
Food &
Function

PAPER

Cite this: Food Funct., 2023, 14, 4163

Received 31st January 2023,
Accepted 7th April 2023

DOI: 10.1039/d3fo00412k

rsc.li/food-function

Improving endothelial health with food-derived
H2S donors: an in vitro study with S-allyl cysteine
and with a black-garlic extract enriched in sulfur-
containing compounds†
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Alessandra Porcu,d Andrea Occhipinti,d Claudio Medanab and Maria Pia Gallo *a

A healthy vascular endothelium plays an essential role in modulating vascular tone by producing and

releasing vasoactive factors such as nitric oxide (NO). Endothelial dysfunction (ED), the loss of the endo-

thelium physiological functions, results in the inability to properly regulate vascular tone, leading to hyper-

tension and other cardiovascular risk factors. Alongside NO, the gasotransmitter hydrogen sulfide (H2S)

has emerged as a key molecule with vasodilatory and antioxidant activities. Since a reduction in H2S bio-

availability is related to ED pathogenesis, natural H2S donors are very attractive. In particular, we focused

on the sulfur-containing amino acid S-allyl cysteine (SAC), a bioactive metabolite, of which black garlic is

particularly rich, with antioxidant activity and, among others, anti-diabetic and anti-hypertensive pro-

perties. In this study, we analyzed the protective effect of SAC against ED by evaluating reactive oxygen

species level, H2S release, eNOS phosphorylation, and NO production (by fluorescence imaging and

western blot analysis) in Bovine Aortic Endothelial cells (BAE-1). Furthermore, we chemically characterized

a Black Garlic Extract (BGE) for its content in SAC and other sulfur-containing amino acids. BGE was used

to carry out an analysis on H2S release on BAE-1 cells. Our results show that both SAC and BGE signifi-

cantly increase H2S release. Moreover, SAC reduces ROS production and enhances eNOS phosphorylation

and the consequent NO release in our cellular model. In this scenario, a natural extract enriched in SAC

could represent a novel therapeutic approach to prevent the onset of ED-related diseases.

Introduction

The vascular endothelium is a monolayer of specialized cells
that lines the inside of the circulatory system and is a key regu-
lator of vascular homeostasis. In particular, the endothelial
cells represent the interface between blood and both the vascu-
lar wall and the tissue interstitium, managing and mediating
the effects of circulating molecules on the smooth muscle
layer. Within this role, a healthy endothelium produces and
releases itself vasoactive factors such as nitric oxide (NO) and
other endothelium-dependent hyperpolarizing factors which

maintain adequate vascular tone and blood fluidity, and pro-
motes antioxidant and anti-inflammatory effects.1,2

Endothelial dysfunction (ED) refers to a systemic condition
characterized by the loss of these physiological functions caused
by different risk factors, including dyslipidemia, diabetes melli-
tus, and aging.3 This turns out in the inability of the endo-
thelium to properly regulate vascular tone, due to the reduction
of NO production, which is associated with the impairment of
vascular smooth muscle relaxation and hypertension.

Besides NO, the endogenous gasotransmitter hydrogen
sulfide (H2S) is emerging as an essential molecule involved in
the regulation of the cardiovascular system, by affecting vascu-
lar smooth muscle cells, endothelial cells, and perivascular
nerves,4 in a strictly crosstalk with the NO-pathway. In mam-
malian species, H2S is mostly enzymatically produced by three
enzymes in the cysteine biosynthesis pathway, including
cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE),
and 3-mercaptopyruvate sulfurtransferase (3-MST), while only
a small part is produced by non-enzymatic pathways.5 H2S
main physiological effects on the vasculature includes vasore-
laxation and antioxidant/anti-inflammatory activities,2 whose
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molecular mechanisms are related to H2S-dependent
S-sulfhydration of proteins and redox reactions. Indeed, a
reduction in H2S bioavailability is related to the pathogenesis
of ED and leads to a series of cardiovascular disorders, such as
atherosclerosis and hypertension.6 Moreover, H2S has recently
emerged as an inhibitor of the sympathetic outflow, even if
results on this point are still debated.7

In this scenario, H2S donors derived from natural sources
could represent a novel therapeutic strategy for preventing the
onset of ED-related diseases. Among these, garlic (Allium
sativum) is well-known for its cardioprotective effects.8 In par-
ticular, S-allyl cysteine (SAC) is one of the most abundant bio-
active compounds derived from aged garlic which is used as a
dietary supplement and in traditional medicine; it is con-
sidered an H2S-producing agent9 and possesses high anti-
oxidant and anti-inflammatory activities.10–12 Moreover, SAC
exerts multiple healthy properties, such as anti-diabetic,13,14

anti-cancer,15 anti-hepatotoxic,16 anti-hypertensive,17 and neu-
roprotective effects.18

Since detailed investigations of the molecular pathways acti-
vated by SAC in endothelial cells are poor, the aim of this
study was to evaluate on Bovine Aortic Endothelial cells
(BAE-1) the effect of SAC on key elements taking part in vascu-
lar health: reactive oxygen species (ROS) intracellular level, H2S
release, eNOS phosphorylation, and NO production.

