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Sulfur contributes significantly to nature chemical diversity and thanks to its particular features allows fundamental biological
reactions that no other element allows. Sulfur natural compounds are utilized by all living beings and depending on the function
are distributed in the different kingdoms. It is no coincidence that marine organisms are one of the most important sources of
sulfur natural products since most of the inorganic sulfur is metabolized in ocean environments where this element is abundant.
Terrestrial organisms such as plants and microorganisms are also able to incorporate sulfur in organic molecules to produce
primary metabolites (e.g., methionine, cysteine) and more complex unique chemical structures with diverse biological roles.
Animals are not able to fix inorganic sulfur into biomolecules and are completely dependent on preformed organic sulfurous
compounds to satisfy their sulfur needs. However, some higher species such as humans are able to build new sulfur-containing
chemical entities starting especially from plants’ organosulfur precursors. Sulfur metabolism in humans is very complicated and
plays a central role in redox biochemistry. The chemical properties, the large number of oxidation states, and the versatile
reactivity of the oxygen family chalcogens make sulfur ideal for redox biological reactions and electron transfer processes. This
review will explore sulfur metabolism related to redox biochemistry and will describe the various classes of sulfur-containing
compounds spread all over the natural kingdoms. We will describe the chemistry and the biochemistry of well-known
metabolites and also of the unknown and poorly studied sulfur natural products which are still in search for a biological role.

1. Introduction

In living organisms, sulfur is one of the most fundamental
elements and the seventh most abundant mineral in the
human body. Sulfur belongs to chalcogens, elements of the
16 group of the periodic table, which display the awesome
characteristic of having a variety of redox states and redox
potentials allowing them to form interchalcogen bonds and
atom exchange reactions, giving rise to a vast number of sul-
fur species that take part in biological processes. Noteworthy,
the bulk of biomolecules consists only of carbon, hydrogen,
nitrogen, and oxygen atoms, and the presence of sulfur

accounts for the distinctive properties of sulfur compounds.
Actually, sulfur and oxygen belong to the same group in the
periodic table; however, Met and Cys analogues with the sul-
fur atom replaced by oxygen do not serve the same function.
Sulfur has unique characteristics that differentiate it from
oxygen. The increased atomic size confers to sulfur a lower
electronegativity than oxygen. The thioether (R2S) moiety
of Met is more reactive than the analogue ether (R2O).
Thioethers can form sulfonium ions (R3S

+) by donating elec-
trons to other organic species thanks to their ability to sink
electrons and stabilize a negative charge on a neighboring
carbon [1]. These compounds undergo sequential oxidation
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to sulfoxides (R2SO) and sulfones (R2SO2), conferring to
these derivatives novel unexpected roles. In cell metabolism,
a sulfonium compound such as S-adenosylmethionine
(SAM) mediates most biochemical methylation reactions. It
is doubtful whether other amino acid derivatives or other
“-onium” compounds could play this role: quaternary
ammonium compounds are unable to effectively methylate
acceptor compounds, and oxonium compounds, such as a
hypothetical oxygen analogue of SAM, would produce such
a powerful methylating agent that it would methylate cellular
nucleophiles without the need for an enzyme [2, 3]. The sul-
fur compounds contained in food are amino acids or vita-
mins including methionine (Met), cysteine (Cys),
homocysteine (HCy), cystine (Cys-Cys), taurine (Tau), lipoic
acid, thiamine, and biotin as well as the glucosinolates and
allylic sulfur compounds that are contained in cabbage and
cauliflower (cruciferous vegetables). The amount of sulfur
compounds in food greatly varies depending on the type of
food: 8% for egg white, 5% for beef as well as for chicken
and fish, and 4% for dairy products and plant proteins [4].
The recommended dietary allowance (RDA) for sulfur has
been estimated to be 13-14mg/kg of body weight per day.
Considering 70 kg weight for a person, not affected by sex
or age, this means 1.1 g of sulfur per day [5–9]. Among the
sulfur compounds ingested with food, Met and Cys represent
the largest part and are extensively metabolized by the organ-
isms [3]. The Met/Cys ratio in food is 3/1 for dairy products,
fish, and meat and 4/3 for eggs and plant products such as
soybeans [10, 11]. Met is an essential amino acid assumed
by diet and cannot be synthesized contrary to nonessential
Cys. Numerous key metabolic intermediates such as HCy,
Cys-Cys, and Tau are generated by these sulfur amino acids
[4, 12]. Throughout the transsulfuration pathway, Met can
be converted to Cys with a yield depending on cell needs.
Interestingly, both these two sulfur amino acids cannot be
stored as such in the body but cysteine can be stocked as glu-
tathione (GSH) and sulfur excess is promptly excreted in the
urine after its oxidation to sulfate or reabsorbed if required
[13].

In this review, we will explore the fundamental aspects of
sulfur metabolism and redox biochemistry and the large pool
of naturally occurring sulfur-containing compounds. We will
focus on the chemistry and the biochemistry of exogenous
and endogenous sulfur metabolites. We will underline the
importance of well-known and widely studied molecules,
and we will also focus on unknown and poorly studied sulfur
natural products whose biological role is still a mystery and
needs to be investigated [14, 15].

2. How Sulfur Comes to “Life”

Sulfur, as well as nitrogen, needs to be fixed in organic mole-
cules with a process part of the so-called biogeochemical “sul-
fur cycle.” Before being incorporated into the essential
organic molecules, sulfur needs to be fixed with carbon in
an organic skeleton. A significant part of sulfur fixation starts
in the oceans that represent a major reservoir of sulfur on
Earth, with large quantities in the form of dissolved sulfate
and sedimentary minerals. Inorganic sulfur, mostly SO4

2-

coming from gypsum and from pyrite oxidation, is fixed by
algae in the ocean upper water column to dimethylsulfonio-
propionate (DMSP) [16]. DMSP produced by algae is utilized
by a diverse assemblage of microbes, leading to the produc-
tion of methanethiol (MeSH) and dimethylsulfide (DMS)
[17, 18] (Figure 1). These compounds are highly volatile
and represent a significant amount of sulfur transfer from
the oceans to the atmosphere and ultimately to land. On
the other hand, volcanic emissions are the main natural
sources of on-land sulfur release to the atmosphere in which
furthermore is oxidized via photochemical processes to vari-
ous sulfur oxidation state species [19]. SO4

2-, MeSH, and
DMS are the most important precursors of sulfur organic
compounds synthetized by plants and microorganisms [20]
(Figure 1).

Cys is the precursor (thiol-reduced sulfur donor) of most
organic sulfur-containing molecules in the plant metabo-
lome. Sulfur fixation is strictly related to Cys biosynthesis
in which through different enzymatic steps, oxidized sulfate,
alkane sulfates, or thiosulfate are reduced to sulfide and sub-
sequently incorporated to Cys upon Ser activation (O-acetyl-
serine) [21]. Plants are also able to produce a large variety of
sulfur-containing products with interesting chemical, bio-
chemical, and pharmacological features [22–25].

One of the principal ways to introduce inorganic sulfur in
metabolism is via SO4

2- incorporation in adenosine phos-
phosulfate (APS). APS is the crucial transporter of inorganic
sulfur and serves as a central metabolic route for Cys biosyn-
thesis (Figure 2) [26].

Among plant volatile organic compounds, the class of
volatile sulfur compounds (VSCs) represents an important
tool for plant physiology. Vegetables are one of the sources
in diet for the uptake of Met and Cys, and plants possess spe-
cific metabolic pathways for the production of diverse sulfur-
containing organic compounds with different important
roles (defense, signaling, and communication) [27–29].

In mammals, sulfur occurs mainly in proteins as Cys and
Met but also in coenzymes such as Coenzyme A (CoA), bio-
tin, lipoic acid, and thiamine (Figure 3).

It is also common in the form of iron-sulfur clusters in
metalloproteins and in bridging ligands as in cytochromes.
Animals are completely dependent on preformed organic
sulfur compounds to satisfy their sulfur needs [3]. Primary
plant metabolism produces Met that is the essential source
of sulfur for mammals and higher species such as humans.
However, some higher species such as humans are able to
build new sulfur-containing chemical entities starting from
plants’ sulfur precursors. Sulfur metabolism in humans is
very complicated and plays a central role in redox biochem-
istry. The large number of oxidation states that this element
can display makes it ideal for redox biological reaction and
electron transfers (e.g., Fe-S clusters in mitochondrial pro-
teins). Also, the biosynthesis of particular sulfur metabolites
is a unique feature in some species from the animal kingdom
and seems to occur via diverse biochemical pathways evolu-
tionally far from plant sulfur metabolism [30].

The sulfur cycle, like the nitrogen cycle, is extremely
important and promoted by specific prokaryotes. Most of
the organic sulfur coming from this cycle is generated in
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the oceanic environment by microorganisms that can con-
vert and incorporate inorganic sulfur in organic molecules
necessary to satisfy the sulfur needs of all the other living
beings. The metabolism of organic sulfur is at the same time
a key component of the global sulfur cycle. Phototrophic and
diazotrophic marine organisms such as particular marine
cyanobacteria and red algae are able to use sulfur compounds
as electron acceptors or donors in sulfate/sulfur reduction
and oxidation [31].

3. Naturally Occurring Organosulfur
Compounds in Terrestrial Plants and
Marine Organisms

3.1. Natural Products from the Marine World.Marine organ-
isms are a relatively recent successful source of novel natural
bioactive compounds due also to the presence of diverse still
not explored habitats and ecosystems. Several papers in the
last decades reported the pharmacological activities of differ-
ent compounds such as ziconotide for the management of
severe chronic pain and eribulin mesylate, an antimetastatic
breast cancer, both successful derivatives of compounds
coming from the “marine world” [32].

3.1.1. Sulfurous Amines and Amino Acids. Marine microor-
ganisms and algae are able to produce a wide range of
sulfur-containing natural products, also because of the abun-
dance of this element in the marine environment. Most of the
biosynthetic routes and the biological significance of these
compounds are still unknown [33]. The most ubiquitous
group is that of sulfur amines and amino acids. These com-
pounds have been found in a variety of marine organisms
including algae, gorgonians, clams, and fishes, and they
include Met, Cys, methionine sulfone, methionine N-
methyl sulfoxide, and several aliphatic sulfonated amines
(Figure 4). Studies performed on deep sea animals have
detected also a high level of hypotaurine (Htau) as well as
thiotaurine (Ttau) (Figure 4) [34].

These latter two sulfur amino acids seem to act as osmo-
lytes, to balance internal osmotic pressure with that of the
ocean. Ttau, in particular, seems to transport and/or to
detoxify sulfide and is probably produced by the interaction
of the sulfinic group of Htau with H2S [34–36]. The sponta-
neous oxidation of sulfide can produce different reactive oxy-

gen and sulfur radical species. The presence of Ttau in these
organisms is related to their need to decrease the level of sul-
fide; consequently, Ttau formation can be included in the
mechanisms developed to counteract the presence of oxygen
and sulfur radicals in the deep sea organisms. Moreover, Ttau
has been proposed as a marker in animals with a sulfide-
based symbiosis. This organic thiosulfate has the ability to
release hydrogen sulfide (H2S) in a thiol-dependent reaction
[37]. In particular, a thiosulfate reductase activity occurring
in various cells uses electrons of thiols, such as GSH, to
reduce sulfane sulfur of thiosulfonates, such as Ttau to H2S
[38]. The H2S gasotransmitter is one of the most important
sulfur inorganic compounds whose role is crucial in oxidative
stress and inflammation processes. H2S has important signal-
ing properties but also plays a crucial role in cellular redox
homeostasis by modulating GSH concentration and Nrf2
factor transcription [39, 40].

3.1.2. Histidine and Aromatic Derivatives. Other groups of
marine sulfur products are represented by the histidine
derivatives and the aromatic amine derivatives. The first
one includes ovothiols from echinoderm egg species such as
1-methyl-5-mercapto-L-histidine and their disulfide deriva-
tives (Figure 5) [41], and the second includes one of the pre-
cursors of melanin produced by tyrosinase enzymes, such as
2,5-S,S-dicysteinyldopa that is part of the red-violet marine
pigment, adenochrome, extracted from the branchial heart
of the common octopus, Octopus vulgaris (Figure 5) [42].
One of the marine natural products belonging to this class
of compounds that was recently found to be very promising
for its biological activities is ergothioneine (Figure 5), a sulfur
histidine compound derived from 2-mercapto-L-histidine by
quaternization of the α-amino group and characterized by
the presence of the sulfur thione tautomeric form [43–46].
Certain mushrooms (in the Basidiomycetes class), fungi such
as Aspergillus oryzae, Streptomyces species, and cyanobacteria
are the only organisms capable of producing this compound
that demonstrates to possess a high pharmacological poten-
tial mainly due to its thione moiety that confers to the com-
pound high stability and activity against ROS [47, 48].

3.1.3. Indolic Compounds and Thiazolic Peptides. Besides,
indole compounds derived from tryptophan metabolism
were found in marine species (Figure 6). Among this group,
the occurrence of simple brominated methylthioindoles has
been reported from a Taiwanese collection of the red alga
Laurencia brongniarti (2,4,6-tribromo-3-methylthioindole
and derivatives). Simple brominated methylthioindoles are
encountered in the molluscan families Muricidae and Thaisi-
dae as the precursors of the pigment Tyrian purple, used
since ancient times as a valuable coloring matter. Another
important indole (or guanidine) alkaloid is dendrodoine,
the first identified naturally occurring 1,2,4-thiadiazole ring
system extracted from a tunicate Dendrodoa grossularia with
cytotoxic properties [49, 50]. The thiazoles and thiazolidi-
nones group includes also dysidenin and isodysidenin pseu-
dopeptides isolated from a collection of the marine sponge
Dysidea herbacea. Furthermore, the tunicate Lissoclinum
patella collected from Palau, Western Caroline Islands, gave

S
O–

O

O O H3C

H3C

H3C

SH

S

O

OH

Sulfate anion MeSH

DMSP

H3C
S

DMS

CH3

–

Figure 1: Inorganic and organic forms of entry for sulfur into
biosynthetic metabolism of plants and microorganisms.
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the first two examples of thiazole-containing macrocyclic
peptides, ulicyclamide and ulithiacyclamide [51].

3.2. Terrestrial Products. Terrestrial organisms such as plants
and fungi are also able to produce an interesting pool of sul-
fur organic compounds.

3.2.1. Alkyl and Allyl-S-Oxides. Forms of sulfur compounds
relevant to human nutrition are present in foods such as gar-
lic, onion, and broccoli. Yet, the ingestion of these forms of
sulfur compounds is very important for human health since
it provides many antioxidants and immunomodulating sub-
stances that are useful to maintain an adequate physiological
function of most body organs [52]. Garlic (Allium sativum) is
the perfect example of bioactive sulfur compound (antioxi-
dant and antibacterial molecules) intake with the diet. Allium
species have a characteristic flavor that is due to the produc-
tion of particular compounds when fresh garlic is crushed.
When garlic is chopped, the precursors allin, isoallin, and
other S-alk(en)yl-L-cysteine-S-oxides are converted via an
enzymatic process mediated by allinase enzyme into the
respective thiosulfinates such as allicin, isoallicin, and allysul-
finates, which are also responsible for the aroma of fresh gar-

lic and its antiseptic activity (Figure 7). Also, in onions, a
series of VSCs is formed by cleavage of S-alk(en)yl cysteine
sulfoxides catalyzed by allinase and lachrymatory factor syn-
thase [53].

3.2.2. Glucosinolates and Isothiocyanates. Glucosinolates are
another important class of organosulfur plant secondary
metabolites and are present mostly in species of the Brassica-
cee family, such as cabbage, broccoli, and horseradish, and
are derived from glucose and thiohydroxamic acids starting
from different amino acids [54]. Nonaromatic glucosinolates
are derived mainly fromMet and aliphatic amino acids, while
aromatic glucosinolates, such as glucobrassicin, are derived
from tryptophan as an amino acid donor. As for garlic S-
alk(en)yl-L-cysteine-S-oxides, also glucosinolates represent
inactive precursors that release the biologically active sulfur
species when the plant material is cut, chewed, or crushed.
When the enzyme myrosinase enters in contact with the glu-
cosinolates, substrates cleave off the glucose moiety and
release isothiocyanates (commonly known as mustard oil),
which are responsible for pungency and defense mechanism
(Figure 8) [55].
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When the plant is attacked or damaged, the organism is
already prepared with this two-component system
(enzyme-precursor) and immediately starts the enzymatic
hydrolysis of glucosinolates and the subsequent formation
of the bioactive isothiocyanates [56]. Allyl isothiocyanates

(Figure 9) from radish, horseradish, and wasabi are well-
recognized VSCs for strong repellent activity against various
arthropods, nematodes, and microorganisms and possess a
good chemopreventive activity [57]. An important part of
the beneficial effect of the Mediterranean diet is related to
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isothiocyanate intake such as sulforaphane (Figure 9). Sulfo-
raphane, an isothiocyanate compound that occurs in high
concentration as its precursor glucoraphanin, is abundant
in broccoli, Brussels sprouts, and cabbages and many biolog-
ical effects such as anti-inflammatory, antidiabetic, antican-
cer, and neuroprotective effects were recently ascribed to
this compound [58].

3.2.3. Polysulfides and Phytochelatins. Other two important
classes of nonaromatic sulfur derivatives are cyclic
methylene-sulfur compounds (polysulfides) and phytochela-
tin polymers. The most famous molecule belonging to cyclic
polysulfides is lenthionine. Lenthionine (Figure 10) and
1,2,4,6-tetrathiepane were earlier isolated from an extract of
the edible “shiitake” mushroom (Lentinus edodes) and are
partly responsible for its flavor. Lenthionine biosynthesis
was not completely elucidated, but it seems also in this case
as for garlic thiosulfinates that catalytic cleavage of C-S lyase
enzyme is the crucial step for the formation of the final prod-
uct [59, 60]. Phytochelatins (Figure 10) are a class of sulfur
derivatives which are polymeric peptides. They are synthe-
tized by plants, fungi, and cyanobacteria when the cellular
environment is rich in metal ions. Structurally, they are poly-
mers of GSH and their principal role is the environmental
detoxification exerted by their strong activity as chelating
agents [61].

4. Biochemical Aspects of Endogenous
Sulfurous Metabolites

The metabolism of sulfur-containing amino acids consists of
a variety of reactions and pathways with several intermedi-

ates and products whose biochemical significance still needs
to be fully elucidated [62–66]. Crucial functions for cell sur-
vival are served by some of these metabolites. Met and Cys
are the two main sulfur amino acids. They are incorporated
into proteins and have important catalytic roles in the active
sites of many enzymes [67, 68]. Dietary proteins normally
supply Met and Cys. In addition to the intake of dietary pro-
tein, turnover of body proteins releases free Met and Cys into
the body pools [69, 70].

Met serves as the source of sulfur for Cys biosynthesis in a
one-way transsulfuration pathway that links metabolically
Met and Cys. In mammals, Met is an essential amino acid
as it cannot be synthesized in amounts sufficient to maintain
the normal growth, whereas Cys is considered a semiessential
amino acid because it can be produced from Met sulfur and
serine via transsulfuration. Cys and Met oxidation and catab-
olism yield a considerable amount of energy. This was origi-
nally believed to be wasted, as the oxidation of this sulfur to
sulfate (−2→+6) was not thought to be coupled to ATP syn-
thesis [71]. However, recent findings suggest that H2S
derived from Cys and Met metabolism can stimulate oxida-
tive phosphorylation via sulfide:quinone oxidoreductase
(SQR) and sulfite oxidase [72–76]. Beyond this energetic
potential of Cys and Met, these sulfur amino acids exert cru-
cial functions through their well-known metabolites, such as
SAM, Tau, and GSH.

4.1. Transmethylation/Transsulfuration Pathway. In mam-
malian cells, the transmethylation/ transsulfuration pathway
is central for sulfur amino acid metabolism and the regula-
tion of redox balance. The pathway involves the transfer of
sulfur from HCy to Cys via cystathionine and is the only
route for biosynthesis of Cys. This pathway is intimately
linked to the transmethylation pathway via HCy, which can
be remethylated to generate Met or be irreversibly converted
to Cys (Figure 11).

Met metabolism begins with the activation of Met to
SAM by Met adenosyltransferase (MAT). The reaction
requires ATP and the sequential cleavage of all its high-
energy phosphate groups. SAM as a methyl group donor gen-
erates S-adenosylhomocysteine (SAHCy) by cellular
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methyltransferases. SAHCy is hydrolyzed to yield HCy and
adenosine by SAHCy hydrolase (SAH). This sequential reac-
tion route is present in all cell types and is referred to as the
transmethylation pathway. HCy is methylated back to Met
by the Met synthase (MS) and, only in the liver and the kid-
ney of some species, by betaine:homocysteine methyltrans-
ferase (BHMT) [77]. The HCy remethylation is catalyzed
by both MS and BHMT, and the combination of transmethy-
lation and remethylation comprises the Met cycle.

The transsulfuration pathway diverts HCy from the Met
cycle, converting HCy to Cys by the sequential action of
two pyridoxal 5′-phosphate- (PLP-) dependent enzymes,
cystathionine β-synthase (CBS) and cystathionine γ-lyase
(CSE). HCy, which is derived from dietary Met, is converted
to cystathionine by CBS, which is acted on by CSE to gener-
ate Cys. The transmethylation and remethylation pathway
occurs in all cells, whereas the transsulfuration pathway is
restricted to certain tissues. An exogenous source of Cys is
required in conditions where transsulfuration reactions do
not occur at a sufficient rate [78–80]. These tissues accumu-
late HCy (or cystathionine) which must be exported to other
tissues for further metabolism/removal. The transsulfuration
pathway occurs in tissues that contain both CBS and CSE
[81]. CBS activity is widely present in mammalian organs
including the liver, adipose tissue, kidney, and brain [82].
Conversely, it is widely assumed that a high level of CSE is
present in the liver, kidney, and pancreas, whereas CSE activ-
ity is absent in the brain [83], However, recent studies have
demonstrated that also CSE is both present and active in
the brain [84, 85]. Both CSE and CBS occupy a central role
in the cell redox regulation. It has been reported that approx-
imately half of the intracellular GSH pool in the human liver
is derived from Cys generated fromHCy via the transsulfura-
tion pathway [86]. In the mouse brain, the activity of the
pathway is lower as compared to that in the liver, but the flux
can be regulated by oxidative stress [84, 85]. It has been
observed that CSE undergoes inactivation under oxidative
stress condition in mice [65]. In this regard, an intact trans-
sulfuration pathway plays a key role in maintaining GSH
homeostasis and affords an effective neuroprotection.

4.2. S-Adenosylmethionine. SAM is a high-energy sulfonium
compound which acts primarily as a methyl donor in reac-
tions catalyzed by a vast array of methyltransferases. Given
its high energy, the molecule is not so stable in vitro and
can be degraded rapidly even at room temperature, giving
rise to SAHCy, homoserine (HSer), 5′-methylthioadenosine

(MTA), and S-5′-adenosyl-(5′)-3-methylpropylamine
(dSAM) (Figure 12) [87–90].

These SAM-dependent methylations are essential for
biosynthesis of various biomolecules including creatine, epi-
nephrine, melatonin, carnitine, and choline. An alternative
fate of SAM is decarboxylation to form dSAM, which is the
donor of aminopropyl groups for synthesis of spermidine
and spermine [63, 91]. As a result of polyamine synthesis,
MTA forms from dSAM. Alternatively, SAM provides amino
groups in biotin synthesis and 5′-deoxyadenosyl radicals and
also sulfur atoms in the synthesis of biotin and lipoic acid
[92–97].

SAM is also a potent allosteric regulator of the trans-
methylation/transsulfuration pathways. SAM promotes Met
catabolism through the transsulfuration pathway and
inhibits the remethylation of HCy to Met [98–101]. As a
result, SAM increases the activity of CBS which is the pri-
mary enzyme in transsulfuration and contributes to the syn-
thesis of Cys, thereby increasing the GSH level. The
attenuation of oxidative stress by SAM administration has
been evidenced by several studies. For example, Li et al.
[102] showed that cells can be protected from oxidative stress
induced by ?-amyloid peptide after SAM administration;
indeed, SAM actually increases endogenous antioxidant
defense by restoring the normal GSH/GSSG ratio and induc-
ing antioxidant enzyme activities.

