito, Kyoko Shimizu, Rehana Parvin, Hir-

oki Shimada, Erika Noro, Susumu Suzuki.

Methodology: Dai Suzuki, Akiko Saito-Hakoda, Atsushi Yokoyama, Akira Sugawara.

Project administration: Akira Sugawara.

Resources: Hiroyuki Kagechika, William E. Rainey.

Supervision: Akiko Saito-Hakoda, Ikuma Fujiwara, Shigeo Kure, Sadayoshi Ito, Atsushi

Yokoyama, Akira Sugawara.

Effects of PA024 on CYP11B2 expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0181055 August 11, 2017 19 / 22

https://doi.org/10.1371/journal.pone.0181055


Validation: Dai Suzuki, Akiko Saito-Hakoda, Kyoko Shimizu.

Visualization: Dai Suzuki, Akiko Saito-Hakoda, Kyoko Shimizu.

Writing – original draft: Dai Suzuki, Akiko Saito-Hakoda, Akira Sugawara.

Writing – review & editing: Dai Suzuki, Akiko Saito-Hakoda, Akira Sugawara.

References
1. Lackland DT, Weber MA (2015) Global burden of cardiovascular disease and stroke: hypertension at

the core. Can J Cardiol 31: 569–571. https://doi.org/10.1016/j.cjca.2015.01.009 PMID: 25795106

2. Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds K, et al. (2016) Global Disparities of

Hypertension Prevalence and Control: A Systematic Analysis of Population-Based Studies From 90

Countries. Circulation 134: 441–450. https://doi.org/10.1161/CIRCULATIONAHA.115.018912 PMID:

27502908

3. Calhoun DA, Jones D, Textor S, Goff DC, Murphy TP, Toto RD, et al. (2008) Resistant hypertension:

diagnosis, evaluation, and treatment. A scientific statement from the American Heart Association Pro-

fessional Education Committee of the Council for High Blood Pressure Research. Hypertension 51:

1403–1419. https://doi.org/10.1161/HYPERTENSIONAHA.108.189141 PMID: 18391085

4. Bushue N, Wan YJ (2010) Retinoid pathway and cancer therapeutics. Adv Drug Deliv Rev 62: 1285–

1298. https://doi.org/10.1016/j.addr.2010.07.003 PMID: 20654663

5. Lefebvre P, Benomar Y, Staels B (2010) Retinoid X receptors: common heterodimerization partners

with distinct functions. Trends Endocrinol Metab 21: 676–683. https://doi.org/10.1016/j.tem.2010.06.

009 PMID: 20674387

6. Altucci L, Leibowitz MD, Ogilvie KM, de Lera AR, Gronemeyer H (2007) RAR and RXR modulation in

cancer and metabolic disease. Nat Rev Drug Discov 6: 793–810. https://doi.org/10.1038/nrd2397

PMID: 17906642

7. Howe LR (2007) Rexinoids and breast cancer prevention. Clin Cancer Res 13: 5983–5987. https://doi.

org/10.1158/1078-0432.CCR-07-1065 PMID: 17947457

8. Liby KT, Yore MM, Sporn MB (2007) Triterpenoids and rexinoids as multifunctional agents for the pre-

vention and treatment of cancer. Nat Rev Cancer 7: 357–369. https://doi.org/10.1038/nrc2129 PMID:

17446857

9. Qu L, Tang X (2010) Bexarotene: a promising anticancer agent. Cancer Chemother Pharmacol 65:

201–205. https://doi.org/10.1007/s00280-009-1140-4 PMID: 19777233

10. Gniadecki R, Assaf C, Bagot M, Dummer R, Duvic M, Knobler R, et al. (2007) The optimal use of bexar-

otene in cutaneous T-cell lymphoma. Br J Dermatol 157: 433–440. https://doi.org/10.1111/j.1365-

2133.2007.07975.x PMID: 17553039

11. Saito-Hakoda A, Uruno A, Yokoyama A, Shimizu K, Parvin R, Kudo M, et al. (2015) Effects of RXR Ago-

nists on Cell Proliferation/Apoptosis and ACTH Secretion/Pomc Expression. PLoS One 10: e0141960.

https://doi.org/10.1371/journal.pone.0141960 PMID: 26714014

12. Bassett MH, White PC, Rainey WE (2004) The regulation of aldosterone synthase expression. Mol Cell

Endocrinol 217: 67–74. https://doi.org/10.1016/j.mce.2003.10.011 PMID: 15134803

13. Hattangady NG, Olala LO, Bollag WB, Rainey WE (2012) Acute and chronic regulation of aldosterone

production. Mol Cell Endocrinol 350: 151–162. https://doi.org/10.1016/j.mce.2011.07.034 PMID:

21839803

14. Uruno A, Matsuda K, Noguchi N, Yoshikawa T, Kudo M, Satoh F, et al. (2011) Peroxisome proliferator-

activated receptor-γ suppresses CYP11B2 expression and aldosterone production. J Mol Endocrinol

46: 37–49. https://doi.org/10.1677/JME-10-0088 PMID: 21106862

15. Takahashi B, Ohta K, Kawachi E, Fukasawa H, Hashimoto Y, Kagechika H (2002) Novel retinoid X

receptor antagonists: specific inhibition of retinoid synergism in RXR-RAR heterodimer actions. J Med

Chem 45: 3327–3330. PMID: 12139443

16. Kagechika H, Shudo K (2005) Synthetic retinoids: recent developments concerning structure and clini-

cal utility. J Med Chem 48: 5875–5883. https://doi.org/10.1021/jm0581821 PMID: 16161990

17. Bassett MH, Zhang Y, Clyne C, White PC, Rainey WE (2002) Differential regulation of aldosterone

synthase and 11β-hydroxylase transcription by steroidogenic factor-1. J Mol Endocrinol 28: 125–135.

PMID: 11932209

Effects of PA024 on CYP11B2 expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0181055 August 11, 2017 20 / 22

https://doi.org/10.1016/j.cjca.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25795106
https://doi.org/10.1161/CIRCULATIONAHA.115.018912
http://www.ncbi.nlm.nih.gov/pubmed/27502908
https://doi.org/10.1161/HYPERTENSIONAHA.108.189141
http://www.ncbi.nlm.nih.gov/pubmed/18391085
https://doi.org/10.1016/j.addr.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20654663
https://doi.org/10.1016/j.tem.2010.06.009
https://doi.org/10.1016/j.tem.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20674387
https://doi.org/10.1038/nrd2397
http://www.ncbi.nlm.nih.gov/pubmed/17906642
https://doi.org/10.1158/1078-0432.CCR-07-1065
https://doi.org/10.1158/1078-0432.CCR-07-1065
http://www.ncbi.nlm.nih.gov/pubmed/17947457
https://doi.org/10.1038/nrc2129
http://www.ncbi.nlm.nih.gov/pubmed/17446857
https://doi.org/10.1007/s00280-009-1140-4
http://www.ncbi.nlm.nih.gov/pubmed/19777233
https://doi.org/10.1111/j.1365-2133.2007.07975.x
https://doi.org/10.1111/j.1365-2133.2007.07975.x
http://www.ncbi.nlm.nih.gov/pubmed/17553039
https://doi.org/10.1371/journal.pone.0141960
http://www.ncbi.nlm.nih.gov/pubmed/26714014
https://doi.org/10.1016/j.mce.2003.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15134803
https://doi.org/10.1016/j.mce.2011.07.034
http://www.ncbi.nlm.nih.gov/pubmed/21839803
https://doi.org/10.1677/JME-10-0088
http://www.ncbi.nlm.nih.gov/pubmed/21106862
http://www.ncbi.nlm.nih.gov/pubmed/12139443
https://doi.org/10.1021/jm0581821
http://www.ncbi.nlm.nih.gov/pubmed/16161990
http://www.ncbi.nlm.nih.gov/pubmed/11932209
https://doi.org/10.1371/journal.pone.0181055


18. Sugawara A, Uruno A, Kudo M, Ikeda Y, Sato K, Taniyama Y, et al. (2002) Transcription suppression of

thromboxane receptor gene by peroxisome proliferator-activated receptor-γ via an interaction with Sp1

in vascular smooth muscle cells. J Biol Chem 277: 9676–9683. https://doi.org/10.1074/jbc.

M104560200 PMID: 11777901

19. Bassett MH, Suzuki T, Sasano H, White PC, Rainey WE (2004) The orphan nuclear receptors NURR1

and NGFIB regulate adrenal aldosterone production. Mol Endocrinol 18: 279–290. https://doi.org/10.

1210/me.2003-0005 PMID: 14645496

20. Fukamizu A, Sugimura K, Takimoto E, Sugiyama F, Seo MS, Takahashi S, et al. (1993) Chimeric renin-

angiotensin system demonstrates sustained increase in blood pressure of transgenic mice carrying

both human renin and human angiotensinogen genes. J Biol Chem 268: 11617–11621. PMID:

8505294

21. Nogueira EF, Xing Y, Morris CA, Rainey WE (2009) Role of angiotensin II-induced rapid response

genes in the regulation of enzymes needed for aldosterone synthesis. J Mol Endocrinol 42: 319–330.

https://doi.org/10.1677/JME-08-0112 PMID: 19158234

22. Clark BJ, Pezzi V, Stocco DM, Rainey WE (1995) The steroidogenic acute regulatory protein is induced

by angiotensin II and K+ in H295R adrenocortical cells. Mol Cell Endocrinol 115: 215–219. PMID:

8824897

23. Cherradi N, Rossier MF, Vallotton MB, Timberg R, Friedberg I, Orly J, et al. (1997) Submitochondrial

distribution of three key steroidogenic proteins (steroidogenic acute regulatory protein and cytochrome

p450scc and 3beta-hydroxysteroid dehydrogenase isomerase enzymes) upon stimulation by intracellu-

lar calcium in adrenal glomerulosa cells. J Biol Chem 272: 7899–7907. PMID: 9065457

24. Betancourt-Calle S, Calle RA, Isales CM, White S, Rasmussen H, Bollag WB (2001) Differential effects

of agonists of aldosterone secretion on steroidogenic acute regulatory phosphorylation. Mol Cell Endo-

crinol 173: 87–94. PMID: 11223180

25. Peters B, Clausmeyer S, Obermuller N, Woyth A, Kranzlin B, Gretz N, et al. (1998) Specific regulation

of StAR expression in the rat adrenal zona glomerulosa. An in situ hybridization study. J Histochem

Cytochem 46: 1215–1221. https://doi.org/10.1177/002215549804601101 PMID: 9774620

26. Lehoux JG, Hales DB, Fleury A, Briere N, Martel D, Ducharme L (1999) The in vivo effects of adrenocor-

ticotropin and sodium restriction on the formation of the different species of steroidogenic acute regula-

tory protein in rat adrenal. Endocrinology 140: 5154–5164. https://doi.org/10.1210/endo.140.11.7101

PMID: 10537144

27. Bird IM, Pasquarette MM, Rainey WE, Mason JI (1996) Differential control of 17 alpha-hydroxylase and

3 beta-hydroxysteroid dehydrogenase expression in human adrenocortical H295R cells. J Clin Endocri-

nol Metab 81: 2171–2178. https://doi.org/10.1210/jcem.81.6.8964847 PMID: 8964847

28. Rainey WE, Naville D, Mason JI (1991) Regulation of 3 beta-hydroxysteroid dehydrogenase in adreno-

cortical cells: effects of angiotensin-II and transforming growth factor beta. Endocr Res 17: 281–296.

PMID: 1652433

29. Bird IM, Mason JI, Rainey WE (1998) Protein kinase A, protein kinase C, and Ca(2+)-regulated expres-

sion of 21-hydroxylase cytochrome P450 in H295R human adrenocortical cells. J Clin Endocrinol Metab

83: 1592–1597. https://doi.org/10.1210/jcem.83.5.4825 PMID: 9589661

30. Mornet E, Dupont J, Vitek A, White PC (1989) Characterization of two genes encoding human steroid

11 beta-hydroxylase (P-450(11) beta). J Biol Chem 264: 20961–20967. PMID: 2592361

31. Pan ZQ, Xie D, Choudhary V, Seremwe M, Tsai YY, Olala L, et al. (2014) The effect of pioglitazone on

aldosterone and cortisol production in HAC15 human adrenocortical carcinoma cells. Mol Cell Endocri-

nol 394: 119–128. https://doi.org/10.1016/j.mce.2014.07.007 PMID: 25038520

32. Condon JC, Pezzi V, Drummond BM, Yin S, Rainey WE (2002) Calmodulin-dependent kinase I regu-

lates adrenal cell expression of aldosterone synthase. Endocrinology 143: 3651–3657. https://doi.org/

10.1210/en.2001-211359 PMID: 12193581

33. Doi M, Takahashi Y, Komatsu R, Yamazaki F, Yamada H, Haraguchi S, et al. (2010) Salt-sensitive

hypertension in circadian clock-deficient Cry-null mice involves dysregulated adrenal Hsd3b6. Nat Med

16: 67–74. https://doi.org/10.1038/nm.2061 PMID: 20023637

34. Doi M, Satoh F, Maekawa T, Nakamura Y, Fustin JM, Tainaka M, et al. (2014) Isoform-specific mono-

clonal antibodies against 3β-hydroxysteroid dehydrogenase/isomerase family provide markers for sub-

classification of human primary aldosteronism. J Clin Endocrinol Metab 99: E257–262. https://doi.org/

10.1210/jc.2013-3279 PMID: 24423300

35. Ota T, Doi M, Yamazaki F, Yarimizu D, Okada K, Murai I, et al. (2014) Angiotensin II triggers expression

of the adrenal gland zona glomerulosa-specific 3beta-hydroxysteroid dehydrogenase isoenzyme

through de novo protein synthesis of the orphan nuclear receptors NGFIB and NURR1. Mol Cell Biol