Finally, a black garlic extract (BGE) with a high content of
SAC was produced, and, together with the chemical character-
ization, the efficacy of this product was evaluated on BAE-1
cells by assessing H2S release in comparison to the treatment
with the only standard purified molecule.

Materials and methods
Materials

Unless otherwise specified, materials were obtained from
Sigma Aldrich (Sigma-Aldrich, Saint Louis, MO, USA). Plastic
and reagents for cell cultures were from Euroclone (Euroclone
s.p.a., Pero, Italy). Antibodies for immunoblotting experiments
were obtained from BD (BD Biosciences, Franklin Lakes, New
Jersey, USA) for monoclonal anti-eNOS (Code 610296), Thermo
Fisher Scientific (Thermo Fisher Scientific, Waltham, MA,
USA) for polyclonal anti-p-eNOS (Code 36-9100), and Sigma-
Aldrich for monoclonal anti-β-actin (Code A5316); horseradish
peroxidase-conjugated secondary antibodies were from
Thermo Fisher Scientific (anti-mouse code: 31430; anti-rabbit
code: SA00001-2). S-Allyl-cysteine (SAC) standard was pur-
chased from TCI Europe chemicals (Zwijndrecht, Belgium); S-
1-propenyl cysteine (S1PC), γ-Glutamyl-S-1-propenyl cysteine
(GS1PC) and γ-Glutamyl-S-1-allyl cysteine (GSAC) were pur-
chased from Medchemtronica (Sollentuna, Sweden). The Black
Garlic Extract was produced by the company Biosfered S.r.l.
(Turin, Italy) and commercialized as a food supplement ingre-
dient with the brand name SalliCys®. Black garlic was pre-
pared based on Choi et al.19 Unpeeled raw garlic heads were
incubated in a thermohygrostatic chamber between 60 and

85 °C at high humidity. During the aging process, raw garlic
developed a darker color. The aging was stopped when garlic
turned completely black. The ground black garlic was extracted
by hydroalcoholic solution at room temperature and the super-
natant was collected. Ethanol was then removed by vacuum
evaporation before use.

Cell culture

Bovine aortic endothelial cells (BAE-1) were obtained from the
European Collection of Authenticated Cell Cultures (ECACC,
Salisbury, UK). Cells were maintained in DMEM supplemented
with 10% heat-inactivated fetal calf serum (FCS), 50 ug ml−1

gentamicin, and 2 mM glutamine, in a humidified atmosphere
of 5% CO2 in air. Cells were used at passage 2–6.

To perform the experiments, FCS was not removed as pre-
viously done.20–22

For fluorescent microscopy experiments on live cells, BAE-1
were plated in DMEM + 10% FCS on uncoated glass bottom
dishes, 35 mm diameter (Ibidi, Martinsried, Germany), at a
density of 10 000 cells per cm2 and maintained at 37 °C. After
24 h, cells were loaded with the appropriate probe and stimu-
lated as planned.

Cell viability assay

Cellular viability was studied by means of crystal violet stain-
ing since MTT or similar assays could not be used due to
chemical interference of reducing substances in the cellular
medium (sulfhydryl-containing compounds such as SAC) with
tetrazolium salts.23 BAE–1 cells were plated in 96−well plates
in DMEM + 10% FCS at a density of 10 000 cell per cm2 (3300
cells per well). Two days later, the medium was replaced with
DMEM + 10% FCS, either alone (control condition) or sup-
plemented with SAC at different concentrations (10 µM,
100 µM, 500 µM, 1 mM, 10 mM), 6 wells for each condition.
After 4 or 24 h, the effect on cell growth was estimated by stain-
ing with crystal violet: cells were fixed in 2.5% glutaraldehyde
in PBS for 20 min, then stained with crystal violet (0.1% in
20% methanol); plates were let dry, then the dye was solubil-
ized in acetic acid (10%, v/v) and absorbance read at 595 nm
in a microplate reader (FilterMax F5™ Multi-Mode, Molecular
Devices, Sunnyvale, CA, USA). Data were expressed as percen-
tages of Abs referred to the control condition; percentage
values were then summarized and expressed as mean ± s.e.m.

