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A B S T R A C T   

Here, by using in vitro and ex vivo approaches, we elucidate the impairment of the hydrogen sulfide (H2S) 
pathway in vascular complications associated with metabolic syndrome (MetS). In the in vitro model simulating 
hyperlipidemic/hyperglycemic conditions, we observe significant hallmarks of endothelial dysfunction, 
including eNOS/NO signaling impairment, ROS overproduction, and a reduction in CSE-derived H2S. Tran
sitioning to an ex vivo model using db/db mice, a genetic MetS model, we identify a downregulation of CBS and 
CSE expression in aorta, coupled with a diminished L-cysteine-induced vasorelaxation. Molecular mechanisms of 
eNOS/NO signaling impairment, dissected using pharmacological and molecular approaches, indicate an altered 
eNOS/Cav-1 ratio, along with reduced Ach- and Iso-induced vasorelaxation and increased L-NIO-induced 
contraction. In vivo treatment with the H2S donor Erucin ameliorates vascular dysfunction observed in db/db 
mice without impacting eNOS, further highlighting a specific action on smooth muscle component rather than 
the endothelium. Analyzing the NO signaling pathway in db/db mice aortas, reduced cGMP levels were detected, 
implicating a defective sGC/cGMP signaling. In vivo Erucin administration restores cGMP content. This beneficial 
effect involves an increased sGC activity, due to enzyme persulfidation observed in sGC overexpressed cells, 
coupled with PDE5 inhibition. In conclusion, our study demonstrates a pivotal role of reduced cGMP levels in 
impaired vasorelaxation in a murine model of MetS involving an impairment of both H2S and NO signaling. 
Exogenous H2S supplementation through Erucin represents a promising alternative in MetS therapy, targeting 
smooth muscle cells and supporting the importance of lifestyle and nutrition in managing MetS.   

1. Introduction 

Metabolic syndrome (MetS) is a cluster of metabolic abnormalities 
that are associated with visceral adiposity. These disorders include in
sulin resistance, hyperglycemia, hypertension, and dyslipidemia (low 
high-density lipoprotein cholesterol, and hypertriglyceridemia). 

According to the International Diabetes Foundation, this syndrome is 
diagnosed by the co-occurrence of three of the five metabolic abnor
malities and it is strongly associated with an increased risk of developing 
type 2 diabetes and atherosclerotic and nonatherosclerotic cardiovas
cular disease (CVD) [1]. In recent times, the exponential increase in 
obesity has remarkably increased the incidence of MetS (https://www. 
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who.int/news/item/04–03-2022-world-obesity-day-2022-accelerati 
ng-action-to-stop-obesity). The first approach in MetS treatment is life
style changes with exercise and diet to induce weight loss, followed by 
drug therapy aimed at treating atherogenic dyslipidemia, hypertension, 
and hyperglycemia. 

Vascular inflammation is one of the main recognized clinical mani
festations of MetS, where endothelium dysfunction represents the first 
event that occurs in the vascular wall. It is characterized by an over
production of free radical oxygen species (ROS) coupled with impair
ment of endothelial nitric oxide synthase/nitric oxide (eNOS/NO) 
signaling (defined as eNOS uncoupling), with the consequent reduction 
in vasodilating properties, pro-coagulability, and arterial stiffness [2]. In 
this complex scenario, a role for transsulfuration pathway (TSP), and 
specifically for hydrogen sulfide (H2S) signaling, is emerging. H2S is a 
gasotransmitter endogenously produced within the body by the reverse 
TSP [3,4]. The main enzymes responsible for H2S biosynthesis are cys
tathionine-γ lyase (CSE), cystathionine-β synthase (CBS), and 3- mer
captopyruvate sulfurtransferase (3-MST). 

These constitutive enzymes have distinct expression profiles and 
subcellular distributions: indeed, under physiological conditions, 3-MST 
is localized in both cytosol and mitochondria, while CSE and CBS are 
distributed mainly in the cytosol [3,4]. It is well known that CSE is the 
major source of H2S in the cardiovascular system contributing to 
vascular homeostasis inducing vasorelaxation, improving endothelial 
dysfunction, and attenuating atherosclerotic plaque formation [5–9]. 
The relevance of H2S signaling within the vasculature is demonstrated 
by the finding that plasmatic levels of H2S are significantly reduced in 
diabetes and hypertension, in human and animal models [10–12]. 
Moreover, in rat aortic endothelial cells treated with high concentra
tions of glucose and palmitate, there is a reduction of both CSE 
expression and H2S production, coupled with an increase in ROS pro
duction and mitochondrial apoptosis [13]. Here, by using in vitro and ex 
vivo approaches we demonstrate that i) an impairment of H2S pathway is 
involved in vascular complications associated with MetS; ii) an in vivo 
treatment with an H2S donor Erucin, can rescue vascular complications; 
iii) the mechanism underlying this effect involves sGC persulfidation 
leading to an increased cGMP production. 

