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ARTICLE INFO ABSTRACT

Keywords: Diabetes is associated with severe vascular complications involving the impairment of endothelial nitric oxide

EﬂdOtheh“m_ synthase (eNOS) as well as cystathionine y-lyase (CSE) activity. eNOS function is suppressed in hyperglycaemic

Hyperglycemia conditions, resulting in reduced NO bioavailability, which is paralleled by reduced levels of hydrogen sulfide

Ea;o(t;)a;i:ltters (H2S). Here we have addressed the molecular basis of the interplay between the eNOS and CSE pathways. We
21

tested the impact of HyS replacement by using the mitochondrial-targeted HyS donor AP123 in isolated vessels
and cultured endothelial cells in high glucose (HG) environment, at concentrations not causing any vasoactive
effect per se. Aorta exposed to HG displayed a marked reduction of acetylcholine (Ach)-induced vasorelaxation
that was restored by the addition of AP123 (10 nM). In HG condition, bovine aortic endothelial cells (BAEC)
showed reduced NO levels, downregulation of eNOS expression, and suppression of CREB activation (p-CREB).
Similar results were obtained by treating BAEC with propargylglycine (PAG), an inhibitor of CSE. AP123
treatment rescued eNOS expression, as well as NO levels, and restored p-CREB expression in both the HG
environment and the presence of PAG. This effect was mediated by a PI3K-dependent activity since wortmannin
(PI3K inhibitor) blunted the rescuing effects operated by the HyS donor. Experiments performed in the aorta of
CSE™/~ mice confirmed that reduced levels of H,S not only negatively affect the CREB pathway but also impair
Ach-induced vasodilation, significantly ameliorated by AP123. We have demonstrated that the endothelial
dysfunction due to HG involves H,S/PISK/CREB/eNOS route, thus highlighting a novel aspect of the H,S/NO
interplay in the vasoactive response.

Vascular function

activity can lead to an uncontrolled increase of radicals that can affect
vascular function [8,9]. This condition is typical of diabetes and includes
coronary artery disease, stroke and peripheral vascular impairment,
thus representing the major cause of morbidity and mortality in affected
patients [10]. The vascular injury induced by hyperglycemia is also
associated with alterations of endothelial molecular pathways control-
ling the vascular tone [11-13]. In fact, the therapeutic control of
circulating glucose levels is of limited help in the improvement of

1. Introduction

High concentrations of glucose in the bloodstream increase cell
metabolism leading to the production of reactive oxygen species (ROS)
within mitochondria that contributes to vascular damage [1-4]. In
physiological conditions, ROS are scavenged by several endogenous
molecules with antioxidant activity [5-7]. The reduction of scavenger
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Abbreviations

3MST 3-mercaptopyruvate sulfurtransferase
Ach acethylcholine

BAEC bovine aortic edothelial cells

CAT cysteine aminotransferase

Cav-1 caveolin 1

CBS cystathionine p-synthase

CREB cAMP response element binding protein

pCREB  phosphorylated cAMP response element binding protein
CSE cystathionine y-lyase

H,S hydrogen sulfide

HG high glucose

Hsp90  heat shock protein 90

KT KT5720

NG normal glucose

NO nitric oxide

eNOS endothelial nitric oxide synthase
NOx nitrite and nitrate as nitric oxide species
PAG propargylglycine

PE phenilephrine

PKA proteina kinase A

PI3K phosphatidylinositol 3-kinase
ROS reactive oxigen species

WM wortmannin

WT wild type

cardiovascular complications in diabetic patients, where the hypergly-
cemic state has already triggered the vascular injury [14-18].

Hyperglycemia impairs the biosynthesis of endogenous gaseous va-
sodilators nitric oxide (NO) and hydrogen sulfide (H2S) and this con-
tributes to endothelial dysfunction [19-21]. NO is physiologically
synthesized by NO synthase, an enzyme expressed as three different
isoforms: endothelial (eNOS), neuronal (nNOS) and inducible (iNOS).
eNOS is the specific isoform expressed within the vasculature and it is
activated by several means, including phosphorylation (p-eNOS) by
Akt/PI3K or PKA, detachment of inhibitory protein caveolin-1 (Cav-1),
binding of Ca?*-calmodulin complex or heat shock protein 90 (HSP90)
[22-24]. Indeed, in diabetic vessels, the decreased availability of NO
contributes to a reduced relaxation and this evidence is related to a
decrease in eNOS expression and a lower level of p-eNOS, often asso-
ciated with an overproduction of Cav-1 [21,24-26].

