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BACKGROUND AND PURPOSE

Hydrogen sulphide (H,S) is a gaseous mediator strongly involved in cardiovascular homeostasis, where it provokes
vasodilatation. Having previously shown that H,S contributes to testosterone-induced vasorelaxation, here we aim to uncover
the mechanisms underlying this effect.

EXPERIMENTAL APPROACH

H.S biosynthesis was evaluated in rat isolated aortic rings following androgen receptor (NR3C4) stimulation.
Co-immunoprecipitation and surface plasmon resonance analysis were performed to investigate mechanisms involved in NR3C4
activation.

KEY RESULTS

Pretreatment with NR3C4 antagonist nilutamide prevented testosterone-induced increase in H,S and reduced its vasodilator
effect. Androgen agonist mesterolone also increased H,S and induced vasodilatation; effects attenuated by the selective
cystathionine-y lyase (CSE) inhibitor propargylglycine. The NR3C4-multicomplex-derived heat shock protein 90 (hsp90) was
also involved in this effect; its specific inhibitor geldanamycin strongly reduced testosterone-induced H,S production. Neither
progesterone nor 17-B-oestradiol induced H,S release. Furthermore, we demonstrated that CSE, the main vascular
H.S-synthesizing enzyme, is physically associated with the NR3C4/hsp90 complex and the generation of such a ternary
system represents a key event leading to CSE activation. Finally, H,S levels in human blood collected from male healthy
volunteers were higher than those in female samples.

CONCLUSIONS AND IMPLICATIONS

We demonstrated that selective activation of the NR3C4 is essential for H,S biosynthesis within vascular tissue, and this event
is based on the formation of a ternary complex between cystathionine-y lyase, NR3C4and hsp90. This novel molecular
mechanism operating in the vasculature, corroborated by higher H,S levels in males, suggests that the L-cysteine/CSE/H,S
pathway may be preferentially activated in males leading to gender-specific H,S biosynthesis.
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Abbreviations

NR3C4, androgen receptor; co-IP, co-immunoprecipitation; CSE, cystathionine-y lyase; DPD,
N,N-dimethylphenylendiammine sulphate; E2, 17-B-oestradiol; GA, geldanamycin; H,S, hydrogen sulphide; hsp90, heat
shock protein 90; Mes, mesterolone; NaHS, sodium hydrosulphide; Nil, nilutamide; PAG, propargylglycine; PE,
phenylephrine; PEG, polyethylene glycol 400; PP, pyridoxal-5’-phosphate hydrate; Prog, progesterone; SPR, surface
plasmon resonance; ST, stanozolol; T, testosterone; TCA, trichloroacetic acid; ZnAc, zinc acetate

Introduction

Since the 1980s, epidemiological and clinical studies have
demonstrated a distinct sexual dimorphism in cardiovascu-
lar function, which appears more evident in the presence of
pathological conditions. Several studies have shown that
males are more susceptible to coronary artery disease and
hypertension (Levy and Kannel, 1988; Adams et al., 1995)
than age-matched premenopausal women. This has led to a
dogmatic view of the androgen hormone testosterone as
a risk factor affecting cardiovascular system homeostasis
(Herman et al., 1997; Reckelhoff et al., 1998). Recently, this
view has been amended. In fact, both clinical (Hu et al.,
2012; Papierska et al., 2012; Soisson et al., 2012) and experi-
mental studies (Liu etal., 2003; Wu and von Eckardstein,
2003; Deenadayalu etal., 2012) have demonstrated acute
and chronic protective effects of androgens on both cardio-
vascular and metabolic functions; these include their crucial
role in anabolic processes and sexual development, which
occur through genome-based mechanisms (Mooradian et al.,
1987; Bhasin et al., 1996). Nevertheless, testosterone has also
been shown to trigger rapid non-genomic events such as
vasodilatation; this has been shown to occur in a variety of
large vessels (aorta, coronary arteries) as well as in small
resistance arteries (mesenteric, prostatic, pulmonary) both in
humans and various animal species (Deenadayalu et al.,
2001; Malkin et al., 2006; Perusquia et al., 2007; Yang et al.,
2008; Bucci etal.,, 2009; Nettleship etal., 2009; Traish
et al., 2009). We have recently demonstrated that hydrogen
sulphide (H,S) contributes to testosterone-induced vasodila-
tation in aortic tissue, highlighting a link between H,S
release and the non-genomic vasodilator effect of testoster-
one (Bucci efal., 2009). H,S is endogenously formed in
mammalian cells from L-cysteine through the action of
cystathionine-f synthase and cystathionine-y lyase (CSE),
both pyridoxal-S’-phosphate hydrate (PP)- dependent
enzymes. Alternatively, these enzymes can also utilize
L-methionine and/or homocysteine as substrates to produce
H,S (Stipanuk, 2004). In addition, 3-mercaptopyruvate sul-
furtransferase represents another source of H,S production
(Shibuya et al., 2009). Within the cardiovascular network,
H,S is mainly produced from L-cysteine by CSE (Lu et al.,
1992; Levonen et al., 2000; Fusco et al., 2012) and, given its
vasorelaxant properties, it is involved in the control of blood
pressure, although this is still debatable (Yang et al., 2008;
Ishii et al., 2010).