4.3. Nontranssulfuration Pathway. The SAM-independent
catabolic pathway of Met also occurs, involving an initial
transamination reaction [62]. The transamination of Met
forms α-keto-γ-methiolbutyrate, the α-keto acid analogue
of Met, which may be further catabolized via oxidative decar-
boxylation to 3-methylthiopropionate, MeSH, and additional
catabolites [103, 104]. This is considered a minor pathway
under normal circumstances, but it becomes more significant
at high Met concentrations. Because it produces powerful
toxins such as MeSH, it has been considered to be responsible
for Met toxicity [105]. Indeed, Met has been regarded as a
toxic amino acid, whether large amounts are taken up from
the diet or it accumulates from metabolic dysfunction of
the transsulfuration pathway. Excessive dietary Met causes
acute liver injury and erythrocyte membrane damage
through mechanisms that are not still fully elucidated [104–
107]. The toxic effect has been observed especially in rodent
tissues where Met transamination occurs and appears to play
a crucial role in Met toxicity [106]. In humans, the physio-
logical and toxicological significance of the Met transami-
nation pathway remains unclear [108, 109]. Interestingly,
not only Met but also other thioether metabolites undergo
transamination generating a class of sulfur-containing het-
erocyclic compounds called ketimines (described below)
[110, 111].

4.4. Cysteine Metabolism. Cys, whether formed fromMet and
serine via transsulfuration or supplied preformed in the diet,
serves as a precursor for synthesis of proteins and several
other essential molecules. These metabolites include GSH,
CoA, and Tau. These fates of Cys, except GSH, involve loss
of the Cys moiety as such. Cys is a substrate for CoA
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synthesis in that it is used to form the cysteamine (decar-
boxylated Cys) moiety of the CoA molecule and, hence, con-
tributes to the reactive sulfhydryl group. Cys is also the
precursor of the gaseous signaling molecule H2S [112–114].

Cys is metabolized via two distinct routes. The first one,
called the cysteine sulfinate- (CSA-) dependent (aerobic)
pathway, is a series of oxidative steps leading to Htau. The
second one, a transsulfuration (anaerobic) pathway, is a
source of sulfane sulfur-containing compounds as well as
H2S [115]. The enzymes involved in the H2S production
include pyridoxal 5′-phosphate- (PLP-) dependent CSE

and CBS as well as cysteine aminotransferase (CAT) in con-
junction with PLP-independent mercaptopyruvate sulfur-
transferase (MST) (Figure 13) [112, 116, 117].

Cys is readily oxidized to Cys-Cys and exists in oxidized
form in plasma and in the extracellular milieu, thus repre-
senting the major transport form of non-protein-bound
Cys [118]. Across membranes, Cys and Cys-Cys are trans-
ported by different membrane carriers. In the CNS, glial cells
mainly import Cys-Cys via the cystine-glutamate antiporter
providing the major route for GSH synthesis in the brain
[119]. Cys-Cys undergoes β-elimination reaction by
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transsulfuration enzymes, CBS and CSE, yielding thiocys-
teine, the persulfide analogue of Cys (RSSH) [120–123].

4.5. Glutathione. The GSH tripeptide is derived from Cys,
glutamate, and glycine present in all mammalian cells at
mM concentration level (1-10mM) with the highest amount
in the liver. GSH has an unusual γ-glutamyl bond linking
glutamate and Cys This unconventional peptide bond
through the γ-carboxyl group of glutamate rather than the
α-carboxyl group confers stability to hydrolysis by cellular
peptidases, requiring a specific enzyme for GSH degradation.
The first step in the GSH synthesis is catalyzed by the enzyme
glutamate-cysteine ligase (GCL) which forms γ-glutamylcys-
teine in an ATP-dependent reaction [124]. This conjugation
reaction between glutamate and Cys is considered the rate-
limiting step in GSH synthesis, whereas Cys the limiting sub-
strate [125]. The addition of Gly to γ-glutamylcysteine is cat-
alyzed by the ATP-dependent enzyme glutathione synthase
(GS) which results in the formation of the mature GSH tri-
peptide [126, 127]. The enzyme that accounts for the hydro-
lysis of the γ-glutamyl bond is γ-glutamyltranspeptidase
(γGT), which localizes on the luminal surfaces of cells lining
the glands and ducts of various organs particularly the kid-
ney, pancreas, and liver [128] (Figure 14).

As consequence, GSH is resistant to intracellular degra-
dation and is mainly metabolized extracellularly by cells that
express γGT. However, recently, cytosolic breakdown path-
ways for GSH have been described [129]. GSH breakdown
by γGT produces glutamate and cysteinylglycine which can
be taken up by cells where the released amino acids are
reused for the synthesis of GSH (so-called the γ-glutamyl
cycle) [130]. In addition to the several vital functions of
GSH, GSH serves as a reservoir of Cys and as a means for
transporting Cys to extrahepatic tissues. An association
between Cys and GSH metabolism disruption and aberrant

redox homeostasis and neurodegeneration has been fre-
quently observed [131, 132].

4.6. Coenzyme A, Pantetheine, and Cysteamine. CoA
(Figure 15) is synthesized starting from pantothenate and
cysteine in five reaction steps (Figure 16). 4′-Phosphopan-
tetheine (cysteamine-pantothenate conjugate) is the moiety
bearing the reactive thiol for the formation of the high-
energy thioester bond in acetyl CoA [133].

CoA breakdown generates pantetheine which is hydro-
lyzed by the vanin family of pantetheinase enzymes to panto-
thenate and the aminothiol, cysteamine [134, 135].
Cysteamine is the decarboxylated derivative of Cys. How-
ever, in mammals, cysteamine is not formed from Cys
directly by decarboxylation. Rather, it is produced mainly
by the pantetheinase activity during CoA breakdown
(Figure 16). An alternative route to cysteamine from lanthio-
nine has been described, where lanthionine undergoes first
decarboxylation to S-2-aminoethyl-L-cysteine (also called
thialysine); subsequently, this latter compound is converted
to cysteamine by a β-elimination reaction [136]. In humans,
cysteamine undergoes different metabolic degradations such
as conversion to volatile sulfur compounds, i.e., methanthiol
and dimethylsulfide, which have been detected in cystinosis
patients treated with this aminothiol [137, 138]. Cysteamine
is highly reactive, and it readily oxidizes in solution to form
the disulfide cystamine. Cysteamine readily forms mixed dis-
ulfides with susceptible Cys thiol groups in a process called
cysteaminylation which is key for many reported biological
activities [139]. At low concentrations, cysteamine can form
a mixed disulfide with Cys, promoting Cys transport into
cells. Recently, the complex role of cysteamine and cystamine
as oxidative stress sensors has been illustrated by experi-
ments using vanin 1-deficient mice [140, 141]. Interestingly,
cysteamine has been used to treat cystinosis and
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neurodegenerative disorders [142, 143]. A recent review
recapitulates the use of cysteamine as a mutation-tailored
drug. This aminothiol has been proposed to repair Arg to
Cys missense mutations in genetic disorders. Upon binding
of cysteamine to the Cys residue by a disulfide bond, a mimic
structure resembling the original arginine residue is created
on the mutated protein [144].

4.7. Taurine. In the mammalian pathway leading from Cys to
Tau, Htau is the main metabolic precursor of Tau. Htau is
synthesized by the CSA-dependent (aerobic) pathway of
Cys metabolism (Figure 13). The production of Htau is
dependent upon the sequential action of cysteine dioxygen-
ase (CDO) that adds molecular oxygen to the thiol group of
Cys to form CSA and of cysteine sulfinate decarboxylase
(CSAD) that finally generates Htau [115]. In a minor path-
way, CSA can also undergo oxidation to produce cysteic acid
(CA) and, through subsequent decarboxylation, forms Tau

[115, 145]. Another pathway involves the production of Htau
from cysteamine via the action of cysteamine dioxygenase (2-
aminoethanethiol dioxygenase, ADO) (Figure 17) [146].

CDO and ADO are the only two mammalian thiol oxyge-
nases capable of specifically oxidizing free sulfhydryl groups
[147]. The activities for these two proteins were first reported
in mammalian tissues almost 60 years ago [148, 149].

The importance of the cysteamine/Htau/Tau pathway
has been largely regarded as minor relative to the
Cys/CSA/Htau/Tau pathway. Indeed, it is the reaction cata-
lyzed by CDO that has been implicated as the major rate-
determining step in the synthesis of Htau and Tau [150].
Interestingly, the brain is capable of synthesizing Tau and
yet expresses relatively little CDO [151], and it is, thus, pos-
sible that the ADO-mediated pathway is largely responsible
for Htau/Tau synthesis in the brain [146].

Noteworthy, the oxidation of the sulfinic group of both
Htau and CSA with production of the respective sulfonate
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(RSO3
–), Tau and CA, is a crucial point for the generation of

Tau in mammalian tissues [145, 152]. However, no specific
enzymatic activity has been detected for this oxidation. Con-
versely, there is strong evidence that in vivo formation of Tau
and CA is the result of sulfinate (RSO2

–) interaction with a
variety of biologically relevant oxidizing agents [153–156].

The relevance of both CO3
⋅– and ⋅NO2 in the oxidation of

Htau has been recently evidenced by the peroxidase activity
of Cu-Zn superoxide dismutase and horseradish peroxidase
[157–159]. Recently, it has been shown that a wide substrate
range enzyme such as flavin monooxygenase 1 (FMO1) is
able to catalyze the oxidation of Htau to Tau [160].
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Tau is the most abundant free amino acid in animal tis-
sues and is present especially in excitable tissues such as the
brain, retina, muscle, and heart, whereas circulating levels
are, in comparison, much lower [2, 161–163]. The Tau con-
tent differs between species such that taurine levels have been
reported lower in primates than in rodents. The amounts
range from 2μmol/g wet weight in the human brain to
40μmol/g in the mouse heart, with even higher concentra-
tions in the eye retina and in the developing brain of mice
[164, 165]. In the muscle, retina, and neurons, the Na+-
dependent transport through the Tau transport accumulates
Tau at high levels [166]. Tau is capable of regulating osmolar-
ity through exchange with the extracellular space without

altering membrane potential. This role of Tau as a critical
regulator of osmolarity is particularly important in maintain-
ing neuronal function [167]. Both Tau and Htau exhibit neu-
rotransmitter activity reminiscent of γ-aminobutyric acid
(GABA) and β-alanine. According to this chemical structure
similarity, Tau can mimic some effects provoked by GABA
release [168]. In the CNS, where Tau is highly concentrated,
this β-amino acid exhibits neuromodulator and neuropro-
tector activity, also preserving the homeostasis of retinal
functions [169]. Tau plays a role also in bile salt formation.

Similarly, Htau is a unique amino sulfinate with a power-
ful antioxidant capacity [170–172]. Htau achieves a millimo-
lar concentration in tissues and biological fluids typically
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subjected to high oxidative stress, such as the regenerating
liver, human neutrophils, and human semen [173–175].
Noteworthy, Htau is capable of protecting SOD by the
H2O2-mediated inactivation, thus reinforcing the cell defense
against oxidative damage [176]. However, the one-electron
oxidative reaction between Htau and various biologically rel-
evant oxidants is accompanied by generation of reactive
intermediates, such as sulfonyl radicals, which could pro-
mote oxidative chain reactions [156, 157].

4.8. Sulfane Sulfur: Persulfides and Thiosulfonates. Low-
molecular weight RSSH such as thiocysteine and glutathione
persulfides (GSSH) are present at μM concentration inside
the cells. Due to highly reducing and nucleophilic properties,
RSSH can act as scavenging oxidants and intracellular elec-
trophiles. RSSH are considered the major source of sulfane
sulfur in biological systems. One proposed mechanism for
sulfane sulfur biological effect is the modification of protein
Cys residues by persulfidation [113, 177, 178]. Noteworthy,
biological effects attributed to H2S as a signaling molecule
may also be partially caused by sulfane sulfur, such as Cys-
based persulfides as the actual signaling species [179–181].
H2S, indeed, can react with oxidized thiols, such as sulfenates
(RSOH), in biological systems to give persulfides [182]. Thio-
cysteine can be directly generated by transsulfuration
enzymes CBS and CSE from Cys-Cys, whereas GSSH is pro-
duced in the mitochondrial sulfide oxidation by SQR [40,
120, 183–185]. Recently, the in vivo formation of thiocysteine
by the transsulfuration pathway has been questioned [186].
Sulfane sulfur species such as thiocysteine, GSSH, and
protein-Cys persulfides are also generated by MST [187, 188].
Furthermore, a recent report revealed that a mitochondrial
enzyme, cysteinyl-tRNA synthetase (CARS2), plays a major
role in converting Cys into Cys per/polysulfide species [189].

The sulfane sulfur of thiocysteine can be transferred by
sulfurtransferases to various acceptors, including sulfite and
Htau [120, 190]. The transfer of sulfur to Htau produces
Ttau, a component of the Tau family characterized by the
presence of a sulfane sulfur in the thiosulfonate group
(−S2O2

−). The biological occurrence of Ttau in mammals as
a metabolic product of Cys-Cys in vivo was reported initially
by Cavallini and coworkers [191] by demonstrating that rats
fed with a diet supplemented in Cys-Cys excreted a newly
unknown compound identified as the thiosulfonate analogue
of Tau, Ttau. Furthermore, Ttau is formed by a sulfurtrans-
ferase catalyzing sulfur transfer from mercaptopyruvate to
Htau [192, 193]. Structurally, Ttau carries a hypotaurine
moiety and a sulfane sulfur moiety generated, respectively,
by aerobic and anaerobic metabolism of cysteine. Conse-
quently, Ttau can represent a linking intermediate of the cys-
teine metabolic paths (Figure 18).

Interestingly, Ttau is capable of releasing H2S in a thiol-
dependent reaction. In particular, thiols, such as GSH, and
other reducing agents reduce sulfane sulfur of thiosulfonates
to H2S [38, 117, 193]. Accordingly, in human neutrophils,
GSH acts as a catalyst in the generation of H2S and Htau
from Ttau [194].

Overall, Ttau formed as a result of the reaction between
Htau and RSSH may be converted back to H2S and Htau

(Figure 18). It is likely that Ttau, due to its peculiar biochem-
ical properties, takes part in the modulation and control of
H2S signal as suggested by the effect of Ttau on human neu-
trophil functional responses [37, 195–197].

4.9. Lanthionines, Cyclic Ketimine, and Imino Acid
Derivatives: Sulfur-Containing Metabolites Still in Search for
a Role. Lanthionines are a class of sulfur organic compounds
that are extremely interesting but still remain a mystery.
From a chemical point of view, lanthionines are thioethers
derived from the condensation of aminothiols or amino
acids. Cystathionine probably represents one of the most
important biological thioethers for humans. This molecule
is essential for the transsulfuration pathway in which HCy
is converted to Cys in relation to the folate cycle and SAM-
mediated methylation pathway [15]. The four most impor-
tant thioethers involved in this metabolism and other mam-
malian metabolic disorders are lanthionine, cystathionine, S-
2-aminoethyl-L-cysteine (thialysine), and homolanthionine
(Figure 19).

The biosynthesis of these compounds in mammals is
mediated by the transsulfuration enzymes, CBS and CSE,
starting from Cys, cysteamine, and HCy to produce lanthio-
nine, thialysine, and cystathionine, respectively. CBS enzyme
can use serine or Cys as the substrate and releases H2O or
H2S (Figure 20).

The catabolism of cystathionine involves CSE releasing
Cys and α-ketobutyric acid in a reaction that catalyzes a
PLP-mediated α-γ elimination. The role of linear thioethers
such as lanthionine and thialysine is still unknown from a
metabolic point of view, also because they are poor substrates
of CSE enzyme and then they should be addressed to differ-
ent metabolic routes. Some of them such as thialysine can
be used as substrates for decarboxylases giving rise to differ-
ent thioether polyamines (e.g., thiacadaverine). In most of
the cases, the fate and significance of lanthionine compounds
is unclear and difficult to understand. In this contest, it is
important to underline the fundamental contribution of pro-
fessor Cavallini and coworkers in the study and discovery of
some sulfur-containing cyclic ketimines as products of the
linear thioethers discussed above [14]. Lanthionine, cystathi-
onine, and thialysine can undergo an oxidative deamination
to produce the respective α-keto acids that subsequently
cyclize to give rise to their sulfur-containing cyclic ketimine,
lanthionine ketimine (LK), cystathionine ketimine (CK), and
thialysine ketimine (TK) [110, 198, 199] (Figure 21).

LK, CK, and TK can also be obtained via a chemical reac-
tion in aqueous solutions of Cys, HCy, and cysteamine with
bromopyruvic acid [200, 201]. In the case of CK, a seven-
membered asymmetric ring, the ketimine could also exist in
the isomeric form with the double bond located in the longer
carbon chain moiety of the ring. This isomer has been pre-
pared by reacting β-chloro-L-alanine with 2-oxo-4-thiobuty-
rate obtained enzymatically. One common feature of this
class of compounds is their reducing power. Reduced satu-
rated cycles can be obtained by the reduction of the imine
bond (C=N) with NaBH4 [202]. TK yields 1,4-thiomorpho-
line-3-carboxylic acid (TMA), LK gives 1,4-thiomorpho-
line-3,5-dicarboxylic acid (TMDA), and CK produces 1,4-
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hexahydrothiazepine-3,5-dicarboxylic acid (cyclothionine)
[203]. The reduced products are much more stable than the
parent ketimines and can be produced also biochemically
by a NADP(H) reductase enzyme [204] (Figure 22).

All of these cyclic derivatives (LK, CK, TK, and their
reduced products TMDA, cyclothionine, and TMA) were
detected in human urines and mammalian brains [205–
208]. LK and CK were also directly detected for the first time
in the human brain in 1991 by Fontana and coworkers [209].
The very unusual and particular issue is that lanthionine dif-
ferently from the other linear precursors was never found in
human urines and brain tissues [208].

Lanthionines and sulfur cyclic ketimines are a very inter-
esting class of compounds that may play an important phys-
iological role. In degenerative processes, thiol redox
biochemistry is crucial and in some neuronal disorders such
as Alzheimer’s disease may represent an important diagnos-
tic marker [131]. The metabolism of organic sulfur in many
organisms is still not completely understood, and there are
many evidences of an emerging role of some of sulfurous
ketimines in inflammation and neuronal associated disorders
[15]. The brain contains a functional transsulfuration path-
way able to generate H2S and several unusual amino acids,

such as LK and other sulfur-containing cyclic ketimines
and imino acids (Figure 20), whose biological role and signif-
icance are still unknown [14, 15, 210]. Among these com-
pounds, LK demonstrated potent antioxidant,
neuroprotective, and neurotrophic actions [211], properties
that have made this compound a candidate for studies that
focus on neurodegenerative diseases and processes including
ischemia, amyotrophic lateral sclerosis, multiple sclerosis,
and Alzheimer’s and Batten’s diseases [15, 210, 212–214].

The group of natural heterocyclic sulfur compounds
includes not only the six-membered ring cyclic ketimines
such as CK, LK, and TK but also the class of five-
membered ring heterocycles like terrestrial and marine thia-
zolidine and thiazoline derivatives such as thioproline,
ovothiols, and thiazoline carboxylic acids (e.g., 2-amino-2-
thiazoline-4-carboxylic acid (ATCA)) [41, 215–218]
(Figure 23).

All of these compounds demonstrated to possess differ-
ent and in some cases convergent biological activities such
as oxygen and nitrogen-free radical scavenging capacity,
detoxification of cyanide, and antioxidant activity [41, 217,
219–222].

4.10. Substrate Flexibility in the Enzymology of Sulfur-
Containing Compounds. Many of the enzymes responsible
of the metabolic pathways involving sulfur-containing com-
pounds show a relaxed substrate specificity, and at the same
time, many reactions involving sulfur-containing molecules
are carried out by enzymes also used for different purposes.

This fact came to the attention of Cavallini and colleagues
more than sixty years ago, when cystamine and lanthiona-
mine, the R2S analogue of cystamine, were assayed as sub-
strates of diamine oxidase [223, 224]. The interest of this
finding was increased by the observation that the rate of the
oxidation was in the range of that of traditional substrates
and the product of the reaction was a cyclic cystaldimine
(1,2-dehydrodithiomorpholine), which was then cleaved giv-
ing rise to a variety of products such as thiocysteamine, Htau,
Ttau, and Tau.

S
O

OH

Hypotaurine

S
O

SH
O

RSSH

RSH

H2SRSSR

2RSH

Thiotaurine

SH
O

HO

O

3-Mercaptopyruvate

O
HO

O

Pyruvate

H2N

H2N

Figure 18: Thiotaurine transsulfuration pathway.

S O

OH

O

OH

S O

OH

NH2

S O

OH
O

OH

Lanthionine

Thialysine Cystathionine

SO

OH OH

O

Homolanthionine

H2N
NH2

NH2

NH2 NH2

NH2NH2

Figure 19: Biological thioethers belonging to the class of
lanthionines

14 Oxidative Medicine and Cellular Longevity



CSA and CA, but also their homologues, homocysteine
sulfinic acid (HCSA) and homocysteic acid (HCA), are also
known to take profit from a number of enzymes used for
other purposes. In this case, the sulfinic and sulfonic groups
can mimic the carboxyl group of the carbon analogues aspar-
tate and glutamate. All these sulfur compounds can substi-
tute glutamate and aspartate in the common amino acid
transamination and decarboxylation reaction. The decarbox-
ylation reaction converts the sulfinates, CSA/HCSA, and the
sulfonates, CA/HCA, in Htau/homoHtau and Tau/homo-
Tau, respectively [225]. In addition to enzyme reactions,
these metabolic derivatives interact with molecular targets

such as neurotransmitter receptors, channels, or trans-
porters. Due to structure similarity, HCSA/HCA and their
decarboxylated derivatives, homoHtau/homoTau, can repre-
sent natural mimetics as neuroactive agents for glutamate
and GABA, respectively (Figure 24) [226, 227].

Interestingly, the HCy derivatives can attain a major bio-
logical relevance during hyperhomocysteinemia [228]. Mild
hyperhomocysteinemia is a common clinical condition asso-
ciated with an increased risk for cardiovascular and neurode-
generative diseases [229, 230]. Noteworthy, in Down
syndrome, or trisomy 21, the overexpression of CBS removes
homocysteine from the transmethylation pathway leading to
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decreased plasma levels of homocysteine and a low incidence
of atherosclerosis in these subjects [231, 232]. Consequently,
cystathionine, cysteine, and H2S levels are increased, consis-
tent with an increased CBS activity [233, 234].

In mammals, the relaxed substrate specificity makes the
two transsulfuration enzymes, CBS and CSE, chiefly respon-
sible for H2S biogenesis [122, 235]. These human enzymes
afford H2S generation by a multiplicity of routes involving
Cys and/or HCy as substrates. In addition to H2S, a variety
of products is generated in these reactions, including lanthio-
nine and homolanthionine [122]. These thioethers have been
proposed as markers of H2S production in homocystinurias
[236]. CBS is also involved in the formation of thialysine by
replacing HCy with cysteamine [237]. Thialysine has been
actually detected in brain tissues following gavage feeding

of cysteamine in rats [238] and in urine of normal human
adults, suggesting thialysine may even be a natural occurring
metabolite [208].

According to this substrate flexibility in the enzymology
of sulfur amino acid, a vast array of sulfur compounds occurs
and can be detected in living organisms, whose biological and
metabolic role is worth to be explored.

5. Sulfur-Containing Compounds and
Redox Biochemistry

The electronic configuration of sulfur allows it to occur in
numerous oxidation states, both negative and positive, rang-
ing from -2 to +6 and possibly including fractional oxidation
states [239]. Apart from the well-known ROS and RNS, the
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existence of reactive sulfur species (RSS) is well documented
[240–242]. RSS include species such as sulfur-centered radi-
cals (RS⋅), disulfides (RSSR), disulfide-S-oxides, and sulfenic
acids (RSOH) and can easily be formed in vitro from thiols
by reaction with oxidizing agents such as hydrogen peroxide,
singlet oxygen, peroxynitrite, and superoxide. However, the
redox potential of RSS is considerably less positive than that
of ROS; their biochemical importance is not to be undereval-
uated. For instance, the thiyl radical is an oxidative stressor
whereas the disulfide can be a mild oxidative stressor [239].
All of these RSS could in principle oxidize and subsequently
inhibit redox-sensitive proteins. Furthermore, thiols could
store nitric oxide via the formation of nitrosothiols, which
could release nitroxyl ions [243] or nitric oxide in physiolog-
ical conditions or in the presence of transition metal chela-
tors [244–246].

