JPET Fast Forward. Published on February 1, 2021 as DOI: 10.1124/jpet.120.000365
This article has not been copyedited and formatted. The final version may differ from this version.

A novel mitochondrial complex of P450c11AS, StAR and Tom22
synthesizes aldosterone in the rat heart

Himangshu S. Bose1,5*, Randy M. Whittal2, Brendan Marshall3, Maheshinie Rajapaksha1, Ning Ping
Wang1, Madhuchanda Bose4, Elizabeth W. Perry3, Zhi-Qing Zhao1, Walter L. Miller6

Biomedical Sciences, Mercer University School of Medicine, Savannah, GA 31404

2

Department of Chemistry, University of Alberta, Edmonton AB, Canada T6G 2G2

3

Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University, GA

4

Innovation Center, University of Florida, Gainesville, FL

5

Anderson Cancer Institute, Savannah, GA 31404

6

Department of Pediatrics and Center for Reproductive Sciences, University of California San Francisco,

San Francisco, CA 94143-0556

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

1

JPET Fast Forward. Published on February 1, 2021 as DOI: 10.1124/jpet.120.000365
This article has not been copyedited and formatted. The final version may differ from this version.

Running Title: Aldosterone synthesis in the heart

*

Corresponding author: Himangshu S. Bose, Mercer U School of Medicine, Memorial University Medical

Center, Hoskins Research Building, 1250 East 66th Street Savannah, GA 31404, Email:
bose_hs@mercer.edu

Other information on this page
Number of Text pages: 26

Number of References: 73
Number of Figures: 7
Number of text pages in the Supplemental Section: 2
Number of figures in the Supplemental section: 2
Number of words: Abstract -246, Introduction -636, Results -2423 and discussion - 1040

Abbreviations:
kDa: kiloDalton; MW: Molecular weight; g: Microgram; StAR: Steroidogenic acute regulatory protein
P450c11AS: Aldosterone synthase; ACE: Angiotensin Converting Enzyme; ZG: Zona Glomerulosa
DOC: deoxycorticosterone; OMM: outer mitochondrial membrane; IMM: outer mitochondrial membrane

Key words: Aldosterone; Angiotensin II, Cardiac Stress; Cytochrome P450; CYP11B2; Mitochondria;
Mitochondrial Translocase; Tom22, P450c11AS; Steroid; Steroidogenic Acute Regulatory Protein

2

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

Number of Tables: 3

JPET Fast Forward. Published on February 1, 2021 as DOI: 10.1124/jpet.120.000365
This article has not been copyedited and formatted. The final version may differ from this version.

ABSTRACT
Aldosterone, which regulates renal salt retention, is synthesized in adrenocortical mitochondria in
response to angiotensin II. Excess aldosterone causes myocardial injury and heart failure, but potential
intra-cardiac aldosterone synthesis has been controversial. We hypothesized that the stressed heart might
produce aldosterone. We used blue native gel electrophoresis, immunoblotting, protein crosslinking, coimmunoprecipitations and mass spectrometry to assess rat cardiac aldosterone synthesis. Chronic infusion
of angiotensin II increased circulating corticosterone levels 350-fold and induced cardiac fibrosis. AngII
doubled, and telmisartan inhibited, aldosterone synthesis by heart mitochondria, and cardiac production of

mitochondrial translocase receptor), and the intramitochondrial form of the steroidogenic acute regulatory
protein (StAR); protein crosslinking and co-immunoprecipitation studies showed these three proteins
form a 110-kDa complex. In steroidogenic cells, extramitochondrial (37-kDa) StAR promotes cholesterol
movement from the outer to inner mitochondrial membrane where P450scc (cholesterol side-chain
cleavage enzyme) converts cholesterol to pregnenolone, thus initiating steroidogenesis, but no function
has previously been ascribed to intramitochondrial (30-kDa) StAR; our data indicate that
intramitochondrial 30-kDa StAR is required for aldosterone synthesis in the heart, forming a tri-molecular
complex with Tom22 and P450c11AS. This is the first activity ascribed to intramitochondrial StAR, but
how this promotes P450c11AS activity is unclear. The stressed heart did not express P450scc, suggesting
that circulating corticosterone (rather than intracellular cholesterol) is the substrate for cardiac aldosterone
synthesis.

Thus,

the stressed

heart

produced aldosterone using

a

previously

undescribed

intramitochondrial mechanism that involves P450c11AS, Tom22 and 30-kDa StAR.
Significance Statement
Prior studies of potential cardiac aldosterone synthesis have been inconsistent. We show that the stressed
rat heart produces aldosterone by a novel mechanism involving P450c11AS, Tom22 and
intramitochondrial StAR apparently using circulating corticosterone as substrate. This study establishes
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aldosterone synthase (P450c11AS). Heart aldosterone synthesis required P450c11AS, Tom22 (a
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that the stressed rat heart produces aldosterone, and, for the first time, identifies a biological role for
intramitochondrial 30-kDa StAR.

INTRODUCTION
Aldosterone, synthesized in mitochondria of adrenal zona glomerulosa (ZG) cells, is the principal
mineralocorticoid regulating renal sodium retention, thus influencing serum sodium, intravascular
volume, and arterial blood pressure. Adrenal aldosterone synthesis is regulated by serum potassium, by
the renin/angiotensin system, by corticotropin (Hattangady et al., 2012), and may also be induced by

decapeptide angiotensin I from angiotensinogen, then angiotensin converting enzyme (ACE) in the
vasculature cleaves angiotensin I to the octapeptide angiotensin II (AngII). Four G-protein-coupled
angiotensin receptors have been described (AT1-4), but AngII acts primarily via AT1 to stimulate
production of phosphatidylinositol, mobilize intracellular and extracellular Ca++, and activate signaling
via protein kinase C and the calcium-calmodulin system. Activation of AT1 directly stimulates
aldosterone production and arteriolar constriction, both raising blood pressure (Murphy et al., 1991; de
Gasparo et al., 2000; Karnik et al., 2015). Aldosterone binds to the mineralocorticoid receptor, activating
expression of genes involved in renal sodium and water reabsorption and potassium release.
Hyperaldosteronism causes hypertension and cardiac fibrosis, a common cause of death (Gewirtz and
Dilsizian, 2017). Although AT1 is found in the heart (Burson et al., 1994; Gasc et al., 1994) and its
cardiac-specific over-expression in transgenic mice causes ventricular hypertrophy and heart failure
(Paradis et al., 2000), it appears that aldosterone, rather than AngII, is principally responsible for
myocardial injury (Rocha et al., 2000; Rocha et al., 2002; Cannavo et al., 2019).
In the adrenal, only ZG cells express AT1 (Jöhren et al., 2003; Premer et al., 2013) and aldosterone
synthase (P450c11AS, CYP11B2) (Gomez-Sanchez et al., 2014), the mitochondrial enzyme specifically
required for aldosterone synthesis (Curnow et al., 1991; Ogishima et al., 1991; Kawamoto et al., 1992). In
ZG cell mitochondria, cholesterol is converted to progesterone by the sequential actions of the cholesterol
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leptin (Huby et al., 2015). Renin, a serine protease secreted by renal juxtaglomerular cells, liberates the
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side-chain cleavage enzyme (P450scc, CYP11A1) and 3-hydroxysteroid dehydrogenase, type 2 (HSD3B2),
then progesterone is 21-hydroxylated to deoxycorticosterone (DOC) by 21-hydroxylase (P450c21,
CYP21A2) in the endoplasmic reticulum (ER). DOC must re-enter the mitochondria where P450c11AS on
the inner mitochondrial membrane (IMM), catalyzes the three reactions (11-hydroxylation, 18hydroxylation, 18-methyl oxidation) that convert DOC to aldosterone (Miller and Auchus, 2011; Bose et al.,
2020). Steroid-modifying 11-hydroxysteroid dehydrogenase, type 2 (HSD11B2) is found in rodent and
human heart (Walker et al., 1991; Lombes et al., 1995; Slight et al., 1996), and low levels of aldosterone
have been reported in rat heart (Silvestre et al., 1998; Takeda et al., 2000). Furthermore, mRNAs for