H,S is also recognized as a key vasodilator endogenously generated
by three enzymes operating in the trans-sulfuration pathway, namely
cystathionine-y-lyase (CSE), cystathionine-p-synthase (CBS) and
cysteine aminotransferase/3-mercaptosulfurtransferase (CAT/3MST)
[27-30]. These enzymes are almost ubiquitously expressed within the
human body; nonetheless, each of them shows peculiarity in specific
tissues [31]. In particular, vasculature exhibits a differential distribution
of CBS, 3MST and CSE, the latter being the major source of H,S within
the vascular wall. Of note, similarly to NO, the decline of H2S concen-
trations occurring during the development of diabetes following CSE
inhibition affects vascular function, suggesting a link between the two
pathways in the control of vascular tone, which is improved by treat-
ment with chronic HyS [20,32-35].

The existence of an interplay between these gasotransmitters is
therefore not novel as it has also been described in biological processes
such as vasorelaxation, angiogenesis and inflammation or disease con-
ditions (e.g. hypertension) [27,36-38]. Different experimental protocols
have been utilized to study the interplay between NO and H»S but none
focused specifically on this cross-talk in diabetes [39-41]. Indeed, the
majority of the work in the field of NO-H5S cross-talk has been focused
on the interplay between CBS and the NO pathway and used NO-donors
[42-44]. In addition, in these studies, the interplay between H,S and the
NO pathway has been assessed by using NaHS or other HyS donors at a
concentration (10-100 pM) displaying per se a relaxant effect on the
vessels [45-49]. Noteworthy, in many cases, the interplay between NO
and H»S has been postulated based on the evaluation of single studies
discussed in the review articles rather than designing a specific protocol
aiming to dissect such interplay. To this extent, it might be intuitive that
restoring physiological levels of HyS could represent a chance to recover
NO-dependent endothelial function and could be used as a possible
therapeutic approach to address vascular complications in diabetic pa-
tients, independently from glycaemia control. In this regard, the search
for novel HaS-releasing compounds relies on the need to control the
concentration and, possibly, localization of the HyS released, which has

led to the discovery of AP123 [32]. AP123 is a slow donor that releases a
very low amount of H,S within a specific timeframe. The release of HyS
by AP123 was associated with the decreased hyperpolarization of the
mitochondrial membrane and the suppression of the oxidant generation
within mitochondria triggered by the HG environment. AP123 also
increased the electron transport within the respiratory chain and
improved the cellular metabolism, thus preserving endothelial cells
from HG-induced injury. Taking advantage of the full characterization of
the release kinetic of this donor, we aimed here to specifically investi-
gate the interplay between the HyS and NO during hyperglycemia, by
using AP123 at a concentration not exerting an intrinsic vascular effect.

2. Materials and methods
2.1. Isolated mouse aorta experiments

Animal care and experimental procedures in this study follow spe-
cific guidelines of the Italian and the European Council law for experi-
ments involving animals. All procedures were approved by the local
animal care office (Centro Servizi Veterinari, University of Naples,
Federico II) and carried out following ARRIVE guidelines [50,51] and
EU recommendations (Directive 2010/63/EU) for experimental design
and analysis in pharmacology care. The procedure was authorized by
Ministero della Salute (prot.n. 290-2018-PR). CD1 mice were used for ex
vivo experiments, exposing the aorta to hyperglycemia. Experimental
assessment of CSE™/~ mice (in-house colony) aorta function was per-
formed in comparison with age-matched male 8-12 weeks old C57Bl6
(Charles River, Lecco, Italy). Animals were kept at temperatures of 23 +
2 °C, a humidity range of 40-70% and 12 h of light/dark cycles in
pathogen-free cages (4 mice per cage) with free access to dry feed and
water. Mice were anaesthetized with enflurane (5%) and then eutha-
nized in CO, chamber (70%). The thoracic aorta was rapidly harvested
and adherent connective and fat tissue were removed. The aorta was
then cut into rings of 1-1.5 mm in length and incubated in DMEM by
using normoglycemic (NG, 25 mM) or hyperglycaemic (HG, 50 mM)
conditions for 20 h with or without AP123 (1nM-100nM) in presence of
wortmannin (WM, 100 nM), a PI3K inhibitor, or vehicle [52,53].
Following incubation, aorta rings were placed in organ baths (3.0 ml)
filled with oxygenated (95% 02-5% CO3) Krebs’ solution (NaCl 118
mM, KCl 4.7 mM, MgCl, 1.2 mM, KHyPO4 1.2 mM, CaCly 2.5 mM,
NaHCOs3 25 mM and glucose 10.1 mM) with ibuprofen (10 pM). The
rings were connected to an isometric transducer (Fort 25, World Preci-
sion Instruments, 2Biological Instruments, Varese, Italy) associated with
PowerLab 8/35 (World Precision Instruments, 2Biological Instruments,
Varese, Italy). The optimal resting tension applied has been previously
determined for each mouse strain. The rings were initially stretched
until a resting tension of 1.5 g and then were allowed to equilibrate for at
least 30 min; during this period the tension was adjusted, when neces-
sary, to 1.5 g and the bath solution was periodically changed [29,54]. In
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each set of experiments, rings were firstly challenged with phenyleph-
rine (PE, 1 pM) until the responses were reproducible. Cumulative
concentration-response curves to acetylcholine (Ach) (1 nM-30 pM)
were performed on PE-precontracted rings to assess endothelial func-
tion. In another set of experiments, the direct vasodilatory effect of
AP123 (1nM-30uM) was also tested on PE-precontracted rings.