The best-known RSS is thiyl radical (RS⋅), which is
formed by the one-electron oxidation of Cys and is unstable
in physiological conditions. If not adequately quenched by
ascorbate or GSH, the thiyl radical undergoes a rather effi-
cient intramolecular hydrogen transfer processes, and in oxi-
dative stress conditions, the extent of irreversible protein
thiyl radical-dependent protein modification increases
[247]. Thiyl radical can be formed in physiological condi-
tions via three major routes: hydrogen donation, enzymatic
oxidation, and reaction with ROS. Particularly, formation
of this radical has been documented for the reaction of
hydrogen peroxide either with hemin or with heme proteins,
such as hemoglobin [248, 249]. Many other sulfur-centered
radicals could be theoretically formed, but those species are
extremely unstable and can only be studied by EPR at very

low temperatures; hence, their pathophysiological role, if
ever, is still unclear [250]. Sulfinyl and sulfonyl radicals have
also been observed as free radical metabolites of Cys oxida-
tion, which are formed during the interaction of thiols with
ROS. These species can be further oxidized to highly reactive
radical species, which could lead to dimerization or oxidation
[239].

Due to its high reactivity, the reduced thiol group of
cysteinyl side chains in proteins plays a major role in many
biological processes, and its redox state is of paramount
importance in maintaining physiological functions such as
catalysis, metal binding, and signal transduction. Hence, the
redox regulation of the intracellular environment is a critical
factor in cellular homeostasis. Particularly, the regulation of
thiol redox balance is fundamental for the maintenance of
many different cellular processes such as signal transduction,
cell proliferation, and protein integrity and function.

The cellular thiol groups are protected by the “thiol redox
buffering system,” whose key components are GSH, either
reduced (GSH) or oxidized (GSSG), and the families of
enzymes glutaredoxins, thioredoxins, and peroxiredoxins.
GSH is the major intracellular thiol antioxidant. Apart from
the antioxidant activity, GSH has also a role in the detoxifica-
tion of xenobiotics and heavy metals [251]. Its concentration
is in the mM range, up to 10mM in certain cells making this
compound the most concentrated antioxidant in the cells
[251]. However, rather than the absolute concentration of
GSH, a better index of redox state is represented by the ½
GSH�/½GSSG� ratio which also reflects changes in redox sig-
naling and control of cell functions [131]. During acute oxi-
dative stress, GSH concentration decreases and the
associated increase in GSSG concentration results in an
increased turnover of the GSH/GSSG cycle, but GSSG is also
actively extruded from the cell; thus, the intracellular turn-
over of GSH is affected [251]. Under normal conditions,
the ratio of GSH/GSSG is around 50 : 1 to 100 : 1, whereas
in oxidative stress condition, it can drop to 10 : 1 and even
to 1 : 1 [252].

Some disulfides may be strongly oxidizing and cause oxi-
dative damage to cell components. For instance, under con-
ditions of oxidative stress, GSSG could reach toxic
concentration in the cells and oxidize proteins like metal-
lothioneins [253]. GSSG is formed from GSH when enzymes
like glutathione peroxidase (GSHPx) use GSH as a reducing
species to detoxify peroxides or other ROS to prevent oxida-
tive damage. GSH is then regenerated by the aid of NADPH
in the presence of glutathione reductase (GR).

Reversible reduction of disulfide bonds can be mediated
by a variety of thiol redox enzymes such as the thioredoxins
(TRXs) and the glutaredoxins (GRXs). The TRX and GRX
systems control cellular redox potential, keeping a reduced
intracellular environment, by utilizing reducing equivalents
from NADPH. These proteins are expressed in all organisms,
tissues, cell types, and organelles, and some of them can shut-
tle between cellular compartments and the extracellular space
[254].

TRXs were first identified as hydrogen donors for ribonu-
cleotide reductase, the essential enzyme providing deoxyri-
bonucleotides for DNA replication. The paramount
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importance of TRXs in the cell is witnessed by the evidence
that TRX knockout is embryonically lethal [254]. There are
two main forms of TRXs, TRX-1 which is present in the cyto-
sol and TRX-2 localized in the mitochondria. TRXs are
induced by oxidative stress and act as antioxidants by cata-
lyzing the reversible reduction of disulfides utilizing both
cysteinyl residues present in the active site, whose motif is
Cys-Gly-Pro-Cys. Oxidized TRX is then reduced via TrxR
(TRX reductase) using electrons from NADPH. As for TRXs,
there are two main forms of TrxRs, one in the cytosol (TrxR-
1) and one in the mitochondria (TrxR-2). Due to the easily
accessible C-terminal catalytic center, TrxRs can reduce a
broad range of substrates including hydrogen peroxide, sele-
nite, lipoic acid, ascorbate, and ubiquinone, and TrxR-2 was
demonstrated to act on cytochrome c [255], but the main
substrates remain TRXs. In response to oxidative stress,
TRXs can be secreted by the cells and exert an anti-
inflammatory action by inhibiting neutrophil extravasation
into the inflammatory sites, opening to the possibility of
using these proteins as therapeutic tools [256, 257].

GRXs are a group of thiol redox enzymes whose active
site contains the sequence motif CXXC, same as in TRXs
and protein disulfide isomerases. In the GRX system, elec-
trons flow from NADPH to GSH via GR and are then
transferred to one of the three up-to-date identified GRXs.
Akin TRXs, GRXs are able to reduce protein disulfides but
are also able to act on mixed disulfides for which TRXs
display low or no activity [258]. GRXs can act via a dithiol
or monothiol mechanism, respectively, on protein disul-
fides or mixed disulfides, particularly on glutathionylated
proteins [258]. Protein glutathionylation does not only
occur in oxidative stress conditions but rather seems to
be a fundamental regulatory mechanism by reversible
modification of protein thiols. Hence, deglutathionylation
by GRXs could represent a more general mechanism of
protein activity control by GRXs than the simple regener-
ation of protein thiols.

6. Conclusions

Biomolecules consist principally of carbon, hydrogen, and
the heteroatoms oxygen and nitrogen. As sulfur and oxygen
belong to the same group in the periodic table, the group of
chalcogens, the question that arises is as follows: “why ana-
logue compounds with the sulfur atom replaced by oxygen
do not serve the same function?”.

Sulfur actually has unique characteristics that differenti-
ate it from oxygen, such as increased atomic size that confers
to sulfur a lower electronegativity. This leads to bond forma-
tion that is less ionic and weaker than bonds between carbon
and sulfur. There are also important differences in primary
organosulfur metabolites with respect to oxygenated ana-
logues, such as polarity and reactivity. In particular, thiols
and thioether moieties (R2S) can be oxidized to sulfoxides
(R2SO) and sulfones (R2SO2) and can form stable sulfonium
cations (i.e., SAM) that allow unique carbon alkyl-transfer
reactions in biology (e.g., substrates methylation). It is doubt-
ful whether other compounds or other “-onium” compounds
could adequately serve this role: quaternary ammonium

compounds are too thermodynamically stable to effectively
methylate most acceptors, and oxonium compounds are too
strong alkylating agents for most of the biological environ-
ments with subsequent toxic effects.

Sulfur metabolites are utilized by all living beings and
depending on the function are distributed in the different
kingdoms from marine organisms to terrestrial plants and
animals. Mammals, such as humans, are not able to fix inor-
ganic sulfur in biomolecules and are completely dependent
on preformed organic sulfurous compounds to satisfy their
sulfur needs. However, some higher species such as humans
are able to build new sulfur-containing chemical entities
starting especially from plants’ organosulfur precursors. Sul-
fur metabolism in humans is very complicated and plays a
central role in redox biochemistry. In this review, we
explored sulfur metabolism in relation to redox biochemis-
try and the large pool of naturally occurring sulfur-
containing compounds in the marine and terrestrial
“world.” We focused on the chemistry and the biochemis-
try of exogenous and endogenous sulfur metabolites
underling the importance of well-known and studied mol-
ecules and also of the unknown and poorly studied sulfur
natural products whose biological role is still a mystery
and needs to be investigated.

It is worth investigating the role of these and other still
unknown natural sulfur compounds also in view of the
extremely promising beneficial activity that the molecules
could exert in different pathophysiological conditions.

The biosynthesis of particular sulfur metabolites is a
unique feature in some species from the animal kingdom
and seems to occur via diverse biochemical pathways evolu-
tionally far from microorganisms and plants’ sulfur metabo-
lism. It is also important to underline the somehow
paradoxical situation beyond sulfur biochemistry, probably
the oldest redox metabolic form of “life” on Earth and at
the same time a continuously newly uncovered field with still
more and more opened scientific questions.

Acronyms

ADO: Cysteamine dioxygenase
APS: Adenosine phosphosulfate
ATCA: 2-Amino-2-thiazoline-4-carboxylic acid
BHMT: Betaine:homocysteine methyltransferase
CA: Cysteic acid
CARS2: Cysteinyl-tRNA synthetase
CAT: Cysteine aminotransferase
CBS: Cystathionine β-synthase
CDO: Cysteine dioxygenase
CoA: Coenzyme A
CSA: Cysteine sulfinate
CSAD: Cysteine sulfinate decarboxylase
CSE: Cystathionine γ-lyase
Cys: Cysteine
Cys-Cys: Cystine
DMS: Dimethylsulfide
DMSP: Dimethylsulfoniopropionate
dSAM: S-5′-Adenosyl-(5′)-3-methylpropylamine
GABA: γ-Aminobutyric acid
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GR: Glutathione reductase
GRXs : Glutaredoxins
GSH: Glutathione
GSHPx: Glutathione peroxidase
GSSH: Glutathione persulfides
H2S: Hydrogen sulfide
HCA: Homocysteic acid
HCSA : Homocysteine sulfinic acid
HCy: Homocysteine
Htau: Hypotaurine
MAT: Met adenosyltransferase
MeSH : Methanethiol
Met: Methionine
MS: Met synthase
MST: Mercaptopyruvate sulfurtransferase
MTA: 5′-Methylthioadenosine
R2O: Ether
R2S: Thioether
R2SO : Sulfoxides
R2SO2: Sulfones
R3S

+: Sulfonium ion
RDA: Recommended dietary allowance
RNS : Reactive nitrogen species
ROS: Reactive oxygen species
RS⋅: Sulfur-centered radicals
RSO2

–: Sulfinate
RSO3

–: Sulfonate
RSOH: Sulfenic acids
RSS: Reactive sulfur species
RSSR: Disulfides
−S2O2

−: Thiosulfonate group
SAH: S-Adenosylhomocysteine hydrolase
SAHCy: S-Adenosylhomocysteine
SAM: S-Adenosylmethionine
SQR: Sulfide:quinone oxidoreductase
Tau: Taurine
TMA: 1,4-Thiomorpholine-3-carboxylic acid
TMDA: 1,4-Thiomorpholine-3,5-dicarboxylic acid
TRXs: Thioredoxins
Ttau: Thiotaurine
VSCs: Volatile sulfur compounds
γGT: γ-Glutamyltranspeptidase.
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Allylmethylsulfide (AMS) is a novel sulfur metabolite found in the garlic-fed serum of humans and animals. In the present study,
we have observed that AMS is safe on chronic administration and has a potential antihypertrophic effect. Chronic administration of
AMS for 30 days did not cause any significant differences in the body weight, electrocardiogram, food intake, serum biochemical
parameters, and histopathology of vital organs. Single-dose pharmacokinetics of AMS suggests that AMS is rapidly metabolized
into Allylmethylsulfoxide (AMSO) and Allylmethylsulfone (AMSO2). To evaluate the efficacy of AMS, cardiac hypertrophy was
induced by subcutaneous implantation of ALZET® osmotic minipump containing isoproterenol (~5mg/kg/day), cotreated with
AMS (25 and 50mg/kg/day) and enalapril (10mg/kg/day) for 2 weeks. AMS and enalapril significantly reduced cardiac
hypertrophy as studied by the heart weight to body weight ratio and mRNA expression of fetal genes (ANP and β-MHC). We
have observed that TBARS, a parameter of lipid peroxidation, was reduced and the antioxidant enzymes (glutathione, catalase,
and superoxide dismutase) were improved in the AMS and enalapril-cotreated hypertrophic hearts. The extracellular matrix
(ECM) components such as matrix metalloproteinases (MMP2 and MMP9) were significantly upregulated in the diseased
hearts; however, with the AMS and enalapril, it was preserved. Similarly, caspases 3, 7, and 9 were upregulated in hypertrophic
hearts, and with the AMS and enalapril treatment, they were reduced. Further to corroborate this finding with in vitro data, we
have checked the nuclear expression of caspase 3/7 in the H9c2 cells treated with isoproterenol and observed that AMS
cotreatment reduced it significantly. Histopathological investigation of myocardium suggests AMS and enalapril treatment
reduced fibrosis in hypertrophied hearts. Based on our experimental results, we conclude that AMS, an active metabolite
of garlic, could reduce isoproterenol-induced cardiac hypertrophy by reducing oxidative stress, apoptosis, and stabilizing
ECM components.

1. Introduction

Cardiovascular diseases (CVDs) contribute the highest
among the noncommunicable disease’s deaths globally;
nearly 17.8 million deaths were reported due to CVDs alone
in the year 2017 [1]. Cardiac hypertrophy (CH) is a compen-
satory phase of the heart against various underlying patho-
physiological stimuli. If untreated, CH progresses into the
decompensatory phase, and which ultimately results in the

irreversible heart failure. During this transition phase, an
increase in myocardial mass, sarcomeric reorganization,
expression of fetal genes, and remodeling of extracellular
matrix take place [2].

The extracellular matrix (ECM) of the adult myocardium
hosts both cardiomyocytes and interstitial cells in a complex
three-dimensional orientation. ECM in addition to mechani-
cal support also serves as a reservoir of growth factors tomain-
tain basal physiology. During myocardial stress, homeostasis
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of the ECM is perturbed, resulting in systolic and diastolic
dysfunctions due to compromised signal transduction [3].
In myocardial remodeling, a fine balance between synthesis
and breakdown of ECM components is perturbed. Specifi-
cally, matrix metalloproteinase (MMP) activation was
reported in various cardiovascular complications [4]. Cardiac
fibrosis, an underlying pathophysiological stage in many car-
diovascular complications, results due to abnormal ECM
deposition [5]. Activation of MMPs and inhibition of tissue
inhibitor of matrix metalloproteinases (TIMPs) favors ECM
degradation and its accumulation in the myocardium [6].

Several attempts have been made to inhibit ECM remod-
eling by inhibiting MMPs in the diseased heart and thereby
reduce heart failure [7]. But none of the matrix metallopro-
teinase inhibitors succeed as a drug for heart failure [8].
Therefore, researchers are more interested to explore natural
compounds or nutraceutical agents to inhibit ECM remodel-
ing and thus prevent or delay the disease progression.
Evidence-based studies in the past have shown the pivotal
role of gaseous signaling molecules such as hydrogen sulfide
(H2S) and sulfur dioxide in mitigating cardiovascular com-
plications [9, 10]. Hence, there is a pressing need to identify
novel sulfur molecules to reverse the remodeling of cardio-
vascular complications. Among all the kinds of vegetables
and fruits that are enriched with sulfur-rich compounds,
garlic is more promising to show a cardioprotective effect.

Nutraceutical properties of the garlic against various
complications are documented in ancient scriptures. Both
prophylactic and therapeutic effects of garlic were promising
in cardiometabolic complications [11] Despite having myr-
iad beneficial effects of raw garlic, largely, people avoid it
because of the gastric disturbing property of garlic due to
the presence of allicin.

Earlier, we have reported the promising cardiometabolic
properties of garlic [12–14]. During the LC-MS investigation
of sulfur compounds in garlic-fed rat serum, we have identi-
fied Allylmethylsulfide (AMS) as one of the major garlic-
derived metabolites [15]. Similarly, in clinical studies, serum,
breast milk, and urine samples also showed the presence of
AMS [16, 17]. Pretreatment of AMS ameliorated X-ray-
induced inflammation in mouse kidney [18]. It is reported
that garlic intervention in various forms ultimately results
in the formation of AMS in the physiological system. There-
fore, it could be hypothesized that the beneficial effects of
garlic such as lipid-lowering, antiatherosclerotic, antidia-
betic, antihypertensive, antioxidant, and anticancer are
attributed to its active metabolite AMS [19, 20].

Isoproterenol (isoprenaline) is a synthetic nonspecific
beta-adrenergic receptor agonist. Sustained release of isopro-
terenol induces cardiac hypertrophy followed by myocardial
remodeling and ultimately leading to heart failure [21].
Biochemical and pathophysiological perturbations due to
isoproterenol are very similar to human disease settings and
mimic anxiety- and stress-induced cardiac hypertrophy
[22]. Hence, isoproterenol-induced cardiac hypertrophy in
rodents is considered a suitable model to test the efficacy of
novel molecules.

In our previous study, we have reported the antihyper-
trophic effect of AMS on cardio myoblast [15]. However,

the in vivo effect of AMS in cardiac hypertrophy and molec-
ular mechanism underlying the beneficial effect, if any, is not
explored yet. Therefore, the present study was designed to
find the effect of AMS on isoproterenol-induced cardiac
hypertrophy and to explore its molecular mechanism mostly
focusing on oxidative stress, apoptosis, and alteration of
ECM components.

2. Material and Methods

2.1. Animals and Study Design. Male Sprague Dawley Rats
of 200-250-gram weight were procured form the National
Institute of Pharmaceutical Education and Research
(Mohali, India). All animal studies were performed in
accordance with the standard operating procedures of the
Translational Health Science and Technology Institute
(THSTI) and with Institutional Animal Ethical Committee
(IAEC/THSTI/2015-4) approval, Faridabad. Animals were
housed in a small animal facility of THSTI, maintained at a
22 ± 2°C temperature, 50 ± 15% relative humidity, and
12 hrs of dark and light cycle.

2.1.1. Safety Study. Fifty-six animals were randomly divided
into seven groups (n = 8): Group 1 (control), Group 2 (corn
oil/vehicle control), Group 3 (garlic 250mg/kg), Group 4
(AMS 25mg/kg/day), Group 5 (AMS 50mg/kg/day), Group
6 (AMS 100mg/kg/day), and Group 7 (AMS 200mg/kg/day).

2.1.2. Efficacy Study. Forty animals were randomly divided
into five groups (n = 8): Group 1 (control), Group 2 (hyper-
trophy), Group 3 (hypertrophy+25mg/kg/day), Group 4
(hypertrophy+AMS 50mg/kg/day), and Group 5 (hypertro-
phy+enalapril 10mg/kg/day).

2.2. Dosage Information. For safety study, 0.5ml of virgin
corn oil (Group 2), freshly prepared garlic homogenate
250mg/kg/day along with 0.5ml of corn oil (Group 3), and
AMS 25, 50, 100, and 200mg/kg (Groups 4, 5, 6, and 7) dis-
solved in 0.5ml of corn oil were administered orally for 30
days. For efficacy study, 0.5ml of corn oil was orally admin-
istered as vehicle in three groups (Group 1, Group 2, and
Group 5) while AMS (25 and 50mg/kg/day) dissolved in
0.5ml was orally administered in two groups (Groups 3
and 4). Group 5 received 10mg/kg of enalapril orally.

2.3. Electrocardiography. Rats were anesthetized in supine
position by gaseous anesthesia (isoflurane 2%) coupled with
a 100% oxygen supply. The core body temperature of the ani-
mal was maintained at 37°C by a controlled heating pad
(Homeothermic Blanket Control unit, Harvard Apparatus®).
As per the manufacturer’s instructions, 15 minutes of ECG
was recorded to each animal on Power Lab 26T (ADInstru-
ments, Australia) and the acquired data was analyzed on
LabChart 8 software.

2.4. Serum Biochemical Parameters. Safety study animals
were subjected to retroorbital bleeding under gaseous anes-
thesia. Blood samples were kept at room temperature for
1 hr followed by centrifugation at 3,000 g for 30 minutes
at 4°C. Serum glutamic oxaloacetic transaminase (SGOT),
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serum glutamic pyruvic transaminase (SGPT), creatinine
kinase-myocardium bound (CK-MB), and alkaline phospha-
tase were measured by a semi autoanalyzer.

2.5. Single-Dose Pharmacokinetics of Allylmethylsulfide. To
study the pharmacokinetics of AMS, SD rats were used.
AMS 100mg/kg single dose was administered orally, and
subsequently, blood samples were collected at 0, 0.25, 0.5, 1,
2, 4, 8, 12, 24, 36, and 48 hrs. Post 30 minutes of sample col-
lection, serum was separated by centrifugation at 600 g for 20
minutes at 4°C and stored at -80°C for further analysis.

2.5.1. Metabolite Extraction. For sample preparation, 100μl
of serum was mixed with 100μl of LC-MS grade methanol
and vortexed for 10min at room temperature. Further, the
sample was incubated on ice for 15min and centrifuged at
16000 g for 20min at 4°C. The resultant supernatant was
filtered with a 0.2μm filter.

2.5.2. Metabolomics Measurement. For standard curve, AMS
(Cas. No. 10152-76-8, Sigma-Aldrich), AMSO (Cas. No.
21892-75-1, EPTES, Food and Flavor Analytical), and
AMSO2 (Cas. No. 16215-14-8, Sigma-Aldrich) were spiked
in control serum and the earlier mentioned extraction proce-
dure was followed. All data were acquired on the orbitrap
fusion mass spectrometer equipped with a heated electro-
spray ionization (HESI) source. Data were acquired on a pos-
itive mode at 120,000 resolution in full-scan MS1. We used a
spray voltage of 4000 for positive. Sheath gas and auxiliary
gas were set to 42 and 11, respectively. The mass scan range
was 50-500m/z, AGC (automatic gain control) target at
400000 ions, and the maximum injection time was 200ms
for MS. Extracted metabolites were separated on UPLC
ultimate 3000 using an HSST3 column (100 × 2:1mm i.d,
1.9 micrometer, Waters Corporation) maintained at 40°C
temperature. Mobile phase A was methanol with 0.1% formic
acid, and mobile phase B was water with 0.1% formic acid.
The elution gradient is used as follows: 0min, 1% B; 1min,
15% B; 4min, 35% B; 7min, 95% B; 9min, 85% B; 10min,
1% B; and 14min, 1% B. The flow rate of 0.3ml/min, and
the sample injection volume were 5 microliters.

2.5.3. Data Processing. All acquired data has been processed
using Progenesis QI for metabolomics (Waters Corporation)
software using the default setting. The untargeted metabolo-
mics workflow of Progenesis QI was used to perform reten-
tion time alignment, feature detection, deconvolution, and
elemental composition prediction. Identification of metabo-
lites has been done based on the match of accurate mass
and the retention time of purchased standards. Relative
intensity of the corresponding metabolites has been used
for quantification. PKSolver a freely available add-in pro-
gram for Microsoft Excel was used for pharmacokinetic
parameters as mentioned [23].

2.6. In Vivo Cardiac Hypertrophy Model. Isoproterenol
(~5mg/kg/day) prepared in 0.001% ascorbic acid solution
was delivered by ALZET® osmotic minipump (model
#2002) as per the manufacturer’s instructions. Briefly, rats
were anesthetized with gaseous anesthesia (isoflurane 2%)

coupled with a 100% oxygen supply. The core body temper-
ature of the animal was maintained at 37°C by a controlled
heating pad (Homeothermic Blanket Control unit, Harvard
Apparatus®). Hairs on the dorsal side below the neck are
removed by depilatory cream, and a small incision is made
to accommodate the sterile minipump charged with isopro-
terenol solution subcutaneously. Finally, 4-0 silk sutures are
used to close the incision. Control animals received osmotic
minipump filled with 0.001% ascorbic acid alone. Finally,
povidone-iodine ointment was applied until complete wound
healing is achieved. Minipump (model 2002) dispenses 0.5μl
per hour for 14 days.

2.7. Biochemical Estimation

2.7.1. Lipid Peroxidation. Lipid peroxidation in the myocar-
dium was measured by the protocol described by Ohkawa
et al. [24]. Briefly, an equal amount of tissue is homogenized
in 10% (w/v) of ice-cold 0.05M potassium phosphate buffer
(pH7.4). Each homogenate (0.2ml) was added to 0.2ml of
8.1% SDS, 1.5ml of 20% acetic acid, and 1.5ml of 0.8% thio-
barbituric acid (TBA). Distilled water was added to make up
the volume to 4.0ml, and the solution was kept on water bath
maintained at 95°C for 1 hr. Finally, the supernatant was
mixed with an equal volume of butanol : pyridine (15 : 1)
and centrifuged and the optical density of the organic layer
was measured at 532nm. For quantification of malondial-
dehyde (MDA) formed in the myocardium, we make a
standard curve after putting 1,1,3,3-tetraethoxypropane in
different concentrations and mixed with the TBARS as
mentioned above.