H2S release

BAE-1 cells, grown on glass bottom dishes, were loaded with
1 µM SF7-AM probe (Cayman Chemical, AnnArbor, Michigan,
USA), for 30 min in the dark. After incubation with the probe,
cells were washed two times with phosphate buffered saline
(PBS), containing Ca2+ and Mg2+, and then treated with
100 µM sodium hydrosulphide (NaHS) as a positive control or
100 µM SAC, in PBS, for 30 min. Then living cells were washed
two times with PBS and the fluorescence was acquired with a
fluorescence inverted microscope (Olympus IX70) at 488 nm
with a 50× Uplan FI oil-immersion objective. Fluorescence
intensity was evaluated in 15 random fields for each condition
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through the definition of the Regions Of Interest (ROIs) using
the software ImageJ (Rasband, W. S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA; https://imagej.
nih.gov/ij/) and expressed in percentage as mean value of the
resulting fluorescence for each condition compared to control
of three independent experiments ± s.e.m.

Reactive oxygen species (ROS)

BAE-1 cells, grown on glass bottom dishes, were pretreated
with 20 µM menadione (as a positive control) for 1 h according
to Warren et al.,24 or 100 µM SAC for 4 h or SAC in combi-
nation with menadione; the cells were loaded with 5 µM
CellROX® green probe (Thermo Fisher Scientific) for the last
30 min in the dark. Then living cells were washed two times
with PBS and the fluorescence was acquired with a fluo-
rescence inverted microscope (Olympus IX70) at 488 nm with a
50× Uplan FI oil-immersion objective. Fluorescence intensity
was evaluated in 15 random fields for each condition through
the definition of the ROIs using the software ImageJ and
expressed in percentage as the mean value of the resulting
fluorescence for each condition compared to control of three
independent experiments ± s.e.m.

NO release

BAE-1 cells grown on glass bottom dishes were loaded with
5 µM DAR4M-AM probe (Calbiochem), for 30 min in the dark.
After incubation with the probe, cells were washed two times
with PBS, and then treated in PBS with 100 µM ATP as a posi-
tive control, for 5 min, or 100 µM SAC, for 30 min. Then living
cells were washed two times with PBS and the fluorescence
was acquired with a fluorescence inverted microscope
(Olympus IX70) at 568 nm with a 50× Uplan FI oil-immersion
objective. Fluorescence intensity was evaluated in 15 random
fields for each condition through the definition of the ROIs
using the software ImageJ and expressed in percentage as the
mean value of the resulting fluorescence for each condition
compared to control of three independent experiments ± s.e.
m.

Immunoblotting

BAE-1 cells were seeded on plastic dishes, 20 cm2 of the
growth area, at a density of 10 000 cells per cm2, in 10% FCS
DMEM, and incubated at 37 °C for 48 h. Cells were then
treated with 100 μM ATP for 5 min as a positive control or with
100 μM SAC, for 30 min or 4 h. Cells were lysed in 200 μL RIPA
lysis buffer (ThermoFisher Scientific) containing phosphatase
inhibitor cocktail (PhosSTOP, Roche, Mannheim, Germany),
forced through a 1 mL syringe needle and centrifuged at
10 000 rpm for 5 min at 4 °C. Proteins (20 μg per lane) were
resolved on 8% SDS-PAGE, transferred to a polyvinylidene flu-
oride membrane (PVDF, Thermo Fisher Scientific) in cold
transfer buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1%
SDS, 20% methanol) and blocked for 1 h at 37 °C in TBST
(10 mM Tris–HCl, 0.1 M NaCl, 0.1% Tween 20, pH 7.5) plus
5% non-fat dry milk. Blots were incubated overnight at 4 °C
with primary antibodies (1 : 500 monoclonal anti-eNOS; 1 : 250

polyclonal anti-p-eNOS; 1 : 2000 monoclonal anti-β actin).
Membranes were then washed three times with TBST and incu-
bated for 1 h at room temperature with secondary antibodies
(anti-mouse, 1 : 20 000, for monoclonal antibodies; anti-rabbit,
1 : 10 000, for p-eNOS) followed by a second set of three washes
with TBST. Bands were visualised by chemiluminescence with
Western Lightning Plus-ECL (PerkinElmer, Waltham, MA,
USA). Protein levels were determined using the software
ImageJ; for each condition ratio of p-eNOS/eNOS was evalu-
ated, then normalized toward positive control; results of n = 3
independent experiments were averaged and expressed in per-
centage as mean ± s.e.m. Aspecific staining of secondary anti-
bodies was checked; comparison of β actin intensity ensured
equal protein loading.