In another set of experiments, aorta rings were collected from age-
matched CSE™~ mice and used for vascular reactivity studies and
western blot analysis, respectively. In particular, Ach-induced response
was tested in aorta rings from CSE™/~ mice incubated in DMEM by using
normoglycemic (NG, 25 mM) conditions for 20 h with or without AP123
(10 nM).

2.2. Cell culture experiments

Bovine aortic endothelial cells (BAEC) were cultured in 10% fetal
bovine serum (FBS) DMEM (without phenol red) and used at passages 5
to 10, without any differences in cell response. Following overnight
starvation (serum-free medium), BAEC underwent normoglycemic (NG,
25 mM) or hyperglycaemic (HG, 50 mM) conditions for 3 h and then
challenged with calcium ionophore A23187 (3 pM, 30 min, Sigma-
Aldrich, Milan, Italy), as previously described [13,21] (supplemental
method M1). Cells were grown until they reached 80% confluence and
then plated for the experiments. AP123 (1nM-100nM) was administered
at time 0 (t = 0, same time as hyperglycemia induction) or 1hr after
hyperglycemia induction (t = 1).

All experiments using AP123 were performed by using the 1 h post-
HG protocol. Cell supernatants and pellets were collected for nitrite/
nitrate (NOx) and H,S levels determination and western blot analysis,
respectively. In another set of experiments, BAEC were treated in a NG
environment with CSE inhibitor propargylglycine (PAG, 10 mM, [55])
and, after 1 h, AP123 (10 nM) was added for 2 h in presence of PAG for a
total length of 3 h experiment. Therefore, cell pellets were collected for
western blot analysis. In a further series of experiments, BAEC cultured
in HG conditions were also pre-incubated with PKA inhibitor KT5720 (1
pM) or PI3K inhibitor WM (100 nM) 30 min before the addition of
AP123 (10 nM). Then, the supernatants and cell pellets were collected
for NOx levels determination and western blot analysis, respectively.
NaHS (10-100 nM) was used as a reference donor in comparison with
AP123.

2.3. H,S determination

H,S levels were determined by a fluorometric assay in cell lysate and
supernatant of BAEC that have undergone the different protocol treat-
ments by using the specific fluorescent HyS probe SF7AM (Ex. 475 nm,
Em. 500-550 nm, Tocris, UK). The volume of samples used was 50 pl for
the supernatant, while cell lysate was used at a concentration of 0.5 mg/
ml (50 pl). The samples, standards (NayS) and blanks were pipetted into
a black flat-bottomed 96-well plate by using RIPA solution as a dilution
buffer. SF7AM was used at a final concentration of 10 pM and the total
volume for each well was 200 pl. The plate was read at 37 °C throughout
90 min incubation period under orbital shaking conditions. Total HoS
levels were quantified against a calibration curve obtained with NasS
(50nM-250pM). In another set of experiments, we measured live HyS
production in cells. BAEC were incubated in NG or HG environment for
30 min and thereafter SF7AM (2.5 pM) was added for 30 min [56].
Following incubation, the medium was replaced to eliminate SF7AM
excess and the cells were treated according to the different protocols
described (AP123 10 nM or AP123 + PAG) for 2 h. Fluorescence read-
ings were carried out straight after AP123 addition for 2 h at 30-min
intervals (supplemental method M2).

2.4. NOx determination

NOx (nitrite/nitrate) levels quantification was carried out in
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supernatant (FBS-free DMEM without phenol red) of BAEC undergone
different treatments or in plasma samples collected from CSE™/~ mice
and performed according to Misko et al. with modifications [13,26]. The
samples were added with 0.49 M NH4CI and 0.06 M NayB407 (3:1) in
presence of elementary cadmium to reduce nitrate to nitrite for 2 h at
room temperature. After incubation, samples (160 pl) were centrifuged
and added with a 10 pl solution of 2,3-diaminonaphtalene (DAN, 0.05
mg/ml) for 7 min in the dark and then 5 pl of NaOH 2.8 N were added in
each sample to stop the reaction. Total nitrite levels were determined by
fluorometric measurement of each sample (Ex. 365 nm, Em. 450 nm)
against a calibration curve obtained with NaNOy (50nM-2uM).