2.7.2. Reduced Glutathione. Reduced glutathione in the
myocardium was measured by Ellman’s method [25]. Briefly,
an equal amount of heart tissue was homogenized in 10%
(w/v) of ice-cold 0.05M potassium phosphate buffer
(pH7.4). The resultant homogenate was centrifuged at
15,800 g for 30 minutes at 4°C. To deproteinize, 0.5ml of
the above supernatant was mixed with 0.5ml of 5% trichloro
acetic acid (TCA) and centrifuged at 2,300 g for 10 minutes.
The deproteinized 0.5ml sample is mixed with 0.25ml of
dithio-nitro-benzoic-acid (DTNB) and 1.5ml of 0.3M diso-
dium hydrogen phosphate. Finally, the optical density of
the mixture was measured at 412nm. The readout of the
sample was normalized by total protein present as measured
by the bicinchoninic acid assay method (Thermo Scientific).

2.7.3. Catalase Estimation.Myocardial catalase was estimated
by the method as described by Aebi [26]. Briefly, tissue sam-
ples were homogenized as mentioned earlier. About 20μl of
tissue supernatant was mixed with 0.5ml of 50mM phos-
phate buffer (pH7.0), and finally, 0.25ml of 30mM H2O2 is
added, and change in the absorbance at 240nm was recorded
for 1.5 minutes with a 15-second interval. Catalase activity is
expressed as the decomposition of H2O2/min/mg of protein.

2.7.4. Superoxide Dismutase. Total superoxide dismutase
activity is measured as per the manufacturer’s protocol using
the Sigma-Aldrich (19160-1KT-F) kit.
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2.8. Immunoblotting. Approximately 50mg of myocardial
tissue is homogenized in 1ml of RIPA buffer containing
(1x) protease and phosphatase inhibitors. The homogenate
is centrifuged at 13,500 g for 20min at 4°C. Protein con-
centration in the supernatant is measured by the the
bicinchoninic acid assay method (Thermo Scientific). Sample
preparation is done in Laemmli buffer using an equal amount
of protein. For electrophoresis, protein is resolved on 10%
SDS-polyacrylamide gel prepared by the TGX stain-free kit
(Bio-Rad). Methanol-activated 0.2μm pore size (Thermo
Scientific) polyvinylidene difluoride (PVDF) membrane is
used for protein transfer after electrophoresis. To avoid non-
specific binding of antibodies, membranes are blocked with
5% bovine serum albumin (BSA) prepared in tris-buffered
saline (TBS) containing 0.1% Tween 20 for 60min at
room temperature. Primary antibody incubation is done
overnight at 4°C. To remove the unbound primary antibody,
the membrane is washed with 1x TBST thrice with 5min
interval each.

The specific HRP-labelled secondary antibody is incu-
bated at room temperature for 60min. Further, the mem-
brane is washed with TBST thrice and finally, the signal is
recorded using the Gel Doc XR system (Bio-Rad) with West
Dura Pico kit (Thermo Scientific). The following antibodies
were used in the study: beta MHC (Abcam; ab50967),
MnSOD (Abcam; ab137037), catalase (Abcam; ab52477),
caspase 3 (Cell Signaling; 9665), caspase 7 (Cell Signaling;
12827), caspase 9 (Cell Signaling; 9508), MMP2 (Abcam;
ab86607), MMP9 (Abcam; ab38898), TIMP3 (Cell Signaling;
5673), and GAPDH antibody (Cell Signaling; 2118). Mea-
sured protein expression was normalized to GAPDH as a
housekeeping protein.

2.9. Gene Expression. Total RNA was isolated from the left
ventricular tissue by TRI reagent (Sigma-Aldrich) as per the
manufacturer’s protocol. The purity and concentration of
RNA were measured by a NanoDrop spectrophotometer
(Thermo Scientific). Following DNase treatment, reverse
transcriptase reaction was performed by SuperScript-III
Reverse Transcriptase (Takara, USA) for cDNA synthesis
from 2μg of RNA. Primer sequences for real-time polymer-
ase chain reaction (RT-PCR) were designed from the pub-
lished sequences available in the public domain. RT-PCR
was performed on Roche Light Cycler using the SYBR Green
mix (Takara, USA). The data obtained were normalized to
RPL32 expression as a reference gene. The following primer
sequences were used in the study as mentioned in Table 1.

2.10. Histopathology. Immediately after sacrifice of the whole
heart, kidney and liver tissues were excised and cleaned with

ice-cold PBS to remove blood clot. Histopathology samples
were stored in freshly prepared 10% phosphate-buffered for-
malin. Masson’s trichrome and haematoxylin-eosin stains
were used to stain 5μm thick sections prepared from the par-
affin block. To examine the histopathological changes, the
Nikon Eclipse Ti microscope was used.

2.11. Cell Culture and Treatments. The rat cardio myoblast
(H9c2) cell line was procured from ATCC® (USA) and was
cultured in Dulbecco’s Modified Eagle Media, (Cat. No.
SH30243.01, HyClone™, GE Life Sciences) containing
(4mM L-glutamine and 45000mg/L glucose and sodium
pyruvate) and supplemented with 10% Fetal Bovine Serum
(Cat. No. SH30071.03, HyClone™, GE Life Sciences). Cell
culture was maintained at 37°C in a 5% CO2 incubator (HER-
ACELL VIOS 160I, Thermo Scientific). For flow cytometry
and confocal imaging, 0.2% ethanol was added to the control
group. The hypertrophy group was treated with 10μm iso-
proterenol (Sigma-Aldrich) along with 0.2% ethanol, and
the treatment group received 50μm AMS along with 10μm
isoproterenol. In every experiment, it is made sure that the
final volume of ethanol did not exceed 0.2%. During 72 hrs
of the abovementioned treatments, H9c2 cells were grown
in DMEM containing 1% FBS with intermittent medium
rechange at every 24 hrs.

2.12. ROS Detection by Flow Cytometry and Immunostaining.
Intracellular ROS is measured by BD FACSCanto™ II (BD
Biosciences, US). Briefly, following 72 hrs of earlier men-
tioned treatments, 10μm dichlorodihydrofluorescein diace-
tate (Cat. No. D399, Invitrogen, San Diego, CA) is incubated
for 30 minutes at 37°C. Cells were trypsinized with 1x
Trypsin-EDTA (Cat. No. CC5027.010L, Cell Clone™) and
centrifuged at 210 g for 10 minutes with two times of PBS
washing. The results were analyzed by FlowJo™ software for
Windows Version V10, Ashland.

For immunostaining, we followed the previously
described protocol [27], Briefly, following 72hrs of earlier
mentioned treatment, 10μm DCFDA was incubated for 30
minutes at 37°C and washed twice with 1x PBS. H9c2 cells
on coverslip are fixed with 10% menthol prepared in 1x
PBS for 5 minutes at room temperature. Finally, after two
times of PBS washing, the coverslips were mounted on a glass
slide with mounting media (Cat. No. H-1200, VECTA-
SHIELD, Vector Laboratories, Inc., Burlingame, CA) con-
taining DAPI. Fluorescent images were captured with a
FV 3000 (OLYMPUS, Life Science Solutions) laser scan-
ning confocal microscope. The images were analyzed by FIJI
(NIH-Image J) software.

Table 1: Primers used in RT-PCR analysis.

Gene Forward primer Reverse primer

ANP AGCGAGCAGACCGATGAAGG AGCCCTCAGTTTGCTTTTCA

Beta MHC TGGAGCTGATGCACCTGTAG ACTTCGTCTCATTGGGGATG

RPL32 AGATTCAAGGGCCAGATCCT CGATGGCTTTTCGGTTCTTA
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2.13. Caspase 3/7 Assay in H9c2 Cell. H9c2 cardio myoblasts
were grown on a glass coverslip and treated with the above-
mentioned doses for 72 hrs. Caspase 3/7 green fluorescent
reagent (Cat. No. C10423, CellEvent™, Invitrogen) is a
four-amino acid peptide (DEVD) attached to a nucleic
acid-binding dye with absorption/emission maxima of
~502/530 nm. Activated caspase 3/7 will cleave the DEVD
peptide sequence and allow it to bind with the nucleic acid
and produce a green signal. Following treatments, 5μm of
caspase 3/7 green detection reagent in complete media is
incubated for 30 minutes at 37°C. Finally, the media is

removed and washed with 1x PBS. Further, to fix the cells,
4% paraformaldehyde was used for 15 minutes. Coverslips
are mounted on a glass slide with mounting media added
with nuclei counter stain DAPI and imaged using a FV
3000 machine. For analysis, mean fluorescence in the nuclei
region was considered by FIJI software.

2.14. MTT Assay. In vitro AMS toxicity is determined by
methyl thiazolyl tetrazolium (MTT) assay. Briefly, cardio
myoblasts (10,000 cells/well) were seeded in each 96 well
plate to attain a 60-70% confluency. Further, AMS dose range

AMSO standard curve 

Concentration (ng/ml)

0

10
00

20
00

30
00

40
00

50
00

60
00

70
00

80
00

90
00

10
00

0

11
00

0
12

00
0

y = 201.47x + 11974
R2 = 0.9971

0.0

5.0×105

1.0×106

1.5×106

2.0×106

2.5×106
Pe

ak
 in

te
ns

ity

(a)

 AMSO2 standard curve

Concentration (ng/ml)

0

10
00

20
00

30
00

40
00

50
00

60
00

70
00

80
00

90
00

10
00

0

11
00

0
12

00
0

0.0

5.0×104

1.0×105

1.5×105

2.0×105

Pe
ak

 in
te

ns
ity

y = 14.488x + 83.161
R2 = 0.9999

(b)

0

500

1000

1500

2000

Time (hr)

0
0.

25 0.
5 1 2 4 8 12 24 36 48

Allylmethylsulfoxide (AMSO)

AMSO
AMSO2

ng
/m

l

(c)

0
50

100
150
200

2000
4000
6000

Time (hr)

0
0.

25 0.
5 1 2 4 8 12 24 36 48

Allylmethylsulfone (AMSO2)

AMSO
AMSO2

ng
/m

l

(d)

0

2000

4000

6000

Time (hr)

0
0.

25 0.
5 1 2 4 8 12 24 36 48

AMSO & AMSO2

AMSO
AMSO2

ng
/m

l

(e)

Parameters AMSO AMSO2

1 16022.81 ± 543.57 44089.33 ± 1378.92

24 ± 0

63.84 ± 7.03

1371732.06 ± 44452.43

0.011 ± 0.0010

2

3 T1/2 (hr)

4

5

Cmax (ng/ml)

Tmax (hr) 5 ± 1

10.33 ± 1.45

412545.01 ± 5919.22

0.071 ± 0.01

AUC0-t (ng/ml⁎h)

𝜆z (1/hr)

(f)

Figure 1: Effect of Allylmethylsulfide on pharmacokinetic parameters. (a) Standard curve of Allylmethylsulfoxide (AMSO). (b) Standard
curve of Allylmethylsulfone (AMSO2). (c, d) Concentration vs time graph of AMSO and AMSO2. (e) Cumulative representation of graphs
c and d. (f) Pharmacokinetic parameters of AMSO and AMSO2. Maximum serum concentration (Cmax), time taken to reach maximum
serum concentration (Tmax), elimination half-life (T1/2), area under curve from time “0” to time “t” (AUC0-t), and terminal elimination
rate constant (λz). Data were represented as mean ± SEM (n = 4).
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(100 nm to 500μm) in ethanol was treated for 24 hrs and
then incubated with 1mg/ml of MTT for 4 hrs in complete
media. During MTT incubation, live cells form purple-
colored formazan crystals. Unused MTT in the supernatant

was removed, and media was replaced with 50μl of dimethyl
sulfoxide (DMSO), and then incubated for 30 minutes at
37°C to dissolve the crystals. Finally, absorbance at 570nm
was recorded on a microplate reader (Molecular Devices).
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Figure 2: Effect of Allylmethylsulfide on the (a) body weight, (b) food intake, (c) heart weight to tail length ratio, and (d) electrocardiogram
(ECG) parameters. Data were represented as mean ± SEM, n = 5 for ECG and n = 8 for other parameters. ∗p < 0:05 vs control.
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Figure 3: Effect of AMS on histopathology. (a) Transverse section of the heart representing the ventricular diameter. (b, c) Masson’s
trichrome staining of the heart tissue representing interstitial and perivascular fibrosis, respectively. (d–f) Haematoxylin and eosin stain of
the heart, kidney, and liver.
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The effect of AMS on H9c2 proliferation was expressed as
relative percentage viability. Percent viability = ðODof
treatment/OD of controlÞ ∗ 100.

2.15. Statistical Analysis.Data in the present study is reported
as themean ± standard error of the mean (S.E.M). Mean dif-
ferences among the study group were analyzed by one-way
analysis of variance (ANOVA), followed by the Bonferroni
multiple comparison test. A significance level is assumed if
p < 0:05. Statistical analysis was performed in GraphPad

Prism 8.2.1 (279) (Graph Pad Software Inc., San Diego,
CA, USA).

3. Results

3.1. Allylmethylsulfide Is Rapidly Metabolized into
Allylmethylsulfoxide and Allylmethylsulfone. To study the
pharmacokinetics of AMS, a single dose of 100mg/kg was
administered orally. We have observed that AMS is rapidly
metabolized into AMSO and AMSO2 in the physiological
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Figure 4: Effect of AMS on cardiac hypertrophy markers. (a) Heart weight to body weight ratio. (b) mRNA expression of atrial natriuretic
peptide (ANP). (c) mRNA expression of beta myosin heavy chain (β-MHC). (d) Representative western blot images of β-MHC and
GAPDH. (e) Densitometric analysis of β-MHC. mRNA expression data were normalized to the expression of the reference gene, RPL32.
Protein expression data were normalized with the reference protein expression, GAPDH. Data were expressed as mean ± SEM, (n = 5 for
mRNA expression and n = 4 for protein expression). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001 vs control and #p < 0:05, ##p < 0:01 vs hypertrophy.
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system. To measure the exact concentration of AMSO and
AMSO2 in the serum, peak intensity of the metabolites was
extrapolated to the standard curve of the same, respectively
(Figures 1(a) and 1(b)). With time, the concentration of
AMSO and AMSO2 is gradually increased and showed
peak at 5 hrs and 24 hrs, respectively (Figures 1(c)–1(e)).
Pharmacokinetic parameters, derived from concentration vs
time curve by PKsolver, suggests that half-life of AMSO is
less (10.33hrs) compared to AMSO2 (63.84hrs) (Figure 1(f)).

The Cmax for AMSO and AMSO2 are 16022.81 and
44089.33ng/ml, respectively (Figure 1(f)).

3.2. Allylmethylsulfide Is Safe in Rats on Chronic
Administration. To evaluate the effect of chronic administra-
tion of AMS, we have measured the body weight of the
animals at every week from the beginning of AMS interven-
tion till 4 weeks. We did not observe any significant change
in the body weight in any of our treatment groups
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Figure 5: Effect of AMS on biochemical parameters and endogenous antioxidants. (a) Thiobarbituric acid reactive substances (TBARS).
(b) Reduced glutathione (GSH). (c) Catalase activity. (d) Super oxide dismutase activity (SOD). (e) Representative western blot images of
MnSOD, catalase, and GAPDH. (f) Densitometric analysis of manganese superoxide dismutase (MnSOD). (g) Densitometric analysis of
catalase expression. Protein expression data were normalized with the reference protein expression, GAPDH. Data were expressed as
mean ± SEM, (n = 5 for biochemical parameters and n = 4 for protein expression). ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs control group
and #p < 0:05, ##p < 0:01 vs hypertrophy.
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(Figure 2(a)). Similarly, food consumed by each rat per day
(normalized with the number of animals per cage) did not
show a major difference between the groups (Figure 2(b)).
Except for AMS 25mg/kg dose, there was no significant
decrease in the heart weigh to tail length ratio compared with
other doses (Figure 2(c)). Further, to study the impact to
AMS on electrical conduction of the myocardium, we have
performed electrocardiogram (ECG), at the end of 30 days
of the treatment. We did not observe significant differences
in any of the ECG parameters (Figures 2(d)).

3.3. Histopathology and Serum Biomarkers of Vital
Organs Remained Normal on Chronic Administration of
Allylmethylsulfide. To study the effect of AMS on histopa-
thology of vital organs such as the heart, liver, and kidney,
we have stored the tissues immediately after the euthanasia
and stained it with MT and H&E stain. We did not observe
any structural difference between any of the treatment
groups (Figures 3(a)-3(f)). Before sacrifice, we have collected
the serumandmeasured biomarkers for liver and heart injury.
Here, we did not observe a significant difference in serum
glutamic oxaloacetic transaminase (SGOT) (Figure S1 (a)),
serum glutamic pyruvic transaminase (SGPT) (Figures S1

(b)), creatinine kinase-myocardium bound (CK-MB)
(Figure S1 (c)), and alkaline phosphatase (Figure S1 (d))
levels among any of the AMS treatment groups.

3.4. Allylmethylsulfide Ameliorates Isoproterenol-Induced
Cardiac Hypertrophy. Isoproterenol-induced cardiac hyper-
trophy was measured by the heart weight to body weight
(HW/BW) ratio at the end of 14 days of AMS cotreatment.
We have noticed there is a significant increase in the
HW/BW ratio in the diseased group, while with the AMS
and enalapril treatment, it was reduced (Figure 4(a)). mRNA
expression of the fetal genes such as atrial natriuretic peptide
(ANP) (Figure 4(b)) and beta myosin heavy chain (β-MHC)
(Figure 4(c)) was significantly reduced with the AMS and
enalapril treatment in the myocardium. Further, we have
measured the protein expression of β-MHC and noticed that
AMS (50mg/kg/day) and enalapril significantly reduced it in
the hypertrophied heart (Figure 4(e))

3.5. Allylmethylsulfide Reduced Lipid Peroxidation and
Improved Endogenous Antioxidants in Cardiac Hypertrophy.
We next decided to study the effect of AMS on lipid peroxi-
dation and endogenous antioxidants. Isoproterenol induced
a significant increase in the MDA levels as measured by
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Figure 6: Effect of AMS on extracellular matrix components. (a) Representative western blot images of caspase matrix metalloproteinases
(MMPs 2 and 9), tissue inhibitor of matrix metalloproteinase 3 (TIMP3), and GAPDH. (b, c) Densitometric analysis of MMPs 2 and 9.
(d) Densitometric analysis of TIMP3. Protein expression data were normalized with the reference protein expression, GAPDH. Data
expressed as mean ± SEM, (n = 4). ∗∗p < 0:01, ∗∗∗p < 0:001 vs control group and #p < 0:05, ##p < 0:01 vs hypertrophy.
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TBARS, and with the AMS (25 and 50mg/kg/day) and enal-
april treatment, it was reduced significantly (Figure 5(a)).
The enzyme levels of endogenous antioxidant such as gluta-
thione (GSH) were reduced with the isoproterenol treatment,
and with AMS (50mg/kg/day) and enalapril, it was preserved
(Figure 5(b)). Similarly, decreased catalase and superoxide
dismutase (SOD) activity in isoproterenol-treated hearts
was improved with the AMS and enalapril treatment
(Figures 5(c) and 5(d)). To further check the protein expres-
sion of catalase and MnSOD, we did immunoblot analysis.
We observed that AMS and enalapril treatment increased
both of their protein levels in the hypertrophic heart
(Figures 5(f) and 5(g)).

3.6. Allylmethylsulfide Ameliorated Reactive Oxygen Species
in Isoproterenol-Treated Cardio Myoblast. To corroborate
the results of the in vivo study, we have treated H9c2 cardio
myoblast for 72hrs. With isoproterenol (10μm) and
cotreated with AMS (50μm). Further, we have measured
the ROS generation by flow cytometry (Figures S3 (A-D))
and immunofluorescence (Figures S4 (a)-S4(d)). Similar to
our in vivo study, we have observed that AMS cotreatment
reduced the isoproterenol-induced ROS generation. These
two independent experiments confirmed that AMS has a
property to reduce the ROS production. We have also
checked the viability of the H9c2 cells post 24 hrs treatment

with AMS and did not find any significant cytotoxicity
(Figure S2).

3.7. Allylmethylsulfide Prevented Extracellular Matrix Damage
by Matrix Metalloproteinases. During isoproterenol-induced
cardiac hypertrophy, homeostasis of extracellular matrix is
perturbed and may result in the activation of matrix metallo-
proteinases (MMPs). We have observed a significant increase
in the protein expression of MMP2 in the hypertrophic
group, and with AMS (50mg/kg/day) and enalapril treat-
ment, it was reduced significantly (Figures 6(b)). Similarly,
MMP9 expression was also reduced with the AMS
(25 and 50mg/kg/day) and enalapril treatment (Figure 6(c)).
Tissue inhibitor of matrix metalloproteinases (TIMP)
modulates the activity ofMMPs.We have noticed a reduction
of TIMP3 in the isoproterenol-treated heart. However,
AMS (50mg/kg/day) and enalapril pretreatment preserved
the TIMP3 expression in the isoproterenol-treated heart
(Figure 6(d)).

3.8. Allylmethylsulfide Reduced Apoptosis in the Isoproterenol-
Induced Hypertrophic Heart. We have studied the protein
expression of proapoptotic caspases in the hypertrophic
heart. We have observed that isoproterenol-induced hyper-
trophic hearts showed increased expression of caspase 3
(Figure 7(b)), caspase 7 (Figure 7(c)), and caspase 9
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Figure 7: Effect of AMS on caspases. (a) Representative western blot images of caspase 3, caspase 7, caspase 9, and GAPDH. (b–d)
Densitometric analysis of caspases 3, 7, and 9. Protein expression data were normalized with the reference protein expression, GAPDH.
Data were expressed as mean ± SEM, (n = 4). ∗∗p < 0:01, ∗∗∗p < 0:001 vs control group and #p < 0:05, ##p < 0:01 vs hypertrophy.
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(Figure 7(d)), and the same were significantly reduced with
the AMS (25 and 50mg/kg/day) and enalapril treatment.

3.9. Allylmethylsulfide Reduced Apoptosis Signal in
Isoproterenol-Treated Cardio Myoblast. To corroborate our
in vivo finding, we decided to check the effect of AMS on
the nuclear expression of caspase 3/7 in isoproterenol-
treated H9c2 cells. We have noticed that there was a signifi-
cant increase in the green fluorescence of caspase 3/7 in the
nuclear portion of isoproterenol-treated cells. However, these
signals were reduced in the AMS-cotreated isoproterenol
cells (Figures 8(a)-8(d))

3.10. Allylmethylsulfide Reduced Fibrosis in the Hypertrophic
Heart. We did histopathology study to check the effect
of increased protein expression of matrix metalloprotein-
ases on fibrosis. Gross investigation of the left ventricular
diameter showed the presence of hypertrophy in the iso-

proterenol group; however, with AMS treatment, we have
seen a decrease in the diameter and muscle thickness
(Figure 9(a)). To check the fibrosis, we have stained the
heart sections with MT staining. Interstitial and perivascular
fibrosis were prominent in the isoproterenol-treated heart.
However, a reduction of fibrosis was observed with AMS
and enalapril treatment (Figures 9(d) and 9(e)). H&E stain-
ing showed a presence of high neutrophil infiltration in the
isoproterenol-treated heart. However, AMS and enalapril
treatment reduced the extent of neutrophil infiltration
(Figures 9(b) and 9(c)).