2. Methods 

2.1. Animal model and drug treatment 

Animal care and experimental procedures in this study follow spe
cific guidelines of the Italian and European Council law for experiments 
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 [14] and EU recommen
dations (Directive 2010/63/EU) for experimental design and analysis in 
pharmacology care. The procedure was authorized by Ministero della 
Salute (prot. n. 97/2020). For this study, male db/db mice or their lean 
db/+ littermates of 5 weeks of age were purchased from Charles River 
Laboratories (MI, Italy) and were housed in the animal care facility at 

the Department of Molecular Medicine and Medical Biotechnology, 
School of Medicine and Surgery, University of Naples, Italy. All mice 
were housed in pathogen-free cages (three mice per cage) with a 12 h 
light-dark cycle (temperature 23 ± 2 ◦C, humidity 60%) and free access 
to dry feed and water. The evaluation of body weight and glycemia was 
performed weekly starting from 6 to 10 weeks of age, to monitor the 
onset and progression of MetS (see Table 1). Erucin (3 mg/Kg) or vehicle 
(potassium phosphate buffer pH 7.4) was administered orally by gavage 
to mice once a day for four weeks (from 6 to 10 weeks). The volume 
administered to each mouse was 100 µl/day. Animals were randomly 
assigned to the different experimental groups that included at least five 
mice. 

2.2. Ex vivo isolated organ bath studies 

Once at 10 weeks of age, db/db mice, treated with Erucin or vehicle, 
were anesthetized with enflurane (5%) and then killed in a CO2 chamber 
(70%). The thoracic aorta was rapidly harvested, cleaned, cut and 
mounted in an isolated organ bath filled with oxygenated Krebs solution 
at 37◦C, and connected to isometric transducers The rings were initially 
stretched until a resting tension of 1.0 g and equilibrated for at least 
30 minutes [15,16]. In each set of experiments, rings were firstly chal
lenged with PE (1 μM; cat. n. P6126; Merck, Milan, Italy) until the re
sponses were reproducible. Then PE cumulative concentration-response 
curve was performed (1 nM–3 μM;). In a separate set of experiments, 
once a stable tone of PE (1 μM) was reached, a cumulative 
concentration-response curve of the following drugs was performed: 
Acetylcholine (Ach, 10 nM - 30 μM, cat. n. A9101; Merck, Milan, Italy), 
Isoprenaline (Iso, 10 nM-30 µM; cat. n. I5627; Merck, Milan, Italy), 
NaHS (10 nM − 300 µM, Merck, 161527), Erucin (10 nM - 300 µM; cat. n. 
14017; Cayman Chemical) and L-cysteine (10 nM − 3 mM; cat. n. 
C1276Merck; Milan, Italy) were performed. In another set of experi
ments on phenylephrine-precontracted rings (300 nM), the contraction 
induced by N5-(1-Iminoethyl)-L-ornithine dihydrochloride (L-NIO; 
10 μM cat. n. I134; Merck, Milan, Italy Merck), a selective inhibitor of 
eNOS was evaluated. 

2.3. Cell culture experiments 

2.3.1. Endothelial cells (BAEC) in high glucose and high palmitate 
environment 

Bovine aortic endothelial cells (BAEC) were cultured and grown in 
medium (DMEM) supplemented with 2 mmol/L glutamine, 10% heat- 
inactivated fetal bovine serum, 50 U/ml penicillin/streptomycin. 
BAEC were incubated for 3 hours in 50 mM (high glucose) D-glucose 
(HG) solution plus 100 µM sodium palmitate (SP) solution to mimic 
hyperglycemic and hyperlipidemic (HG+SP) environment. Then cells 
were stimulated with insulin (100 nM, 15 min; cat. n. I6634; Merck, 
Milan, Italy). Following that time, pellets were collected and used for 
Western blot analysis and H2S content, while supernatants were used for 
nitrite/nitrate (NOx) assay. 

Table 1 
Evaluation of body weight and glycemia in db/db mice.   

WT db/db 

weeks of age 6 7 8 9 10 6 7 8 9 10 

BODY WEIGHT 
(g) 

17,7 ±
0,8 
(n=8) 

21,6 ±
0,5 
(n=8) 

20,2 ±
0,4 
(n=8) 

21,4 ±
0,3 
(n=8) 

21,5 ± 0,5 
(n=8) 

26,5 ± 0,8 
*** 
(n=8) 

33,7 ± 1,5 
*** 
(n=8) 

36,0 ± 0,6 *** 
(n=8) 

36,1 ± 1,7 *** 
(n=8) 

41,0 ± 0,6 *** 
(n=8) 

GLYCEMIA 
(mg/dl) 

168,5 ±
6,5 
(n=8) 

175,6 ±
9,2 
(n=8) 

155,9 ±
7,1 
(n=8) 

153,6 ±
13 
(n=8) 

167,0 ± 7,3 
(n=8) 

198,7 ± 25,0 
(n=8) 

247,4 ± 29,6 
(n=8) 

487,6 ± 26,2 
*** (n=8) 

443,6 ± 62,2 
*** (n=8) 

480,0 ± 58,3 
*** (n=8) 

Body weight and glycemia were assessed in db/db and WT mice weekly starting from 6 to 10 weeks of age. Values were expressed as mean values ± SEM of n=8 for 
each group. Statistical analysis was performed by using two-way ANOVA followed by Bonferroni’s for multiple comparisons. ***p<0.001 vs. WT 
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2.3.2. soluble Guanylyl Cyclase (sGCα1β1) overexpressing cells 
Chinase Hamster Ovary (CHO) cells overexpressing subunit α1β1 of 

sGC were furnished by Bayer, Leverkusen, Germany. Cells were cultured 
and grown in DMEM/F12 (HAM) supplemented with 2 mmol/L gluta
mine, 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 
0.9 mM sodium bicarbonate, 50 U/ml penicillin/streptomycin, 2.5 µg/ 
ml Amphotericin B, 1 mg/ml genetic, 0.25 mg/ml zeocin [17]. Cells 
were incubated for 2 hours with Erucin 1 µM and then collected for 
persulfidation assay. 