HPLC-MRM quantitative analysis of sulfur-containing
compounds

For the analysis, 100 μL of the liquid extract were weighed and
mixed with 1 mL of the initial solvent of the chromatographic
run (0.1% formic acid in acetonitrile/0.1% formic acid in water
5 : 95). The resulting solution was then diluted 20 folds and fil-
tered with a 0.22 µm PTFE syringe filter. The concentration
levels for the calibration curve were prepared in the initial
solvent of the chromatographic run as well. The quantitative
analysis of SAC, S1PC, GSAC, G1SPC was performed with a
HPLC-triple quadrupole MS instrument LCMS8045 by
Shimadzu (Japan). An organic gradient of B (acetonitrile 0.1%
formic acid) in A (water with 0.1% formic acid) was applied on
a Luna C18(2) 150 × 3 mm, 3 µm, 100 Å HPLC column
(Phenomenex). The gradient method was set as follows: 5% B
for the first 2 minutes, 7 minutes 40% B; from the 8th to 9th
minute B was kept at 100%, from 9.30 to 14.30 the column was
re-conditioned (5% solvent B). Injection volume was 5 μL.
Column oven was kept at 40 °C. The MS instrument source
parameters were: Source: ESI, Nebulizing gas flow (N2): 3 L
min−1, DL temperature: 250 °C, heat block temperature:
400 °C, drying gas flow (N2): 10 L min−1, capillary voltage: 4
kV, positive ion mode. The mass spectrometer was operated in
MRM analysis mode using the following transitions: SAC and
S1PC: 162.0 > 145.0 as quantitative ions and 162.0 > 73.05, 162
> 41.15 as qualitatives; GSAC and GS1PC: 290 > 162.1 as quan-
titative and 290 > 145, 290 > 250 as qualitative transitions.
Dwell time was set to obtain a total cycle time of 300 ms.

Statistical analysis

Data are presented as mean ± s.e.m. All data were analyzed
with ANOVA followed by Bonferroni’s multiple comparisons
for post hoc tests. Differences with p < 0.05 were considered
statistically significant.

Results
SAC does not affect BAE-1 endothelial cells viability

First aim of this study was to evaluate the effect of SAC on cel-
lular viability. Cells were plated in 96-well plates and treated
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with different concentrations of SAC (10 µM, 100 µM, 500 µM,
1 mM, 10 mM). The staining with crystal violet was performed
after 4 h or 24 h of treatment. As shown in Fig. 1, both the
acute (4 h) and the chronic (24 h) exposure did not signifi-
cantly affect cellular viability, even at the highest doses.

SAC enhances hydrogen sulfide release acting as an organic
donor

Given that SAC has been the subject of this research on endo-
thelial cells because of its role as an H2S donor, a key point of

the study was to verify the actual H2S increase in SAC-treated
BAE-1 cells. These measurements were performed with the
specific fluorescent H2S-probe SF7-AM with fluorescence
microscopy. The SF7-AM loaded cells were treated with 100 µM
NaHS as a positive control or 100 µM SAC for 30 min. As
expected, a significant increase in fluorescence was observed
in NaHS-treated cells; furthermore, this increase was signifi-
cantly detected even in SAC-treated cells, in a comparable way
to the positive control (Fig. 2). This result confirmed that SAC
acts as an organic donor of H2S in our cellular model.

SAC has an antioxidant activity on menadione-treated cells

As in our model SAC confirmed its noticeable property of H2S
donor, following experiments were focused on verifying its
capacity in inducing the well-known H2S-dependent cellular
protective pathways. Among these, we started with the anti-
oxidant mechanism.

To evaluate the antioxidant activity of SAC, we performed
experiments in fluorescence microscopy, using the CellROX®
green fluorescent probe. BAE-1 cells were pretreated with
20 µM menadione (MEN, positive control of oxidative stress)
for 1 h or 100 µM SAC for 4 h alone or in combination with
MEN and then labeled with 5 µM CellROX® green probe for
the last 30 min in the dark. As shown in Fig. 3, SAC did not
increase the production of reactive oxygen species (ROS), while
the stressor MEN induced an increment of fluorescence inten-
sity as expected, meaning a rise of ROS. However, in cells
treated with MEN in combination with SAC, fluorescence was
reduced compared to the only MEN treatment. This result con-
firmed the SAC antioxidant activity in the presence of an oxi-
dative stressor.