2.5. Western blot analysis

BAEC pellets or aorta segments were homogenized in modified RIPA
buffer (Tris-HCl 50 mM, pH 7.4, Triton 1%, Na-deoxycholate 0.25%,
NaCl 150 mM, EDTA 1 mM), added with protease inhibitor cocktail
(Sigma-Aldrich). After centrifugation of homogenates at 6500 g for
10min, 60 pg of the denatured proteins were resolved on 10% SDS-PAGE
gels and transferred to a polyvinylidene fluoride (PVDF) membrane.
Unspecific binding on the membranes was minimized by using a
blocking buffer solution (phosphate-buffered saline, PBS, containing
0.1% v/v Tween-20 and 3% non-fat dry milk, 1 h incubation). The in-
cubation of membranes was carried out overnight at 4 °C with the
following primary antibodies: mouse monoclonal anti-eNOS (1:1000,
BD Biosciences, Milan, Italy), mouse monoclonal anti-cAMP response
element-binding protein (CREB, 1:1000, Cell Signaling, Leiden, NL),
mouse monoclonal anti-p-CREB (1:1000, Cell Signaling, Leiden, NL),
rabbit polyclonal anti-GAPDH (1:1000, Merck, Milan, Italy) and mouse
monoclonal anti-p-actin (1:1000, Merck, Milan, Italy). The filters were
therefore washed in PBS containing 0.1% v/v Tween 20, before incu-
bation for 2 h with anti-mouse horseradish peroxidase-conjugated sec-
ondary antibody. Membranes were washed and developed using
Enhanced Chemiluminescence Substrate (ECL; Amersham Pharmacia
Biotech, San Diego, CA, USA). Images for western blot have been ob-
tained by using Chemidoc System (Bio-Rad, Milan, Italy). Band intensity
has been analyzed by using ImageJ software and optical density (arbi-
trary units) has been reported.

2.6. Statistical analysis

All data were reported as mean + SEM and the number of the
replicated experiments for all data sets is n = 5 unless differently re-
ported in figure legends. The relaxation data have been reported as % of
relaxation calculated against the maximal contraction to phenylephrine-
induced tone. Statistical analysis has been performed by using one-way
or two-way analysis of variance (ANOVA) where appropriate, followed
by the Bonferroni or Dunnett post-hoc test, where applicable. Data were
analyzed by using Prism Graphpad 8.0. Data sets were considered sta-
tistically significant when a value of p < 0.05 was reached.

3. Results
3.1. Effect of AP123 on Ach-induced vasorelaxation in HG environment

We first evaluated whether the H»S donor AP123 could exert a vas-
orelaxant effect per se in aorta rings precontracted with PE. The cumu-
lative concentration-response curve (1nM-3uM) of AP123 did not show
any vasoactivity in the range of the concentrations used (Fig. 1A).
Therefore, we next evaluated the Ach-induced vasodilation in aortic
rings incubated in a HG environment in presence of AP123 or vehicle
(20 h). As expected, HG significantly reduced Ach-dependent vaso-
relaxation. Conversely, incubation with AP123 (10 nM and 100 nM)
restored the normal vasodilatory activity induced by Ach (Fig. 1B). The
concentration of 1 nM did not exert any appreciable effect (Supple-
mental Fig. S1).



R. Montanaro et al.

Redox Biology 62 (2023) 102657

Fig. 1. Evaluation of endothelial function in
mouse aorta rings incubated with AP123 during
hyperglycemia. (A) Vasodilating effect exerted by
Acetylcholine (Ach), AP123 and vehicle (DMSO) in
aorta rings (n = 5) **p < 0.01 vs. vehicle and AP123.
The Ach exerts a relaxant effect depending upon the
concentrations used (1nM-3pM); conversely, neither
AP123 nor DMSO triggers vasodilation when used
within the same concentration range (1nM-3uM). (B)
Ach-induced vasorelaxation in aorta rings incubated
with AP123 (10-100 nM) exposed to HG or NG
environment for 20 h **p < 0.01 vs. NG; *##p <
0.001 vs HG. Differences have been considered sta-
tistically significant when p was <0.05.
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3.2. HS and NO impairment in HG environment and rescuing effect by
AP123

Next, we aimed to dissect the mechanism behind the beneficial effect
of AP123 ex vivo in an in vitro model of hyperglycemia by using BAEC
cells. We first assessed the impact of the HG environment on the phys-
iological generation of HyS as well as NO. Cells undergoing HG treat-
ment display significantly low levels of HyS measured in both cell
supernatants (Fig. 2A) and total cell lysate (Fig. 2B). Similarly, NOx
levels in the supernatant were also reduced by HG treatment, following
previous findings (Fig. 2C) [26]. In a preliminary set of experiments, we
chose the optimal treatment time (t = 0 or t = 1) to incubate AP123 in
BAEC undergoing HG treatment [32]. We administered AP123 at the
same time as HG exposure (t = 0) or 1 h later (t = 1). Preliminary results
showed that incubation of AP123 1 h after the HG exposure was able to
restore normal NOx generation, thus we used this setting for all
following experiments (Supplemental Fig. S2). Therefore, we tested
AP123 at different concentrations (1-100 nM) and we observed that it

T T 1
-7

Ach (Log M)

restored the NOx level as found in NG conditions (Fig. 2C). This effect
was concentration-dependent and became significant at the concentra-
tion of 10 nM. Interestingly, this concentration of AP123 replenished the
amount of HyS lost in the HG environment, as shown in the measure-
ment of live HyS generation in BAEC cultured in HG environment
(Fig. 2D).