4. Discussion

Both prophylactic and therapeutic effects of garlic in the past
have documented numerous promising results. Previously,
we have identified that AMS is an active metabolite of garlic
and showed a reduction in the cell size in vitro [15]. Pretreat-
ment of AMS ameliorated inflammation in mouse kidney by
downregulation of NF-κB signaling [18]. However, the safety
and efficacy dose of the AMS, particularly in the cardiac
hypertrophy model, are not explored yet. In the current
study, we have explored the safety of chronic administration
of AMS in rats, single-dose pharmacokinetics, and efficacy of
AMS in an isoproterenol-induced cardiac hypertrophy
model. Chronic intervention of AMS for 30 days did not
show any significant difference in the body weight and food
intake. However, the heart weight to tail length ratio was
slightly lower with only an AMS 25mg/kg dose. Although,
at present, we do not know the reason for this change, we
have performed ECG to further evaluate any cardiac abnor-
malities. ECG parameters did not show any significant differ-
ence within the dose range. QT prolongation, an important
parameter of drug toxicity, did not alter with any of the doses.
Next, we checked the effect of AMS on tissue biomarkers in
the blood. We have measured SGOT, SGPT, CK-MB, and
alkaline phosphatase in the serum at the end of the study.
Any damage in the liver can be diagnosed by high SGOT
and SGPT levels in the blood [28]. Alkaline phosphatase is
present in most of the tissues; however, the bones and liver
have the highest amount. The estimation of CK-MB provides
information on cardiac muscles [29]. These biomarkers are
leaked out from their respective localization into the blood
during tissue damage. We did not observe any significant dif-
ference in these biomarkers with our treatments. To corrob-
orate these results, we have checked for the histopathology of
the heart, liver, and kidney. However, we did not observe any
structural differences in the morphology of these vital organs.
Single-dose pharmacokinetics suggest that AMS is well-
absorbed through an oral route and rapidly metabolized into
AMSO and then subsequently to AMSO2. Presence of AMSO
and AMSO2 in the serum for a longer duration may allow a
single dose of AMS for an efficacy purpose. Interestingly,
we did not observe mortality in any of our treatment groups,
these results proved that AMS is a safe molecule in rats.
Further, in a concentration range from 0.1 to 500μm of
AMS, we did not observe cytotoxicity in rat cardio myoblast
(H9c2) cells.

CON ISO ISO+AMS

DAPI

Merge

Caspase 3/7

+ + −Ethanol

(a)

(c)

0

5

10

15

CON ISO ISO+AMS

Caspase 3 / 7 

##
⁎⁎⁎

M
ea

n 
flu

or
es

ce
nc

e i
nt

en
sit

y

(d)

(b)

Figure 8: Effect of AMS on caspase 3/7 expression in H9c2 cardio
myoblast (a) Representative confocal images of caspase 3/7
expression in the nucleus. (b) Nuclear staining by DAPI. (c)
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Furthermore, after safety and pharmacokinetic studies,
we looked the effect of AMS in the rodent model of cardiac
hypertrophy. Isoproterenol-induced cardiac hypertrophy
upregulates mRNA expression of fetal genes (ANP and
β-MHC) [30]. In general, they are highly expressed during
the early stages of heart development and later remain
constitutively expressed in the mature heart. We have
observed that the heart weight to body weight ratio, an
important parameter of cardiac hypertrophy in animals,
and fetal gene expression in heart were significantly reduced
in the AMS and enalapril-treated animals. Isoproterenol-
induced cardiac hypertrophy is associated with reduced anti-
oxidants and excessive ROS generation. ROS interacts with
cellular components and results in lipid peroxidation [31].
Our data showed that there is a significant increase of malon-
dialdehyde (MDA) in hypertrophic hearts, and however,
with AMS and enalapril treatment, it was reduced. Antioxi-
dants such as superoxide dismutase (SOD), catalase, glutathi-
one, and glutathione peroxidase play an important role in
maintaining the physiological levels of ROS [32]. We have
observed decreased activity of antioxidant enzymes in hyper-
trophic hearts, and however, with AMS and enalapril inter-
vention, it was significantly preserved. We have also found
similar results in the protein expression of MnSOD and
catalase with AMS and enalapril treatment.

We next thought to corroborate the in vivo findings
of oxidative stress with the cellular hypertrophy model. To
explore the underlying protective effect of AMS, we have
studied the ROS generation in H9c2 cells. During myocardial
stress, excessive ROS production and a compromised antiox-
idant effect leads to pathological cardiac hypertrophy and
ultimately progresses into heart failure [33]. Recent reports

suggest that targeting ROS generation could be a better alter-
native to ameliorate cardiac hypertrophy [34]. In our study,
the immunofluorescence and flow cytometric analysis sug-
gest that AMS cotreatment significantly reduced ROS gener-
ation in isoproterenol-treated cardio myoblast.

Fibrosis develops due to excessive accumulation of colla-
gen and other ECM components by the differentiation of
fibroblast into myofibroblast. Based on the nature of patho-
logical insult, the three types of cardiac fibrosis that develop
are reactive interstitial fibrosis, infiltrative interstitial fibrosis,
and replacement fibrosis [35]. In our study, the replacement
of the myocardium with the fibrous scar was observed in
the isoproterenol-induced hypertrophy hearts. However,
we have observed a significant reduction of cardiac fibrosis
with the treatment of both AMS and enalapril.

Cardiac fibroblast plays a pivotal role in the ECM homeo-
stasis. The major components of ECM include collagen I,
collagen III, fibronectin, laminin, and elastin. ECM main-
tains the structural integrity of cardio myocytes, fibroblast,
and coronary arteries within the myocardium and also main-
tains the electrical signal conduction for rhythmic contractil-
ity of the heart. The integrity of the ECM components is
mainly regulated by matrix metalloproteinases (MMPs) and
their tissue inhibitors (TIMPs) produced by fibroblasts [36].
MMP2 and MMP9 are the important enzymes involved in
the degradation of ECM and are involved in various cardiac
complications [37]. AMS and enalapril treatment preserved
a significant increase in the protein expression of MMP2
and MMP9 in the isoproterenol-induced hypertrophic heart.
TIMPs have an important role in preventing the proteolytic
degradation of ECM by MMPs. The lack of TIMP3 has
resulted in many cardiovascular complications [38]. In our
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study, we have noticed AMS and enalapril improved the pro-
tein expression of TIMP3 in hypertrophied hearts.

Cardiac fibrosis resulting from MMP expression was
observed in the isoproterenol-induced hypertrophic heart
and may lead to cardiomyocyte death, i.e., apoptosis. To
investigate the effect of AMS on apoptosis, we have studied
the protein expression of caspases. Pathological enlargement
of the myocardium with isoproterenol results in activation of
programmed cell death, compromised contractile function,
and eventually heart failure [39]. Besides apoptosis, caspases
play an important role in cardiac inflammation. There are
evidence-based studies suggesting the role of caspase 3 and
caspase 9 in both cellular and animal models of cardiac
hypertrophy [40]. The use of caspase 3 inhibitors holds a
promising role in reducing cardiac remodeling [41]. We have
observed that caspase 3, caspase 7, and caspase 9 protein
expressions were significantly increased in hypertrophic
hearts; however, with AMS and enalapril, these expressions
were reduced. Nuclear expression of caspase 3/7 is a sign of
apoptotic induction in cells due to various underlying patho-
logical insults [42]. We have noticed a significant increase in
the nuclear expression of caspase 3/7 in isoproterenol-treated
H9c2 cells. However, it was reduced with the AMS cotreat-
ment. The data obtained from in vitro and in vivo studies
confirmed that AMS showed some of its beneficial effects in
hypertrophic conditions through protection from apoptosis.

5. Conclusion

In the present study, we have demonstrated that AMS is a
safe molecule in rats. The pharmacokinetic study showed
that AMS results into two stable metabolites, i.e., AMSO
and AMSO2 in the physiological system. AMS reduced car-
diac hypertrophy markers such as fetal gene expression and
improved endogenous antioxidants. Isoproterenol-induced
cardiac fibrosis and dysregulated ECM deposition in the
myocardium were reduced with AMS and enalapril treat-
ment. The only limitation of the efficacy study is that we
could not measure the functional parameters of the heart
by echocardiography. Overall, our study confirms that AMS
is a safe and efficacious molecule for the prevention of cardiac
hypertrophy and associated remodeling.
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Supplementary Materials

Figure S1: effect of Allylmethylsulfide on serum biochemical
parameters. (a) Serum glutamic oxaloacetic transaminase
(SGOT). (b) Serum glutamic pyruvic transaminase (SGPT).
(c) Creatinine kinase-myocardium bound (CK-MB). (d)
Alkaline phosphatase. Data are represented as mean ± SEM
(n = 4). Figure S2: effect of Allylmethylsulfide on cardio myo-
blast viability. Post 24 hrs of AMS treatment with a dose
range from 0.1 to 500μm, the fluorescence was analyzed.
Figure S3: effect of Allylmethylsulfide on reactive oxygen
species (ROS) production inH9c2 cardiomyoblast. (a) Repre-
sentative histogram of control. (b) Representative histogram
of isoproterenol. (c) Representative histogram of isoprotere-
nol cotreated with AMS. (d) Representative bar graph of per-
centage of Alexa Fluor 488-positive cells. Data are expressed
as mean ± SEM, ∗∗∗p < 0:001 vs control (CON) group and
##p < 0:01 vs isoproterenol (ISO). Figure S4: effect of Allyl-
methylsulfide on reactive oxygen species (ROS) production
in H9c2 cardio myoblast. (a) Representative confocal
images of DCFDA. (b) Nuclear staining by DAPI. (c)
Merged images of DAPI and DCFDA. (d) Representative
bar graph of mean fluorescence intensity. Data are expressed
asmean ± SEM, (n = 100 cells/group). ∗∗∗∗p < 0:0001 vs con-
trol (CON) group and ###p < 0:001 vs isoproterenol (ISO).
(Supplementary Materials)
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Taurine (2-aminoethane-sulfonic acid) is a type of amino acids and has numerous physiological and therapeutic functions,
including anti-inflammation. However, there are few studies on the anticancer action of taurine. Our previous studies have
demonstrated that taurine exhibits an apoptosis-inducing effect on human nasopharyngeal carcinoma cells in vitro. In this
study, we have investigated whether taurine has an anticancer effect, using azoxymethane (AOM)/sulfate sodium (DSS)-
induced mouse model for colon carcinogenesis. All mice, except those in control group, received a single intraperitoneal
injection of AOM and DSS in the drinking water for 7 days twice, with 1-week interval. After the first DSS treatment, mice were
given distilled water (model group) or taurine in the drinking water (taurine group) ad libitum. No tumor was observed in the
control group. Taurine significantly suppressed AOM+DSS-induced tumor formation. Histopathological examination revealed
AOM/DSS treatment induced colon cancer in all mice (8/8, 100%), and taurine significantly inhibited the progression of colon
cancer (4/9, 44.4%). Taurine significantly attenuated cell proliferation in cancer tissues detected by Ki-67 staining. Taurine
significantly increased the levels of an apoptosis marker cleaved caspase-9 and tumor suppressor protein PTEN. This is the
first study that demonstrated that taurine significantly reduced carcinogenicity in vivo using AOM/DSS-induced colon cancer
mouse model.

1. Introduction

Taurine (2-aminoethane-sulfonic acid) is a special amino
acid containing sulfonate group and lacking carboxyl group
and is found in high concentrations in many cells. Humans
can endogenously synthesize taurine, but primarily depend
on their diet for taurine, mostly found in seafood [1]. There-
fore, it is considered a conditionally essential nutrient.
Taurine has numerous physiological functions, including bile
salt conjugation, osmoregulation, membrane stabilization,
calcium modulation, antioxidation, and anti-inflammation
[2–4]. Taurine has different biological effects in various sys-
tems or organs, such as the cardiovascular system, skeletal
muscle, retina, liver, kidney, and nervous system [3, 5, 6].

Taurine is used in the treatment of congestive heart failure,
liver disease [7], and recently, for the suppression of stroke-
like seizures in mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like seizures (MELAS) syndrome [8].
Taurine is also used as an ingredient of dietary supplements
for energy drink ingested prior to exercise and revitalizing
beverage for recovery from fatigue. Although many useful
effects of taurine intake are reported, there are few studies
about the anticancer action of taurine. We proposed the
mechanism for crosstalk between DNA damage and inflam-
mation in the multiple steps of carcinogenesis [9]. Our previ-
ous studies have demonstrated that taurine exhibits an
apoptosis-inducing effect on human nasopharyngeal carci-
noma cells in vitro [10, 11]. Suzuki et al. [12] demonstrated
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that azoxymethane (AOM) and subsequent severe inflamma-
tion induced by sulfate sodium (DSS) resulted in a high
incidence of colonic epithelial malignancy, which is a useful
mouse model for inflammation-related carcinogenesis. The
proposed mechanism may raise the possibility of the cancer
prevention by taurine because of its anti-inflammatory
activity. In this study, we investigated whether taurine has
an anticancer effect, using AOM/DSS-induced mouse model
for colorectal cancer.

2. Materials and Methods

2.1. Animals and Chemicals. In this study, 4-week-old
male C57BL/6J mice were purchased from Japan SLC
Inc. (Hamamatsu, Japan). All protocols for animal studies
were approved by the committee of animal center of Mie
University, Mie, Japan (approval no. 26-19-sai2-hen1). They
were acclimated for 1 week with tap water and a pelleted diet,
ad libitum, before the start of the experimentation. They were
housed under controlled conditions of humidity (50 ± 10%),
light (12/12 h light/dark cycle), and temperature (22 ± 2°C).
A colonic carcinogen AOM and taurine (>99%) were pur-
chased from Sigma Chemical Co. (St. Louis, MO). DSS with
a molecular weight of 40,000 was purchased from ICN
Biomedicals, Inc. (Aurora, OH).

2.2. Experimental Procedure. Figure 1 shows the experimen-
tal protocol. All mice for AOM-DSS model received a single
intraperitoneal injection (ip) of AOM at a dose level of
10mg/kg body weight. One week and 3 weeks after the
AOM injection, animals were exposed to 1.0% DSS (W/V)
in the drinking water for 7 days twice, with one-week inter-
val. After the first DSS treatment, the mice were randomly
divided into two groups (n = 9, each) for DW and 0.5%
(W/V) taurine in drinking water (model group and taurine
group, respectively), ad libitum. The mice for control group
(n = 3) were intraperitoneally injected saline and given dis-
tilled water. Body weight and stool status were check twice
a week after DSS treatment. Then, they were then sacrificed
by ether overdose at week 8. At autopsy, their large bowel
was flushed with saline, and excised. The large bowel (from
the ileocecal junction to the anal verge) was measured, cut
open longitudinally along the main axis, and then washed
with saline. Tumor lesions were counting micropathologi-
cally, by two investigators.

2.3. Fecal Blood Score. For scoring fecal blood status, the pres-
ence or absence of fecal blood was indicated as follows:
0 =negative hemoccult test, 1 =positive hemoccult test, and
2= gross bleeding. Fecal occult blood of mice was detected
by using a forensic luminol reaction kit (Luminol Reaction
Experiment Kit, Wako Pure Chemical, Osaka, Japan),
according to the instruction of the company and a study of
Park and Tsunoda [13] in which they presented a simple pro-
tocol to detect fecal occult blood in mice, using this kit.

2.4. Histopathological and Immunohistochemical Studies.
Colon tissue samples were fixed with 4% formaldehyde in
phosphate buffered saline (PBS) for one day. Following dehy-
dration and paraffin infiltration, the tumors were embedded
in paraffin blocks and then sectioned to 5μm thickness using
Leica Microsystems (Wetzlar, Germany) by routine proce-
dures. Histopathological appearance of mouse tumors was
evaluated by staining with hematoxylin and eosin (H&E)
staining. Benign and malignant lesions were histopathologi-
cally distinguished using H&E staining samples by two
investigators.

For immunohistochemistry (IHC) analysis, the paraffin-
embedded mouse tumor sections were deparaffinized in
xylene and series of alcohol. After the retrieval of heat-
induced epitopes and blocking with 1% skim milk, sections
were incubated overnight with primary antibodies (phospha-
tase and tensin homolog deleted on chromosome 10 (PTEN),
Cell Signaling Technology, Inc., Danvers, MA #9188, 1: 400),
Ki-67 (Proteintech Group Inc., Chicago, IL, 27309-1-AP, 1:
10,000), followed by incubation with biotinylated secondary
antibodies (Vector Laboratories Burlingame, California,
CA) for 2 h. The immunoreaction was visualized by a perox-
idase stain DAB kit (Nacalai Tesque Inc., Kyoto, Japan).
Nuclear counterstaining for PTEN staining samples was per-
formed with hematoxylin, and tissues were observed and
photographed under microscope (BX51, Olympus, Tokyo,
Japan). The semiquantitative analysis of staining intensity
was graded by an IHC score between 0 and 4 by two
investigators as follows: no staining (0), weak staining
(1+), moderate staining (2+), strong staining (3+), and
very strong staining (4+) in all IHC studies.

2.5. Western Blot Analysis. A part of colon tissue samples
(model group, n = 4; taurine group, n = 4; control group,
n = 3) were immediately stored at -80°C until use. They
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Figure 1: Experimental protocol.
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were homogenized and lysed using RIPA buffer (Cell Signal-
ing Technology Inc.) supplemented with phenylmethylsulfo-
nyl fluoride (PMSF, Nacalai Tesque Inc.). Equal amounts of
proteinwere separated by SDS-PAGE and transferred to poly-
vinylidene fluoride (PVDF) membranes (0.45μm,Millipore).
The membranes were blocked with Tris-buffered saline
(TBST) containing 0.1% Tween-20 (Nacalai Tesque Inc.)
and 5% Difco Skim Milk (232100, BD Biosciences, Franklin

Lakes, NJ) and incubated overnight at 4°C with primary anti-
bodies. Rabbit anti-cleaved caspase-9 antibody (20750S, 1:
1,000) and rabbit anti-β-actin antibody (#4967S, 1: 1,000)
were obtained from Cell Signaling Technology, Inc. After
washing with TBST, the membranes were further incubated
with horseradish peroxidase (HRP)- conjugated secondary
antibody (1 : 10,000, Santa Cruz Biotechnology Inc.) for 1 h
at room temperature and finally developed with an
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Figure 2: Changes in (a) body weight and (b) fecal blood scores of mice and averages of (c) colon weight and (d) number of tumors. ∗P < 0:05,
∗∗P < 0:01 vs. control group, #P < 0:05, ##P < 0:01 vs. model group by (a, c, d) Student’s t-test and (b) Mann–Whitney U test.
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electrochemiluminescence system (ECL) (GEHealthcare, Lit-
tle Chalfont, UK). The bands were detected using a LAS4000
Mini (Fujifilm, Tokyo, Japan), and the intensities were quan-
titatively measured by calculating integrated grayscale densi-
ties in consistently sized windows incorporating each band
using ImageJ software (version 1.48).

2.6. Statistical Analysis. Comparisons of data between groups
were analyzed using Student’s t-test. In the case of score
values, Mann–Whitney U test was used. Fisher’s exact test
was used for the difference of distribution. A P value of less
than 0.05 was considered statistically significant.

3. Results

3.1. Taurine Ameliorates Tumor Load in AOM/DSS Mice.
The AOM+DSS mouse model was induced by intraperito-
neal injection of AOM followed by two cycles of DSS expo-
sure (Figure 1). One mouse died at week 3 in the model
group (n = 9 to be n = 8) before the termination of the exper-
iment, while no mouse died from taurine group (n = 9) and
control group (n = 3).

Figure 2(a) shows the body weight change. Mice in the
control group gradually gained body weight. Mice receiving
DSS lost some body weight during and after the first DSS
cycle, and then, the body weight was restored within the
interval period. The second DSS also affected the body
weight, but lesser than the effect in the first exposure. Mice
in the taurine group showed less body weight loss than those
in the model group.

Mice in the control group had no fecal blood during the
experiment (score = 0 at all time points). All mice receiving
DSS showed gross bleeding (score = 2) in feces at the end of
the first cycle (week 2, Figure 2(b)). Then, mice were ran-
domly divided into two groups (model group and taurine
group). The fecal blood score decreased during the interval

period and then slightly increased during the second expo-
sure of DSS. After two cycles of DSS, the mean scores
decreased until week 5 and later plateaued (score 1 in the
model group and 0.5 in the taurine group). The model group
showed significantly higher fecal blood scores than the con-
trol group (P < 0:05 at least) during and after DSS treatment
until the sacrifice. In contrast, the taurine group exhibited
no significant differences after week 5. Colon weight
(Figure 2(c)) was significantly greater in the model group
than in the control group. There was no significant difference
between the taurine and control groups, and also between the
taurine andmodel groups. Themeannumber of tumors (stan-
dard deviation, SD) was 7.6 (1.2) in the model group and 2.4
(1.3) in the taurine group (Figure 2(d)). No tumor was
observed in the control group. Taurine significantly sup-
pressed AOM+DSS-induced tumor formation (P < 0:01).
The treatment of AOM, a mutagenic agent, and DSS-
induced inflammation for the mouse model of colon cancer
is valuable in the understanding of themechanisms of inflam-
mation in tumorigenesis. InDSS treatment, colitis occurred as
observed in the data of gross/occult bleeding and body weight
loss. As shown here, taurine alleviated these outcomes.

3.2. Taurine Attenuates AOM-DSS-Induced Colon
Carcinogenesis. H&E staining (Figure 3) showed that no
inflammation and cancer lesion were observed in the control
group. Many inflammatory polyps were observed in both
model and taurine groups, but cancer lesions in the taurine
group were smaller than those in the model group. Micro-
scopic examination revealed that AOM/DSS treatment
induced colon cancer in all mice (8/8, 100%), and taurine
inhibited the progression of colon cancer (4/9, 44.4%,
P < 0:05 by Fisher’s exact test). Taurine significantly sup-
pressed the average number of colon cancer compared
to that of the model group (P < 0:01, Figure 3, graph).

Model
0

1

2

3

4

5
N

um
be

r o
f c

ol
on

 ca
nc

er

Taurine

Model
Colon cancer tissue

Taurine
Colon cancer tissue

Model
Inflammatory polyps

Control
Normal colon tissue

Taurine
Inflammatory polyps

##

Figure 3: Microscopic examination of colon tissues using H&E staining. Representative images of the normal tissue from the control group,
and inflammatory polyps and colon cancer from model and taurine groups. Magnification; 100–200x. Graph represents the average number
of colon cancer per mouse (bar; SD). ##P < 0:01 between the model and taurine groups by Student’s t-test.
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3.3. Taurine Inhibits Cell Proliferation and Induces Apoptosis
through Activation of PTEN. Figure 4(a) shows levels of a
marker of cell proliferation, Ki-67, in the colon tissues. The
intensive Ki-67 immunoreactivities were observed in a large
proportion of colon cancer cells in the model group. Ki-67
was expressed in the nuclei of cancer cells and also showed

strong immunoreactivities in the epithelial cells adjacent to
inflammation polyps in the model group. In the taurine
group, the cancer cells showed relatively weak Ki-67 staining
in the nuclei. Normal control colon epithelial cells showed a
weak immunoreactivity of Ki-67. There were significant
decreases in Ki-67 immunoreactivities in both cancer and
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polyp tissues of taurine-treated mice compared with those of
the model mice (Figure 4(a), graph).

Figure 4(b) shows the levels of PTEN, a tumor sup-
pressor. PTEN expression was scarcely detected in the
tumor area of colon cancer tissues in the model group,
compared to that in the taurine group. The PTEN expres-
sion was intensively expressed in the cytoplasm and colon
mucosal epithelial cells adjacent to colon cancer tumor
area of the taurine group compared to that of the model
group. In contrast, normal control epithelial cells showed
relatively weak immunoreactivity for PTEN expression.
There was a significant increase in PTEN immunoreactivities
in polyp tissues of taurine-treated mice, compared with those
of model mice (Figure 4(b), graph).

Western blot analysis (Figure 4(c)) showed that taurine
increased cleaved caspase-9 level, suggesting taurine-induced
apoptosis.

4. Discussion

The present study demonstrated that taurine attenuated car-
cinogenesis in AOM-DSS model mice. At the first time, we
had performed a single intraperitoneal injection of AOM at
a dose level of 10mg/kg body weight, and on the 7th day after
the injection of AOM, mice received 2% DSS in drinking
water for one week, according to the protocol of Suzuki
et al. [12]. In our primary experiment, the high mortality of
mice was observed after drinking 2% DSS, provably due to
the difference of mouse species and age. So, we changed the
protocol of 2% DSS into 1% DSS twice with one-week inter-
val. The treatment of AOM and DSS induced colon cancer in
all mice (8/8, 100%) of the model group, although one mouse
died at week 3. Therefore, it is suggested that our protocol is
an adequate method for AOM/DSS-induced mouse model
for colon carcinogenesis. Interestingly, we found that taurine
reduced the number of colon cancer with lower fecal blood
score. Zhang et al. [14] showed antitumor properties of
taurine to inhibit cell proliferation and induce apoptosis in
colorectal cancer cells in vitro. The present in vivo study indi-
cates that taurine exhibits an anticancer effect in ulcerative
colitis-colorectal cancer mouse model.