2.3.3. Sodium palmitate (SP) preparation 
Sodium Palmitate (SP; cat. n. P9767; Merck, Milan, Italy) was con

jugated to free fatty acid bovine serum albumin (BSA; cat. n. 126575 
EMD Millipore; Darmstadt, Germany) in a molar concentration of 6:1 
before use by dissolving in 150 mM NaCl solution. The conjugate solu
tion was mixed by stirring at 37◦C for 1 hour until the conjugate solution 
became clear and pH was adjusted to 7.4. The palmitate-BSA stock was 
filtered using a 0.22 μm low-protein binding filter (Millipore, Billerica, 
MA, USA). 

2.4. Protein extraction and Western blot analysis 

Cells and tissues were homogenized in RIPA buffer according to 
published procedures [18,19]. 40 μg of proteins were loaded on 8–10% 
SDS polyacrylamide gels and transferred to PVDF membranes. Then the 
membranes were incubated overnight at 4 ◦C with the following pri
mary antibodies: mouse monoclonal anti-eNOS (1:1000, BD Biosciences, 
Milan, Italy), mouse monoclonal anti-CSE (CSE, 1:500, Proteintech; 
Manchester, UK), rabbit polyclonal anti-CBS (1:1000, Proteintech, 
Manchester, UK), rabbit polyclonal anti-Caveolin-1 (Cav-1; 1: 1000; 
Elab Science; Houston, Texas, USA) rabbit polyclonal anti-3MST 
(1:1000, Novus Biological, USA), rabbit polyclonal anti-PDE5A 
(1:1000, ElabScience; Houston, Texas, USA), rabbit polyclonal 
anti-soluble guanylyl cyclase α1 (sGCα1 1:1000, Merck, Milan, Italy), 
rabbit polyclonal anti-SQRLD (1:1000, Proteintech; Manchester, UK), 
rabbit polyclonal anti-ETHE-1 (1:1000, Invitrogen; Waltham, Massa
chusetts, USA)and mouse monoclonal anti-β-actin (1:3000, Merck, 
Milan, Italy). Images for western blot were obtained by using Chemidoc 
System (Bio-Rad, Milan, Italy). Band intensity was analyzed by using 
ImageJ software and optical density (arbitrary units) was reported. 

2.5. H2S assay 

H2S determination was performed using methylene blue-based assay 
according to published procedures [20,21]. 

2.6. NOx assay 

Assessment of NOx levels was performed according to Vellecco and 
collagues [22,23]. Briefly, cellular supernatants (120 μL) were incu
bated with cadmium (50 mg/well) in a microplate for 1 hour to convert 
NO into NO2− . After centrifugation, total NOx content was determined 
using a fluorometric method and calculated against a standard curve of 
sodium nitrite (50–2000 nM). 

2.7. Intracellular ROS Measurement 

The generation of ROS was evaluated using the fluorescence probe 
2′,7′-dichlorofluorescein-diacetate (H2DCF-DA; Merck cat n. D6883). 
BAEC (1×104cells/well) were plated in 96-multiwell black plates 
(Corning, USA). At the end of the previously described treatments, cells 
were incubated with H2DCF-DA (10 μM) for 30 minutes at 37 ◦C. 
Fluorescence (excitation 485 nm, emission 538 nm) was measured using 
a microplate reader (GloMax®-Multi Detection System, Promega; 
Madison, WI, USA). The intracellular ROS levels were expressed as 
relative fluorescence intensity (RFI). 

2.8. cGMP determination 

Aorta obtained from WT, db/db mice treated or not with Erucin were 
homogenized in 8 volumes of buffer containing 5% trichloroacetic acid 
per gram of tissue. Cells overexpressing sGCα1β1 treated or not with 
Erucin were lysed in 200 µl of PBS containing 10 μl of 3.3 M HCl ac
cording to d’Emmanuele di Villa Bianca and colleagues [24]. cGMP was 
extracted and measured using a commercially available enzyme 
immunoassay kit (Cayman Chemical, Michigan, USA) following the 
manufacturer’s instructions [25,26]. 

2.9. Persulfidation assay 

Persulfidation was detected using a modified biotin switch assay as 
described previously [7,27]. Briefly, sGC overexpressed CHO cells were 
precipitated with 20% trichloroacetic acid and then washed with 10% 
and 5% trichloroacetic acid. Following centrifugation, the pellets were 
resuspended in HENS buffer containing methanethiosulfonate (20 mM). 
Acetone precipitation was performed, then the pellets obtained were 
resuspended in lysis buffer containing 50-mM iodoacetyl–PEG2–biotin, 
and 2.5-mM dimedone, and then incubated for 2 hr at room temperature 
in the dark. Lysates (500 μg) were precipitated and resuspended in 50-μl 
Tris–HCl (50 mM, pH 8.5) containing guanidinium chloride (GdmCl 
6 mM), and incubated at 95◦C for 5 min. A negative control was 
generated for each sample by adding DTT (1 mM) during biotin 
cross-linking. 10% of the sample was immediately boiled at 95◦C and 
used for the identification of the levels of sGCα1 among the samples 
(input). 90% of the samples were used for biotin immunoprecipitation 
overnight (4◦C) using a high-capacity streptavidin resin. Persulfidated 
proteins were detected by SDS-PAGE and Western blotting with a spe
cific antibody against sGCα1. 