human heart, and mRNA for P450c11AS was found in the aorta and fetal human heart, but not the adult
heart (Kayes-Wandover and White, 2000). Nevertheless, controversy remains about cardiac steroidogenesis
(Casal et al., 2003; Ye et al., 2005; MacKenzie et al., 2012). The steroidogenic acute regulatory protein
(StAR), which facilitates the rapid delivery of cholesterol from the outer mitochondrial membrane (OMM) to
P450scc on the matrix side of inner mitochondrial membrane (IMM) in the adrenals and gonads (Lin et al.,
1995; Bose et al., 2020) is also found in acutely stressed mouse heart (Anuka et al., 2013a; Anuka et al.,
2013b). However, the heart lacks P450scc (Anuka et al., 2013b and this paper), hence the role of cardiac
StAR cannot be to increase mitochondrial cholesterol influx to serve as substrate for aldosterone synthesis.
AngII-induced hypertension and cardiac fibrosis are associated with locally upregulated AT1
receptor in the heart (Robert et al., 1999; Schnee and Hsueh, 2000; Murphy et al., 2015); suppressing the
metabolism or action of aldosterone using an ACE inhibitor, an AT1 receptor blocker, or aldosterone
receptor antagonist will reduce hypertension, cardiac hypertrophy, and fibrosis. To determine if the
chronically stressed heart can synthesize aldosterone, we studied cardiac P450c11AS, the rate-limiting
enzyme in aldosterone metabolism, in rats receiving constant infusion of AngII.
Materials and Methods
Animals
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P450scc, HSD3B2, P450c21, 11-hydroxylase (P450c11, CYP11B1), and HSD11B2 are found in adult
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We used our previously described rat model (Zhang et al., 2015). Male Sprague-Dawley rats (Envigo,
Indianapolis, IN, USA) weighing 200±10 g were kept in a 12-hour light/dark cycle, 60% humidity and
temperature-controlled environment with standard rat chow and water ad libitum. The experimental protocols
used in this study were approved by the Institutional Animal Care and Use Committee of Mercer University
(IACUC number #A1707013). The current study was performed on rats that received implantation of osmotic
minipumps. To avoid tissue injury induced by angiotensin II infusion with minipumps, but not associated with
minipump perfusion, in separate control group, minipumps were implanted and saline was infused via the
minipumps for the same length of time as the experimental rats received AngII. This specific group is defined

On the day of minipump implantation, rats were anesthetized in the morning with an intraperitoneal
injection of a mixture of ketamine (90 mg/kg) and zylaxine (10 mg/kg), skin was swabbed with povidoneiodine and alcohol, and an incision was made between the scapulae. An osmotic minipump (Model 2004,
ALZET, Cupertino, CA, USA) was inserted into the pocket (Zhang et al., 2015). Prior to implantation, the
pumps were incubated overnight at 37ºC with 0.9% sterile saline. Thirty-six rats (6 in each group described
below) were randomly assigned to six groups: i) 2-week control (sham); these animals received osmotic pumps
delivering saline for 2 weeks; ii) 4-week control; iii) 2 weeks AngII infusion; these animals received
subcutaneous AngII (Sigma) at a rate of 500 ng/kg/min; iv) 4 weeks Ang II (delivered as above); v) 2 weeks
AngII plus telmisartan (Boehringer Ingelheim, Ridgefield CT) by gastric gavage at a dose of 10 mg/kg/day
starting on the second day after AngII minipump implantation; vi) 4 weeks of AngII plus telmi (delivered as
above) (Fig. 1A). The aforementioned experiment with 36 rats was done four separate times (144 rats). The
solution containing telmisartan was directly administered into the stomach of rats via an oral gavage. A
stainless steel bulb tipped gavage needle that is attached to a syringe was used to deliver the drug into the
stomach. Gavage needles come in rat size and length. The half-life of telmisartan is approximately 24 hours
when it is taken by mouth (Benson et al., 2004). At the end of the experiment, rats were euthanized with an
over-dose of anesthesia. No rats were lost during the experiments. The hearts were removed immediately
and washed in cold Krebs-Henseleit solution (118 mM NaCl. 4.7 mM KCl, 1.2 mM MgSO4, 1.25 mM CaCl2,
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1.2 mM KH2PO4, 10 mM HEPES pH 7.4, 25 mM NaHCO3, 11.1 mM glucose). The left ventricle was obtained
after removal of both atria and the free wall of the right ventricle. The left ventricular weight was determined
as the sum of the free left ventricular wall weight and the interventricular septal weight, where the average
weight of the heart was 5.2± 0.5 grams. Tissues were then frozen in liquid nitrogen, and stored at −80°C until
use. Usually 0.1-0.2 gram of heart tissue was washed with PBS, incubated with 10 mM HEPES buffer pH 7.4,
homogenized with 20 up and down stokes in a hand-held glass Dounce homogenizer, and the mitochondria
were harvested and purified following our published procedures (Prasad et al., 2017; Bose et al., 2019).
Cell culture

cultured as monolayers in 15 cm gelatin-coated plastic dishes in Dulbecco's modified Eagle's medium
supplemented with fetal calf serum (10% [vol/vol]), glutamine (2mM), essential amino acids (1%), and
penicillin-streptomycin (100×) under a humidified atmosphere of 5% CO2 at 37°C. COS-1 cells and mouse
Leydig MA-10 cells were maintained as described, without modification (Prasad et al., 2017).

The medium

was replaced with fresh medium every 2 days. Cells were treated with 50 nM human AngII for 24 h
[solubilized in water]. Cells co-treated with telmisartan were first stimulated with AngII for 12 h followed by
incubation with 20M telmisartan solubilized in DMSO for an additional 12 h. StAR expression in H9c2 cells
was knocked down via siRNA following transfection with equal amounts of the oligonucleotides (Forward 5´GGAGAGUCAGCAGGACAAUtt-3´

and

Reverse

5´-AUUGUCCUGCUGACUCUCCtt-3´)

using

oligofectamine (Thermo Fisher) as previously described (Bose et al., 2008; Bose et al., 2019).
Immunohistochemistry and Masson's trichrome staining
Immunohistochemistry was performed on formalin-fixed and paraffin-embedded tissue. Tissue
sections (6 µm) obtained with a Leica RM2135 microtome were dewaxed in xylene and rehydrated through
graded alcohols. The sections were incubated overnight with primary antibodies, including a rabbit polyclonal
anti-StAR antibody (Bose et al., 1999) [1:3000], a mouse monoclonal anti-Tom22 (Santa Cruz Biotech)
[1:100], and our high titer rabbit polyclonal anti-P450c11AS antibody (Adams and Bose, 2012) [1:2000]. The
slides were then incubated with a biotinylated horse-anti-rabbit IgG or anti-mouse IgG [1:5000]
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Laboratories), stained using the ABC-peroxidase kit or ABC-AR (alkaline phosphatase, Vector Laboratories),
and visualized with a 3,3’-diaminobenzidine tetrahydrochloride or alkaline phosphatase substrate kit (Sigma).
The quality of the immunohistochemical assay was controlled by either elimination of the primary antibody or
incubating the tissue with a non-immune IgG. The expression of StAR, Tom22, and P450c11AS in the
intracardiac vessels and intermyocardium was compared among groups using computer-assisted morphometry
(400x magnification, ImageJ, NIH). Masson's trichrome staining was used to identify myocardial fibrosis
through blue collagen staining. Images captured from eight randomized high-powered fields per tissue section
were selected to determine the positively-stained collagen areas as m2 (400x magnification, ImageJ, NIH).