3.3. Modulation of eNOS pathway by AP123 in HG environment

Next, following the quantification of NOx levels, we performed a
western blot analysis to determine the influence of AP123 on eNOS
expression in the HG environment. BAEC exposed to hyperglycemia
showed a significant reduction in eNOS expression compared to the NG
(Fig. 3A-B). The administration of AP123 to cells in the HG environment
restored the physiological abundance of eNOS by significantly
increasing its level. No effect was observed on eNOS levels when we used
NaHS as a donor (Supplemental Fig. S3).

HG exposure and AP123 treatment modified the expression of eNOS.

Fig. 2. Measurement of H,S and NO levels in

A 60 B 10- BAEC during hyperglycemia. (A) The concentration
—: o of H,S was detected in the supernatant of BAEC
0 € 81 exposed to the HG environment (3 h). *p < 0.05 vs
— 404 -T- - o NG. (B) Levels of H,S in the total cell lysate of BAEC
E= 0 » § 6+ exposed to HG environment. *p < 0.05 vs NG. (C) The
Y 5 £ 2 8 * concentration of total NO levels (expressed as total
= 20 E’ 41 o nitrate/nitrite, NOx) in BAEC exposed to HG envi-
5 - ronment and in presence of an increasing concentra-
g tion of HyS donor AP123 (1-100 nM, 2 h). ***p <
a4 = i 0.001 vs NG; #p < 0.05, *#*#p < 0.001 * vs HG. (D)
Live fluorometric quantification of H»S produced in
NG HG NG HG BAEC exposed to NG, HG and HG with H,S donor
C D AP123 (10 nM). *p < 0.05 vs NG; “p < 0.05 vs HG.
500 The graphs show the mean values + SEM for each
o 500 - NG group (n = 3-5). Differences have been considered
400- o # 8 2 % HG statistically significant when p was <0.05.
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Fig. 3. Protein expression levels of eNOS, p-CREB

A & and CREB in BAEC treated with AP123 during
[ T P — hyperglycemia. (A) Western blot analysis showing
cropped images of the expression of eNOS in BAEC
eNosS ]—— CREB | e S s treated or not with AP123 (10 nM and 100 nM, 2 h)
B-actin l ww-‘ exposed to HG environment (3 h). (B) Densitometric
p-actin analysis of eNOS. (C) Western blot analysis showing
NG HG 10nM 100nM e — — — cropped images of the expression and/or phosphory-
HG+AP123 NG HG 10nM  100nM lation of CREB in BAEC treated or not with AP123
HG+AP123 (10 nM and 100 nM, 2 h) exposed to HG environment.
(D) Densitometric analysis of pPCREB/CREB ratio. The
B D graphs represent the mean + SEM for each group (n
1.5 0.31 = 4-5). The -actin has been used as a housekeeping
. -?- # # control protein. *p < 0.05 vs NG; ***p < 0.001 vs.
Q: # E ° & NG; #p < 0.05 vs. HG. Differences have been
o o considered statistically significant when p was <0.05.
Fia 5 R 8% = A
8 Kkk & 8 5 8 o
& 0.5 9 o 8 014
o 74
= Q
@ -9
0.0~ 10nM  100nM 90- 10nM  100nM
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Therefore, we hypothesized a transcriptional control operated by AP123
on eNOS gene activation and among the transcription factors regulating
eNOS expression, we evaluated the cAMP response element-binding
protein, also referred to as CREB [57,58], which is activated upon
phosphorylation (p-CREB). BAEC cultured in the HG environment dis-
plays a reduction of p-CREB, with no changes in its constitutive form
(Fig. 3C-D). Noteworthy, the treatment with AP123 (10 and 100 nM)
increased CREB phosphorylation, thus re-establishing the levels
observed in the control condition, e.g. NG experimental setting
(Fig. 3C-D).