2.10. Data Analysis 

All data were reported as mean ± SEM and the number of the 
replicated experiments for all data sets is at least n=3 except for the ex 
vivo experiments where n=5. The relaxation data were reported as % of 
relaxation calculated against the maximal contraction to PE-induced 
tone. Statistical analysis was performed by using one-way or two-way 
analysis of variance (ANOVA) where appropriate, followed by the 
Bonferroni or Dunnett posthoc 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. CSE/H2S pathway is defective in BAEC exposed to high 
concentrations of both sodium palmitate and glucose (SP+HG) 

Firstly, we have assessed if, in our in vitro model of BAEC exposed to 
hyperlipidemic and hyperglycemic conditions, endothelial dysfunction 
occurs. As shown in Fig. 1A, NOx content, an indirect index of eNOS/NO 
pathway activation, was significantly reduced in SP+HG-exposed BAEC 
compared to cells placed in normal conditions (Fig. 1 A). This reduction 
was coupled to an increase in ROS levels (Fig. 1 B) confirming that, in 
our experimental setting, endothelial dysfunction takes place. Starting 
from these findings, we have then assessed the involvement of the H2S 
pathway by measuring H2S levels and the H2S-generating enzymes 
expression in SP+HG-exposed BAEC. As shown in Fig. 1C, in cell lysate 
of BAEC exposed to an SP+HG environment, lower levels of H2S were 
detected, when compared to a normal environment. In detail, the basal 
production of H2S in cells undergoing SP + HG treatment was not 
significantly different from cells exposed to vehicle, even though 
showed an overt trend of reduction. However, when we performed the 
same measurement, following the addition of L-cysteine, the endoge
nous substrate for H2S biosynthesis, we observed a significant increase 
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in both vehicle and SP+HG-exposed BAEC, whereas the H2S production 
was significantly reduced in SP+HG exposed BAEC compared to the 
vehicle. In line with the attenuated H2S content, a reduction in the 
expression of CSE was detected in SP+HG exposed BAEC (Fig. 1D). 
Conversely, no change in both CBS and 3-MST expression (the other two 
H2S-producing enzymes) was observed, in both experimental groups 
(Fig. 1E-F). 

3.2. L-cys/CSE pathway is disrupted in db/db mice contributing to 
vascular dysfunction coupled to MetS 

To verify if the MetS-associated vascular dysfunction could involves 
a defective CSE/H2S pathway, we carried out ex vivo and molecular 
experiments on aorta harvested from db/db mice at 10 weeks of age. 
Firstly, a concentration–response curve to L-cys on Phenilephrine (PE)- 
stable tone was performed. As shown in Fig. 2A, the vasorelaxation 
induced by L-Cys was strongly impaired in db/db isolated aorta rings in 
comparison with WT. A dysregulation in the expression of the H2S- 
generating enzymes was also found in db/db mice. Indeed, CSE and CBS 
expression were significantly lower (Fig. 2B-C), meanwhile 3-MST 
expression was robustly increased compared to the WT (Fig. 2D). The 
degrading H2S enzymes expression was also evaluated, as shown in 
suppl Fig. 1A-B, and no significant change of ethylmalonic encepha
lopathy 1 protein (ETHE1), and sulfide quinone reductase (SQRLD), was 
observed (supplemental Fig. 1A-B). Taken together these results indicate 
that in MetS-associated vascular dysfunction, there is an altered pattern 

of expression of H2S-generating enzymes characterized by a significant 
impairment of L-cys/CSE/H2S pathway. To assess whether the impair
ment of endogenous H2S production was coupled to a reduced activity of 
downstream signaling, we evaluated the acute relaxing effect of H2S- 
donors, i.e., NaHS and Erucin, on PE-precontracted aortic rings har
vested from db/db and WT mice (Fig. 2E-F). Interestingly both NaHS 
and Erucin concentration-response curves were markedly impaired in 
aorta harvested from db/db mice indicating an alteration in the down
stream pathways activated by H2S, essential for the vascular function. 