Newman-Keul’s post hoc test was used to analyze group differences in the intensity of western blot bands and
the expression of immnohistochemial results for multiple comparisons using SigmaPlot (Systat Software Inc.,
CA, USA). A p value < 0.05 was accepted as statistically significant.
Tissue Usage and Preservation of Organelles
To perform the biochemical experiments, including BN-PAGE and chemical crosslinking, we
prepared the mitochondria immediately after completion of the rat experiments. For immune-EM
experiments, a small section of the heart tissue was stored in an electron microscopy fixative buffer (Cat No#
15713; Electron Microscopy Sciences, Hatfield, PA). The remainder of the whole heart (about 5-7 grams) was
snap frozen in liquid nitrogen and then stored at -80°C. For determining aldosterone synthetic capacity, we
determined activity from the mitochondria isolated from the rat heart immediately after completing animal
experiments. We compared activity from frozen and fresh tissue, but did not find any difference between the
two preparations (Acin-Perez et al., 2020). The remaining mitochondria from the tissue sections were not
snap-frozen but stored directly at -80°C to avoid membrane rupture due to sudden temperature shock. Fresh
mitochondria from the H9c2 cells were isolated as described (Bose et al., 2002; Pawlak et al., 2011;
Rajapaksha et al., 2016) immediately following completion of AngII or cAMP stimulation with and without
telmisartan and used for in-vivo chemical cross-linking experiments.
Transmission electron microscopy (TEM).
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Heart tissues were fixed overnight in 4% formaldehyde and 0.2% glutaraldehyde in a 0.1M sodium
cacodylate buffer, pH 7.4, dehydrated through 25% to 95% graded ethanol concentrations and embedded in
LR white resin (De Paul et al., 2012). Thin sections (75 nm) were cut with a diamond knife on a Leica EM
UC6 ultramicrotome (Leica Microsystems, Bannockburn, IL) and collected on 200 mesh nickel grids. The
sections were etched with 2% H2O2, quenched with 1M NH4Cl, blocked in 0.1% BSA in PBS for 4 h, then
incubated overnight at 4°C with Tom22 antiserum diluted 1:50 in 0.1% BSA. Sections were washed x5 with
PBS and floated on drops of secondary antibody conjugated to ultra-small (<1.0 nm) NanogoldTM reagent
(Nanoprobes, Yaphank, NY, USA) diluted 1:1000 in 0.1% BSA in PBS at room temperature for 2-4 h.

SilverTM (Nanoprobes) for 8 min for silver enhancement, followed by washing in cold H 2O to halt the
enhancement. For double immunolabeling, the same sections were first labeled with a Tom22 antibody (1:50)
overnight at 4°C, followed by incubation with antibody to P450c11AS or StAR (1:2000) overnight at 4°C.
Silver enhancement for Tom22 was done for twice as long, hence particles corresponding to StAR and Tom22
were of different sizes. To increase the contrast, sections stained with 2% uranyl acetate in 70% ethanol were
washed with deionized H2O for 2 min x5 and air-dried. The large gold particles averaged 55 nm in diameter
(90% were between 45-65 nm), and the small gold particles averaged 15 nm with 90% being smaller than 25
nm.

Imaging was done with a JEM 1230 transmission electron microscope (JEOL Peabody, MA) at 110 kV

fitted with an UltraScan 4000 CCD camera and Fast Light Digital Camera Controller (Gatan Inc., Pleasanton,
CA); 40 sections were analyzed per experiment. Semiquantitative analysis was performed on all grids, with
each image divided into 16 quadrants for counting the particles. Each image for each animal was counted five
times, and the number of gold particles per field of view is reported SD with n=5 (for 5 animals) using Gatan
Microscopy Suite software (Gatan Inc. Pleasanton, CA) as described (Prasad et al., 2017).
Mitochondrial isolation, purification, and fractionation
Heart tissues were diced in mitochondrial isolation buffer (250mM sucrose, 10mM HEPES, 1mM
EGTA, pH 7.4); H9c2 cells were washed with PBS two times and the mitochondria were isolated as described
(Bose et al., 2008). For most experiments, fresh mitochondria were used immediately after their isolation. The
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mitochondrial compartments were individually purified following a standard procedure with minor
modifications (Bose et al., 2008). The purity of the mitochondrial fractions was confirmed by assessing the
levels of compartment-specific proteins: COX IV for mitochondrial matrix; VDAC2 and Tom22 for the outer
mitochondrial membrane (OMM). We determined mitochondrial viability as described (Prasad et al., 2016);
briefly, mitochondrial membrane responsiveness was determined using an ATP Assay System
Bioluminescence Detection Kit (ENLITEN, Promega) with a Veritas microplate luminometer (Turner
Biosystems, Sunnyvale, CA) following the manufacturer’s protocol. ATP production was inhibited by
incubating cells with various concentrations of carbonyl cyanide m-chlorophenyl hydrazone (mCCCP) for 1h,

Steroid assays
Arterial blood was obtained from anesthetized rats between 8 and 9 AM by cardiac puncture
immediately before sacrifice. Blood was anticoagulated with 0.1 volume of 3.8% sodium citrate, plasma was
separated by centrifugation at 10,000g for 20 minutes at 4°C, and diluted with PBS at various concentrations
to a final volume of 50 μl. Corticosterone was measured by

125

I radioimmunoassay (RIA) using a kit

(Corticosterone 125I-RIA kit, Cat No: 07120102) from MP Biomedicals (a division of ThermoFisher, Santa
Anna CA), following the manufacturer's protocol. For plasma steroid values, we compared the control group
to the groups with AngII and AngII plus Telmi using ANOVA and Tukey’s t-test of two independent groups,
corrected for unequal variance.
Aldosterone in culture media from H9c2 cells was also measured by RIA (MP Biomedicals, Cat
No: 07108226). Aldosterone synthesis in isolated heart mitochondria was measured by enzymatic conversion
of 11-deoxycorticosterone [1,2,3 3H] (American Radiolabeled Company, Cat No# ART 1663) as described
(Pascoe et al., 1992), using radioactive aldosterone (D-[1,2,6,7-3H(N)]) (Perkin Elmer Cat no# NET 814250)
as the standard; the assay buffer consisted of mitochondrial import buffer containing 4µM MgCl 2, 0.5mM
NADPH, 8mM fumaric acid, and NADPH, ferredoxin and ferredoxin reductase to enhance P450c11AS
activity (Psychoyos et al., 1966). Heart mitochondria were pooled from three animals from each group,
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yielding ~100 g total protein per ml of assay buffer, and the assays were done five times from three separate
pools of mitochondria. Steroid conversion was then assessed by thin layer chromatography.
Native immunoblot analysis
Mitochondria were isolated from heart tissues or from H9c2 cells as described (Bose et al., 2008);
native complexes were isolated by incubating the mitochondria in buffer containing 1% digitonin, and
samples were separated by electrophoresis through 3-16% or 4-20% native gradient gels. After the protein
complexes were transferred to a polyvinylidine difluoride (PVDF) membrane, they were blocked with 3%
nonfat dry milk for 45 min, probed overnight with the primary antibodies, and then incubated with

developed with a chemiluminescent reagent (Pierce). For direct visualization of the complexes, the gels were
stained with Serva blue or Coomassie blue overnight at 4 °C. Unless otherwise indicated, antibodies to
P450c11AS (Adams and Bose, 2012), VDAC2 (Prasad et al., 2015), and StAR (Bose et al., 1999), were
purchased from Santa Cruz Biotechnology (Santa Cruz Biotech, Dallas, TX) or AbCam (Boston, MA).
Two-dimensional and native gradient PAGE
For 2D native PAGE, first 1D native-PAGE was run, the complex was excised and a second
native-PAGE was performed in the perpendicular direction. For analysis of proteins in the large complexes
detected by native western blotting, mitochondria were re-isolated by washing with import buffer followed by
centrifugation, then lysed in 1% digitonin, 20mM Tris-HCl, pH 7.4, 0.1mM EDTA, 50mM NaCl, 10%
glycerol, 1mM phenylmethylsulfonyl fluoride for 15 min on ice. The digitonin lysate was combined with
native-PAGE sample buffer (5% Coomassie Brilliant Blue G-250, 100mM BisTris, pH 7.0, 500mM 6aminocaproic acid) and subjected to 3–16% gradient native-PAGE at 100 V overnight at 4 °C. Protein
complexes were further fractionated by applying 100 μL of digitonin lysate to a 30-10% sucrose step gradient,
with a 200 μL 66% sucrose cushion at the bottom (final volume, 2.0 mL). Following centrifugation at 55,000
× g in a Beckman TLA55 rotor for 4 h, the sample was immediately equally aliquoted and loaded onto
gradient, native-PAGE or SDS-PAGE gels. Radiolabeled proteins were detected by autoradiography or on a
phosphorimager.
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Mass spectrometry
Bands from native gradient PAGE that were identified with a specific antibody, Serva blue, or
Coomassie blue were excised, reduced with dithiothreitol (Roche, Pleasanton, CA), alkylated with iodoacetamide (Sigma), and subjected to in-gel digestion with trypsin (Promega; trypsin gold, sequencing grade).
Sample cleanup was completed with Millipore C18 ZIPTips (Billerica, MA) on the extracted peptides prior to
drying and re-suspension in 0.1% formic acid in water. Each sample was then analyzed by UHPLC-MS/MS
on a Waters nanoAcquity UHPLC coupled to a Waters Q-TOF Premier (Waters, Milford, MA), as described
(Swartz, 2006). A 5-µL injection was made onto a ThermoFisher 0.3mm ID x 1mm C18 PepMap nanoTrap