Up-to-date literature regarding the effects of androgen
hormones in the vascular system is, at present, sparse com-
pared to the much more consistent data on the beneficial
effects of oestrogens, as reviewed in Arnal etal. (2010)
and Leung et al. (2007). These beneficial effects of oestro-
gens result from different mechanisms that range from
their favourable modulation of serum lipoprotein profile
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(Stampfer etal.,, 1991; Ettinger etal., 1996; Farish etal.,
1996) to their antioxidant properties (Keaney et al., 1994;
Huang et al., 1999), and also include a direct action on the
vasculature. Although oestrogen-induced endothelial NO
release is a well-established concept, much less is known
about the molecular mechanism through which testoster-
one triggers H,S biosynthesis (Haynes etal.,, 2000; Bucci
et al., 2002; 2009; Perusquia et al., 2007; Cutini et al., 2009).
The aim of this study was to gain further insights into the
molecular mechanism of H,S release induced by testoster-
one in the vasculature.

Methods

Animals

Male Wistar rats (8 weeks of age) were purchased from Harlan
(Udine, Italy) and kept in animal care facility under con-
trolled temperature, humidity and light/dark cycle and with
food and water ad libitum. All animal procedures were per-
formed according to the Declaration of Helsinki (European
Union guidelines on use of animals in scientific experiments),
followed ARRIVE guidelines and were approved by our local
animal care office (Centro Servizi Veterinari Universita degli
Studi di Napoli ‘Federico II’). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Tissue preparation

Male Wistar rats (Harlan) weighing 300-350 g were anaesthe-
tized with enflurane (5%) and then killed in CO, chamber
(70%); the thoracic aorta was rapidly isolated, dissected and
adherent connective and fat tissues were removed. Rings of
2-3mm in length were cut and placed in organ baths
(3.0 mL) filled with oxygenated (95% O,-5% CO,) Krebs solu-
tion and kept at 37°C. The rings were connected to an iso-
metric transducer (type 7006; Ugo Basile, Comerio, Italy), and
changes in tension were continuously recorded with a com-
puterized system (DataCapsule-17400; UgoBasile). The com-
position of the Krebs solution was as follows (mM): NaCl 118,
KCI 4.7, MgCl, 1.2, KH,PO4 1.2, CaCl, 2.5, NaHCO; 25 and
glucose 10.1. The rings were initially stretched until a resting
tension of 0.5 g was reached and allowed to equilibrate for at
least 30 min; during this period tension was adjusted, when
necessary, to 0.5 g and bathing solution was periodically
changed.

Experimental protocol

In each set of experiments, rings were firstly challenged
with phenylephrine (PE; 1 uM) until the responses were
reproducible. In order to verify the integrity of the endothe-



Androgen receptor activation and H,S biosynthesis

lium, a cumulative concentration-response curve to ACh
(10 nM-30 uM) was performed on PE pre-contracted rings.
Tissues were then washed and contracted with PE
(1 uM) and, once the plateau was reached, a cumulative
concentration-response curve for the following drugs was
performed: testosterone (T; 10 nM-30 uM), stanozolol (ST;
10 nM-30 uM), mesterolone (Mes; 10 nM-30 uM), proges-
terone (Prog; 10 nM-300 uM) and 17-B-oestradiol (E2;
10 nM-30 uM). All androgen and oestrogen hormones
described above were used at pharmacological (low micro-
molar range), rather than endogenous (low nanomolar
range) concentrations, as used previously in isolated organ
bath procedures (Crews and Khalil, 1999; Tep-areenan et al.,
2002).