3.3. Erucin ameliorates vascular dysfunction in db/db mice independently 
from eNOS/NO signaling 

Since L-cysteine/CSE/H2S pathway is impaired in db/db mice, the 
next step was to evaluate if the chronic supplementation of H2S could 
improve the vascular impairment observed. Therefore db/db mice were 
treated orally with Erucin, a slow natural H2S donor, for 4 weeks (from 6 
weeks of age up to 10 weeks of age). In aorta rings harvested following 
Erucin treatment (3 mg/kg), acetylcholine (Ach)-induced vaso
relaxation was significantly improved (Fig. 3A). In contrast, Erucin 
treatment slightly affected the relaxation induced by β2 adrenergic 
agonist Isoprenaline (Fig. 3B). It is well known that the integrity of the 
endothelium is mandatory for Ach-induced vasodilatation, and it is 
mainly due to NO release [6]. Differently, Isoprenaline-induced vaso
relaxation relies on a double mechanism that involves mainly the β2 
adrenergic receptor activation and to a lesser extent, eNOS/NO/sGC 

Fig. 1. Evaluation of CSE/H2S pathway in BAEC exposed to high concentrations of both sodium palmitate and glucose (SPþHG). (A) concentration of total 
NO levels (expressed as total nitrate/nitrite, NOx) in BAEC exposed to SP+ HG (100 µM and 50 mM, respectively) environment (3 h) or vehicle (BSA/NaCl) and then 
stimulated with insulin (100 nM; 15 min). Data were expressed as mean ± SEM of n=4 for each group. Statistical analysis was conducted by using Student’s T-test, 
**p<0.01 vs vehicle. (B) Concentration of intracellular ROS levels in BAEC exposed to SP+HG environment or vehicle and then stimulated with insulin. Data were 
expressed as fold change compared to the levels of ROS detected in the vehicle, taken as 1 (n= 4). Statistical analysis was conducted by using Student’s T-test 
**p<0.01 vs. vehicle. (C) Levels of H2S in the total cell lysate of BAEC exposed to SP+HG environment or vehicle and then stimulated with insulin. Data were 
expressed as mean ± SEM of n=3 for each group. Statistical analysis was conducted by using one-way ANOVA followed by Bonferonni’s for multiple comparisons, 
◦◦◦p<0.01 vs. own basal; ***p<0.01 vs. vehicle. (D-F) Representative western blots of at least three separate experiments with similar results. Quantification of CSE 
(D), CBS (E) and 3-MST (F) protein levels in cell lysates of BAEC exposed to SP+HG environment or vehicle, and then stimulated with insulin. Data were normalized 
to GAPDH. Values were presented as mean ± SEM. Statistical analysis was conducted by using Student’s T-test. *p<0.05 vs vehicle. 
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signaling [21]. The finding that Erucin fails to modify Iso-induced vas
orelaxation suggests that β2 activated signal transduction is not involved 
in Erucin beneficial effect, ruling out cAMP-induced downstream 
signaling. Therefore, most likely, Erucin displays a targeted action on 
eNOS/NO/sGC /cGMP pathway. To better dissect if the protective ac
tion of Erucin was coupled with eNOS activation, experiments with 
L-NIO, a selective eNOS inhibitor, were performed. In particular, the 
increased tension induced by L-NIO administration over a stable tone of 
PE was evaluated [16,28]. As expected, such treatment resulted in a 
minor increase in tension in db/db mice compared to WT indicating a 
reduced NO basal production in these mice (Fig. 3C) and confirming that 
a defective eNOS function occurs in MetS, as already demonstrated [29]. 
To further investigate the involvement of eNOS/NO signaling in 
vascular impairment observed in db/db mice, eNOS and caveolin-1 
expression were measured. Caveolin-1 is a membrane resident protein 
that negatively regulates eNOS activity [30]. As shown in Fig. 3D, eNOS 
expression was similar among the experimental groups, whilst Cav-1 
was significantly augmented in the aorta of db/db mice (Fig. 3E) con
firming a reduced activity of eNOS in this strain, in agreement with 
previous studies [31,32]. Interestingly, as shown in Fig. 3C-E, Erucin 
treatment did not affect either the L-NIO-induced increase in tension or 
Cav-1 expression. Taken together, these data strongly suggest that the 
beneficial effect exerted by Erucin is not due to a direct action on eNOS 
expression/activity but rather downstream on the NO/sGC/cGMP axis. 

3.4. sGC/cGMP axis is dysregulated in db/db mice and Erucin improves 
vascular impairment via sGC persulfidation 

It is well known that NO exerts its vasodilating properties enhancing 

cGMP synthesis through the activation of soluble guanylyl cyclase (sGC) 
[2]. As a second messenger, cGMP activates downstream signaling 
inducing vasorelaxation. The signaling is switched off by the action of 
phosphodiesterase-5 (PDE5), the main isoform expressed within the 
vasculature, which selectively hydrolyzes cGMP in the inactive metab
olite 5’-GMP [5,6]. To evaluate if the impaired vasorelaxation observed 
in db/db mice could involve sGC/cGMP signaling, and if Erucin could 
act on it, the expression of sGC subunit α1 (sGCα1), the most abundant 
subunit within the vasculature, [16,21] and PDE5 were assessed. As 
shown in Fig. 4A, sGCα1 expression was significantly reduced in the 
aorta of db/db mice in comparison to WT. Conversely, the PDE5 
expression did not change among the strains (Fig. 4B). The reduction of 
cGMP content, measured in the aorta of db/db mice, further corrobo
rates our hypothesis of a reduced expression of sGC in the aorta of these 
mice (Fig. 4C). These results indicate a defective sGC/cGMP signaling in 
db/db mice leading to a reduction of the vasorelaxation. As observed for 
eNOS expression, Erucin treatment did not modify either sGCα1 or PDE5 
expression (Fig. 4A-B). However, the cGMP content was significantly 
enhanced by Erucin treatment (Fig. 4C). This finding strongly suggests 
that Erucin’s beneficial action most likely relies on a post-translation 
modification on sGC, positively modulating its activity. Current evi
dence, also from our research group, has demonstrated that persulfi
dation is a new H2S molecular mechanism of action modifying their 
biological activity [27,33,34]. To test our hypothesis, by using the 
dimedone switch method, we explored whether Erucin could persulfi
date sGCα1 leading to changes in cGMP levels. To do so, we used sGC 
overexpressed CHO cells. As shown in Fig. 4D, the persulfidation anal
ysis clearly showed that sGCα1 was persulfidated in Erucin-treated cells 
compared to cells exposed to vehicle. Notably, in the presence of a 