formic acid (1% acetonitrile), the peptides were separated on a ThermoFisher Acclaim C18 PepMap 100 with
dimensions of 75 µm x 15 cm, 3 µm with 100Å pore. Peptides were separated using a water/acetonitrile
gradient containing 0.1% formic acid from 1% to 60% acetonitrile in 45 min. LC-MS/MS raw datasets are
extracted using Mascot Distiller and subjected to database searching using a Mascot MS/MS ion search to
identify proteins considering oxidation of methionine and alkylation of cysteine (Rosenfeld et al., 1992).
In vitro protein crosslinking and co-immunoprecipitation (co-IP) analysis
Heart

mitochondrial

fractions

were

incubated with

0,

0.5,

1.0,

2.0

or

5.0

mM

bis(sulfosuccinimidyl)suberate (BS3) (Thermo-Fisher) solubilized in PBS. After 1h, the crosslinking was
terminated by transferring the samples to ice and adding 10 µL of 1.0 M Tris buffer pH 9.0. The crosslinked
fractions were collected by centrifugation at 3000 rpm, [Beckman Allegra 22XR centrifuge fitted with a 2240
rotor], and lysed with 1% digitonin (Bose et al., 2008). Mitochondrial pellets were re-suspended, washed,
clarified by ultracentrifugation and incubated with antibodies to IgG, COX IV, StAR, P450c11AS or Tom22
pre-bound to protein-A-Sepharose beads. Specific antibodies were pre-incubated with protein A-Sepharose
CL 4B (0.5 µg/µL, Amersham Biosciences, Sweden) in 100 µL of co-IP buffer (1% Triton X-100, 200mM
NaCl and 0.5% sodium deoxycholate) and mixed on an end-over-end rotator for 2 h at 4°C. To remove
unbound antibody, the Sepharose beads were washed with co-IP buffer five times and then incubated again
with purified rat IgG control antibody (Sigma) for 1 h to block unbound protein A. After another series of
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washes to remove unbound antibody, the freshly isolated mitochondrial pellet (25 mg protein for each sample)
was resuspended with ice cold lysis buffer (20mM Tris HCl, pH 8.0, 137mM NaCl, 10% glycerol, 1% Triton
X-100, 2mM EDTA) and incubated at 4°C for 15 min. Insoluble material was removed by ultracentrifugation
(30 min at 100,000 × g). The supernatants were incubated overnight at 4°C with shaking in the presence of
antibodies pre-bound to protein A-Sepharose beads. After five to six washes with 1× co-IP buffer and two
washes with 10mM HEPES (pH 7.4), the protein A-Sepharose pellets were resuspended and vortexed with
100mM glycine (pH 3.0) for 10 sec. The sample was adjusted to pH 7.4 by adding a pre-titrated volume of 1.0
M Tris (pH 9.5), and the beads were separated from the soluble material by centrifugation at 2000 ×g for 2

StAR antibodies.
Figure preparation and data analysis
Images were obtained from autoradiographic films or scanning with a phosphorimager, and the
data were analyzed using Kalidagraph or Microsoft Excel and reported as mean  standard error. To compare
quantitated images, we used one-way ANOVA (Howell 2002) and the Welch t-test of two independent groups
(Welch, 1947), corrected for unequal variance to analyze group differences. We conducted both two-sided
and one-sided Welch t-tests. For all statistical analyses, we also conducted a Tukey’s HSD (honest significant
difference) test based on one-way ANOVA, a Kruskal-Willis test, and one-way ANOVA comparison of the
three groups. Welch’s t-test was ultimately chosen, and concurs with p-values from all other statistical
analyses conducted. The P-values generated from each set of statistical tests were all statistically significant
(p<0.05), and very similar; the highest of the P-values are reported.
RESULTS
Aldosterone synthesis in the rat heart
Because cardiac biosynthesis of aldosterone has been questioned (Ye et al., 2005; MacKenzie et
al., 2012), we studied cardiac steroidogenesis in rats receiving AngII continuously infused by minipumps
for 2 or 4 weeks, at which point cardiac fibrosis developed. We also challenged AngII action by daily
intragastric administration of telmisartan, which inhibits the interaction of AngII with its receptor and does
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not alter the activity of most cytochrome P450 enzymes (Schupp and Unger, 2005); these animals were
compared to controls receiving saline via minipumps. In other experiments (Zhang et al., 2020), serum
aldosterone in control rats was 0.8 ng/ml (2.2 nM), 4 weeks of AngII infusion raised this to 7.1 ng/ml (19.7
nM) and 4 weeks of AngII plus telmisartan yielded 1.1-1.3 ng/ml (3.1-3.6 nM) aldosterone, showing nearly
complete blockade of the action of AngII. AngII infusion increased serum corticosterone about 350-fold,
from 10.71.8 (SD) ng/ml (294.9 nM) in control (sham) animals to 3.70.25 g/ml (110.75 M) [P <
0.0005] in those receiving AngII, which was reduced dramatically (41.40.17 ng/ml; ~120 nM) by cotreatment with telmisartan. Because studies directly examining aldosterone in cardiac tissue are complicated

isolated mitochondria. Left ventricles were removed, washed, weighed, homogenized and mitochondria
were prepared, incubated with DOC and assayed for aldosterone synthesis (Fig 1B). Mitochondria from
control hearts produced ~24 g of aldosterone per gram of heart tissue; 2 weeks of AngII infusion did not
change this aldosterone synthesis, but it was reduced to barely detectable by treatment with telmisartan.
Hearts from rats receiving AngII for 4 weeks produced more aldosterone than did the hearts of control
(sham) animals (53 vs. 24 g per gram of heart tissue) [P≤0.001], and telmisartan treatment reduced
aldosterone production to below that seen in control animals (24 vs. 13 g/gram) [P≤0.001] (Fig. 1 B).
Expression of VDAC2 (voltage-dependent access channel 2, a protein in the OMM), and the expression of
cytochrome oxidase complex IV (COX IV), a mitochondrial matrix protein, remained unchanged (Fig. 1B,
bottom panels), indicating that other mitochondrial proteins were not affected, and confirming that each
lane received equal amounts of protein. Because 4 weeks of AngII induced a greater production of
aldosterone (Fig. 1 B) and because 4 weeks of AngII was required to produce clear cardiac fibrosis (Fig.
1C) all subsequent animal experiments were done with 4 weeks’ treatment.
Cardiac fibrosis induced by AngII
An experimental period of four weeks was selected based on induction of cardiac fibrosis with
AngII infusion. The fibrotic area with collagen deposition was identified by Masson’s trichrome staining
(Fig. 1C). Quantitation of this fibrotic area from slides from each experimental animal showed
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approximately a 7-fold increase with 4-weeks of AngII infusion (Fig. 1D, P<0.001 vs. sham), which was
significantly reduced by co-treatment with telmisartan (Fig 1D, P<0.001 vs. AngII). AngII increased the
number of mitochondria per cell, and telmisartan reduced mitochondrial counts to below control values
(Fig. 1E); this may reflect a trophic, as well as tropic action of AngII in the heart. Transmission EM
suggested that mitochondria in AngII-treated hearts were not distributed uniformly, but accumulated in
local regions; telmisartan reduced mitochondrial number and size compared to the untreated mitochondria;
AngII also appeared to alter the structure of the cristae, and this was reversed by telmisartan. Thus, AngII
via the AT1 receptor altered mitochondrial morphology and cellular distribution. Coincidently with reduced

significantly reduced compared to the untreated mitochondria.
A heart mitochondrial complex of P450c11AS, StAR and Tom22