Fig. 1 SAC does not affect BAE-1 cellular viability. Cells were treated
with different concentrations of SAC (10 µM, 100 µM, 500 µM, 1 mM,
10 mM) for 4 h (A) or 24 h (B). Data in percentage referred to the control
condition are represented as mean ± sem. Values of n = 3 independent
experiments for graph 1A were as follow: CTRL: 100.17 ± 2.36; SAC
10 µM: 104.46 ± 2.68; SAC 100 µM: 108.34 ± 2.86; SAC 500 µM: 103.33
± 2.69; SAC 1 mM: 98.11 ± 2.35; SAC 10 mM: 96.72 ± 2.84. While values
of n = 3 independent experiments for graph 1B were as follow: CTRL:
97.99 ± 2.26; SAC 10 µM: 100.27 ± 2.64; SAC 100 µM: 103.32 ± 2.80;
SAC 500 µM: 102.88 ± 2.84; SAC 1 mM: 103.86 ± 2.24; SAC 10 mM:
98.78 ± 3.12.

Fig. 2 SAC enhances H2S release on BAE-1 endothelial cells. (A) Bar graph summarizing the significant fluorescence increment after the treatment
both with 100 µM NaHS and 100 µM SAC, in comparison to the control. No significant differences were observed between SAC and NaHS treatment.
Data in percentage referred to the control condition are represented as mean ± sem, ***p < 0.001. Values of n = 3 independent experiments were as
follow: CTRL: 100.99 ± 1.87, n cells = 141; NaHS 100 µM: 128.34 ± 2.18, n cells = 146; SAC 100 µM: 124.26 ± 1.70, n cells = 184. (B) Representative
fluorescent images (50×) of cells incubated with SF7-AM probe for 30 min in the dark. Images are presented in pseudocolor (LUT = fire) to better
show the fluorescent intensity variations (range 0–153).
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SAC improves Endothelial Nitric Oxide Synthase (eNOS)
phosphorylation

Previous studies demonstrated that the counteracting effect of
H2S on oxidative stress takes part in the modulation of nitric
oxide release, in particular by improving eNOS coupling and
phosphorylation.25 To assign this further protective mecha-
nism to SAC, we performed western blot analysis testing if SAC
impacted nitric oxide synthase phosphorylation. Cells were
treated with 100 μM ATP for 5 min as a positive control or with
100 μM SAC, for 30 min or 4 h. As represented in Fig. 4, ATP
enhanced the nitric oxide phosphorylation as expected.
Interestingly, even the SAC treatment both for 30 min and 4 h
increased the eNOS phosphorylation in a significant way com-

pared to the control (untreated), thus suggesting a possible
implication of SAC in the enhancement of NO release.

SAC increases nitric oxide release

To demonstrate the involvement of SAC in increasing nitric
oxide (NO) release following eNOS phosphorylation, experi-
ments in fluorescence microscopy with the NO probe
DAR4M-AM were performed. Cells were first incubated with
5 µM DAR4M-AM probe for 30 min in the dark and then
treated with 100 µM ATP or 100 µM SAC, respectively for 5 and
30 min. As shown in Fig. 5, the increased fluorescence inten-
sity after ATP stimulation, which was used as a positive

Fig. 3 SAC decreases ROS production in BAE-1 menadione-treated cells. (A) Bar graph summarizing the effect on ROS production of the pretreat-
ment with 20 µM MEN for 1 h or 100 µM SAC for 4 h or SAC in combination with menadione, in comparison to the control. Data in percentage
referred to the control condition are represented as mean ± sem, ***p < 0.001. Values of n = 3 independent experiments were as follow: CTRL:
100.00 ± 0.77, n cells = 134; MEN 20 µM: 231.99 ± 3.36, n cells = 149; SAC 100 µM: 98.94 ± 1.21, n cells = 130; SAC 100 µM + MEN 20 µM: 187.91 ±
2.93, n cells = 147. (B) Representative fluorescent images (50×) of CellROX® green loaded cells for 30 min in the dark. Images are presented in pseu-
docolor (LUT = fire) to better show the fluorescence intensity variations (range 0–158).