Drug treatments

Nilutamide (Nil; 10 uM) or geldanamycin (GA; 20 uM),
androgen receptor (NR3C4; for receptor nomenclature see
Alexander et al., 2013) and heat shock protein 90 (hsp90)
antagonists, respectively, were added in the organ baths. After
15 min rings were contracted with PE (1 uM) and a testoster-
one cumulative concentration-response curve performed. In
another set of experiments, CSE inhibitor propargylglycine
(PAG; 10 mM) was added in the organ baths and after 15 min
rings were contracted with PE (1 uM); Mes, Prog or E2 were
administered to obtain a cumulative concentration-response
curves, which gave maximal relaxant effect within 30 min.
Drug addition and incubation times selected did not affect
PE-induced contraction (data not shown).

H>S assay

H,S determination was performed using a methylene blue-
based assay (Stipanuk and Beck, 1982; Fusco etfal., 2012).
Briefly, the thoracic aorta was dissected, placed in sterile PBS
and cleaned of fat and connective tissue. Rings, of the same
size as described above, were cut and placed in 24-well plates
pre-filled with 990 uL Krebs solution and equilibration was
allowed at 37°C (Incubator mod. BB6220; Heraeus Instru-
ments, Hanau, Germany) with humidified air (5% CO,/95%
0,). After the equilibration period, T (10 uM), ST (100 uM),
Mes (10 uM), Prog (100 uM), E2 (10 uM) or vehicle were
added to aorta segments and incubated for 15, 30 or 60 min,
accordingly. In parallel experiments, aortic rings were
exposed to Nil (10 uM) or GA (20 uM) for 15 min and then T
(10 uM) or vehicle were incubated for 30 and 60 min. At the
end of the treatment, aortic rings were homogenized in a lysis
buffer containing potassium phosphate, 100 mM (pH = 7.4),
sodium orthovanadate 10 mM and protease inhibitors, and
the protein concentration was determined using the Bradford
assay (Bio-Rad Laboratories, Milan, Italy). The lysates were
added in a reaction mixture (total volume 500 uL) containing
PP (2mM, 20 puL), L-cysteine (10 mM, 20 pL) and saline
(30 uL). The reaction was performed in parafilm-sealed
Eppendorf tubes and initiated by transferring tubes from ice
to a 37°C water bath. After 40 min incubation, zinc acetate
1% (ZnAc; 250 puL) was added to trap any H,S emitted fol-
lowed by trichloroacetic acid 10% (TCA; 250 uL). Subse-
quently, N,N-dimethylphenylendiammine sulphate 20 uM
(DPD; 133 uL) in 7.2 M HCI and FeCl; (30 uM, 133 uL) in
1.2 M HCI were added. After 20 min, absorbance values were

measured at a wavelength of 650 nm. All samples were
assayed in duplicate, and H,S concentration was calculated
against a calibration curve of NaHS (3.12-250 uM). Results
are expressed as nmol mg™' protein min™'.

H,S determination in plasma samples was performed as
follows: samples (200 uL) were added to Eppendorf tubes
containing TCA (10%, 300 uL), in order to allow protein
precipitation. Supernatant was collected after centrifugation
and ZnAc (1%, 150 uL) was then added. Subsequently, DPD
(20 mM, 100 pL) in 7.2 M HCI and FeCl; (30 mM, 133 uL) in
1.2 M HCI were added to the reaction mixture, and absorb-
ance was measured after 20 min at a wavelength of 650 nm.
All samples were assayed in duplicate and H,S concentration
was calculated against a calibration curve of NaHS (3.12-
250 uM).