Aldosterone synthesis requires P450c11AS, which is associated with the IMM and converts DOC
to aldosterone. Detecting aldosterone synthesis in rat heart mitochondria implied that these mitochondria
should contain P450c11AS. We prepared IMM containing the respiratory chain complex, solubilized it with
digitonin, and separated the proteins by gradient blue-native-PAGE. Immunoblotting confirmed the
accuracy of the mitochondrial preparation and fractionation. Mitochondria contain Tom22 (a component of
the mitochondrial protein import machinery) and COX IV but lack calnexin, while ER contains calnexin but
not Tom22 or COX IV (Figs. 2A, 2B). VDAC2, an OMM protein facing the cytoplasm, is part of the
mitochondria-associated membrane (MAM) (Naghdi et al., 2015; Naghdi and Hajnóczky, 2016); thus
finding VDAC2 in the MAM is the expected result (Figs. 2B, 2C). A major complex of 290-kDa was
apparent (Fig. 2D) and increased in intensity 1.7-fold with AngII [P=2x10-4 n=5 experiments] and
decreased by 50% with telmisartan co-treatment [P>0.05], suggesting this complex may contain
P450c11AS (Fig. 2E). Liquid chromatography followed by mass spectrometric analysis (LC-MS/MS)
detected several proteins in the 290-kDa complex, including P450c11AS, StAR, and the mitochondrial
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translocase Tom22 (Table 1). Thus, the mitochondria from rat heart stimulated with AngII contain
P450c11AS, and P450c11AS may require an association with Tom22 and StAR.

2D native PAGE identified components of the 290-kDa complex. Immunoblotting with anti-Tom22
identified complexes of 290-kDa and 110-kDa (Fig. 2F); LC-MS/MS showed the 110-kDa complex
contained only Tom22, StAR and P450c11AS, while the 290-kDa complex contained these and other
proteins (Table 1). COX IV and aldehyde dehydrogenase do not affect mitochondrial protein import
(Rajapaksha et al., 2013), and co-immunoprecipitation showed that malate dehydrogenase did not interact

protein were applied in each lane (Fig. 2G, bottom panel). The LC-MS/MS analyses were done 3-4 times,
but P450scc was never detected in these complexes, indicating that the heart lacks the capacity to initiate
steroidogenesis from cholesterol.

Localization and quantitation of P450c11AS, StAR and Tom22
Immunocytochemistry located P450c11AS, StAR, and Tom22 in the perivascular region and
inner myocardium in control hearts (Fig. 3A). StAR was constitutively expressed in the tunica intima
(vessel endothelium) and the tunica media (concentrically arranged smooth muscle cells), while P450c11AS
and Tom22 were detected in the tunica media. AngII increased, and telmisartan markedly attenuated, the
diffuse, cytoplasmic signals for P450c11AS, StAR, and Tom22 expressed in the arterioles and
intermyocardium (Fig. 3A). Following AngII, the number of intracardiac vessels containing P450c11AS,
StAR and Tom22 was 2.4±1.0, 2.4±0.4 and 2.2±0.7/HPF, respectively; telmisartan reduced this to 0.4±0.1,
0.6±0.4 and 0.8±0.6/HPF, respectively [all P<0.05] (Fig. 3A). Thus, AngII increased StAR expression, and
telmisartan may have prevented complex formation due to limited expression of StAR.
Immuno-gold

transmission

electron

microscopy

(TEM)

was

consistent

with

the

immunohistochemistry. Mitochondria in control hearts contained small amounts of StAR. AngII increased
the abundance of StAR and increased collagen, myosin and actin filaments (indicating fibrosis);
Telmisartan reduced StAR expression in AngII-treated animals. Control hearts contained P450c11AS;
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AngII increased and telmisartan reduced P450c11AS compared to controls. Tom22 was minimally
expressed in control hearts, AngII increased its expression slightly, and co-administration of telmisartan
inhibited Tom22. Independent labeling with antibodies to P450c11AS and Tom22 showed that P450c11AS
was abundantly expressed, but Tom22 levels were low (Fig. 3B). Similar analysis with P450c11AS and
StAR showed that StAR increased with AngII infusion. The TEM data were quantitated by counting the
immuno-gold particles in 40 images from each experimental group (Fig. 3B). In controls, there were 7±1.6
StAR-labeled particles per field of view (81μm2); AngII increased StAR to 22±3 particles/field [P=0.0014],
and telmisartan reduced this increase to 4±0.7/field [P=0.0031] (Fig. 3B, left). In controls, P450c11AS was

(6.2±0.1/field) (Fig. 3B). Similarly, AngII slightly increased Tom22 from 1.65±0.1 to 3.0±0.21/field
[P=0.0025], which decreased to basal with telmisartan (1.3±0.07/field) (Fig. 3B, right) [P=0.0087].
P450c11AS activity in heart requires StAR
AngII increased cardiac aldosterone synthetic capacity (Fig. 1B), but there was minimal change
in P450c11AS (Fig. 3B, middle), indicating additional factors besides P450c11AS are involved in cardiac
aldosterone synthesis. AngII increased and telmisartan inhibited StAR expression in rat heart (Fig. 3B, left),
and the exposed, C-terminal regions of Tom22 and P450c11AS interact in the IMS (Prasad et al., 2016).
Thus, we hypothesized that interaction of P450c11AS with Tom22 is facilitated by 30-kDa StAR, even
though no role for intra-mitochondrial 30-kDa StAR has been established and no role for StAR in
P450c11AS activity has been proposed.
To explore StAR’s potential action on P450c11AS, we used rat fetal myoblast H9c2 cells (Fig.
4A). These cells express P450c11AS and StAR, which was induced by AngII and inhibited by telmisartan
(Fig. 4B,C). Knockdown of StAR in AngII-stimulated H9c2 cells with siRNA against StAR (positive
siRNA) reduced its expression by nearly 80% (Fig. 4B, last lane) without affecting expression of Tom22
and P450c11AS (Fig. 4C), similar to results in rat heart (Fig. 3B). Thus StAR appears to play an important
role in cardiac aldosterone synthesis. When promoting adrenal or gonadal steroidogenesis, StAR is active
on the OMM as its 37-kDa primary transcript (sometimes termed a ‘precursor’) (Bose et al., 2002).
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However, but more than 95% of StAR present in heart mitochondria is the processed, intramitochondrial
30-kDa form, which is inactive in promoting cholesterol influx (Bose et al., 2002), and there were
negligible amounts of the 37- and 32-kDa forms (Figs. 4D,E). This suggests that 30-kDa StAR is the active
form in the heart. StAR knockdown inhibited formation of the 290-kDa P450c11AS complex, even though
expression of P450c11AS was unchanged (Fig. 4F). Thus, the expression of P450c11AS is independent of
StAR and Tom22, and StAR appears to interact with P450c11AS without affecting its expression. StAR
knockdown inhibited aldosterone synthesis from DOC added to H9c2 cells (Fig. 4G). The left-most two
bars show that DOC did not cross-react in the aldosterone assay, but addition of DOC and NADPH (needed