Fig. 2. Evaluation of H2S signaling in isolated aortic rings of db/db mice. (A) Concentration-response curve of L-cysteine (10 nM-3 mM)- on a stable tone of 
phenylephrine (PE 1 µM) in aorta rings harvested from db/db and WT mice at 10 weeks of age. Values were expressed as mean values ± SEM of n=6 for each group 
and expressed as % relaxation. Statistical analysis was performed by using two-way ANOVA followed by Bonferroni’s for multiple comparisons. ***p<0.001 vs. WT. 
(B-D) Representative western blots of three separate experiments with similar results. Quantification of CSE (B), CBS (C) and 3-MST (D) protein levels in aorta lysates 
of db/db and WT mice at 10 weeks of age. Data were normalized to β-actin. Values were presented as mean ± SEM Statistical analysis was performed by using 
Student’s T-test***p<0.001 vs. WT mice. (E-F) Concentration-response curves of NaHS (E, 10 nM- 300 µM) and Erucin (F, 10 nM- 300 µM) on a stable tone of PE in 
aorta rings harvested from db/db and WT mice at 10 weeks of age. Values were expressed as mean ± SEM of n=5 for each group and expressed as % relaxation. 
Statistical analysis was performed by using two-way ANOVA followed by Bonferroni’s for multiple comparisons. ***p<0.001 vs. WT. 
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reducing agent DTT, the band was reduced, confirming that the detected 
signal is specific to persulfidation. This data well fit with the cGMP 
content measured in these cells treated with Erucin. Indeed, as shown in 
Fig. 4E, the Erucin treatment significantly increased the cGMP levels 
compared to the vehicle. Taken together, these results demonstrate that: 
i) in db/db mice associated vascular dysfunction, sGC/cGMP signalling 
is defective; ii) Erucin, by persulfidating sGCα1, positively modulates 
sGC activity ameliorating vascular impairment. 

4. Discussion 

In this study, by using in vitro and ex vivo approaches, we have shown 
that in MetS-associated vascular complications, an impairment of TSP 
takes place with a consequent reduction in H2S biosynthesis. The 
reduction of H2S production is counterbalanced in vivo by the supple
mentation of exogenous H2S with Erucin, one of the major components 
of leaves of Eruca sativa, a rocket plant belonging to the Brassicaceae 
family [35]. 

The in vitro data were obtained by setting up an in vitro model of 
MetS. Exposure of BAEC to high concentrations of both sodium palmi
tate (SP) and glucose (HG), was used to mimic the hyperlipidemic and 
hyperglycemic conditions occurred in MetS. In this experimental setting, 
a significant reduction of NOx, coupled with an increase in ROS gener
ation, was found. Thus, this cellular model of MetS, displays both hall
marks of endothelial dysfunction i.e., eNOS/NO signaling impairment, 
and ROS overproduction [2]. Next, we assessed if the H2S pathway could 

be affected in BAEC exposed to the SP+HG environment. The data ob
tained revealed a reduction of H2S levels coupled with the down
regulation of CSE expression. This result is in line with our previous 
reports in which, an impairment of CSE/H2S pathway, has been 
demonstrated in vascular inflammation associated with 
glucocorticoid-induced hypertension, rat spontaneous hypertension 
(SHR), and in type one diabetes mice models [11,36,37]. Conversely, 
CBS and 3MST protein expression levels were unchanged confirming the 
primary role of CSE within vasculature. 

To better define the role played by the H2S pathway in vascular 
dysfunction associated with MetS, we switched from in vitro to ex vivo 
approach by using a well-known genetic mouse model of MetS, i.e., db/ 
db mice. This strain, having a mutation in the gene encoding the leptin 
receptor (Leprdb), is characterized by a deficient leptin signaling which 
confers susceptibility to obesity, insulin resistance, and type 2 diabetes 
(T2DM) [38]. Aorta harvested from db/db mice displayed a significant 
decrease of L-cysteine-induced vasorelaxation associated with a down
regulation of both CBS and CSE expression. This evidence showed 
similar data obtained from cells, confirming an essential role of H2S 
signaling in MetS-induced vascular dysfunction. The finding that the 
aorta of db/db mice displayed upregulation of the 3MST expression 
could be most likely due to compensatory mechanisms for rebalancing 
the physiological H2S levels. To evaluate if the impairment of H2S 
pathway could also involve H2S-degrading enzymes, the expression of 
sulfide quinone oxidoreductase (SQRLD) and persulfide dioxygenase 
(ETHE1) were assessed. The data showed that there was no difference in 