Western blotting and

immunoprecipitation assay

Aortic tissue of rats stimulated with T (10 uM; 30 min) or
vehicle (polyethylene glycol, PEG) were homogenized in
modified RIPA buffer (Tris HCI 50 mM, pH 7.4, triton 1%,
Na-deoxycholate 0.25%, NaCl 150 mM, EDTA 1 mM, PMSF
1 mM, aprotinin 10 pg-mL™, leupeptin 20 mM, NaF 50 mM)
using a polytron homogenizer (two cycles of 10s at
maximum speed). After centrifugation of homogenates at
8000x g for 15 min, protein concentration was determined by
the Bradford assay using BSA as standard (Bio-Rad Laborato-
ries). Protein from aortic tissue lysates was subjected to 10%
(v v'!) SDS-PAGE and transferred to a PVDF membrane (Mil-
lipore, Temecula, CA, USA). The membrane was blocked with
5% (w v') skimmed milk and incubated with primary anti-
body, followed by incubation with an HRP-conjugated sec-
ondary antibody. Proteins were visualized with an ECL
detection system (GE Healthcare, Waukesha, WI, USA). Anti-
NR3C4 antibody was purchased from Millipore (Bellerica,
MA, USA). Anti-hsp90 antibody was purchased from Santa
Cruz Biotechnology (Segrate, Italy). Anti-CSE antibodies were
purchased from Abnova (Taipei, Taiwan).

Protein immunoprecipitations were carried out on 800 pg
of total extracts. Lysates were pre-cleared by incubating
samples with protein A/G-Agarose (Santa Cruz Biotechnol-
ogy) for 1 h at 4°C and then incubated under stirring condi-
tions for 18 h at 4°C with the antibodies. Subsequently,
samples were further incubated for 1 h at 4°C with fresh
protein A/G-Agarose beads. Beads were then collected by cen-
trifugation and washed several times in lysis buffer. Negative
control was performed adding beads to the cleared lysate
only. Protein immunoprecipitation was also carried out on
human immortalized prostatic cell line PNT1A (ATCC, Rock-
ville, MD, USA) on 1 mg of total extracts as described above.

Surface plasmon resonance (SPR) analysis

SPR studies were performed using an optical biosensor
Biacore 3000 (GE Healthcare, Milan, Italy) as reported else-
where (Dal Piaz et al., 2010). Briefly, SPR analyses were per-
formed using a Biacore 3000 optical biosensor equipped with
research grade CMS sensor chips (GE Healthcare). Using this
platform, two separate recombinant hsp90 (Vinci-Biochem,
Florence, Italy) surfaces, a BSA surface and an unmodified
reference surface were prepared for simultaneous analyses.
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Proteins (100 ug-mL™" in 10 mM sodium acetate, pH 5.0) were
immobilized on individual sensor chip surfaces at a flow rate
of 5uL-min”' using standard amine-coupling protocols to
obtain densities of 8-12 kRU. The exceeding active groups
were inactivated with ethanolamine 1 M. To evaluate the
affinity of CSE towards hsp90 in the presence of different
concentrations of CSE, the protein was dissolved in 0.1%
DMSO in PBS at five different concentrations (5, 10, 20,
50 nM and 0.1 uM), and triplicate aliquots of each compound
concentration were dispensed into single-use vials. Binding
experiments were performed at 25°C, using a flow rate of
S uL-min’!, with 60 s monitoring of association and 300 s
monitoring of dissociation, using PBS as a running buffer.
Simple interactions were adequately fit to a single-site bimo-
lecular interaction model, yielding a single Kp. Sensorgram
elaborations were performed using the BIAevaluation soft-
ware provided by GE Healthcare.

Human blood experiments

Male (n = 7) and female (n = 7) healthy human volunteers
were selected according to the age range of 25-50 years old;
blood samples were withdrawn in fasting state, after
informed consent was given, in accordance with approval
from the Local Ethical Committee (Prot. n. IM.1-4/13, 23
April 2013, Azienda Ospedaliera di Rilievo Nazionale Antonio
Cardarelli, Naples, Italy). T plasma levels were measured
using a testosterone-specific EIA kit (Oxford Biomedical
Research, Rochester Hills, MI, USA). H,S determination was
performed as describe above.

Statistical analysis

All data are expressed as mean + SEM. Statistical analysis was
performed using one-way ANOVA followed by Dunnett’s post
test, two-way aNova followed by Bonferroni’s post test or
Student’s unpaired t-test where appropriate. Differences were
considered statistically significant when P was less than 0.05.

Chemicals

ACh, L-PE, T, E2, Mes, Prog, ST, Nil, GA, PAG, PEG, DMSO,
DPD, PP, iron chloride (FeCls), ZnAc, NaHS and L-cysteine
were all purchased from Sigma Chemical Co. (Milan, Italy).
TCA was purchased from Carlo Erba (Arese, Milan, Italy).
Testosterone was dissolved in PEG, while Nil, ST and Mes
were dissolved in DMSO. GA was dissolved in H,O/PEG 1:1
mixture. Other drugs were dissolved in distilled water.