In the present study, we observed the increase in cleaved
caspase-9 level and decrease of Ki-67 level in mouse colon tis-
sues of the taurine group compared to those of AOM-DSS
model group. Takano et al. indicated that apoptosis in colon
cancer is related to proliferative activity that can be assessed
using Ki-67 labeling [15]. Moreover, several studies showed
that taurine induced cell apoptosis in the colon [14], lung
[16], and breast cancer cells [17]. This study demonstrated
that taurine can significantly enhance the cleaved form of
caspase-9, suggesting that the mitochondrial pathway of
apoptosis [18] is involved in taurine-induced apoptosis in
colon cancer. Our previous in vitro studies demonstrated that
taurine increased the PTEN level in human nasopharyngeal
carcinoma cells, as its anticancer mechanism [10, 11]. PTEN
regulates cell division and apoptosis and helps to prevent
uncontrolled cell growth, which can suppress tumor forma-
tion. PTEN interacts with p53 and enhances p53 stability,
resulting in cell cycle arrest and apoptosis [19]. The present

study demonstrated that PTEN increased in mouse colon tis-
sues of the taurine group compared to that of the AOM-DSS
model group. Taurine-induced PTEN may function as a
tumor suppressor, leading to reduction in colon cancer in
the mouse model.

Inflammation promotes various pathogeneses, including
cancer [20]. Marcinkiewicz and Kontny [2] reviewed a
possible contribution of taurine to protect against the
pathogenesis of inflammatory diseases. Sun et al. [21]
showed that taurine suppressed the inflammatory reaction
related to NF-κB in ischemic rat brain damage. Our results
suggested that taurine reduced DSS-induced inflammation
as observed in lower fecal blood scores. In addition to its
anti-inflammation activity, PTEN activation is one of the
anticancer mechanisms of taurine.

5. Conclusions

This is the first study that demonstrated that taurine signif-
icantly reduced carcinogenicity in vivo using AOM/DSS-
induced colon cancer mouse model. It is suggested that
taurine attenuates cell proliferation and induces apoptosis
via PTEN induction. Taurine could contribute to the sup-
pression of inflammation-related carcinogenesis.
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Epithelial-mesenchymal transition (EMT) is a cellular process in which epithelial cells are partially transformed into stromal cells,
which endows the polarized epithelium cells more invasive feature and contributes cancer metastasis and drug resistance.
Ferritinophagy is an event of ferritin degradation in lysosomes, which contributes Fenton-mediated ROS production. In
addition, some studies have shown that ROS participates in EMT process, but the effect of ROS stemmed from ferritin
degradation on EMT has not been fully established. A novel iron chelator, DpdtC (2,2′-di-pyridylketone dithiocarbamate),
which could induce ferritinophagy in HepG2 cell in our previous study, was used to investigate its effect on EMT in gastric
cancer cells. The proliferation assay showed that DpdtC treatment resulted in growth inhibition and morphologic alteration in
MGC-803 cell (IC50 = 3:1 ± 0:3 μM), and its action involved ROS production that was due to the occurrence of ferritinophagy.
More interestingly, DpdtC could also inhibit EMT, leading to the upregulation of E-cadherin and the downregulation of
vimentin; however, the addition of NAC and 3-MA could attenuate (or neutralize) the action of DpdtC on ferritinophagy
induction and EMT inhibition, supporting that the enhanced ferritinophagic flux contributed to the EMT inhibition. Since the
degradation of ferritin may trigger the production of ROS and induce the response of p53, we next studied the role of p53 in the
above two-cell events. As expected, an upregulation of p53 was observed after DpdtC insulting; however, the addition of a p53
inhibitor, PFT-α, could significantly attenuate the action of DpdtC on ferritinophagy induction and EMT inhibition. In
addition, autophagy inhibitors or NAC could counteract the effect of DpdtC and restore the level of p53 to the control group,
indicating that the upregulation of p53 was caused by ferritinophagy-mediated ROS production. In conclusion, our data
demonstrated that the inhibition of EMT induced by DpdtC was realized through ferritinophagy-mediated ROS/p53 pathway,
which supported that the activation of ferritinophagic flux was the main driving force in EMT inhibition in gastric cancer cells,
and further strengthening the concept that NCOA4 participates in EMT process.

1. Introduction

Gastric cancer (GC) is the second highest mortality among
cancers worldwide, and higher cases of it occur in East Asia
[1, 2]. Although significant improvement in both diagnosis
and treatment was achieved, the overall survival rate is still
poor. Therefore, more efforts to clarify the underlying mech-
anisms of this deadly cancer are urgently needed. Clinically,

the chemotherapy is still the main treatment for advanced
GC [3]; however, attenuating the side effects and resistance
of chemotherapeutic agents requires a different strategy. Iron
is an essential element for cell growth, and it has been
demonstrated that cancer cells have higher iron demand
compared to normal cells; disturbing homeostasis of iron
may achieve growth inhibition of cancer cells, thus chelation
therapy was proposed in clinical practice. Dithiocarbamate is
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an important class of sulfur-containing compounds, showing
their potent applications on disease treatment, the treatment
of bacterial, fungal infections, AIDS, and cancer [4, 5].
Dithiocarbamate has strong affinity toward metal ions; how-
ever, the underlying mechanism remains obscure.

Epithelial-to-mesenchymal transition (EMT) is a cellular
process that epithelial cells will undergo several biochemical
alterations, such as the suppression of epithelial markers
and the upregulation of mesenchymal markers, endowing
the polarized epithelium cells more invasive feature [6–8].
EMT is considered as a crucial step in cancer metastasis,
and transforming growth factor (TGF), the cytokine, and
nuclear receptor, receptor tyrosine kinase (RTK), the Wnt,
Notch, hedgehog, hippo, and pathways have all been impli-
cated in the onset of EMT [9, 10]. In addition, it has shown
that the cells underwent EMT have an ability to resist con-
ventional treatments [10]. Therefore, to develop new diag-
nostic and therapeutic strategies in treatment of metastases,
the details in EMT required to be revealed.

ROS are constantly generated inside cells through a serial
of dedicated enzyme complexes or as by-products of redox
reactions, such as mitochondrial respiration [10–12]. In
addition, the iron either in lysosome due to the occurrence
of ferritinophagy or in labile iron pool (LIP) catalyzes Fenton
reaction, yielding extremely reactive hydroxyl radicals [13].
Furthermore, the compelling evidence reveals reactive oxy-
gen species (ROS) engage EMT process [14], but the func-
tions of ROS remains to be determined. Recently a series of
small molecular compounds exhibit the ability in EMT rever-
sal, different signal pathway were proposed [15–18].

p53 is one of most important transcription factor, regu-
lating proliferation, apoptosis, cell cycle and autophagy that
maintain normal cellular homeostasis, controlling cell fates
[19]. However, the tumor suppressor gene p53 is the most
commonly mutated gene in all human cancers [20–22], such
as hepatocellular carcinoma, colorectal cancer, lymphoma,
mucosal melanoma, and stomach cancer [23–27]. High inva-
sion and metastasis is the hallmark of cancer cells, EMT is
prerequisite for primary cancer metastasizing to blood, and
other organs [28, 29]. p53 mutation is essential to EMT pro-
cess and also plays role in EMT [19, 30]. Since mutant p53
alleles may exhibit certain unique characteristics in cancer
development and progression, therefore, reactivation or
degradation of mutant p53 may be another strategy in
cancer therapy [31]. Wild-type p53 is maintained at a
low level by continuous degradation via proteasome
through E3 ubiquitin ligase [30, 32], but mut-p53 degrada-
tion is diversified [33–35].

Ferritin is a highly conserved iron storage protein which
is composed of two subunits, H-ferritin and L-ferritin, and
the twelve pairs of subunits binding head to foot form the
24 subunit ferritin cages [36]. Ferritin degradation results in
the release of iron for either use by the cell or enhancing labile
iron pool; therefore, ferritin also regulates cellular redox bal-
ance. Iron chelator can lead to ferritin degradation either
through ubiquitination or autophagy; the latter requires par-
ticipation of microtubule-associated protein light chain 3
(LC3) and NCOA4, termed “ferritinophagy [37]. Iron deple-
tion by some iron chelators resulted in the occurrence of fer-

ritinophagy has been reported [37, 38], but the correlation
between EMT and ferritinophagy induced by iron chelator
remains to be determined. In our previous work, we
reported that activating ferritinophagic flux (NCOA4/ferri-
tin) could inhibit EMT in DpdtpA treated CT26 cell,
firstly revealing that NCOA4 also involves in EMT pro-
cess. To verify if this phenomenon is restricted to CT26
cells or if it represents a more general phenomenon, the
gastric cancer cell line and a novel iron chelator, DpdtC
were chosen in the present study. As expected, the DpdtC
as DpdtpA acted also displayed EMT inhibition. The
mechanistic study further supported that ferritinophagy-
mediated EMT inhibition was through by activation of
ROS/p53 pathway.

2. Results

2.1. The DpdtC-Induced Growth Inhibition Involved ROS
Production. In our previous study, 2,2′-di-pyridineketone
hydrazone dithiocarbamate (DpdtC, Figure 1(a)) displayed
significant antitumor activity against HepG2 cell [38]. To
expand our understanding of the agent, we further studied
its growth inhibitory effect on gastric cancer cells. The
dose-response curve is depicted in Figure 1(b). As expected,
DpdtC displayed significant growth inhibition for gastric
cells (IC50: 3:1 ± 0:3μM for MGC-803). Furthermore, to
determine whether the growth inhibition involved ROS pro-
duction, the cellular ROS level was measured by flow cytom-
etry as described previously [38]. As shown in Figure 1(c), the
populations in higher fluorescence intensities significantly
increased by ~30% after exposure of DpdtC to the cells for
24 h, but the addition of NAC, a ROS scavenger, significantly
decreased ROS production (~14%), hinting that the antipro-
liferative action involved ROS production. Furthermore, the
role of ROS production in the growth inhibition was further
determined. As showed in Figure S1, the addition of NAC
(0.15mM) could attenuate the inhibitory ability of DpdtC
on proliferation of gastric cancer cells, indicating that
DpdtC-induced growth inhibition was related to ROS
production.

2.2. DpdtC-Induced ROS Was Partly due to the Occurrence of
Ferritinophagy. Previous work revealed that the DpdtC
induced ferritinophagy in hepatocellular carcinoma cells
[38], which led to ROS generation. DpdtC treatment in
gastric cancer cells also resulted in ROS production, we
hypothesized that the ROS production might be due to the
occurrence of ferritinophagy. To this end, the levels of ferritin
and NCOA4, a specific carrier for ferritinophagy, was
evaluated via immunofluorescence technique. As shown in
Figure 2, DpdtC exposure indeed resulted in upregulated
NCOA4 (compare Figure 2(f) to Figure 2(b)) and downreg-
ulated ferritin (compare Figure 2(g) to Figure 2(c)), indicat-
ing that the ferritin degradation was through autophagic
proteolysis. Furthermore, the addition of 3-MA, an
autophagy inhibitor, could abolish the ferritinophagy, i.e.,
leading to a significant upregulation of ferritin (compare
Figure 2(k) to Figure 2(g)). The merged photographs
(Figures 2(d), 2(h), and 2(l)) clearly showed the alterations
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in NCOA4 and ferritin. To corroborate the occurrence of fer-
ritinophagy, the levels of ferritin, NCOA4, and autophagy-
related proteins before and after DpdtC treatment were fur-
ther determined by Western blotting. As shown in Figure 3,
concomitant to the decrease of ferritin, the upregulated
autophagic markers (LC3-II, beclin) and NCOA4 were
observed upon DpdtC treatment; however, the addition of
3-MA or DFO, as well as NAC, could markedly attenuate
the levels of those upregulated proteins. Accordingly, a quan-
titative comparison in ratios of NCOA4/ferritin that termed
“ferritinophagic flux” [39], LC3-II/ferritin and beclin/ferritin
is shown in Figure 3(b), clearly DpdtC treatment resulted in
activation of autophagy, i.e., increase of ferritinophagic flux
and ferritin degradation. In addition, the occurrence of ferri-
tinophagy would result in the change of cellular iron; thus,
the total iron content before and after DpdtC exposure to
the gastric cells was determined by atomic absorbance spec-
trometry. As shown in Figure S2, DpdtC treatment indeed
resulted in markedly decrease of iron abundance, in
accordance with results from immunofluorescence and
Western blotting analysis.

2.3. The DpdtC Induced an EMT Inhibition. In addition to
growth inhibition, DpdtC also had effect on cellular mor-
phology of gastric cancer cells. Figures 4(a)–4(c) showed
the alteration in morphology when exposure of DpdtC to
the cells, which encouraged us to consider whether its action
involved EMT transformation, inhibiting metastasis of
cancers [40]. Thus, the molecular markers in EMT transfor-
mation were labeled by immunofluorescence technique
before and after DpdtC treatment. As shown in Figure 4,
the green fluorescence of E-cadherin was increased (compare

Figure 4(j) to Figure 4(f)), while the red fluorescence which
represented vimentin was decreased (compare Figure 4(g)
to Figure 4(k)). The merged photographs (Figures 4(h) and
4(l)) clearly showed the alterations in E-cadherin and
vimentin, the proportion of red fluorescence (vimentin) in
Figure 4(h) was much higher than that in Figure 4(l),
indicating that DpdtC could inhibit the EMT transition. Fur-
thermore, Western blotting analysis also demonstrated that
DpdtC could downregulate mesenchymal marker, vimentin,
contrarily upregulate epithelial marker, E-cadherin
(Figure 4(d)), in consistent with that from immunofluores-
cence analysis, supporting that DpdtC had inhibitory effect
on EMT transformation.

2.4. DpdtC-Suppressed TGF-β1-Induced EMT through
Ferritinophagy Pathway. To validate the ability of DpdtC in
EMT modulation, a model that was undergoing EMT
required to be established. Thus, the MGC-803 cells were
pretreated with TGF-β1, the most powerful EMT inducer
for 48 h, which resulted in obviously morphological alter-
ation. As shown in Figures 5(g) and 5(h), the MGC-803 cells
became more spindle-shaped, fibroblast-like cells compared
to control (Figures 5(c) and 5(d)), which was considered cells
undergoing the EMT [41]. Next, the undergoing EMT cells
were further treated by DpdtC, as shown in Figure 5(j),
DpdtC could significantly increase the level of E-cadherin
and neutralize the action of TGF-β1 on vimentin modulation
(Figure 5(k)). The alterations in E-cadherin and vimentin
before and after treatment of DpdtC could be clearly
observed in the merged photographs (Figures 5(h) and
5(l)), corroborating that DpdtC was able to resist TGF-β1-
induced EMT.
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Figure 1: DpdtC-induced growth inhibition involved ROS generation. (a) Structure of DpdtC; (b) the effect of DpdtC on proliferation of
gastric cancer cell; (c) DpdtC-induced ROS production in MGC-803 cell line: C1, control (H2O); C2, 1.5 μM DpdtC; C3, 1.5 μM DpdtC
+NAC (1.5mM). The data from MTT assay were from five measurements; and ROS assays were conducted twice.
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Since DpdtC could resist the action of TGF-β1 on
EMT modulation, was there an occurrence of ferritino-
phagy in above experimental condition? Thus, the levels
of cellular NCOA4 and ferritin in the presence of TGF-
β1 were further evaluated by immunofluorescence. As
shown in Figure 6, TGF-β1 slightly increased the level of
ferritin compared to control (Figures 6(g) and 6(c)); how-
ever, the addition of DpdtC significantly attenuated the
action of TGF-β1 on ferritin modulation (Figure 6(k)),
leading to marked increase of NCOA4, indicating that
DpdtC still induced ferritinophagy in gastric cancer cells
even the cells were undergoing EMT. The knockdown of
NCOA4 by interfering RNA resulted in increase in vimen-
tin, slug, and snail and also neutralized the action of
DpdtC on those genes modulation (Figure S3), indicating
that NCOA4 indeed modulated EMT progress, in
accordance with previous observation in CT26 cells [39].

To strengthen the relationship between EMT inhibition
and ferritinophagy induction, a correlation analysis between
ferritinophagic flux (NCOA4/ferritinophagy) and levels of
epithelial-mesenchymal markers were performed. As shown
in Figure 7, TGF-β1 boosted EMT (upregulated vimentin
and downregulated E-cadherin) through lowering ferritino-
phagic flux, contrarily EMT inhibition induced by DpdtC
was through elevating ferritinophagic flux (Figure 7(b)).
Those indicated that the status of EMT may depend on
strength of ferritinophagic flux.

2.5. DpdtC-Suppressed EMT Was p53 Dependent. Since
mutant p53 exhibits certain unique characteristics in cancer
development, p53 mutation is essential to EMT process
[19, 30]. The observation that DpdtC could inhibit EMT
promoted us to consider that the action of DpdtC may
involve the alteration of p53 in gastric cancer cells. To this
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Figure 2: DpdtC-induced ferritin autophagy (ferritinophagy). The nuclei stained by DAPI in blue, ferritin labeled in red; NCOA4 labeled in
green. (a–d) Control group: (a) nuclei in blue; (b) NCOA4 in green; (c) ferritin in red; and (d) merge of ferritin with NCOA4. (e–h) DpdtC-
treated group: (e) nuclei in blue; (f) NCOA4 in green; (g) ferritin in red; and (h) merge of ferritin with NCOA4. (i–l) DpdtC combined with 3-
MA group: (i) nuclei in blue; (j) NCOA4 in green; (k) ferritin in red; and (l) merge of ferritin with NCOA4. The experiments were performed
thrice. Objective size: 40 × 10; scale bar: 100μm.
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end, the PFT-α, a p53 inhibitor, was used to determine
whether p53 involved the EMT inhibition. As shown in
Figure 8, DpdtC treatment resulted in an upregulated E-
cadherin (compare Figure 8(b) with Figure 8(f)) and a
downregulated vimentin (compare Figure 8(c) with
Figure 8(g)); however, the addition of PFT-α attenuated
the upregulation of E-cadherin induced by DpdtC
(Figure 8(f) and Figure 8(j)), accordingly enhancing vimen-
tin expression (Figure 8(g) and Figure 8(k)), indicating that
p53 indeed involved the action of DpdtC on EMT modula-
tion. The alterations in E-cadherin and vimentin at different
conditions could be clearly observed in the merged
photographs (Figures 8(d), 8(h), and 5(l)). The additional
evidence fromWestern blotting analysis supported the above
conclusion. Figure S4 showed that DpdtC significantly
upregulated p53 and E-cadherin expression and
downregulated EMT-related genes expression, such as snail,
slug, and vimentin; however, a p53 inhibitor, PFT-α,
markedly attenuated action of DtdtC on those genes
modulation, which was in accordance with result from
immunofluorescence.

2.6. DpdtC Triggered Ferritinophagy Was p53 Dependent.
Since DpdtC-induced EMT inhibition was p53 dependent,
the ferritinophagy induction might be in similar manner.
Thus cell were treated with DpdtC alone or combined with
PFT-α for 24h, then the level of ferritinophagy-related pro-
tein was investigated by immunofluorescence technique. As
shown in Figure 9, the addition of PFT-α indeed reversed
the action of DpdtC in ferritinophagy induction (Figure 9

H and 9L), indicating that the action of DpdtC involved
p53 response. To seek additional evidence, the expressions
of EMT and ferritinophagy-related proteins were detected
further by Western blotting. As shown in Figure S5, DpdtC
could upregulate NCOA4 and downregulate ferritin;
however, this action could significantly attenuate PFT-α,
indicating that the upregulation of NCOA4 correlated with
the upregulation of p53.

2.7. Ferritinophagy-Mediated ROS Resulted in the
Upregulation of p53 and Growth Inhibition. As showed in
Figure 3, DpdtC could induce autophagy, which led to the
upregulation of beclin and LC3-II, with a concomitant accu-
mulation of ferritinophagic flux (the ratio of NCOA4/ferritin
increased). The occurrence of ferritinophagy undoubtedly
generated excessive ROS due to ferric iron release triggering
Fenton reaction, accordingly leading to p53 response to initi-
ate either protect the cell from death or death program.
Figure S6 showed that DpdtC-induced ROS production
could be attenuated by the addition of a p53 inhibitor, PFT-
α, indicating that p53 responded ferritinophagy-mediated
ROS production. Additional evidence was from Figure 10;
the DpdtC-induced upregulation of p53 could be
attenuated by autophagy inhibitor, 3-MA, and chloroquine
(conversely the level of MDM2 was enhanced), indicating
that the occurrence of autophagy responded the rising of
p53. Both knockdown of NCOA4 by interfering RNA and
addition of NAC all neutralized upregulation of p53
induced by DpdtC, further supporting that ferritinophagy-
mediated ROS triggered p53 activation. Similarly, situation
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Figure 3: DpdtC exposure resulted in the alterations of ferritinophagy- and autophagy-related proteins. (a) Western blotting analysis of
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occurred in growth inhibition induced by DpdtC (Figure S1).
Taken together, those supported that ROS (originated from
ferritinophagy)/p53 involved EMT inhibition induced by
DpdtC.