Fig. 3. Effect of Erucin on eNOS/NO pathway in isolated vessels harvested from db/db mice. (A-B) Concentration-response curves of Acetylcholine (A, 10 nM- 
30µM) and Isoprenaline (B, 10 nM-30µM) on a stable tone of PE (1 µM) in aorta rings harvested from db/db treated or not with Erucin and WT mice at 10 weeks of 
age. Values were expressed as mean ± SEM of n=5–6 for each group and expressed as % relaxation. Statistical analysis was performed by using two-way ANOVA 
followed by Bonferroni’s for multiple comparisons. ***p<0.001 vs. WT mice, ◦p<0.05; ◦◦◦p<0.001 vs. db/db mice treated with vehicle. (C) Increase in tension 
induced by the exposure of PE-pre-contracted aortic rings (300 nM) to L-NIO (10 µM, 20 min) in aorta rings harvested from db/db treated or not with Erucin and WT 
mice at 10 weeks of age. Values were expressed as mean ± SEM of n=6 for each group and expressed as dine/mg of tissue. Statistical analysis was performed by using 
one-way ANOVA followed by Dunnett’s for multiple comparisons. ***p<0.001vs. WT mice. (D-E) Representative western blots of at least three separate experiments 
with similar results. Quantification of eNOS (D) and Cav-1 (E) protein levels in aorta lysates of db/db treated or not with Erucin and WT mice at 10 weeks of age. Data 
were normalized to β-actin. Values were presented as mean ± SEM. Statistical analysis was performed by using one-way ANOVA followed by Dunnett’s for multiple 
comparisons **p<0.01 vs. WT mice. 
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both enzymes’ expression between wild-type and db/db mice. Taken 
together, these findings suggest that the impaired CSE-derived H2S 
synthesis contributes, together with the augmented ROS generation and 
the dysregulation of eNOS/NO pathway, to vascular dysfunction 
observed in MetS. 

To further dissect the molecular mechanisms of eNOS/NO signaling 
impairment, both pharmacological and molecular approaches were 
applied by using aortas harvested from db/db mice. In the organ bath 
studies, Ach- and Iso-induced vasorelaxation were evaluated and 
compared to WT mice. It is known that Ach and Iso effect relies on 
different signal transduction mechanisms. Indeed, Ach-induced vaso
relaxation is mediated by eNOS-derived NO [39], whilst Iso-induced 
vasorelaxation involves β2 adrenergic Gs coupled protein activation, 
with raised levels of cAMP and, to a lesser extent, eNOS/NO/sGC 
signaling [40,41]. In db/db mice both Ach- and Iso-induced vaso
relaxation are strongly impaired. Interestingly, Erucin treatment exclu
sively improved Ach-induced vasorelaxation, causing over 50% 
amelioration of the Emax. The finding that Erucin fails to modulate the 
Iso-induced vasorelaxation suggests that β2 activated signal transduction 
is not involved in Erucin beneficial effect, ruling out cAMP-induced 
signaling. To further assess a role of eNOS/NO/sGC pathway in the 
beneficial effect of Erucin, evaluation of eNOS and Cav-1 expression was 
performed. Western blot analysis revealed an altered expression of 
eNOS/Cav-1 ratio in db/db mice. Indeed, a significant increase of Cav-1, 
but not of eNOS, expression was observed. Taken together, these find
ings indicate that in db/db mice a defective eNOS/NO signaling occurs. 
Specifically, the increased Cav-1 expression keeps eNOS in a less active 

state with consequent reduced NO production [31]. Interestingly, Erucin 
treatment did not modify either eNOS or Cav-1 expression suggesting 
that Erucin beneficial effect on vasculature does not involve eNOS 
function. This evidence is corroborated by L-NIO experiments in isolated 
organ bath. Indeed, the minor increase in tension observed in db/db 
mice following L-NIO exposure, compared to WT mice, further indicates 
that in db/db mice a defective eNOS/NO signaling occurred due to 
Cav-1 overexpression. Notably, Erucin treatment did not modify L-NIO 
increased tension compared to vehicle, strengthening our hypothesis of 
NO/sGC/cGMP signaling involvement in Erucin beneficial effect, ruling 
out eNOS. 

The NO signaling starts from the endothelium leading to activation 
of sGC in smooth muscle cells. Endothelium-derived NO permeates 
through the vascular smooth muscle cells where binds sGC, promoting 
cGMP production that, in turn, activates a downstream signaling which 
culminates in vasodilatation [2]. The cGMP signaling is turned off by the 
action of phosphodiesterase-5 (PDE)-5, the main isoform expressed 
within the vasculature, which selectively hydrolyses cGMP in its inac
tive metabolite 5’-GMP [5]. Moreover, it is well established that H2S is 
an endogenous inhibitor of PDEs activity, preserving cGMP catabolism 
[5,6]. In db/db mice aorta cGMP levels were almost 4-fold reduced as 
compared to WT and this effect could be attributable to i) an increased 
cGMP degradation due to an enhanced expression/activity of PDE-5; ii) 
a diminished cGMP production caused by a reduced expression/activity 
of sGC. Therefore, we determined the expression of PDE5 and sGC 
subunit α1 (the most abundant subunit within the vasculature, [16,21]) 
in aorta harvested from both strains finding a significant reduced 