3.4. CREB activation and eNOS expression following AP123 treatment in
H,S deficiency conditions

HG exposure is associated with a reduction of HyS biosynthesis in
vivo [20] and this also applies to our experimental setting (see Fig. 2).
Thus, we checked whether the low expression of p-CREB could be
related to the low HS levels. To test this hypothesis, we inhibited CSE
activity by using PAG in BAEC exposed to the NG environment. This
approach resulted in the reduction of the basal generation of H,S, thus
mimicking the HG environment (Fig. 4A). PAG treatment, similarly to
the HG setting, significantly downregulated eNOS expression and
reduced activation of CREB, as indicated by lower levels of p-CREB
expression (Fig. 4B-D). Interestingly, the administration of AP123 (10
nM) in PAG-treated BAEC restored the expression of both eNOS and

Fig. 4. Measurement of H,S, eNOS and CREB

500 - NG & protein expression levels in BAEC pre-treated
2 & HG eNOS ’_ . — —‘ with a CSE inhibitor in presence of AP123. (A)
2 4004 5 NG+PAG Fluorimetric quantification of live H,S concentration
K E 300 p-CREB "‘—-—-—-” “JI produced in BAEC pre-treated with the CSE inhibitor,
=2 PAG (10 mM, 15 min) and stimulated with AP123
(3 § 200 * CREB | — ||~ -‘I (10 nM). (B) Western blot analysis showing cropped
3 3 * images of the expression of eNOS and pCREB/CREB
é 100+ Bracon I-“-| in AP123-stimulated BAEC pre-treated or not with
0 AP123 (10nM) PAG. Densitometric analysis of (C) eNOS and (D)
; . . . . PAG PCREB/CREB ratio. The graphs represent the mean +
0 30 60 90 120 SEM for each group (n = 3-6). CTR: untreated cells;
Time (min) V: cells treated with PAG only; AP123: cells treated
C D with PAG + AP123 10 nM. The -actin has been used
1.5+ ﬁ 0.3 as a housekeeping control protein. *p < 0.05 vs. NG
- - # or CTRL; #p < 0.05 vs. vehicle + PAG. Differences
8: & o g ° have been considered statistically significant when p
S 4.0 5 § 5 021 2 - was <0.05.
£ w o *
§ X 5 &
% 0.5+ ﬂ 0.1
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m o
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p-CREB (Fig. 4B-D).

3.5. Role of endogenous H»S in CREB activation pathway

Endogenous modulation by H,S on the CREB pathway has also been
investigated in mice lacking functional CSE (CSE™/~ mice). Therefore,
we checked the levels of CREB in the unstimulated aorta and we found
that its expression was significantly downregulated in CSE™/~ mice
compared to wild type (WT) (Fig. 5A). We next evaluated the effect of
Ach administration in the aorta from CSE™~ mice. Here, we observed
that the relaxant effect induced by Ach was reduced by 20% in CSE ™/~
mice compared to wild type (WT) (Fig. 5B). We, therefore, tested the
Ach-induced vasorelaxation in the aorta from GSE~/~ mice following the
incubation of AP123. The presence of AP123 significantly enhanced the
Ach vasodilating effect in CSE™~ aorta, replicating the physiological
vasodilation observed in WT mice.

3.6. Mechanism of CREB activation operated by AP123

Next, we evaluated the possible involvement of two kinases (PKA
and PI3K/Akt) pathways, known to be involved in NO and H,S signal-
ling, in the activation of CREB following AP123 administration. There-
fore, we quantified NOx levels in BAEC cultured in HG conditions and
treated with AP123, in presence of KT5720 (KT) or wortmannin (WM),
an inhibitor of PKA and PI3K, respectively. As already shown in Fig. 2C,
the treatment with AP123 restored NOx levels in BAEC exposed to HG
and this effect was abolished by WM, but not by KT (Fig. 6A). Next, we
performed western blot analysis to establish whether the effect of WM
and KT on changes in NOx levels induced by AP123 was also associated
with a modulation of the eNOS pathway. Administration of KT did not
modify the beneficial effect of AP123 on eNOS expression during hy-
perglycemia, while in presence of WM, AP123 was no longer able to
restore eNOS expression in the HG environment (Fig. 6B-C). Next, we
evaluated p-CREB expression in presence of KT and WM to investigate
the upstream signalling. Similarly, p-CREB levels were restored by the
treatment with AP123 in the HG environment and this effect was
abrogated by WM, while no effect was observed following incubation
with KT (Fig. 6B and D). Following the in vitro results, we tested whether
the loss of effect observed when AP123 was used together with WM was
also applied to our ex vivo setting. Therefore, we incubated the aorta
rings pre-treated with WM (100 nM) in the HG environment in presence
of AP123 (10 nM, 20 h). The beneficial effect on Ach-induced vaso-
relaxation in the HG environment was completely abolished by WM
treatment (Fig. 6E). This effect was specific to AP123 since incubation
with WM in the HG environment did not exert any effect on Ach-induced
relaxation (Supplemental Fig. 54).
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4. Discussion