Results

Testosterone-induced vasodilatation is
mediated by H,S production following
interaction with NR3C4

Recently, we demonstrated that H,S is involved in T-induced
vasodilatation and that it occurs through an increase in the
enzymatic conversion of L-cysteine to H,S (Bucci et al., 2009).
As shown in Figure 1A, Nil, a pure NR3C4 antagonist, signifi-
cantly reduced T-induced vasodilatation confirming the
involvement of NR3C4 in this effect. The increase in H,S
biosynthesis, observed following incubation of aortic tissues
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Figure 1

Vasodilatation induced by T in isolated aortic rings incubated with
the androgen antagonist Nil (10 uM, 15 min) or its vehicle (DMSO,
3 uL) (A). Statistical analysis was by two-way anova with a Bonferroni
post hoc test (***P < 0.001 vs. vehicle; n = 6). H,S production was
evaluated after incubation of aortic tissues with T in the presence of
the androgen antagonist Nil (10 uM) or vehicle (B). Statistical analy-
sis was by one-way anova with a Dunnett’s post hoc test [###P <
0.001 vs. basal; °°P < 0.01 vs. L-cysteine (L-Cys); *P < 0.05 and **P <
0.01 vs. L-Cys + T; n = 6].

with T, was completely prevented by Nil pretreatment
(Figure 1B), thus confirming that T-induced H,S release is a
receptor-mediated event. Nil alone did not affect H,S produc-
tion (data not shown).

Synthetic androgen agonist-induced
vasodilatation also involves HS biosynthesis
In order to assess the importance of NR3C4 activation in
H,S release within the wvascular region, a cumulative
concentration-response curve using a synthetic-specific
androgen agonist Mes was performed on isolated aortic rings.
As shown in Figure 2A, Mes elicited a concentration-
dependent vasodilator effect, which was significantly blocked
by pre-incubation with the selective CSE inhibitor PAG
(Asimakopoulou et al., 2013). Conversely, the anabolic agent
ST, which is devoid of any androgenic activity, did not induce
any appreciable effect (Figure 2B). To further confirm the
essential role of NR3C4 in H,S biosynthesis, an H,S activity
assay was performed in aortic rings incubated with Mes or ST
(10 uM). As shown in Figure 2C, Mes acutely increased H,S
production following 15 or 30 min incubation, while ST was
unable to produce any similar effect (Figure 2D).
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Effect of the androgen agonist Mes on H.S biosynthesis in isolated aortic rings. In a separate set of experiments aortic rings were incubated with
PAG (10 mM, 15 min), then a cumulative concentration-response curve to Mes was performed (A). Relaxant effect of anabolic agent ST was also
tested on isolated aortic rings (B). Statistical analysis was by two-way anova with a Bonferroni post hoc test (***P < 0.001 vs. T; °*°P < 0.001 vs.
Mes; n = 6). Aortic tissues were incubated with Mes (10 uM) for 15 or 30 min, and H.,S was determined as described in the Methods section (C).
The same experimental protocol was followed using ST (10 uM) to stimulate H,S biosynthesis in aortic tissues (D). Statistical analysis was by
one-way ANOVA with Dunnett’s post hoc test [##P < 0.01 vs. basal; °P < 0.05 and °°°P < 0.001 vs. L-cysteine (L-Cys); n = 6].

Testosterone-induced H,S biosynthesis
involves hsp90

The NR3C4, as well as other steroid receptors, is present as an
inactive multicomplex with several chaperone proteins in the
cytoplasm (Defranco, 2000). Following hormone binding,
two molecules of hsp90 dissociate from the complex, leading
to receptor translocation into the nucleus (Pratt and Toft,
1997). In order to evaluate whether hsp90 could be involved
in the acute vasodilator effect of T, we performed cumulative
concentration-response curves to T in the presence of GA, a
specific hsp90 inhibitor (Garcia-Cardena etal.,, 1998;
Workman et al., 2007). As shown in Figure 3A, GA signifi-
cantly inhibited T-induced vasodilatation, indicating the
involvement of hsp90 in the vasodilator effect of T. The
activity assay performed on aortic tissue confirmed these
functional data, as GA markedly reduced H,S production
following T administration, without affecting H,S biosynthe-
sis per se (Figure 3B). From these results, we speculated that
hsp90 contributes to T-induced H,S biosynthesis by