3. Discussion

Tumor metastasis undergoes epithelial-mesenchymal transi-
tion (EMT), which endows cells with invasive ability [40].
Therefore, EMT inhibition may be helpful for tumor therapy.
A number of transcription factors, such as ZEB 1 and ZEB 2,
snail, slug, and twist, regulate EMT [41]. Furthermore, the
growth factors and cytokines, ECM components, hypoxia,
ROS, and other factors also observed to be involved in
EMT process [42]; therefore, the regulation of EMT is diver-
sified and remains to be elucidated. In previous study, we
observed that DpdtpA could both inhibit proliferation and

EMT in CT26 cells. DpdtC, an analogue of DpdtpA, may
have similar function in gastric cancer line. Thus, the current
study was focused on the alteration of the MGC-803 cells
upon DpdtC treatment. Similar to DpdtpA, DpdtC displayed
a significant growth inhibition that was attenuated by the
addition of NAC, indicating that the induced growth
inhibition was ROS dependent (Figures 1 and S1); similar sit-
uations were observed in others studies [39, 43]. ROS pro-
duction may stem from lysosomes, mitochondria, and
imbalance between cellular oxidants and antioxidants; thus,
the possible origin of ROS generation in DpdtC-induced
growth inhibition needed to be determined. Generally, the
main types of ROS from mitochondria are superoxide and
peroxide [44], while the hydroxyl radical is mainly due to
Fenton reaction occurred in lysosomes or labile iron pool.
In our study, DpdtC caused marked decrease of ferritin,
accompanied by increasing of NCOA4 and autophagy-
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Figure 4: DpdtC-induced morphologic change correlated with EMTmodulation. (a–c) Morphologic change upon exposure DpdtC toMGC-
803 cells for 48 h. The blue arrow: spindle-shaped cells, black arrow: retracted and rounded cells; (a) H2O, (b) 0.31 μMDpdtC, and (c) 0.62 μM
DpdtC; objective size: 20 × 10; scale bar: 200μm. (d) Western blotting analysis. (e–l) immunofluorescence analysis of epithelial-mesenchymal
markers. (e–h) Control group (H2O): (e) nuclei in blue; (f) E-cadherin in green; (g) vimentin in red; and (h) merge of nuclei, E-cadherin, and
vimentin in control group. (i–l) DpdtC-treated group: (i) nuclei in blue; (j) E-cadherin in green; (k) vimentin in red; and (l) merge of
nuclei, E-cadherin, and vimentin in DpdtC-treated group. Objective size: 40 × 10 (fluorescence); scale bar: 100μm.
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related proteins, revealing that the ROS production partly
stemmed from the occurrence of ferritinophagy (Figures 2,
3, and S2), in accordance with observation in HepG2 cells
reported previously [38]. The morphologic alteration of
MGC-803 induced by DpdtC happened in similar way in
CT26 cells caused by DpdtpA, which implied that the action
of DpdtC might involve EMT regulation. The immunofluo-
rescence andWestern blotting analysis confirmed our specu-
lation because of the alteration in epithelial-mesenchymal
markers after DpdtC treatment (Figure 4), in accordance
with others observation [45]. To corroborate the ability of
DpdtC in induction, the EMT model that induced by TGF-
β1 needed to be established for this method has been widely
accepted in molecular biology [46]. It was interesting that
DpdtC abolished the action of TGF-β1 on EMT induction
in the present study (Figure 5), demonstrating that DpdtC
was able to inhibit EMT, which was in accordance with the

action of the iron chelator reported previously [47]. Next,
we questioned whether DpdtC could still trigger ferritino-
phagy in the presence of TGF-β1. Figure 6 showed that an
upregulation of NCOA4 and a downregulation of ferritin
occurred as in absence of TGF-β1, supporting that ferritino-
phagy induced by DpdtC was independent of EMT process.
DpdtC induced the upregulation of NCOA4, leading to
EMT inhibition, and the knockdown of NCOA4 by interfer-
ing RNA resulted in the upregulation of mesenchyma-related
proteins (vimentin, slug, and snail) (Figure 7 and Figure S3),
indicating that NCOA4 participated in EMT. We speculated
that there could be a correlation between ferritinophagy and
EMT inhibition; thus, “ferritinophagic flux” (defined as ratio
of NOCA4/ferritin) was used to correlate with the change in
EMT. As shown in Figure 7, DpdtC and TGF-β1 treatment
resulted in adverse variation in ferritinophagic flux, the
former increase, and the later decrease, so we may also
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Figure 5: DpdtC-resisted TGF-β1-induced EMT. (a–d) Control: (a) nuclei stained by DAPI in blue (DMSO); (b) E-cadherin in green; (c)
vimentin in red; and (d) merge of nuclei, E-cadherin, and vimentin. (e–h) TGF-β1 treated: (e) nuclei in blue; (f) E-cadherin in green; (g)
vimentin in red; and (h) merge of nuclei, E-cadherin, and vimentin. (i–l) TGF-β1 treatment plus DpdtC: (i) nuclei stained by DAPI in
blue (DMSO); (j) E-cadherin in green; (k) vimentin in red; and (l) merge of nuclei, E-cadherin, and vimentin. The measurements were
performed thrice from different field of view. Objective size: 40 × 10; scale bar: 100μm.
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describe that the EMT status is related to ferritinophagic flux,
i.e., ferritinophagic flux was a dominating force in
determination of EMT state in gastric cancer cells. This also
provided additional evidence that NCOA4 played role in
EMT modulation. Normally, NCOA4 acts as a
transcriptional coactivator of several nuclear receptors, and
its additional function was recently identified as an
inhibitor in the activation of DNA replication origins [48];
the downregulation of snail, slug, and vimentin in DpdtC-
treated cells might be due to the upregulation of NCOA4.
In addition, it has been shown that ROS involved TGF-β1-
induced EMT, and the decrease of ferritin heavy chain
(FHC) contributed to EMT transition [49–51]. However,
the ferritin degradation induced by DpdtC achieved EMT
inhibition in our study; the difference might be attributed
to a difference in manner of ferritin downregulation
achieved; the knockdown of ferritin by sh-RNA was at

translation level, while induced ferritinophagy by DpdtC at
posttranslation modification. On the other hand, the cell
specific was also a crucial factor to be considered.
Importantly, DpdtC treatment resulted in the
downregulation of snail, an EMT transcription factor,
implying EMT inhibition achieved was complex for DpdtC.
The ferritin degradation led to cellular ROS production on
account of the ferric iron liberated from digested ferritin
would reduce by the endosomal ferrireductase Steap3 in the
acidified lysosome [52], the resulting ferrous ion triggered
Fenton reaction. As a stress responder, p53 may respond to
the alteration in redox environment; therefore, the p53
response was further determined. Cell growth and
proliferation require checkpoint controls, while p53 as a
major checkpoint protein in mammalian cells is normally
kept at a low level as a result of a negative feedback
regulation between p53 and Mdm2 [53, 54]. Our data
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Figure 6: DpdtC-induced ferritinophagy in the presence of TGF-β1. The nuclei stained by DAPI in blue, NCOA4 in green, and ferritin in red.
(a–d) Control: (a) nuclei in blue; (b) NCOA4 in green; (c) ferritin in red; and (d) merge of nuclei, ferritin, and NCOA4. (e–h) TGF-β1
treatment only: TGF-β1 treatment: (e) nuclei in blue; (f) NCOA4 in green; (g) ferritin in red; (h) merge of nuclei, ferritin, and NCOA4;
(i–l) TGF-β1 combined with DpdtC: (i) nuclei in blue; (j) NCOA4 in green; (k) ferritin in red; and (l) merge of nuclei, ferritin, and
NCOA4. The measurements were performed thrice from different field of view. Objective size: 40 × 10; scale bar: 100μm.
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showed that DpdtC-induced ferritinophagy and EMT
inhibition along with the upregulation of p53, and
inhibition of p53 could significantly attenuate the effects
of DpdtC (Figures 8 and 9), indicating that p53 indeed
responded the stress (ROS insulting). It was reported
that p53 was regulated by metal ions, and pyrrolidine
dithiocarbamate (PDTC) downregulated p53 due to
increasing intracellular level of copper [55]. As an
analogue of PDTC, but DpdtC has distinct effect on p53
regulation, the difference in p53 regulation may be
strictly dependent on the cell type for there were
differences in the status of p53 mutation of the cell line
used and in the resulting redox environment upon
treatment of the agents [56, 57]. Indeed, we also
observed that the DpdtbA (a dithiocarbamate derivative)
inactivated p53 in esophageal cancer cell lines as PDTC
did [58]. In addition, whether the EMT inhibition
induced by DpdtC (including its analogues) is related to
the degradation of ferritin, and the state of p53
determines whether it occurs or not, which needs further
study.

Taken all together, DpdtC induced the growth inhibi-
tion in gastric cancer cells that was ROS dependent, which
mechanistically was due to the occurrence of ferritino-
phagy that contributed to ROS production. In addition,
DpdtC was also able to inhibit EMT; the correlation anal-
ysis further demonstrated that the ferritinophagic flux was
a dominating driving force during EMT development,
decrease of the ferritinophagic flux resulted in EMT
enhancement, while increase of ferritinophagic flux
favored to inhibit EMT (reversing EMT). In addition, the
p53 also played role in DpdtC-induced EMT inhibition
and ferritinophagy induction; the downregulation of p53
would significantly attenuate (or abolish) the action of
DpdtC. However, the correlation between ferritinophagic
flux and EMT in other cell lines in vivo and in vitro
requires more studies in the future, because the diversity
of iron chelators in structure and cell specific influences
the effect of iron chelator.

4. Materials and Methods

4.1. Materials. All chemicals used were analytical reagents
(AR) grade. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), pifithrin-α (PFT-α), 3-methyladenine
(3-MA), chloroquine (CQ), dichlorofluorescein (H2DCF-DA),
desferoxamine (DFO), 4′,6-diamidino-2-phenylindole (DAPI),
Roswell Park Memorial Institute (RPMI)-1640, and other
chemicals were purchased from Sigma-Aldrich. Antibodies
of vimentin (60330-1-lg, 10366-1-AP), NCOA4 (E11-
17114C), LC3 (14600-1-AP), beclin (66665-1-Ig), and gadph
(E12-052) for Western blotting were obtained from Protein-
tech Group Inc (Wuhan, China). Antibodies of E-cadherin
(3195), ferritin (H chain, 3998S), and secondary antibodies
(fluorescence labeled for immunofluorescence, 8890S,
4412S) were purchased from Cell Signaling Technology
(USA). Ferritin antibody (SC-376594) for immunofluores-
cence was obtained from Santa Cruz Biotechnology (Santa
Cruz, USA). NCOA4 antibody (HPA0512) for immunofluo-
rescence was purchased from Atlas Antibody (Sweden). Sec-
ondary antibodies for Western blotting were obtained from
EarthOx, LLC (San Francisco, USA).

4.2. Cytotoxicity Assay (MTT Assay). The stock solution of
DpdtC (10mM) was prepared in water and diluted to the
required concentration with culture medium when used.
The MTT assay was based on reported previously [39].
Briefly, MGC-803 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS) and antibi-
otics. The cells in exponential phase were collected and
seeded equivalently into a 96-well plate; next, the varied con-
centration of DpdtC (or other agents) was added after the
cells adhered. Following 48 h incubation at 37°C in a humid-
ified atmosphere of 5% CO2, 10μl MTT solution (5mg/ml)
was added and further incubated for 4 h; next, 100μl DMSO
was added in each well to dissolve the formazan crystals after
removing cell culture. The measurement of absorbance of the
solution was performed on a microplate reader (MK3,
Thermo Scientific) at 570 nm. Percent growth inhibition
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was defined as percent absorbance inhibition within appro-
priate absorbance in each cell line. The same assay was per-
formed in triplet.

4.3. Flow Cytometric Analysis of Cellular ROS.MGC-803 cells
were seeded into a 6-well plate and treated as described in the
section of cytotoxicity assay. The cells were treated with dif-
ferent concentrations of the agent (1.56 and 3.12μMDpdtC)
for 24h. Then, the cell culture was removed, following PBS
washing and trypsin digestion; finally, the cells were resus-
pended in H2DCF-DA containing serum-free culture
medium and incubated for 30min. Next, after removing the
H2DCF-DA-contained medium by centrifugation and wash-
ing with PBS, the intracellular ROS assay was performed on a
flow cytometer (Becton-Dickinson, USA).

4.4. Immunofluorescence Analysis. The immunofluorescence
analysis was performed as described previously [39].
Briefly, MGC-803 cells were first cultured in a 6-well
plate with cover glass overnight. The cells were treated
by DpdtC for 24 h, fixed with 4% paraformaldehyde in
PBS for 15min at 37°C, and then permeabilized with
0.2% triton-X-100 in PBS for 10min. After blocking with
1% BSA in PBS for 30min, the cells on the cover glass
were incubated with either ferritin (H chain, Santa Cruz
Biotechnology), or combined with LC3 (or NCOA4 (Altas
Antibodies)), or vimentin combined with E-cadherin (Cell
Signaling Technology) primary antibody at 4°C for over-
night. Next, removing the primary antibodies and wash-
ing with PBS, the cover glasses were further incubated
with fluorescence-labeled secondary antibody for 3 h at
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Figure 8: DpdtC-induced EMTmodulation was p53 dependent. (a–d) Control (H2O): (a) nuclei in blue; (b) E-cadherin in green; (c) vimentin
in red; and (d) merge of nuclei, E-cadherin, and vimentin in control group. (e–h): DpdtC-treated group: (e) nuclei in blue; (f) E-cadherin in
green; (g) vimentin in red; and (h) merge of nuclei, E-cadherin, and vimentin in DpdtC-treated group. (i–l): DpdtC combined with PFT-α-
treated group: (i) nuclei in blue; (j) E-cadherin in green; (k) vimentin in red; and (l) merge of nuclei, E-cadherin, and vimentin in DpdtC
combined with PFT-α-treated group. The measurements were performed thrice from different field of view. Objective size: 40 × 10
(fluorescence); scale bar: 100μm.
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room temperature. After removing the secondary anti-
body, the cells on the cover glass were further counter-
stained with DAPI. Finally, a confocal laser scanning
microscope (Nikon eclipse Ts2, Japan) was used to visualize
the cells, and the representative cells were selected and
photographed.

4.5. Western Blotting Analysis. The Western blotting was
conducted as described previously [39]; briefly, 1 × 107
MGC-803 cells that treated with or without DpdtC were
scraped in lysis buffer (50mM Tris-HCl, pH8.0, 150mM
NaCl, 1.0% NP-40, 10% glycerol, and protease inhibitors)
on ice for 30min, and the clear supernatant was stored at
−80°C after centrifugation at 14,000× g. Protein concentra-
tion was determined using a colorimetric Bio-Rad DC pro-
tein assay as recommended by the company (Life Science
Research, USA). Proteins (30μg) were separated on a 13–

15% sodium dodecyl sulfate-polyacrylamide gel at 200V for
3 h. Next, the separated proteins on the gel were subsequently
transferred onto a PVDF membrane at 60V for 2 h, followed
by washing with Tris-buffered saline (TBS), and the mem-
brane was then blocked for 2 h in TBS containing 0.1%
Tween-20 and 5% nonfat skimmed milk. The membrane
was further incubated at 4°C overnight with the appropriate
primary antibody and with the appropriate HRP-
conjugated secondary antibody (1 : 2,000 in TBST) for 1 h at
room temperature after removing primary antibody and
washing. Finally, the membrane was washed with TBST,
and the protein bands were detected using a super sensitive
ECL solution (Boster Biological Technology Co. Ltd.) and
visualized using a Syngene G: BOX imager (Cambridge,
United Kingdom). Quantifications of protein bands intensi-
ties and fluorescence intensity were performed using ImageJ
software.
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Figure 9: DpdtC-induced ferritinophagy involved p53. The nuclei stained by DAPI in blue, ferritin labeled in red, and NCOA4 labeled in
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4.6. Statistical Analysis. Results are presented as the mean ±
SEM. Comparisons between two groups were carried out
using the two-tailed Student’s t-test. Comparisons between
multiple groups were performed by one-way ANOVA with
Dunnett post hoc correction. A p value <0.05 was considered
statistically significant.
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Harmful, stressful conditions or events in the cardiovascular system result in cellular damage, inflammation, and fibrosis.
Currently, there is no targeted therapy for myocardial fibrosis, which is highly associated with a large number of cardiovascular
diseases and can lead to fatal heart failure. Hydrogen sulfide (H2S) is an endogenous gasotransmitter similar to nitric oxide and
carbon monoxide. H2S is involved in the suppression of oxidative stress, inflammation, and cellular death in the cardiovascular
system. The level of H2S in the body can be boosted by stimulating its synthesis or supplying it exogenously with a simple H2S
donor with a rapid- or slow-releasing mode, an organosulfur compound, or a hybrid with known drugs (e.g., aspirin).
Hypertension, myocardial infarction, and inflammation are exaggerated when H2S is reduced. In addition, the exogenous
delivery of H2S mitigates myocardial fibrosis caused by various pathological conditions, such as a myocardial infarct,
hypertension, diabetes, or excessive β-adrenergic stimulation, via its involvement in a variety of signaling pathways. Numerous
experimental findings suggest that H2S may work as a potential alternative for the management of myocardial fibrosis. In this
review, the antifibrosis role of H2S is briefly addressed in order to gain insight into the development of novel strategies for the
treatment of myocardial fibrosis.

1. Introduction

Although fibrosis is an essential process for the restoration
and maintenance of organ integrity after injury or stress via
the timely deposition of the extracellular matrix (ECM), the
aberrant accumulation of stiff and disorganized ECM pro-
gressively disrupts tissue function and can ultimately cause
organ failure [1–5]. Myocardial fibrosis is a hallmark feature
of heart failure and is associated with hypertension, myocar-
dial infarction (MI), and pathological hypertrophy followed
by injury and stress [1, 2]. Systemic responses induced by
the decline in systolic function, particularly neurohumoral
activation (angiotensin–aldosterone system and β-adrener-
gic nervous system), are associated with the progression of
heart failure (HF). Traditional therapies, such as β-blockers
and renin-angiotensin-aldosterone system (RAAS) inhibi-
tors, have been found to have beneficial effects in patients

with cardiac fibrosis in clinical trials [6, 7]. However, these
conventional drugs do not aim at directly curing myocardial
fibrosis but rather aim at alleviating the underlying cardiac
dysfunction mechanisms indirectly [6]. Therefore, great
effort is currently being devoted to research on the develop-
ment of therapeutic interventions for decreasing the high
morbidity and mortality associated with myocardial fibrosis,
particularly on the identification and modulation of its core
mechanisms [1–4].

Despite its previous characterization as a toxic gas with a
rotten egg smell, H2S is beginning to be associated with a
growing family of gasotransmitters, with properties similar
to nitric oxide (NO) and carbon monoxide (CO) [8–10]. As
a gasotransmitter, H2S is involved in both the physiology
and pathophysiology of the nervous, cardiovascular, and gas-
trointestinal systems via its antioxidant, anti-inflammatory
[11], antinociceptive, antihypertensive, neuromodulative,
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and cytoprotective effects [9, 12–14]. The modulation of
signals involved in myocardial fibrosis, and thereby the atten-
uation of pathological fibrosis, is an area of intense scientific
interest due to its evident therapeutic implications for the
treatment of HF [15]. Reduced levels of H2S have been
identified in patients with ischemia [16], diabetes [17, 18],
high-fat diet-induced cardiomyopathy [19], hypertension
[20], and heavy metal detoxifications, such as nickel
detoxification [21].

The role of an exogenously delivered H2S in antifibrosis
has been identified in a variety of experimental settings
(Table 1). In this review, myocardial fibrosis and the poten-
tial antifibrosis effects of H2S are outlined. H2S is not the sole
gasotransmitter in the body and can interact with other gaso-
transmitters including NO and CO. In addition to direct
chemical crosstalk, NO, CO, and H2S compete in heme- or
metal-containing proteins and at the posttranslational mod-
ification sites of proteins [9]. Thus, various types of crosstalk
between CO, H2S, and NO in the cardiovascular system exist
[9]. For example, nitrosopersulfide, polysulfides, and dinitro-
sosulfite can be formed by the interaction of NO and H2S.
These anionic intermediates modulate the bioavailability of
NO/HNO or H2S/sulfane sulfur and are thus responsible
for distinct physiological consequences [22]. Although bioac-
tive intermediates that form interactions with each other are
an emerging research field, the modulatory role of H2S inter-
mediates in myocardial fibrosis is beyond our current review.

2. Hydrogen Sulfide

2.1. Synthesis of H2S. H2S is the simplest thiol, which are sul-
fur analogs of alcohol (R-SH); is associated with the smell of
rotten eggs; and has a high redox potential [23]. As depicted
in Figure 1, H2S is endogenously synthesized from L-cysteine
or L-homocysteine via cystathionine β-synthase (CBS) and
cystathionine γ-lyase (CSE), which are pyridoxal 5′-phos-
phate-dependent cytosolic enzymes in the transsulfuration
pathway [24]. CSE is involved in the cardiovascular system,
especially in myocardial cells [25], vascular smooth muscle
cells [26, 27], and endothelial cells [28], whereas CBS is
predominantly found in the nervous system [29]. In the
mitochondria, cysteine aminotransferase (CAT) catalyzes
L-cysteine and glutamate to 3-mercaptopyruvate and α-keto-
glutarate. Then, 3-mercaptopyruvate is metabolized to
pyruvate and H2S via 3-mercaptopyruvate sulfurtransferase
(3-MST) [23]. Nonenzymatically, H2S can also be released
from preexisting intracellular sulfur stores (sulfane sulfur)
through the activities of reducing agents [24, 30]. For exam-
ple, the production of H2S from sulfur-containing amino
acids (e.g., cysteine) via iron and vitamin B6 under physiolog-
ical conditions has been found in red blood cells and tissues
[31]. However, the exact biological roles of this nonenzy-
matic production of H2S have not yet been established.

2.2. Exogenous H2S. H2S can be inhaled directly, and the reg-
ulated inhalation of H2S is an effective method for the control
of hemorrhages in preclinical studies [32]. Although the
inhalation of H2S gas produces few byproducts, controlling
its dosage and handling the specialized equipment needed

for its delivery is difficult. There are a number of compounds
that have been synthesized specifically to deliver therapeutic
H2S to tissues [9, 23, 33], including inorganic sulfide salts
(e.g., NaHS), synthetic organic compounds with a slow
H2S-releasing mode, conventional drug molecules coupled
with an H2S-donating group, cysteine analogs, nucleoside
phosphorothioates, and plant-derived polysulfides (Table 1).

2.3. Modulation of H2S Level. The bioavailability of H2S
inside the cell is primarily regulated by H2S-synthesizing
enzymes (CSE, CBS, or 3-MST) and H2S-oxidizing enzymes
located in the mitochondria (e.g., sulfide quinone reductase,
persulfide dioxygenase, and thiosulfate sulfurtransferase)
[9]. Cysteine and its derivatives can be used to boost H2S syn-
thesis [33]. MicroRNA (miRNA) controls gene expression at
the posttranscriptional level [34] and is one of the main fac-
tors involved in the upregulation of CSE expression [16].
Interestingly, currently used drugs, including angiotensin-
converting enzyme (ACE) inhibitors (e.g., ramipril) [35], sta-
tins [36], calcium channel antagonists (e.g., amlodipine) [37],
digoxin [38], vitamin D3 [39], aspirin [40], metformin [40],
and others [23], may increase the production of H2S. For
example, statins can increase H2S synthesis via Akt-
mediated upregulation of CSE [36] or suppress H2S degrada-
tion by decreasing the concentration of coenzyme Q, which is
a sulfide quinone reductase cofactor [41]. It is worth noting
that either exogenously supplied or endogenously produced
H2S can be stored in the body in the form of bound sulfane,
which is a reductant labile sulfur (e.g., persulfide (R-S-S-
SH), polysulfide (RSSnSR), and protein-associated sulfur,
among others) [42]. With regard to the dietary supplementa-
tion of H2S, garlic and garlic-derived organic polysulfides,
such as diallyl trisulfide (DATS) and diallyl disulfide
(DADS), behave as H2S donors with the aid of a biological
thiol (e.g., glutathione), maintained via pentose phosphate
pathway-mediated NADPH production [43].

2.4. Functional Roles of H2S in the Biological System. H2S
displays antioxidant effects through the direct quenching of
reactive oxygen species (ROS) via a hydrosulfide anion
(HS-), which is a powerful one-electron chemical reductant
that is dissociated from H2S in physiological fluid [12]. H2S
derivatives such as nitrosopersulfide, polysulfides, and dini-
trososulfite may also be involved in redox switching in bio-
logical systems by generating redox congeners like nitroxyl,
nitrous oxide, and sulfane sulfur [22]. NaHS may indirectly
suppress ROS production through the H2S-mediated activa-
tion of a copper/zinc superoxide [44, 45]. In addition, H2S
induces the suppression of oxidative stress through the acti-
vation of Nrf2 (transcription factor nuclear factor (ery-
throid-derived 2)-like 2) and NAD-dependent deacetylase
sirtuin (SIRT)-3, resulting in increased expression of other
antioxidant enzymes and proteins (e.g., GSH and thiore-
doxin-1) [46, 47]. The low concentration of H2S may cause
oxidative stress, resulting in the depletion of tetrahydrobiop-
terin, which determines the levels of endothelial nitric oxide
synthase (eNOS) activity [48]. As latent matrix metallopro-
teinases (MMPs) can be activated by oxidative stress [49],
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the antioxidant capacity of H2S may be involved, at least in
part, in the suppression of MMP activation.

H2S is able to modulate the functions of proteins contain-
ing prosthetic metal complexes in acceptor proteins due to its
high reactivity with metal ions [50, 51]. For example, polysul-
fides bind to inactive ferric indoleamine 2,3-dioxygenase
(IDO1), which strongly suppresses the immune response,
thereby reducing it to its oxygen-binding ferrous state, thus
activating IDO1 to maximal turnover [52]. As such, H2S is
able to elicit an anti-inflammatory response through the acti-
vation of IDO1. H2S can lead to protein S-sulfhydration (sul-
furation or persulfidation) by covalently converting the -SH
group of cysteine into an -SSH group in the protein [53],
thereby altering the activities of various enzymes, including
that of F1F0-ATPase [54], the ATP-sensitive potassium
(KATP) channel [55], and the phosphatase and tensin homo-
log (PTEN) [56]. In addition, protein sulfhydration changes
the localization and stability of proteins inside cells and
increases the resistance of proteins to oxidative stresses
[54, 55]. H2S can activate soluble guanylyl cyclase (sGC)
via direct heme binding [57] or by the inhibition of the
cGMP phosphodiesterase (PDE) activity [57], resulting in
the activation of cyclic GMP (cGMP)–protein kinase G
(PKG) pathways.

The bioavailability of H2S may play an important role in
the integrated stress response, that is, in coping with changes
to the cellular environment [58, 59]. H2S transiently
increases the phosphorylation of eukaryotic initiation factor
2 (eIF2α) via the inhibition of protein phosphatase-1
(PP1c) via H2S-driven persulfidation [59], thereby inducing
a transient adaptive reprogramming of global mRNA transla-
tion independent of upstream kinases [59]. As an epigenetic
modulator, H2S can modify the expression of Brahma-
related gene 1 (Brg1) at the promoter region, thus suppress-
ing the transcriptional activity of the ATP-dependent chro-
matin remodeling complex [60]. This suppressive activity of
H2S in the expression of Brg1 contributes to the inhibition
of vascular smooth muscle cell proliferation [60]. H2S may

be involved in the decrease of the lysine acetylation of
enzymes involved in fatty acid β-oxidation and glucose oxi-
dation in diabetic conditions, thereby exerting a beneficial
effect on cardiac energy substrate utilization by favoring a
switch from fatty acid oxidation to glucose oxidation [61].