AngII plus telmisartan [P=0.967] (fourth bar). AngII treatment without telmisatan increased aldosterone
from 131.4 ng/mL to 772.0 ng/mL [P=0.0019] (fifth bar), but knockdown of StAR reduced this AngIIinduced value to (30.94.1 ng/ml) [P=0.0041] (sixth bar). In the absence of AngII, the aldosterone
produced by cells treated with control, negative siRNA (seventh bar) was not different from the control
(third bar) (Fig. 4G). Immunoblotting with anti-VDAC2 confirmed that equivalent amounts of
mitochondrial proteins were applied in each lane (Fig. 4G). Thus aldosterone production by P450c11AS in
H9c2 cells requires StAR, suggesting that this mechanism also applies to the intact heart.
P450c11AS interacts with StAR through Tom22
The 290-kDa and 110-kDa mitochondrial complexes contained P450c11AS, StAR and Tom22
(Table 1), but how these proteins interact was unknown. The predominant form of StAR in heart tissue is
the intramitochondrial 30-kDa form (Fig. 4D,E), whereas P450c11AS was present as both the 57-kDa
precursor and 54-kDa intramitochondrial forms (Fig. 5A), with similar abundances (Fig. 5B); this gross
excess of 30-kDa StAR suggests it may be the form interacting with P450c11AS. To explore the potential
association of P450c11AS with StAR and Tom22, we solubilized heart mitochondria with digitonin,
fractionated the products on density gradients, and examined the fractions with antibodies to P450c11AS,
Tom22 and StAR. There was some overlap of P450c11AS with Tom22 in fractions 5-7 (Fig. 5C, D),
substantial overlap of P450c11AS and StAR in fractions 7-11 (Fig. 5E, F) and nearly complete overlap
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between Tom22 and StAR in fractions 4-9 (Fig. 5G,H). This partial overlap suggests protein-protein
interactions, as confirmed below in Fig. 6. The separation between the proteins demonstrates that these
interactions are not covalent, but the overlap indicates they are fairly tightly associated with one another,
and thus even our four-hour density gradient separation could not achieve full separation, despite the
differences in the molecular sizes of the proteins. The association was greatest between Tom22 and StAR
(Fig. 5G, H), confirming that the imported StAR remained associated with Tom22. Thus, P450c11AS
interacted with StAR to a greater extent than with Tom22.
P450c11AS must interact with StAR for aldosterone synthesis in rat heart

affecting expression of VDAC2 or P450c11AS (Fig. 6A). There was minimal difference in the expression
of Tom22 when H9c2 cells treated with AngII; but Tom22 expression decreased with telmisartan (Fig. 6B),
suggesting that telmisartan, by interfering with the action of AngII, reduces the interaction between StAR
and Tom22. Co-immunoprecipitation experiments showed that, compared to untreated cells, AngII
increased and telmisartan reduced the interaction between StAR and P450c11AS (Fig. 6C). StAR, Tom22,
and P450c11AS were also co-immunoprecipitated with each other’s antibody (Figs. 6D, E), suggesting that
Tom22 plays a role in the interaction between StAR and P450c11AS. Immunoblotting before the coimmunoprecipitation showed equivalent amounts of VDAC2 and HSP70, confirming equivalent sample
loading in each lane; this was also confirmed by immunoblotting for calnexin (Figs. 6C, 6D).
Three-component interaction during processing at the IMS
To understand how Tom22, StAR, and P450c11AS interact, we performed in vitro chemical
crosslinking with BS3 in rat heart mitochondria. Following crosslinking, the native 57-kDa P450c11AS
band, 18-kDa Tom22 band, and 30-kDa StAR band (Fig. 7A-C, left panels) that are seen without BS3
disappear, and new bands of 85-kDa and 110-kDa are seen with increasing BS3 concentrations, suggesting
that P450c11As, Tom22 and StAR had become crosslinked to one another. Crosslinking was optimal at 2
mM BS3, and 5 mM BS3 generated non-specific protein aggregation. Co-immunoprecipitation of the 2 mM
crosslinked products followed by immunoblotting with antisera to P450c11AS, Tom22 and StAR confirmed
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the specificity of interactions of Tom22, P450c11AS and StAR, as only the 110-kDa product (crosslinking
of 57-kDa P450c11AS, 18-kDa Tom22 and 30-kDa StAR) was seen with each antibody (Figs. 7A-C right
panels). Immunoblotting the crosslinked products with antiserum to COX-IV only identified COX-IV itself,
showing that the treatment with BS3 did not cross-link other, unassociated mitochondrial proteins (Figs. 7AE right hand bottom panels). Equivalent immunodetectable VDAC2 was seen in each lane, confirming
equal sample loading.
We confirmed the intracellular interaction of P450c11AS, StAR and Tom22 by in vivo
crosslinking in H9c2 cells; 2mM BS3 again gave optimal results. Immunoblotting with anti-P450c11AS

decreased with siRNA knockdown of StAR (Supplementary Figs. S1A, S1C, S2A and S2C). As with the
crosslinking in heart mitochondria, this 110-kDa band represents the interaction of P450c11AS, StAR and
Tom22. The intensity of the 110-kDa band was not affected by AngII (Supplementary Figs. S1-S2) or
siRNA against StAR, possibly due to the limited increase in P450c11AS. Immunoblotting with antiserum to
COX-IV did not identify any proteins other than COX-IV, confirming the specificity of the co-IP
experiment (Fig. 7D and 7E, right hand bottom panels). Thus the interaction of P450c11AS with Tom22
and 30-kDa StAR is seen in both heart and H9c2 cells.
DISCUSSION
In unstressed rats, others have reported that the amount of immunoassayable intra-cardiac
aldosterone corresponded to circulating concentrations, and P450c11AS mRNA was not found, thus
questioning intracardiac aldosterone synthesis (Gomez-Sanchez et al., 2014). Another study found
P450c11AS in the rat heart and in the fetal human heart, but not in the adult human heart (Kayes-Wandover
and White, 2000). However, those authors cautioned that P450c11AS might be produced in the human heart
during sodium depletion, heart failure or myocardial infarction (i.e., during stress). These studies have
resulted in the general view that cardiac aldosterone synthesis or P450c11AS are unlikely to be found in
physiologically significant amounts (MacKenzie et al., 2012). We have modeled cardiac stress in rats by
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infusing AngII to the point of generating cardiac fibrosis, clearly showing that these conditions induce the
synthesis of aldosterone and expression of P450c11AS in the rat heart.
StAR is abundantly expressed in infarcted mouse left ventricular fibroblasts three days after
ligating the left anterior descending coronary artery, but expression in myocytes was not reported (Anuka et
al., 2013b), whereas our data show StAR in myocytes [Fig. 3A] after 4 weeks of AngII treatment; we
attribute this difference to the milder and longer period of heart stress in our model. The infarcted mouse
heart failed to express P450scc (Anuka et al., 2013b), and our LC-MS/MS data did not detect P450scc in
stressed rat heart that expressed abundant P450c11AS and StAR. P450scc is the only enzyme known to

steroidogenesis (Miller and Bose, 2011; Miller, 2017). P450scc is catalytically slow, and hence it is
abundant in steroidogenic tissues (Miller and Bose, 2011; Miller, 2017); it would be readily detected if it
were initiating the aldosterone synthesis we detect in rat heart mitochondria. Alternatively, the substrate for
cardiac P450c11AS may be a steroidal intermediate downstream from pregnenolone in the steroidogenic
pathway. The physiologic substrate for P450c11AS is DOC, but circulating DOC concentrations are low in
rodents, whereas corticosterone is abundant. Purified recombinant human P450c11AS can use
corticosterone as substrate, albeit less efficiently than DOC (Hobler et al., 2012); the Km of P450c11AS
with DOC as substrate is 2.70.3 M but is 282 M with corticosterone as substrate (Reddish and
Guengerich, 2019). Rats stimulated with AngII had circulating corticosterone levels of 11 M, which is
sufficiently near the Km value to permit some aldosterone synthesis, hence we hypothesize hence we
hypothesize that rat heart P450c11AS produces aldosterone from corticosterone taken up from the
circulation. Corticosterone is produced abundantly and is the principal glucocorticoid in rodents, but not in
humans, where typical circulating concentrations are only 3-23 nM; this may explain earlier reports that the
rat heart makes aldosterone (Silvestre et al., 1998; Takeda et al., 2000), but that the human heart does not
(Kayes-Wandover and White, 2000). Studies of the stressed human heart are needed to clarify the potential
role of cardiac aldosterone in human cardiovascular physiology.
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Our data support and extend the observation that StAR participates in the activity of P450c11AS
in the heart (Zhang et al., 2020). This is a surprising and unexpected result, because the only known
function of StAR is to increase cholesterol flow from the OMM to the IMM in the adrenal and gonad
(Miller and Bose, 2011; Miller, 2017). The 37-kDa StAR primary transcript performs this action using its
mitochondrial leader peptide to associate with the cytoplasmic aspect of the OMM, where it undergoes
conformational changes (Bose et al., 1999), which are apparently associated with the binding and discharge
of cholesterol (Baker et al., 2005; Yaworsky et al., 2005; Murcia et al., 2006). StAR’s activity to promote
the flow of cholesterol from OMM to IMM is proportional to the time it resides on the OMM, and its