Fig. 4 SAC positively impacts eNOS phosphorylation in the BAE-1 cell line. (A) Bar graph summarizing the p-eNOS/eNOS ratio normalized toward
positive control (ATP), after treatment with 100 µM ATP (5 min) and 100 µM SAC (30 min and 4 h). Data in percentage are represented as mean ±
sem, ***p < 0.001. Values of n = 3 independent experiments were as follow: CTRL: 24.76 ± 3.22; ATP 100 µM: 100.00 ± 0.00; SAC 100 µM 30 min:
52.76 ± 3.92; SAC 100 µM 4 h: 59.27 ± 5.97. (B) Representative western blot experiment showing the effect of ATP and SAC on eNOS phosphoryl-
ation. Comparison of β actin intensity ensured equal protein loading.
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control, was similar to SAC treatment. These results demon-
strated the role of SAC in improving NO release in BAE-1 cells.

HPLC-MRM method development and application for the
quantitation of S-compounds in BGE and pilot process
optimization

The previously observed biological effects of SAC could be
translated to black garlic, where SAC and other sulfur-contain-
ing amino acids have been shown to be highly concentrated
with respect to fresh garlic and represent the main antioxidant
compounds.26 In this context, black garlic extract-based for-
mulas represent appealing tools for a nutraceutical approach
to the prevention of endothelial dysfunction. To extend our
results on SAC in this more food-related field, we moved to the
chemical characterization and biological testing on BAE-1 cells
of a black garlic extract kindly provided by Biosfered S.r.l.
(Turin, Italy). To characterize the S-compounds profile in the
black garlic extract (BGE), we developed a fast, simple, and
sensitive HPLC-MRM MS method.

For each molecule we investigated three different MRM
events; for the isomeric nature of those chemical compounds
(SAC is an isomer of S1PC and GSAC is isomeric to GS1PC) the
evaluation of the relative abundance of the fragments, together
with the elution order is mandatory to avoid their misidentifi-
cation. The highest-abundant fragment was chosen as the
quantifier ion. Once developed and optimized, the method
was validated according to ICH guidelines.

The described validated method was used to accurately
dose the S-containing compounds SAC, S1PC, GSAC, and
GS1PC for the in vitro experiments and to monitor their for-
mation yield during the controlled garlic aging process. The

fermentation method which starts with the garlic bulb and
leads to the final BGE requires a strict monitoring of the
S-compounds abundance profile to trace their formation kine-
tics and the best moment to stop the aging process. For this
study, we developed a BGE extract with a standardized content
of S-compounds comparable to the final food-grade ingredient
administrable to the cell cultures by dilution with their growth
media. The liquid extract showed this profile of S-compounds
abundance: SAC: 2.95 mM, S1PC: 0.51 mM, GSAC: 2.8 mM,
and GSPC: 0.42 mM (Fig. 6). For the purpose of our experi-
ment, the cell medium solution was prepared to contain a
standardized concentration of SAC (100 µM) in order to reflect
the concentration of SAC used in the experiments with the
standard pure molecule.

The black garlic extract enriched in SAC improves hydrogen
sulfide levels in endothelial cells

First, to test the BGE effect on cellular viability, cells were plated
in 96-well plates and treated with 100 µM SAC or 100 µM BGE
for 1 h, followed by the crystal violet staining. As shown in
Fig. 7A, 100 µM SAC does not affect cellular viability (as already
demonstrated in Fig. 1) as well as the treatment with 100 µM
BGE. Then, to verify if BGE could enhance H2S levels in a
similar way to the standard, experiments with SF7-AM loaded
cells were performed. Cells were treated with 100 µM NaHS or
100 µM SAC or 100 µM BGE. As previously described, there is a
significant increase in fluorescence intensity when cells were
stimulated with NaHS and SAC, but even with BGE treatment,
the fluorescence is higher in a significant way in comparison to
the control condition (Fig. 7B and C), thus suggesting that BGE
enhances H2S levels in our cellular model.

Fig. 5 SAC enhances the NO release in BAE-1 cells. (A) Bar graph summarizing the fluorescence increment after the stimulation both with 100 µM
ATP and 100 µM SAC, in comparison to the control. No significant differences were observed between SAC and ATP treatment. Data in percentage
referred to the control condition are represented as mean ± sem, ***p < 0.001. Values of n = 3 independent experiments were as follow: CTRL:
100.00 ± 1.77, n cells = 211; ATP 100 µM: 141.03 ± 3.46, n cells = 146; SAC 100 µM: 144.11 ± 5.14, n cells = 140. (B) Representative fluorescent
images (50×) of cells incubated with DAR4M-AM probe for 30 min in the dark. Images are presented in pseudocolor (LUT = fire) to better show the
fluorescence intensity variations (range 0–146).