interacting with CSE, the main enzyme accounting for H,S
biosynthesis in the vasculature. Therefore, a physical interac-
tion between CSE and hsp90 was assessed using recombinant
protein in a SPR analysis. SPR data indicated a thermody-
namic Kp of 6.9 =+ 1.1 nM for the hsp90/CSE complex, sug-
gesting a high affinity of CSE for immobilized hsp90. The
selectivity of this interaction was confirmed by the observed
absence of interaction when CSE was injected on a BSA-
coated surface or on the unmodified reference chip. In order
to verify whether the hsp90/CSE interaction, observed in
cell-free assay, also occurred in vascular tissue and that
NR3C4 was also involved in this molecular mechanism,
co-immunoprecipitation (co-IP) analysis on homogenated
aorta samples was performed. As shown in Figure 4, we found
that hsp90, NR3C4 and CSE all interact. Interestingly, this
interaction is constitutively present as it appeared in
control conditions of all three co-IP, that is, with no addition
of T (Figure 4). As expected, T treatment decreased hsp90-
NR3C4 binding, as shown in co-IP lysates upon hormone
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Figure 3

Involvement of hsp90 in T-induced H,S biosynthesis, evaluated in rat
isolated aortic rings incubated with the hsp90 inhibitor GA (20 pM,
15 min) or its vehicle (A). Statistical analysis was by two-way anova
with a Bonferroni post hoc test (***P < 0.001 vs. vehicle; n = 6). H,S
was determined in aortic tissues treated with T in the presence of GA
(20 uM, 15 min) (B). Statistical analysis was by one-way anova with
Dunnett’s post hoc test [##P < 0.01 vs. basal; °°P < 0.01 vs. L-cysteine
(L-Cys); **P < 0.01 vs. L-Cys + T, n = 6].

stimulation. However, the resolution obtained from co-IP
experiments did not allow us to quantitatively evaluate the
possible regulatory effect of T on ternary complex interac-
tions. Nevertheless, in order to confirm this result, we per-
formed the same co-IP assay experiment with the human-
immortalized prostatic cell line PNT1A, where NR3C4 is
abundantly expressed. Data obtained showed a similar
outcome compared with aorta tissue (Figure 5), still demon-
strating that CSE is bound to both hsp90 and NR3C4 and
further strengthens our findings.

H,S as a male-specific mediator of
vasodilatation: more than a clue

Next, we investigated possible gender differences in
hormone-induced H,S biosynthesis, evaluating the effect of
the CSE inhibitor PAG on the vasodilator effects of the female
hormones Prog and E2(Bucci et al., 2002; Cutini et al., 2009).
The vasodilator effects induced by either Prog or E2 were not
affected by PAG pretreatment (Figure 6A,B). The lack of H,S
involvement in both Prog- or E2-dependent vasorelaxation
was also confirmed by the absence of an increase in H,S levels
following challenge with either Prog (Figure 6C) or E2
(Figure 6D). Therefore, in contrast to T and Mes, the cysteine/
H,S pathway is not involved in the vasodilator effects of
either Prog or E2. Thus, H.S levels seem to be closely associ-
ated with androgenic rather than oestrogenic hormones. In

1510 British Journal of Pharmacology (2015) 172 1505-1515

order to obtain more evidence to support our findings, we
measured H,S levels, as released from acid-labile sulphur
(Ishigami et al., 2009), in plasma samples collected from
healthy male and female volunteers. The results show that
males display a significantly higher level of plasma H,S com-
pared with females (Figure 7). Quantification of circulating
levels of T in human plasma collected from both male and
female donors showed that T levels were higher in male than
female individuals, and these were associated with increased
circulating levels of H,S (Figure 7).