inactive in the IMS, IMM or matrix (Bose et al., 2002; Miller and Bose, 2011) where it undergoes
degradation by Lon protease (Granot et al., 2007; Bahat et al., 2014). Thus, with respect to promoting the
mitochondrial influx of cholesterol to initiate steroidogenesis, the active form of StAR is the 37-kDa
primary transcript (sometimes mistermed the StAR ‘precursor), whereas the intramitochondrial 30-kDa
StAR is inactive in promoting mitochondrial cholesterol influx.
How StAR might promote the activity of P450c11AS in the heart is not clear. Although the
intramitochondrial 30-kDa form of StAR is inactive with respect to mitochondrial cholesterol import, we
found that 30-kDa StAR interacts with P450c11AS and Tom22, and that its knockdown inhibits aldosterone
synthesis. Tom22 traverses the OMM and reaches the IMS but not the matrix (Araiso et al., 2019; Tucker
and Park, 2019), raising the topological question of how Tom22, P450c11AS and StAR form a complex
associated with the IMM. Nuclear-encoded IMM proteins may reach the IMM at OMM/IMM contact sites
and not enter the IMS, undergoing signal sequence cleavage in the matrix, followed by integration into the
IMM (Neupert and Herrmann, 2007). P450scc, which is similar to P450c11AS, follows this pathway
(Strushkevich et al., 2011; Bose et al., 2019), for its IMM integration (Brixius-Anderko and Scott, 2019).
Thus Tom22, P450c11AS, and StAR will all be found at contact sites, and our crosslinking data show their
interaction. Thus 30-kDa intramitochondrial StAR serves a novel indispensable role in the activity of
intracardiac P450c11AS that is unrelated to the activity of 37-kDa StAR to promote mitochondrial
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mitochondrial import and cleavage to the 30-kDa intramitochondrial form terminates this activity; it is
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cholesterol influx. Our results concerning aldosterone synthesis in the stressed heart do not indicate whether
or not adrenal zona glomerulosa cells, which produce the preponderance of aldosterone, utilize a similar
three-component complex of P450c11AS, Tom22 and StAR; this will require future work.
In summary, our data permit the following six conclusions. (1) Aldosterone is synthesized within
the stressed rat heart. (2) Rat heart synthesis of aldosterone requires the classic aldosterone synthase,
P450c11AS. (3) Tom22, StAR and P450c11AS co-localize in a 290-kDa complex on the IMM of heart
mitochondria. (4) StAR is required, as its absence ablated aldosterone synthesis. (5) The form of StAR
required is the intramitochondrial 30-kDa form; this is the first activity ascribed to intramitochondrial 30-

activity of P450c11AS needs further investigation.
Limitations of this study: Because P450scc was not detectable in rat heart, we infer that the rat heart
uses corticosterone as the substrate for aldosterone synthesis. The reported experiments were confined to
heart and did not investigate whether the tri-molecular complex is involved in adrenal aldosterone
synthesis; this will be addressed in future work. Human hyperaldosteronism is a major cause of
hypertension, but the present studies did not address the possibility of acute aldosterone synthesis in the
stressed human heart. We have not done primary cell cultures from the pharmacologically manipulated
animals with live cell imaging and also did not include a group of animals receiving telmisartan alone.
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kDa StAR. (6) P450c11AS, Tom22, and StAR form a complex, but the manner in which StAR promotes the
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FIGURE LEGENDS
Figure 1. Increased aldosterone synthesis with mitochondrial stress. (A). Flow diagram of the animal
experiments. The 36 rats were divided into six groups, but we discontinued use of the animals treated
for 2-weeks after the initial stages of the work. Four weeks treatment with AngII increased
expression of StAR, increased formation of the StAR-Tom22-P450c11AS complex, induced cardiac
fibrosis and increased aldosterone biosynthetic capacity of isolated rat heart mitochondria.
(B) Aldosterone synthesis in mitochondria (Mito) from rat heart tissue (n=6 animals per group)
following 2 or 4 weeks of Angiotensin II infusion (AngII) in the absence and presence of telmisartan

P450c11AS and NADPH. The asterisk (*) indicates significant (P<0.001) increase or decrease
compared to the untreated control (n=9).

Bottom panels: immunoblots with VDAC2 and COX-IV

antibodies showing that each lane contains equivalent amounts of protein. (C) Representative images
of Masson's trichrome staining showing cardiac fibrosis (blue): (Top panel) Untreated (shamoperated) heart; (Middle panel) AngII infusion for 4 weeks, resulting in extensive fibrosis; (Bottom
panel) co-treatment with AngII and telmisartan for 4 weeks. (D) Quantitation of the area of
myocardial fibrosis from the immunohistochemistry shown in panel C. Eight randomized highpowered fields per tissue section were quantitated from six animals in each of the three groups (Sham,
AngII, AngII plus Telmi). Infusion of AngII increased fibrosis significantly (P<0.05, n=6) compared
to the sham control (*) and co-administration of telmisartan reduced the AngII-induced increase
significantly (P<0.05, n=6) (*), but not back to the level of the untreated, sham control. (E)
Quantitation of mitochondrial number per cell following infusion of AngII in the presence and
absence of telmisartan (Telmi). AngII increased the number of mitochondria per cell significantly
(P<0.001) (*), and co-administration of telmisartan decreased the AngII-mediated increase (P<0.001)
(*).
Figure 2. Heart mitochondrial complex. (A-C) Proteins from rat heart endoplasmic reticulum (ER),
mitochondria-associated membrane (MAM) and mitochondria (Mito) were immunoblotted with
antibodies to Tom22 (A), Calnexin (B) P450c11AS (C) (top panels), VDAC2 (middle) and COX IV
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(bottom), confirming the accuracy of organelle fractionation. (D) Coomassie blue stained native
gradient PAGE of digitonin-solubilized heart mitochondria from untreated animals, animals receiving
AngII for 4 weeks (AngII), and animals receiving AngII and telmisartan. Bottom panels: immunoblots
showing equivalent protein loading in the blue native PAGE. (E) Estimation of the amount of protein
present in the 290-kDa band from scanning of 5 gels of the type shown in in Panel D. Comparisons
designated by an asterisk (*) had P values <0.05. (F) 2D native gradient PAGE of the 290-kDa band
from Panel D blotted with anti-Tom22. (G) Co-immunoprecipitation of the digitonin lysate of the 290kDa complex with the indicated antibodies displayed by PAGE and blotted with antisera to