Paper Food & Function

4168 | Food Funct., 2023, 14, 4163–4172 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
/2

02
5 

12
:5

8:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00412k


Discussion

This study is focused on two main goals: first, to demonstrate
in BAE-1 cells that the sulfur-containing amino acid S-allyl
cysteine (SAC) is an effective intracellular source of H2S and is
able to improve nitric oxide release; second, to demonstrate
the H2S donor capabilities on BAE-1 cells of the chemically
characterized commercial black garlic extract (BGE)
(SalliCys®). The ‘polar star’ of these items is the gasotransmit-
ter H2S, which we showed was released from both SAC and
BGE and to whom the protective mechanisms activated by SAC
on endothelial cells are ascribed.

The fundamental role of H2S in vascular physiology has
been indeed clearly evidenced,27 and the beneficial effects of
its supplementation to improve endothelial function have
been proven both in experimental models and in clinical
investigations.28

Several methods of H2S delivery and supplementation have
been tested, the main classes of H2S pro-drugs being hydrolysis-
based donors, plant-derived natural donors, and controlled-
release donors.29 Among these molecules, plant-derived donors,
mainly organic polysulfides from garlic, received great attention
in the last decade for their potential use as nutraceuticals, in
particular for the prevention of cardiovascular disorders. SAC
belongs to the organic polysulfide family and has been studied
for many years for its biological activities,30 particularly in coun-
teracting endothelial dysfunction through H2S release.31

However, reports directly showing H2S intracellular increase
after treatment with SAC are still lacking. To prove this H2S
rise in BAE-1 cells, we performed fluorescence measurements
with the H2S probe SF7-AM. Results are shown in Fig. 2 and
highlight a significant increase in intracellular H2S levels in
both NaHS (positive control) and SAC-treated cells. To our
knowledge, this is the first evidence in a cellular model of the

Fig. 6 Chromatographic separation of the S-compounds in the liquid sample of BGE used for cells treatments. For each peak, the compound
name, as well as its structural formula, is presented.

Fig. 7 BGE improves H2S release on BAE-1 cells in a similar way to the standard. (A) 100uM BGE does not affect BAE-1 viability after 1 h treatment.
Data in percentage referred to the control condition are represented as mean ± sem. Values of n = 3 independent experiments were as follow:
CTRL: 100.08 ± 1.92; SAC 100 µM: 99.99 ± 1.70; BGE 100 µM: 97.61 ± 1.68. (B) Bar graph summarizing the significant fluorescent increment after
the treatment with 100 µM NaHS, 100 µM SAC, and 100 µM BGE, in comparison to the control. Data in percentage referred to the control condition
are represented as mean ± sem, ***p < 0.001. Values of n = 3 independent experiments were as follow: CTRL: 100.00 ± 2.15, n cells = 174; NaHS
100 µM: 128.53 ± 2.39, n cells = 172; SAC 100 µM: 125.07 ± 2.53, n cells = 171; BGE 100 µM: 137.48 ± 2.22, n cells = 173. (C) Representative fluor-
escent images (50×) of cells incubated with SF7-AM probe for 30 min in the dark. Images are presented in pseudocolor (LUT = fire) to better show
the fluorescence intensity variations (range 0–144).
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SAC-induced H2S rise. The H2S intracellular detection with
fluorescent probes has been previously shown in several endo-
thelial cell models, as in NaHS-stimulated32 or VEGF-stimu-
lated HUVEC,33 and here we showed this rise after treatment
of endothelial cells with the organic and natural H2S donor
SAC. This evidence establishes a solid ground to support the
subsequent experiments focused on the biological effects of
SAC on BAE-1 cells. Among these, we first investigated and
confirmed the antioxidant mechanism (Fig. 3), showing a sig-
nificant reduction of menadione-induced intracellular ROS in
BAE-1 cells preincubated with SAC. The antioxidant activity of
SAC on endothelial cells was first highlighted by Ide et al.34

and is dependent on the multifaceted antioxidant role of H2S:
it indeed reduces ROS levels by both direct mechanisms (ROS
scavenging, increase in SOD activity) and indirect pathways
(increase in non-enzymatic antioxidant systems, increase in
Nrf2-dependent expression of antioxidant enzymes).35