Discussion and conclusions

The gender difference in cardiovascular function is a well-
established concept that has been extensively supported by
experimental and clinical studies. In particular androgens
and oestrogens have been shown to play different and spe-
cific gender-related functions through both genomic and
non-genomic mechanisms. It is widely known that the inter-
action of T with the NR3C4 (affinity 0.66 nM) (Saartok et al.,
1984) is a key triggering event. Recently, we demonstrated
that testosterone-induced vasodilatation is a non-genomic
effect involving the H,S pathway (Bucci et al., 2009). At that
stage, it was not clear whether this non-genomic vascular
effect of T involved its interaction with NR3C4. Here, data
obtained from functional experiments showed that the pure
NR3C4 antagonist Nil significantly inhibits T-induced
vasodilatation. Furthermore, in homogenized aorta samples,
Nil pretreatment abolished T-stimulated H,S production.
These data clearly indicate that H,S biosynthesis occurs upon
interaction between T and NR3C4. Nevertheless, it is note-
worthy to underline that Nil abolishes H,S biosynthesis but
partially reduces T-induced vasodilatation. This apparent dis-
crepancy is probably because the T-dependent H,S biosynthe-
sis, driven by the interaction of T with NR3C4, only partly
accounts for the wvasodilator action of T. Indeed, this
T-induced vasodilator effect also results from activation of
other mediators, including NO, as shown here (Supporting
Information Fig. S1) and in line with current literature
(Campelo et al.,, 2012; Lu etal.,, 2012; Puttabyatappa et al.,
2013).

Therefore, it appears that NR3C4 activation is the key
trigger for H,S biosynthesis. In order to confirm that the
interaction of the androgens with NR3C4 is the key common
event triggering the H,S biosynthesis, we used the synthetic
androgen agonist Mes (affinity for NR3C4 0.27 nM) (Saartok
et al., 1984), which is used in male hypogonadism therapy
(Jockenhovel et al., 1999; Schubert et al., 2003). Similarly to T,
Mes caused a concentration-dependent vasodilatation as well
as increased H,S biosynthesis. In addition, its vasorelaxant
effect was inhibited by the selective CSE inhibitor PAG.
Therefore, Mes replicated the testosterone effect supporting
the hypothesis that NR3C4 activation is essential for the
induction of H,S biosynthesis. To further confirm our
hypothesis, we performed the same study but using ST. ST is
a 17a-alkylated androgen used as anabolic agent (Fernandez
et al., 1994) whose biological actions are mediated by steroid-
binding molecules instead of NR3C4 activation (Fernandez
et al., 1994; Boada et al., 1996). The inability of ST to relax
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Interaction of NR3C4 (AR), hsp90 and CSE forming a multimolecular complex in aortic tissue of rats challenged with T or vehicle (V). Stimulated
tissues were homogenized in modified RIPA buffer and 800 ug of total extracts were immunoprecipitated with anti- NR3C4 (AR), anti-hsp90 or
anti-CSE antibodies as described in the Methods section. Samples were separated by SDS-PAGE, transferred onto a PVDF membrane and
immunoblotted with anti- NR3C4, anti-hsp90 or anti-CSE, as indicated. Representative blots for NR3C4/hsp90 (A), NR3C4/CSE (B) and
NR3C4/hsp90/CSE (C) interaction are shown. Statistical analysis was by Student’s t-test (*P < 0.05 vs. V; n = 3). No Ab, total cellular extracts
incubated with A/G plus agarose beads without antibody; IP, immunoprecipitation with the corresponding antibodies. The experiments were

independently performed five times with similar results (n = 5).

aorta tissue and to stimulate H,S biosynthesis endorsed our
conclusion that NR3C4 activation is a crucial requirement to
trigger H,S production.

All steroid receptors share the same mechanism of activa-
tion, where a key role is played by hsp90; in particular, hsp90
has been shown to maintain steroid receptors in a transcrip-
tionally inactive state within the target cells (Falkenstein
et al., 2000). Following hormone binding, hsp90 dissociates
from the receptor (Pratt and Toft, 1997). Thus, the ligand-
receptor complex changes its conformation, initiating a
cascade of events leading to the activation of a specific DNA
sequence and regulating gene transcription (Kumar et al.,
1987; Gallo and Kaufman, 1997). In order to verify whether
NR3C4-derived hsp90 is involved in H,S biosynthesis, we
used the specific hsp90 inhibitor GA. Blockade of hsp90
inhibited testosterone-induced vasodilatation and attenuated
H,S biosynthesis, mimicking the effect of the NR3C4 antago-
nist Nil. Therefore, NR3C4 and hsp90 seemed to be crucial in
driving H,S biosynthesis by CSE in vasculature. At this stage,
we hypothesized that hsp90 could directly interact with CSE.
We first tested this hypothesis in a cell-free assay using the

SPR technique. This experimental approach confirmed a
strong physical interaction between hsp90 and CSE. Based on
this, we next performed co-IP in aortic tissue, a step forward
to determine whether this interaction takes place also at the
tissue level, a more complex environment than a cell-free
assay. The co-IP study confirmed the existence of a multipro-
tein complex formed by an interaction between hsp90, CSE
and NR3C4. Furthermore, in line with the current literature,
T decreased hsp90/NR3C4 binding (Falkenstein et al., 2000;
Smith et al., 2008). These results provide novel information
about the intracellular localization of CSE and its interaction
with hsp90 and NR3C4, which is an essential requirement for
testosterone-induced increase in H,S production. Indeed CSE
appears to be physically associated with NR3C4 and hsp90,
even in resting conditions.