Fig. 4. Effect of Erucin on sGC/cGMP pathway in isolated vessels harvested from db/db mice and in sGC overexpressed CHO cells. (A-B) Representative 
western blots of at least three separate experiments with similar results. Quantification of sGCα1 (A) and PDE5 (B) protein levels in aorta lysates of db/db treated or 
not with Erucin and WT mice at 10 weeks of age. Data were normalized to β-actin. Values were presented as mean ± SEM. Statistical analysis was performed by using 
one-way ANOVA followed by Dunnett’s for multiple comparisons **p<0.01 vs. WT mice. (C) cGMP levels in aorta harvested from db/db treated or not with Erucin 
and WT mice at 10 weeks of age. Values were expressed as mean ± SEM of n=3 for each group and expressed as pmoles/mg of proteins. Statistical analysis was 
performed by using one-way ANOVA followed by Dunnett’s for multiple comparisons ***p<0.001 vs. WT mice, ◦p<0.05 vs. db/db treated with vehicle(D) 
Representative western blot of three separate experiments with similar results. Quantification of sGCα1 persufidation levels in cell lysates of sGC overexpressed CHO 
cells treated with Erucin (1 µM; 2 h) or vehicle. DTT, a reducing agent, was used to eliminate the modification prior to detection. Data were expressed as mean values 
± SEM. Statistical analysis was performed by using Student’s T-test *p<0.05 vs. vehicle. (E) cGMP content in sGC overexpressed CHO cells treated with Erucin or 
vehicle. Data were expressed as mean ± SEM of n=4 for each group. Statistical analysis was performed by using Student’s T-test *p<0.05 vs. vehicle. 
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expression of sGCα1 in db/db mice vessels only. Conversely, PDE5 
expression was unchanged, implying that in MetS-associated vascular 
complications, the reduced levels of cGMP were mainly due to a 
defective sGC/cGMP signalling. It is important to stress that low levels of 
cGMP are even worsted by the increased activity of PDE5, due to the 
reduced endogenous levels of H2S [5,6]. Thus, in db/db mice L-cys/CSE 
pathway disruption leads to a reduced level of cGMP levels that are not 
only due to a diminished sGC expression, but also to an enhanced cGMP 
degradation operated by PDE5, in absence of H2S negative regulation. 
The involvement of this molecular mechanism in vascular dysfunction is 
further supported by the in vitro data obtained from db/db mice aorta. 
Vasorelaxation induced by H2S donors in PE-precontracted aortic rings 
shows a significant reduction of vasodilating concentration-response 
curves to NaHS and/or Erucin, compared to WT. This finding demon
strates that despite the acute inhibition of PDE operated by the admin
istration of H2S donors, we still observed an impaired vasorelaxation, 
most likely due to a low cGMP- derived sGC content. For this reason, we 
determined the effect exerted by chronic administration of Erucin on 
sGC/cGMP axis. 

Interestingly, in aorta of db/db mice the treatment with Erucin did 
not modify the PDE5 and sGCα1 expressions, nevertheless it fully 
recovered the cGMP content. Most likely, chronic administration of 
Erucin, by releasing H2S, put PDE5 in a reduced activity state, enhancing 
cGMP content. An additive explanation for the full recovery of cGMP 
levels could be due to a direct action of H2S on sGC activity. Indeed, it 
has been shown that H2S can influence the redox state of sGC and thus its 
activity [42,43]. However, the molecular mechanism through which 
H2S can modulate sGC activity is not yet clarified. Persulfidation is a 
recent discovered biological effect elicited by H2S. Specifically, it is a 
post-translational modification (PTM) of proteins on L-cysteine residue 
that modifies protein biological activity [33,44–46]. By using overex
pressed sGC cells, we demonstrated that Erucin persulfidated sGCα1 and 
this event was coupled with an increase in cGMP levels. This evidence 
suggests that Erucin-derived H2S can modify sGC activity, through the 
PTM persulfidation, leading to an enhanced enzymatic activity, detect
able as an increase of cGMP content. 

It should be considered that cGMP increased levels could be also due 
to an additional mechanism. Indeed, recently it has been demonstrated 
that low levels of NO keep NO/sGC pathway more active [47]. 

In summary, we showed that in db/db mice the vascular dysfunction 
coupled with MetS is characterized by an impairment of L-cys/CSE/H2S/ 
PDE/cGMP and eNOS/NO/sGC/cGMP pathways, both converging on a 
reduced level of cGMP (see graphical abstract). Erucin treatment, by 
releasing H2S, improves vascular dysfunction through two comple
mentary actions: i) the direct interaction with sGC via persulfidation; ii) 
the inhibitory effect on PDE activity, both mechanisms leading to an 
enhancement of cGMP levels. 

5. Conclusions 

Our study demonstrated that in db/db mice, the reduced level of 
cGMP is the main hallmark of impaired vasorelaxation. This feature is 
due to the damaging of both H2S and NO signaling. The exogenous H2S 
supplementation, through the H2S donor Erucin, by acting on smooth 
muscle component of the vessels, i.e. upstream on sGC and downstream 
on PDE5, fosters cGMP content, ameliorating vascular function. 

Hence, by taking advantage from Erucin, our study suggests a po
tential use of natural H2S donors, as a promising alternative/additive 
approach, in the complex management of MetS therapy and supports the 
importance of a correct lifestyle and nutrition in MetS patients. 
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