AP123 is a mitochondrial slow-release H,S donor fully characterized
for what concerns the kinetic of HyS release [32]. In particular, a con-
centration of 100 pM of AP123 can release in a cell-free system ~25 pM
of HyS after 72 h, even though it does not cause any relaxant effect on
mouse aorta precontracted with PE up to a dose of 3 pM. To understand
the role played by HsS in HG conditions, we selected a concentration of
10 nM that: i) does not have any direct effect on the vessel, ii) is well
within an achievable endogenous level of hydrogen sulfide. Aorta rings
exposed to the HG environment lead to a marked inhibition of
Ach-induced vasorelaxation, mainly due to eNOS/NO signaling
impairment, as we have also previously shown [20,52,53]. Interestingly,
the incubation of aorta rings with AP123 10 nM in the HG environment
re-established the Ach-induced relaxations at the control level. There-
fore, we have investigated if AP123 could positively modulate the eNOS
pathway. In this regard, it has been shown that AP123 can protect b.
End3 murine microvascular endothelial cells against oxidative stress
associated with a hyperglycaemic environment [32]. To gain further
insights into the mechanism triggered by AP123 in HG, we used an
established in vitro cellular model of endothelial dysfunction induced by
hyperglycemia. In this setting, BAEC were exposed to an HG environ-
ment leading to a marked reduction in HyS and NO. Following incuba-
tion with AP123, we observed a full restoration in NO levels, similar to
those observed in normoglycemic conditions suggesting that AP123
does not act only by replenishing the hydrogen sulfide levels but also
affects eNOS/NO signaling. Indeed, when we explored the expression of
eNOS protein we found that AP123 positively modulated its levels,
thereby contributing to restoring basal eNOS expression. Interestingly,
at the same concentration of 10 nM, NaHS did not exert such a beneficial
effect, thus indicating that the mode of H,S release might be crucial to
exert a downstream molecular effect. In this context, a suboptimal
mitochondrial activity is also associated with low levels of local HS, due
to defective enzymatic generation or altered translocation from cytosol
to mitochondria, i.e. CSE, [59,60]. In addition, impaired mitochondrial
function is associated with different diseases, including diabetes
[61-65]. Of note, the chemical feature of AP123 being a
mitochondrial-targeted HyS donor may explain this difference with
NaHS, since it releases H,S in this specific sub-cellular compartment.

It is known that the cAMP response element-binding protein (CREB)
is a transcriptional factor controlling, among other proteins, eNOS gene
expression [57,58,66,67]. Thus, we wanted to test whether CREB could
be involved in AP123 modulation of eNOS expression. In the cellular in
vitro experiments, we found that HG exposure suppressed CREB acti-
vation, evaluated as changes in the phosphorylated form p-CREB. As
expected, this effect was counteracted by incubation of cells with AP123

Fig. 5. Role of CSE-derived H,S in aorta from
CSE~/~ mice. (A) Western blot and densitometric
analysis showing cropped images of CREB expression
in the aorta harvested from CSE™'~ and WT mice. (B)
Ach-induced vasorelaxation in aorta rings harvested
from CSE™/~ and WT mice and Ach-induced vaso-
relaxation in aorta rings harvested from CSE™/~
incubated with AP123 (20 h, 10 nM). The graphs

*%%  represent the mean + SEM for each group (n = 4-5).

### The GAPDH has been used as a housekeeping control
protein ***p < 0.001 vs. WT. **#p < 0.001 vs CSE™/
~. Differences have been considered statistically sig-
nificant when p was <0.05.
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Fig. 6. Effect of AP123 on BAEC pre-treated with
either PKA or PI3K inhibitor in HG conditions and
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(B) Western blot analysis showing cropped images of
the expression and/or phosphorylation of eNOS and
CREB in AP123-stimulated BAEC pre-treated or not
with KT5720 or WM exposed to HG environment.
Densitometric analysis of (C) eNOS and (D) pCREB/
CREB ratio. *p < 0.05 vs. NG; “p < 0.05 vs. HG; ’p <
0.05 vs. HG + AP123 + WM. The graphs represent
the mean + SEM for each group (n = 3-5). (E) Ach-
induced vasorelaxation in aorta rings stimulated
with AP123 (10 nM) pre-treated with PI3K inhibitor,
WM (100 nM, 30 min), and exposed to HG environ-
ment for 20 h (n = 5). The p-actin has been used as a
housekeeping control protein. **#p < 0.001 vs. HG
+ AP123; ¥p < 0.001 vs. HG + AP123 + WM. Dif-
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at the same concentration that operated the rescue of the Ach vaso-
relaxant effect. These data imply that AP123 modulation of eNOS
expression involves the activation of CREB. To gain insights into the
possible cross-talk with the HoS pathway, we evaluated whether the
changes in the p-CREB/eNOS pathway were associated with the reduced
levels of HyS observed in hyperglycemia.