In parallel experiments performed with female hormones,
we found that the L-cysteine/CSE/H,S pathway was not
involved in vascular effects evoked by E2 or Prog. This finding
indicates that H,S biosynthesis is a hormone-specific process
initiated by the interaction between T and NR3C4, which
clearly involves hsp90 and CSE. Therefore, it is feasible that
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line PNTTA (ATCC, Rockville, MD, USA) were carried out on 1 mg of
total extracts. No Ab, total cellular extracts incubated with A/G plus
agarose beads without antibody; IP, immunoprecipitation with the
corresponding antibodies. The experiments were independently per-
formed three times with similar results (n = 3). AR represents NR3C4.

Quantification of human H.,S plasma levels, as released from acid-
labile sulfur, in male and female healthy donors (age range 25-50
years). H,S and testosterone plasma levels were detected as
described in the Methods section. T levels in male subjects were
higher compared with females and H,S values followed the same
profile, being higher in males compared with females. Statistical
analysis was by Student’s t-test (***P < 0.001, *P < 0.05; n=7).
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Figure 6

H.,S biosynthesis involvement in E2- and Prog-induced vasodilator effect on isolated aortic rings pre-contracted with PE (1 uM). Cumulative
concentration-response curve to Prog (10 nM-300 uM) was performed in the presence or absence of CSE inhibitor PAG (10 mM, 15 min) (A). The
same approach was used to investigate the role of H,S production in the E2-induced vasodilator effect (10 nM-30 uM) (B). Statistical analysis was
by two-way anova with a Bonferroni post hoc test. H,S was determined in aortic tissues incubated with Prog (100 uM) for 15 or 30 min (C). The
same analysis was carried out in isolated aortic tissues challenged with E2 (10 uM) for 15 or 30 min (D). Statistical analysis was by one-way anova
with Dunnett’s post hoc test [###P < 0.001 vs. basal; °°°P < 0.001 vs. L-cysteine (L-Cys); n = 6].
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NR3C4 may activate CSE through hsp90, in turn, stimulating
H,S production. Thus, our data suggest that the L-cysteine/
CSE/H,S pathway is more susceptible to control by androgen
hormones than by oestrogens. This hypothesis implied that a
difference in H,S biosynthesis between male and female sub-
jects may exist. Determination of H,S in human blood
samples collected from male and female healthy volunteers
supported this hypothesis. It is noteworthy that the higher
testosterone plasma levels found in males compared with
females paralleled H.S levels. Considering that testosterone
levels are known to be higher in male individuals (Southren
etal., 1965), as also found in the present study, these data
provide, for the first time to our knowledge, evidence that H,S
is preferentially abundant in plasma of male individuals.
These preliminary findings allow us to speculate that in male
subjects, constant low-level increases in H,S values, due to
a higher circulating testosterone concentration, provide
a vasoprotective function, rather than acute, profound
vasodilatation.

In conclusion, our results shed light on a novel molecular
mechanism operating in the wvascular network. Thus,
following interaction between androgen and NR3C4, H,S
biosynthesis is triggered. This process involves hsp90 and
CSE, as demonstrated by molecular and functional data.
Indeed, H,S biosynthesis can be blocked by either deleting
hsp90 or by inhibiting CSE. The existence of an association
among hsp90, CSE and NR3C4 has been shown in basal as
well as stimulated conditions. Therefore, H,S biosynthesis in
the rat aorta is modulated by androgen hormones, but is not
triggered by female hormones E2 or Prog. These findings
further consolidate the view that androgens can exert protec-
tive actions on cardiovascular and metabolic functions
(Deenadayalu et al., 2012; Papierska et al., 2012; Soisson et al.,
2012) by triggering a variety of beneficial effects mediated by
H,S (Zanardo et al., 2006; Zhao et al., 2008).
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