34: 3880–3894. https://doi.org/10.1128/MCB.00852-14 PMID: 25092869

Effects of PA024 on CYP11B2 expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0181055 August 11, 2017 21 / 22

https://doi.org/10.1074/jbc.M104560200
https://doi.org/10.1074/jbc.M104560200
http://www.ncbi.nlm.nih.gov/pubmed/11777901
https://doi.org/10.1210/me.2003-0005
https://doi.org/10.1210/me.2003-0005
http://www.ncbi.nlm.nih.gov/pubmed/14645496
http://www.ncbi.nlm.nih.gov/pubmed/8505294
https://doi.org/10.1677/JME-08-0112
http://www.ncbi.nlm.nih.gov/pubmed/19158234
http://www.ncbi.nlm.nih.gov/pubmed/8824897
http://www.ncbi.nlm.nih.gov/pubmed/9065457
http://www.ncbi.nlm.nih.gov/pubmed/11223180
https://doi.org/10.1177/002215549804601101
http://www.ncbi.nlm.nih.gov/pubmed/9774620
https://doi.org/10.1210/endo.140.11.7101
http://www.ncbi.nlm.nih.gov/pubmed/10537144
https://doi.org/10.1210/jcem.81.6.8964847
http://www.ncbi.nlm.nih.gov/pubmed/8964847
http://www.ncbi.nlm.nih.gov/pubmed/1652433
https://doi.org/10.1210/jcem.83.5.4825
http://www.ncbi.nlm.nih.gov/pubmed/9589661
http://www.ncbi.nlm.nih.gov/pubmed/2592361
https://doi.org/10.1016/j.mce.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25038520
https://doi.org/10.1210/en.2001-211359
https://doi.org/10.1210/en.2001-211359
http://www.ncbi.nlm.nih.gov/pubmed/12193581
https://doi.org/10.1038/nm.2061
http://www.ncbi.nlm.nih.gov/pubmed/20023637
https://doi.org/10.1210/jc.2013-3279
https://doi.org/10.1210/jc.2013-3279
http://www.ncbi.nlm.nih.gov/pubmed/24423300
https://doi.org/10.1128/MCB.00852-14
http://www.ncbi.nlm.nih.gov/pubmed/25092869
https://doi.org/10.1371/journal.pone.0181055


36. Denner K, Rainey WE, Pezzi V, Bird IM, Bernhardt R, Mathis JM (1996) Differential regulation of 11

beta-hydroxylase and aldosterone synthase in human adrenocortical H295R cells. Mol Cell Endocrinol

121: 87–91. PMID: 8865169

37. Romero DG, Welsh BL, Gomez-Sanchez EP, Yanes LL, Rilli S, Gomez-Sanchez CE (2006) Angioten-

sin II-mediated protein kinase D activation stimulates aldosterone and cortisol secretion in H295R

human adrenocortical cells. Endocrinology 147: 6046–6055. https://doi.org/10.1210/en.2006-0794

PMID: 16973724

38. Sucov HM, Dyson E, Gumeringer CL, Price J, Chien KR, Evans RM (1994) RXRαmutant mice establish

a genetic basis for vitamin A signaling in heart morphogenesis. Genes Dev 8: 1007–1018. PMID:

7926783

39. Dyson E, Sucov HM, Kubalak SW, Schmid-Schonbein GW, DeLano FA, Evans RM, et al. (1995) Atrial-

like phenotype is associated with embryonic ventricular failure in retinoid X receptor alpha -/- mice. Proc

Natl Acad Sci U S A 92: 7386–7390. PMID: 7638202

40. Zhu J, Ning RB, Lin XY, Chai DJ, Xu CS, Xie H, et al. (2014) Retinoid X receptor agonists inhibit hyper-

tension-induced myocardial hypertrophy by modulating LKB1/AMPK/p70S6K signaling pathway. Am J

Hypertens 27: 1112–1124. https://doi.org/10.1093/ajh/hpu017 PMID: 24603314

41. Haraguchi G, Suzuki J, Kosuge H, Ogawa M, Koga N, Muto S, et al. (2006) A new RXR agonist,

HX630, suppresses intimal hyperplasia in a mouse blood flow cessation model. J Mol Cell Cardiol 41:

885–892. https://doi.org/10.1016/j.yjmcc.2006.07.022 PMID: 16963076

Effects of PA024 on CYP11B2 expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0181055 August 11, 2017 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/8865169
https://doi.org/10.1210/en.2006-0794
http://www.ncbi.nlm.nih.gov/pubmed/16973724
http://www.ncbi.nlm.nih.gov/pubmed/7926783
http://www.ncbi.nlm.nih.gov/pubmed/7638202
https://doi.org/10.1093/ajh/hpu017
http://www.ncbi.nlm.nih.gov/pubmed/24603314
https://doi.org/10.1016/j.yjmcc.2006.07.022
http://www.ncbi.nlm.nih.gov/pubmed/16963076
https://doi.org/10.1371/journal.pone.0181055