CSE is the major enzyme involved in HsS production within the
vessels. It is known from the literature that the inhibition of the
endogenous CSE-derived HyS with PAG impairs Ach-induced vaso-
relaxation and mimics the HG effect [54]. When cells were incubated
with PAG, i.e. the endogenous production was inhibited, there was a
reduction of eNOS expression as well as of CREB activation. Thus, the
endogenous basal production of CSE-derived HyS is involved in the
regulation of CREB activation, which in turn affects eNOS expression
levels. This hypothesis is confirmed by the finding that the incubation of
BAEC with AP123 (10 nM) restores the p-CREB/eNOS axis in HG. All
these data strongly imply that CREB activation requires H,S availability.
A similar interplay has been identified in vivo in an animal model of
cerebral ischemia-reperfusion injury, where the administration of HsS
donors prevented cerebral damage by activating CREB signalling
pathway [68]. Noteworthy, the action of AP123 is evident at nM con-
centration, in all the experimental settings used, and does not rely on
direct HyS action on vessels. This evidence strongly suggests that AP123
release mimics the “physiological” role of CSE-derived hydrogen sulfide,
impaired in a high glucose environment. To further address this hy-
pothesis, we used aorta isolated from CSE~/~ mice [65]. These mice
display an impaired vascular function, a marked reduction of the
endogenous hydrogen sulfide and, as also shown by others, isolated
aorta rings displayed a reduced NO-dependent vasodilating response to
Ach [69-71]. In addition, CSE~/~ mice fed with a high-fat diet display a
degenerative phenotype leading to leukocyte infiltration, atheroscle-
rotic lesions and vascular stiffness [72,73]. In our setting, the shape of
the Ach concentration-response curve displayed by CSE™/~ mice over-
laps that obtained in the experiments performed in an HG environment,
or the presence of PAG, suggesting that the impairment of CSE activi-
ty/expression is involved in hyperglycemic-induced vascular dysfunc-
tion. In line with our results, the finding that aortas harvested from
CSE™~ mice display reduced levels of CREB expression also reinforces
our hypothesis. To further confirm our assumption, we incubated aorta
rings harvested by CSE™/~ mice with AP123 at 10 nM. AP123 restored
the physiological vasodilatory effect induced by Ach, as can be seen by

T T T 1
-8 -7 -6 -5
Ach (Log M)

ferences have been considered statistically significant
when p was <0.05.

the overlapping of the concentration-response curve with that of
wild-type mice. Thus, the impaired vascular reactivity of CSE™~ mice
involves CREB-reduced expression and it can be reverted by the addition
of the donor AP123. In summary, the absence of CSE impairs i) the
vasodilatory response of aorta rings to Ach, ii) the level of circulating
NO, iii) the basal expression level of CREB.

CREB is normally activated through a phosphorylation step operated
by PKA, together with other kinases, including PI3K [74,75]. Thus, we
have evaluated in our experimental setting whether PKA and/or PI3K
could be involved in the molecular mechanism associated with eNOS
activation by AP123 in HG-exposed endothelial cells. The pharmaco-
logical modulation study demonstrated that inhibition of PKA did not
affect AP123 beneficial effect in the HG environment and CREB phos-
phorylation. Conversely, PI3K blockade blunted AP123 rescuing effect
as well as CREB activation. To support this hypothesis, we performed a
pharmacological modulation on isolated rings confirming that this
molecular mechanism also drives the AP123 effect on vascular function.
In isolated aorta rings the inhibition of PI3K with a specific inhibitor
significantly abolished the effect of AP123, further indicating PI3K as a
primary switch in the CREB activation process. Thus, AP123 rescuing
action on the vasorelaxant effect of Ach relies on the PI3K/CREB/eNOS
axis. This hypothesis of mechanism well fit with previous evidence
showing that activation of PI3K/eNOS signaling by H,S directly modu-
lated NO levels in BAEC [76] and exerts a protective effect in
HG-induced injury in HUVEC cells [77]. Furthermore, the activation of
this pathway has also been demonstrated to be beneficial in vivo, in a
model of cardiac dysfunction associated with sepsis [78] as well as in
neuronal hypoxia-ischemia injury or angiogenesis models [79,80].

Overall we demonstrate that the interplay between H,S and NO
pathways plays a crucial role in the vasoactive response triggered by Ach
in hyperglycemic conditions. This evidence sheds new light on the role
of vascularly derived HjS, adding more knowledge to the complex
mechanisms associated with the control of vessel functions.

5. Conclusions

Here we have demonstrated that mitochondrial-targeted HyS donor
AP123 restore endothelial function through a mechanism involving
PI3K and CREB activation in a model of hyperglycemia ex vivo and in
vitro. Our findings show that the use of specific mitochondrial-targeted
HyS donors may represent a feasible approach to address the
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endothelial dysfunction associated with HG. Indeed, the mechanism
described operates at a local level within the vasculature re-establishing
the physiological response to the endogenous agonist, i.e. Ach, inde-
pendently from the control of blood glucose
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