Immunoblot of the same SDS-PAGE with antiserum to calnexin.
Figure 3. Immunocytochemistry. (A) Representative images of heart tissue stained with antisera to
StAR, Tom22 and P450c11AS. Cardiac tissue from animals in the three treatment groups (designated
above figure), was stained with antisera (designated at left). StAR, Tom22, and P450c11AS (AS) were
markedly increased in intracardiac vessels and intermyocardium after 4 weeks of AngII, which was
markedly inhibited by telmisartan; no staining was seen without the primary antibodies (Neg); original
magnification: x400; scale bars: 100 µm. (B) Quantitation of StAR (left panel), P450c11AS (middle
panel) and Tom22 (right panel) from TEM. Data are mean  SEM of three experiments, each
performed in triplicate. P values designated by an asterisk (*) are < 0.05.
Figure 4. Role of StAR in P450c11AS expression. (A) Flow diagram for experiments with rat fetal
myoblast H9c2 cells. Control cells secreted low, but measurable levels of aldosterone. Treatment with
AngII alone promoted expression of StAR, formation of the StAR-Tom22-P450c11AS complex and
increased aldosterone secretion; the same result was seen in cells receiving AngII plus control,
scrambled-sequence siRNA (far right). Treating cells with telmisartan alone, with AngII plus
telmisartan or with siRNA directed against StAR reduced aldosterone secretion to, or nearly to, basal
levels. (B) Quantitation of densitometric scanning of PAGE of H9c2 cell extracts blotted with antiStAR. Cells were incubated with (left to right): no additive; negative (scrambled) siRNA (Negative
siRNA); siRNA against StAR (Positive siRNA); AngII + telmisartan; AngII; and AngII plus + Positive
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siRNA against StAR. AngII increases StAR expression, which is reduced to control values by
telmisartan or anti-StAR siRNA. The experiment was done three times, and the densitometric scanning
data (reported as arbitrary units, AU) are reported as mean  SEM; * designates P<0.05. (C)
Expression of StAR, P450c11AS and Tom22 in H9c2 cells alone or following incubation with negative
(non-specific sequence) siRNA (-ve siRNA), StAR knockdown by siRNA (Positive siRNA),
incubation with telmisartan (Telmi), incubation with AngII, and incubation with AngII plus anti-StAR
siRNA. The blot was sequentially probed with anti-StAR (top); anti-P450c11AS (middle); and antiTom22 (bottom). (D) Representative gel showing processing of StAR in heart mitochondria (top);

from three gels, as shown in panel D. (F) Native gradient PAGE of proteins from H9c2 cells treated
without (minus sign) or with (plus sign) siRNA directed against StAR and blotted with antiP450c11AS. Bottom panels show SDS-PAGE followed by blotting with antibodies to P450c11AS
(AS) or StAR. (G) Aldosterone synthesis by H9c2 cells (ng/ml of culture medium after 24 hours),
incubated with various combinations of DOC, NADPH, telmisartan (Telmi), AngII, siRNA against
StAR (siRNA), and control, scrambled-sequence (negative) siRNA (-ve siRNA); treatments are
indicated by ‘+’ (added) or ‘-’ (omitted). Bottom panel, VDAC2 immunoblotting from these H9c2
cells. Bars 1&2 (from left) show that added DOC did not influence the aldosterone assay. Bars 3&4:
adding NADPH permitted some aldosterone synthesis, which was unchanged by AngII + telmisartan
or by control, -ve siRNA (bar 7).

Bar 5: AngII increased aldosterone production ~6-fold which was

reduced by siRNA against StAR (bar 6). The experiment was performed three times, and P vales were
all < 0.02.
Figure 5. Interaction of StAR and P450c11AS. (A) Immunoblotting identifies 57-kDa and 54-kDa
P450c11AS in heart mitochondrial but not in COS-1 cells. Bottom panel: probing with anti-VDAC2
confirms equivalent protein loading in each lane. (B) Quantitation of the data in panel A; the
difference in the amounts of 57-kDa and 54-kDa P450c1AS is not significant. (C) Immunoblots of
density gradient fractions of heart mitochondria using anti-Tom22 and anti-P450c11AS. (D)
Quantitation of the data from Panel C. (E) Immunoblots of density gradient fractions of heart
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mitochondria using anti-StAR and anti-P450c11AS. (F) Quantitation of the data from the Panel C. (G)
Immunoblots of density gradient fractions of heart mitochondria using anti-Tom22 and anti-StAR. (H)
Quantitation of the data from Panel G. The overlapping distribution is highlighted by a red square in
panels C,E and G and by a black square in panels D, F, and H. Data in panels B, D, F and H mean 
SEM of three independent experiments, each performed in triplicate.
Figure 6.

Interaction of P450c11AS with Tom22 and StAR. (A) Immunoblot of H9c2 proteins with

anti-StAR (top), anti-P450c11AS (middle), and anti-VDAC2 (bottom, protein loading control). COS-1
cells (first lane) do not express StAR (negative control); the other lanes contain H9c2 cell proteins,

mitochondria (Mito), in the mitochondria associated ER-membrane (MAM) and in the ER, isolated
from AngII-treated animals (top) or untreated animals (2nd from top); the gels were immunostained
with StAR antibody. The bottom two panels show the accuracy of the cellular fractionation by
immunoblotting for calnexin (specific for the ER) and Tom22 (specific for the OMM).

(C) Tom22

expression in H9c2 cells, untreated or incubated with AngII, or AngII + telmisartan. Bottom panel:
blotting with anti-VDAC2. (C,D,E) Co-immunoprecipitation experiments. (D) Proteins from untreated
H9c2 cells (control, Cont) or treated with AngII (Ang) or AngII + telmisartan (Telmi) were
immunoprecipitated

with

anti-StAR

(IP-StAR)

or

anti-P450c11AS

(IP-AS)

followed

by

immunoblotting with anti-StAR, anti-VDAC2, or anti-HSP70. (E, F) Co-immunoprecipitation as in
panel C probed with anti-P450c11AS (D) or anti-Tom22 (E); in panel E the control (Cont) is untreated
rat heart. Bottom panels, independent immunoblotting with anti-VDAC2, anti-HSP70 and anticalnexin antibodies.
Figure 7. Co-localization of StAR, Tom22 and P450c11AS in mitochondria by in vitro chemical
cross-linking. Panels A, B, and C use 20 g of mitochondrial protein isolated from rat heart; Panels D
and E use 20 g of mitochondrial protein isolated from fresh mitochondria from H9c2 cells. In all
panels, the left-hand blots show crosslinking titrations with 0-5 mM BS3, followed by immunoblotting
with anti-P450c11AS (A), anti-Tom22 (B), anti-StAR (C), and anti-P450c11AS (D,E). Blotting with
anti-VDAC2 done prior to crosslinking is shown below the BS3 titration blots, showing equivalent
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amounts of protein loaded in each lane. The right hand panels show co-immunoprecipitation of the 2
mM BS3 reaction with the indicated antibodies, identifying P450c11AS (A), Tom22 (B), and StAR (C)
in the 110-kDa band from rat heart mitochondria. (D, E) Identification of the interaction of
P450c11AS with StAR and Tom22 in H9c2 cells. (D) Crosslinking using mitochondrial protein from
H9c2 cells stimulated with AngII, and immunoblotted with anti-P450c11AS; 2mM BS3 again gave
optimal results. Right,

Immunoprecipitation of the 2 mM BS3 crosslinking products with IgG, anti-

COX IV (COX IV), anti-P450c11AS (AS), anti-Tom22 (Tom22) or anti-StAR (StAR) antibodies,
followed by immunoblotting with anti-P450c11AS. (E) Identification of interactions in H9c2 cells

Immunoprecipitation of the 2 mM BS3 crosslinking products with IgG, anti-COX IV (COX IV), antiP450c11AS (AS), anti-Tom22 (Tom22) or anti-StAR (StAR) antibodies. The right hand bottom panels
show immunoblotting of the co-IP experiment with COX IV antibody.
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incubated with AngII plus siRNA against StAR, and immunoblotted with anti-P450c11AS. Right,
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TABLES

Table 1. Mass spectrometric analyses of complexes isolated from sham-operated hearts.
A. 290-kDa mitochondrial complex from 1D native PAGE from control, sham-operated hearts
Accession No

Protein

MS/MS

No of Unique

Score

Peptides
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15379154
7
3939
17664426
8
2506849
11320588
8

25557

802

17

Lactate Dehydrogenase

702

13

Heat Shock Protein

318

5

Malate dehydrogenase

213

4

Aldehyde dehydrogenase

141

2

Fatty acid Binding protein

129

3

StAR

98

3

Tom22

98

2

COX IV

81

3

P450c11AS

69

4

56993
19961
129378

B: 290-kDa complex from 2D native gradient PAGE
Accession No

Protein

MS/MS

No of Unique
Peptides

11320588

Malate dehydrogenase

190

2

Aldehyde dehydrogenase

171

2

StAR

105

1

56993

Tom22

105

2

19961

P450c11AS

94

1

8
2168

129378

C. 110-kDa complex from 2D native gradient PAGE
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ATP synthase-beta mitochondrial
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Accession

Protein

MS/MS

No of Unique

No

Peptide
s
56993

StAR

105

1

19961

Tom22

105

2

P450c11AS

124

3

129378
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