In agreement with the results on ROS, we then underlined
a positive modulatory role of SAC on eNOS activity and thus on
the endothelial function. As shown in Fig. 4 and 5, SAC
enhances the eNOS phosphorylation and the nitric oxide intra-
cellular level in BAE-1. These data are aligned with previous
studies highlighting the strict interconnection between H2S
and NO, because of the multiple mechanisms by which H2S
positively affects eNOS activity.27 Thus, we confirmed these
mechanisms also in SAC-treated endothelial cells, strengthen-
ing the interest in the molecule as a natural compound
improving nitric oxide-mediated vascular functions. The
choice to test 100 µM SAC was grounded on the evidence that
this concentration strictly corresponds to the plasmatic level of
SAC (15,2 µg ml−1) detected in the plasma of rats subjected to
oral administration of 25 mg kg−1 SAC.36 Moreover, this oral
dosage corresponds to that employed in several in vivo studies
on rats, aimed to highlight SAC-dependent cardioprotective
effects;31 giving the high bioavailability of the molecule, this
dosage could lead to the same plasmatic concentration of
15,2 µg ml−1. SAC pharmacokinetic has been indeed investi-
gated by Lee et al.36 and by Amano et al. in rats;37 these
studies showed a very high bioavailability of the molecule, that
was respectively 96% (with 25 mg kg−1 SAC o.a.) and (5 mg
kg−1 o.a.). We could speculate a similar bioavailability in
humans, even if specific data are still missing. We then
decided to go forward by achieving the in vitro characterisation
of the functional effects of the BGE, in order to understand
whether the addition of the matrix complexity was affecting
results obtained with SAC. The choice of black garlic comes
from its higher content in SAC, which, as reported by several
studies, varies from three to six times with respect to fresh
garlic.26 To fulfill this purpose, we first decided to quantitate
the S-compounds present in the BGE to standardize their
abundance in the aliquot which was administered to the cells.
The knowledge of the accurate quantitation value is essential
to calculate the dose–response relationship and accordingly, to
formulate a proper dosage. The scientific literature reports
several methods for the quantitation of S-compounds: an
application for the S-allyl cysteine quantitative study has been

developed with a HPLC-FLD and HPLC-UV detector; in this
case, for the poor response of SAC with spectrophotometric
detectors a derivatization step is strongly required.38–40 The
use of a MS detector overcomes this limitation and allows the
analysis to reach a higher sensitivity; an interesting HPLC-MS
method was validated for the quantitation of SAC in heated
garlic juice with similar conditions to ours;41 the paper pre-
sents an interesting comparison between UV and MS detector
and highlights the sensitivity differences between the two tech-
niques. For our method, the optimal chromatographic con-
ditions were found using a Luna C18 (2) column with an
organic gradient of 0.1% formic acid in ACN starting from 5%
in 0.1% formic acid in water. An initial isocratic step with the
initial solvent condition was revealed as a successful strategy
for the separation of the hydrophilic isomeric compounds SAC
and S1PC without co-elutions as well as the later-eluting GSAC
and GS1PC in a total of 14 minutes. After quantifying the
S-containing compounds SAC, S1PC, GSAC, and GS1PC in the
BGE for their proper dosage on BAE-1 cells, we verified that
100 µM BGE didn’t affect cell viability after 1 h of treatment. For
times of exposure exceeding 1 h, cells were suffering from
osmotic stress caused by the high total sugars content of the
extract (382 g kg−1 – 38.2% w/w, spectrophotometer Anthrone
assay data, not shown). Since the BGE doesn’t reach the target
cells (after oral assumption) in this form, as sugars follow
different metabolic pathways after ingestion, the cytotoxicity
(for >1 h exposure) and NO release of the whole extract were not
representative. Successively, we demonstrated the H2S-releasing
feature of BGE on cells. As shown in Fig. 7, BGE-treated cells
displayed a significant increase in the H2S level with respect to
control cells, similarly to NaHS and SAC-treated cells. This last
experiment represents a smart and original approach to test
plant-derived extracts as H2S-donors on in vitro cellular models;
furthermore, it supports the forcefulness of BGE for further
investigations and nutraceutical applications.

Conclusions

In conclusion, our study clearly highlights the beneficial roles
of SAC on endothelial health, by demonstrating its features as
an antioxidant, H2S donor, and NO availability enhancer;
moreover, the results showing SAC-induced nitric oxide release
and eNOS phosphorylation boost knowledges of its strict
relation with the NO-pathway. In addition, by directly showing
the intracellular H2S rise in SAC and BGE-treated endothelial
cells, this study recommends an efficient and useful approach
to characterize the vasoprotective H2S-dependent functions of
bioactive molecules or extracts. Furthermore, the presented
profiling of S-compounds paves the way to a more comprehen-
sive characterization of the other compounds present in the
BGE through untargeted MS-based metabolomic approaches.
This global metabolomic profile of the ingredient, now in pro-
gress, will draw a bigger picture of the pool of the bioactive
metabolites residing in this unknown yet promising food
matrix.
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