Mitochondrial damage associated with cardiovascular
pathological stimuli, including oxidative stress, the over-
activation of the renin-angiotensin-aldosterone and adrener-
gic systems, and the dysfunction of growth hormones, plays a
central role in the loss of ischemic, and even nonischemic,
cardiomyocytes [62, 63]. The levels of mitochondrial DNA
(mtDNA) content are dramatically reduced in CSE gene-
knockout mice; however, this reduction can be reversed via
the exogenous delivery of H2S [64]. H2S can induce the
replication of mtDNA and mitochondrial biogenesis by sup-
pressing the methylation of mitochondrial transcription fac-
tor A (TFAM) [64]. In a different way, H2S may be involved
in the stimulation of cardiac mitochondrial biogenesis
through the activation of the 5′ AMP-activated protein
kinase (AMPK)-peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1α) pathway [65]. The sulf-
hydration of AMPK and protein phosphatase 2A (PP2A),
which leads to the activation of AMPK and the inhibition
of PP2A, respectively, has been suggested as a mechanism
that may be involved in the H2S-mediated stimulation of
mitochondrial biogenesis under nonstressed conditions [65].

3. Myocardial Fibrosis and Antifibrosis
Potential of H2S

3.1. Myocardial Fibrosis. The heart is a highly organized
structure composed of cardiomyocytes and noncardiomyo-
cytes such as fibroblasts (nonexcitable cells of mesenchymal
origin), endothelial cells, and vascular smooth muscle cells
[66, 67]. Maladaptive crosstalk between cardiomyocytes and
noncardiomyocytes responding to pathological stress may
result in myocardial fibrosis, adverse remodeling, and
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arrhythmogenesis. Myocardial fibrosis is a reparative process
involving the restoration of cardiomyocytes from cell death
or sustained stress and is involved in maintaining the integ-
rity of the heart, an action exerted mainly by the fibrillar,
collagen-rich extracellular matrix (ECM), in the short term
[68]. However, reactive fibrosis, such as interstitial and peri-
vascular fibrosis [69], contributes to the progressive architec-
tural remodeling of the heart as a result of the formation and
deposition of excess fibrous connective tissue [70]. RAAS,
transforming growth factor-β (TGF-β), and β-adrenergic
systems are common contributors to cardiac remodeling.
These systems are connected to each other in an auto-/para-
crine manner as a part of a larger signaling network [71].
During the progression of myocardial fibrosis, various dis-
tinct immunological and molecular mechanisms are inter-
connected via interactions between various cells, including
macrophages, myofibroblasts, and matrices [68, 70, 72, 73].
As depicted in Figure 2, the loss of cardiomyocytes driven
by various injurious agents and stresses has a detrimental
effect on the architecture and function of the heart due to
the negligible regenerative capacity of the heart, especially
with regard to cardiomyocytes [72, 74]. Inflammatory cells,
such as macrophages, appear in damaged regions of the heart
and are tasked with removing the necrotic cardiomyocyte
debris. TGF-β is the best-known fibrogenic growth factor
involved in cardiac fibrosis, even though a baseline level of
TGF-β signaling or an early-responsive increase in TGF-β
may protect the heart from acute injury [75]. It has been
demonstrated that angiotensin-II (Ang-II) is an important
mediator of cardiac fibrosis, working with the TGF-β in the
fibrotic response, due to the coexistence of TGF-β receptors
and Ang-II receptors in cardiomyocytes, inflammatory cells,
and cardiac fibroblasts. TGF-β1 triggers the appearance of
inflammatory cells and myofibroblasts at the site of injury
[75, 76] and stimulates the deposition of ECM, including

fibronectin, fibrillar collagen types I and III, and proteogly-
cans. During this initial stage, in addition to the production
of inflammatory cytokines, inflammatory cells secrete Ang-
I, which is converted to Ang-II via the action of ACE. Ang-
II plays a pivotal role in stimulating TGF-β production,
prompting the proliferation of circumambient fibroblasts
and their transdifferentiation into myofibroblasts. The pool
of fibroblasts can be enlarged by the transformation of either
circulating bone marrow cells or endothelial/epithelial cells
into fibroblasts [66, 77]. During the proliferative phase of car-
diac repair, fibroblasts undergo transdifferentiation into con-
tractile myofibroblasts, secreting large amounts of matrix
proteins, such as collagens [66]. Then, the scar tissue matures
with the formation of a collagen-based matrix [78], where the
removal of myofibroblasts is controlled by unknown endog-
enous stop signals in order to restrain the fibrotic response
[78]. However, a clear mechanistic view of phenotype and
heterogeneity of cardiac fibroblasts in the process of fibrosis
has yet to be fully established [77]. In terms of the underlying
molecular mechanisms involved in the progression of
fibrosis, several pathways, including the TGF-β, JNK/p38,
PI3K/AKT, WNT/β-catenin, and Ras-Raf- mitogen-
activated protein kinase- (MEK-) extracellular signal-
activated kinase (ERK) pathways, have been identified
[79]. Involved in canonical fibrotic signaling, TGF-β
induces the nuclear translocation of the complex known
as “mothers against decapentaplegic homolog,” or SMAD
complex promoting fibrosis. In noncanonical signaling,
TGF-β signaling induces SMAD-independent pathways,
including the PI3K/AKT and mitogen-activated protein
kinase (MAPK) pathways, nuclear factor kappa light chain
enhancer of activated B cell (NF-κβ), RHO/RAC1, and
CDC42 [75]. Interestingly, it has been suggested that, if
supplied in a timely manner, H2S can suppress TGF-β1-
induced transdifferentiation from fibroblasts to
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myofibroblasts via the inhibition of SMAD3 activation in
human fibroblast cells [80].

3.2. Antifibrosis Potential of H2S

3.2.1. Myocardial Infarction. Extensive necrosis of cardio-
myocytes in infarcted hearts not only triggers a strong
inflammatory response but also induces interstitial and
perivascular fibrosis due to geometrical, biomechanical, and
biochemical changes in the uninjured ventricular wall [69].
During cardiac injury and hypertrophic remodeling, the
production of inflammatory signaling molecules, such as
tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and
IL-6, can contribute to hypertrophic and fibrotic responses.
Interestingly, ischemia causes a significant reduction in the
levels of H2S associated with decreased expression of CSE,
which is an H2S-synthesizing enzyme under the control of
the miRNA-30 family [16]. Moreover, it has been sug-
gested that reduced plasma H2S levels are correlated with
the severity of coronary heart disease [81]. Similar to the
cardioprotective role of NO [82–84], various signaling
pathways from different types of exogenous H2S may be
involved in the suppression of MI-associated fibrosis
(Table 1). These pathways include GSK-3β/β-catenin
[85], cGMP-PKG [86], Nrf2 [87–89], miRNA signaling
pathways [16, 90, 91], and the protection of mitochondria
[92–95]. Although postconditioning only exerts cardiopro-
tection in young hearts, exogenous H2S restores postcondi-
tioning benefits by upregulating autophagy via the
activation of the AMPK/mammalian target of rapamycin
(mTOR) pathway in the aged hearts and cardiomyocytes
[96]. It is unclear whether the signaling pathways identi-
fied share common contributors derived from H2S, or
whether this is simply the result of experimental settings
targeting different signaling pathways. Therefore, the iden-
tification of a unique contributor of H2S involved in the
suppression of MI-mediated myocardial fibrosis is
necessary.

3.2.2. Hypertension. Hypertension increases oxidative stress,
vascular inflammation, and vascular remodeling, such as
in the case of fibrosis [97]. The antihypertensive effects
of H2S, associated with its modulation of various levels
of channel activity and cGMP-PKG pathways, may
contribute to the suppression of fibrosis caused by hyper-
tension [98–101]. As presented in Table 1, H2S supple-
mentation under hypertensive conditions may suppress
myocardial fibrosis via the modulation of several different
signaling pathways. It is worth noting that H2S can inhibit
ACE via the binding of zinc ions to the active center of
ACE [102]. It has been postulated that the H2S-mediated
suppression of ACE may indirectly contribute to vasore-
laxation and the suppression of the Ang-II-mediated
transition of fibrosis. Alternatively, the suppression of
inflammation [103] and the reduction of cardiomyocyte
death from oxidative stress [104], as well as the activation
of eNOS/NO pathway [105], are likely to have antifibrosis
roles with regard to H2S under hypertensive conditions.
Interestingly, it has been noted that local delivery of H2S

can lower systemic blood pressure. For example, the
intra-cerebroventricular (ICV) infusion of NaHS in both
spontaneous and Ang-II-induced hypertensive rat models
was found to decrease the mean arterial blood pressure
and heart rate during ICV infusions [106]. Moreover,
H2S secreted from periadventitial adipose tissue has been
previously found to contribute to blood pressure homeo-
stasis [107].

3.2.3. Diabetes. The metabolic environment of diabetes,
including hyperglycemia, hyperlipidemia, and oxidative
stress, causes cardiomyocyte cell death. The early stages of
diabetic remodeling of the heart are usually asymptomatic,
such that myocardial changes mostly occur at the molecular
level. In the middle stage of remodeling, progressive cardio-
myocyte hypertrophy and myocardial fibrosis result in
impaired ejection fraction [108]. In patients with diabetes,
as well as in streptozotocin- (STZ-) treated rats, lowered
circulating levels of H2S due to the downregulated expres-
sion of H2S-synthesizing enzymes have been frequently
found [109–111]. As depicted in Table 1, several underly-
ing mechanisms of H2S involve the suppression of myo-
cardial fibrosis in diabetic rats via (1) the suppression of
the TGF-β1/SMAD3 pathway [110, 112, 113] and canoni-
cal Wnt pathway [114], (2) the suppression of endoplas-
mic reticulum stress [19, 115], (3) the downregulation of
the JAK/STAT signaling pathway [110], and (4) the regu-
lation of autophagy [112, 116]. Although it has not yet
been clearly elucidated, there is a possibility that H2S
may be involved in the modulation of ECM remodeling
via miRNA or other transcription machinery affecting
the expression of ECM-processing enzymes in diabetes.
For example, H2S has been found to attenuate fibrotic
changes in diabetic kidneys via the downregulation of
miRNA-194, which plays an important role in the modu-
lation of proteins involved in collagen realignment [117].

3.2.4. Neurohormonal Overstimulation. The activation of the
β-adrenergic nervous system and RAAS has been commonly
found in fibrotic HF patients, and β-blockers and RAAS
inhibitors have been suggested as a first-line treatment to
correct the underlying cardiac dysfunction and reduce mor-
bidity [7, 118]. The overstimulation of β-adrenoceptor may
result in the impairment of the negative modulation of H2S
on the β-adrenoceptor system, resulting in a calcium over-
load, leading to the impairment of cardiac contractility and,
ultimately, to cardiomyocyte death [119]. Exogenous H2S
supplementation inhibits isoprenaline- (ISO-) induced car-
diac hypertrophy depending on SIRT3, which is predomi-
nantly localized in the mitochondria, and may be associated
with antioxidant properties [120]. Other signaling pathways,
including reducing NADPH oxidase [121] or S-sulfhydration
of Ca2+/calmodulin-dependent protein kinase II [122], have
been associated with the antifibrosis role of H2S under condi-
tions of β-adrenoceptor overstimulation. Mast cells will infil-
trate into the heart at the site of inflammation and serve as a
local source of renin in cardiovascular tissues. H2S may ben-
efit from the action of renin secreted frommast cells [123]. In
view of hormone-associated myocardial fibrosis, the
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excessive generation of thyroxine from thyroid induces thy-
rotoxicosis and affects the cardiovascular system, resulting
in the symptoms of hypertension, arrhythmia, and cardiac
hypertrophy [124]. Under conditions of excessive thyroxine,
H2S may bolster rat myocardial fibrosis through the activa-
tion of autophagy mediated by the PI3K/AKT signaling path-
way and via the downregulation of miRNA-21, miRNA-34a,
and miRNA-214 expression [125].

4. Summary and Perspectives

Currently, strategies for the treatment of established HF are
focused on relieving the symptoms and signs of HF, such as
treating edema, preventing hospital admission, and improv-
ing survival [6]. Myocardial fibrosis determines the clinical
course of heart dysfunction and can eventually lead to heart
failure. A substantial amount of research has been dedicated
to the identification of HF target(s) to improve the diagnosis
and treatment of fibrotic pathways with organ specificity.
Myocardial fibrosis has many steps and usually involves sev-
eral pathways. Complex networks of molecular signaling,
including GSK-3β, β-catenin, and TGF-β1/SMAD3, have
been implicated in the initiation, progression, and regression
of myocardial fibrosis [1–5]. The targeting of collagen fibril-
logenesis should be performed with caution as collagen
turnover is a common process in most tissues whose effects
can be detrimental [150]. Although TGF-β1 is a central pro-
fibrogenic cytokine and a critical contributor during myocar-
dial fibrosis, treatment with TGF-β antibody has been found
to result in an increased mortality rate and poor MI-
associated ventricular remodeling in a mouse model [151].
Although SMAD3 and TNF-α signaling play a fundamental
role in fibrosis progression, the targeting of SMAD3 and
TNF-α antagonism has not yet been found to provide a suc-
cessful antifibrosis outcome [151]. Based on the important
role of Ang-II in the initiation of myocardial fibrosis, the
antagonism of the angiotensin pathway via ACE inhibitors
and angiotensin receptor antagonists is considered to be a
useful approach for the management of fibrotic diseases.
Recently, AMPKα activators (e.g., metformin) have been
found to be a promising therapeutic target for fibrosis
[152]. Myocardial fibrosis is not caused by a single profibrotic
pathway but is rather associated with the activation of several
profibrotic pathways, including immunological and molecu-
lar mechanisms [70]. It is also worth noting that a combined
antifibrotic strategy, including inflammatory mediators, pro-
fibrotic cytokines, and epigenetic and cell and/or tissue
intrinsic changes, has been suggested as a possible method
for the successful treatment of myocardial fibrosis [7, 70].

As briefly addressed in this review, H2S possesses anti-
oxidant capacities and modulates various signaling path-
ways, including the activation of cGMP-PKG pathways,
the posttranslational modification of proteins, metal-
binding (including heme), and mitochondrial respiratory
control [9]. In addition, H2S may serve as a fine-tuner of
mitochondrial homeostasis and the autophagic process in
the physiology and pathophysiology of the cardiovascular
system [153]. Moreover, H2S is involved in antiapoptosis
of cardiomyocytes, anti-inflammation, antihypertension,

and other beneficial cardiovascular processes [154, 155].
As a timely response to energy stress, autophagy is a bulk
degradation/recycling system that is tightly controlled by
the homeostatic pathway in the cardiovascular system
[153, 156]. Despite the existence of conflicting opinions
on the beneficial and harmful effects of autophagy, distur-
bances in the autophagic process have been found in var-
ious forms of HF, including age-related cardiomyopathies
[156]. H2S may be involved in the regulation of autophagy
by either suppressing or enhancing the signaling pathways
that contribute to the attenuation of myocardial fibrosis, as
reviewed in a previous paper [156, 157]. Although it is still
currently under investigation, numerous findings have
demonstrated that H2S may be involved in the suppression
of myocardial fibrosis caused by (1) myocardial infarction,
(2) hypertension, (3) STZ-induced diabetes, and (4) the
overstimulation of neurohormonal routes (Table 1). The
signaling pathways mediated by H2S may converge on
the suppression of myocardial fibrosis that occurs as a
result of various stresses, as shown in Figure 2 and
Table 1. It is unclear whether target pathways modulated
by the action of H2S work independently of each other;
however, it is most important to determine whether they
allow for the merging of multiple pathways into a single
antifibrosis signaling cascade. Versatile mechanisms and
signaling pathways triggered by H2S have already been
identified, as briefly shown in this review. In this context,
it appears that H2S is emerging as a new type of myocar-
dial fibrosis suppressor. However, it is necessary to identify
the molecular target or specific signaling pathway that is
under the control of H2S in a direct and specific manner
during myocardial fibrosis. It remains to be clearly estab-
lished whether H2S can directly control the cells involved
in fibrosis (e.g., cardiomyocytes, fibroblasts, and inflamma-
tory cells) and ECM deposition.

The advances being made in H2S biology are a promising
tool for the future development of medicines for the treat-
ment of myocardial fibrosis based on H2S, as well as multitar-
get molecules able to release H2S [158]. There is currently a
lack of fibrosis-specific biomarkers that can be used to deter-
mine the stage and grade of myocardial fibrosis, as well as for
the identification of patients who may benefit from a specific
type of therapy. In addition to the development of new tech-
niques for evaluating the stage and/or severity of myocardial
fibrosis [159], a new strategy for reversing preexisting fibrosis
using H2S could be a valuable approach. Moreover, the
potential of H2S in preventing or repairing cardiomyocyte
loss via the stimulation of cardiac stem cells or transdifferen-
tiation from noncardiomyocytes to cardiomyocytes needs to
be critically evaluated in future studies [160]. It is worth men-
tioning that H2S can have serious and toxic effects at high
concentrations or high release rates, including sudden
unconsciousness and death [14, 161]. Therefore, the optimal
concentration or dose of H2S for the desired antifibrosis
effect needs to be critically examined. Additionally, for the
therapeutic potential of H2S, pharmacological agents that
generate or release H2S need to be adequately harnessed for
the delivery of physiologically relevant concentrations in a
safe manner. Considering that myocardial fibrosis is a long-
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term consequence of heart disease, the study of dietary sup-
plements that are able to supply H2S safely or boost H2S syn-
thesis is needed for the management of myocardial fibrosis.
The long-term consequences and clinical benefits of H2S
against myocardial fibrosis should also be investigated in
the future. In addition, the study of the H2S-mediated the
study of the H2S-mediated reversal of myocardial fibrosis
could prove to be advantageous in clinical studies.
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Although oxidative stress has been long associated with the genesis and progression of the atherosclerotic plaque, scanty data on its
in situ effects on protein sulfhydryl group modifications are available. Within the arterial wall, protein sulfhydryls and low-
molecular-weight (LMW) thiols are involved in the cell regulation of both Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS) levels and are a target for several posttranslational oxidative modifications that take place inside the
atherosclerotic plaque, probably contributing to both atherogenesis and atherosclerotic plaque progression towards complicated
lesions. Advanced carotid plaques are characterized by very high intraplaque GSH levels, due to cell lysis during apoptotic
and/or necrotic events, probably responsible for the altered equilibrium among protein sulfhydryls and LMW thiols. Some lines
of evidence show that the prooxidant environment present in atherosclerotic tissue could modify filtered proteins also by
protein-SH group oxidation, and demonstrate that particularly albumin, once filtered, represents a harmful source of
homocysteine and cysteinylglycine inside the plaque. The oxidative modification of protein sulfhydryls, with particular emphasis
to protein thiolation by LMW thiols and its association with atherosclerosis, is the main topic of this review.

1. Introduction

Cardiovascular diseases are the leading cause of death and
illness in developed countries, being atherosclerosis a
major contributor [1]. Cardiovascular risk factors such as
hypertension, diabetes, and hyperlipidaemia play a key role
in the onset and progression of atherosclerosis [2]. Athero-
sclerosis, a chronic inflammatory condition, develops and
evolves in a site-specific and patient-specific manner, with a
great heterogeneity in growth rate and pathologic features
[3]. Atherosclerotic plaques are commonly characterized by
accumulation of lipids and fibrous elements in the intimal
layer of medium size and large arteries. Erosion of the athero-
sclerotic plaques could cause plaque ulceration leading to
acute thrombosis and artery occlusion, driving major adverse
clinical events. Indeed, plaque disruption is a common pre-
cipitating factor in the pathogenesis of both acute coronary
occlusion and peripheral artery thrombosis. The mechanisms
underlying plaque formation and progression towards
advanced lesions potentially prone to rupture are not yet

completely understood. Despite current systemic application
of therapies, such as statins and antiplatelet agents for pre-
vention of both accelerated plaque growth and thrombotic
consequences of its rupture, most of major adverse cardio-
vascular events cannot be averted [3].

Understanding the mechanisms that promote thin
fibrous cap formation and stabilization, as opposed to lysis
and disruption, would help to effectively counteract the
release of prothrombogenic elements and prevent acute
thrombotic occlusion. It is generally held that plaque instabil-
ity is caused by a substantial increase in inflammatory and
proteolytic activity [4]. Furthermore, some lines of evidence
suggest that unstable plaques are also characterized by pro-
nounced oxidative environment [5]. In situ oxidative events
may determine lipid/protein metabolic fate, bioactivity, and
antigenic properties.

This review will focus on oxidative modifications of pro-
tein sulfhydryl groups, with particular emphasis to protein
thiolation by low-molecular-weight thiols (LMW thiols),
and their association with atherosclerosis.
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2. Oxidative Stress and Atherosclerosis

A great deal of research has shown a contributory role of oxi-
dative modifications of apolipoprotein B-100-containing
lipoproteins (LDL and Lp(a)), within the arterial wall, in
the early events of atherogenesis [1, 6, 7]. Oxidized LDL is
readily internalized by macrophages through the so-called
“scavenger receptor” pathway. These early modifications
could initiate and/or contribute to atherogenesis, mainly
when an imbalance between oxidant and antioxidant agents
takes place [7]. Although several studies report that athero-
sclerotic plaques contain high concentrations of some amino
acid oxidation products, caused mainly by carbonylation,
ROS and RNS oxidation, or thiolation [8–10], limited infor-
mation is available regarding the relationship between the
accumulation of in situ oxidized proteins and atherosclerosis
severity [11]. Furthermore, different oxidation-specific epi-
topes can be detected in blood andmay reflect atherosclerosis
manifestations [12]. At present, the mechanisms underlying
the formation of these by-products and their relevance for
disease progression are not completely understood and
deserve further investigation.

ROS and RNS are highly reactive electrophiles that oxi-
dize nucleophilic functional groups of proteins, polysaccha-
rides, and nucleic acids such as -OH, -NH2 and -SH,
leading to cell damage and death, if not properly repaired.
Due to its chemistry, -SH is more reactive than -OH and
-NH2 and, consequently, more prone to oxidation or conju-
gation [13, 14].

Within the arterial wall, several enzymes as well as non-
enzymatic antioxidants take part in counteracting these oxi-
dative modifications [7]. Among them, protein sulfhydryl
groups (protein-SH (PSH) groups) and low-molecular-
weight thiols (LMW thiols) are involved in the cell regulation
of both ROS and RNS levels. Due to its high reducing power
and its relatively high concentration, glutathione (GSH) rep-
resents the best intracellular reducing agent. In this respect, it
has been reported that human atherosclerotic plaques display

lack of GSH-peroxidase (Px) activity and a deficient gluta-
thione redox cycle status that may significantly weaken its
antioxidant potential [15, 16], so corroborating the hypoth-
esis that the prooxidant environment within the vascular
wall might be involved in atherogenesis and complicated
lesion formation. Further evidences come from differential
proteomic analysis on advanced unstable and stable carotid
plaques, where a reduced expression of superoxide dismutase
3 (major defence against the superoxide anion radical in the
vascular extracellular matrix) and glutathione S-transferase
(vessel protection against reactive species such as α,β-unsat-
urated carbonyls and 4-hydroxy-2-nonenal), in the former,
suggests an even more impaired antioxidant/prooxidant bal-
ance in those plaques more prone to rupture [17].

3. Protein Sulfhydryls Oxidation
and Atherosclerosis

The reactivity of LMW thiols, namely cysteine-glycine
(Cys-Gly), homocysteine (HCy), cysteine (Cys), glutathione
(GSH), and glutamylcysteine (Glu-Cys), due to their proton
lability (pKa), is strictly dependent on their structure,
whereas reactivity of protein-SH is affected also by the
exposure to the milieu [18]. Some proteins, such as albu-
min and haemoglobin, have reactive cysteine residues sus-
ceptible to some reversible (thiolation, nitrosylation, and
sulfenylation) or irreversible (sulfinilation and sulfonation)
oxidative modifications (Figure 1). In the last years, it is
becoming increasingly clear that also protein S-sulfuration
[19] represents an important mechanism of regulation of
protein activity mediated by hydrogen sulfide (H2S)
(Figure 1). In this respect, it has been reported that these
modifications occur on enzymes, receptors, transcription
factors, and ion channels and represent key regulatory
events in maintaining the physiological function of proteins
in the cardiovascular system [20].

Among the abovementioned reversible reactions, pro-
tein S-thiolation by LMW thiols is the most biologically
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Figure 1: Overview of the wide variety of biochemical modifications that reduced protein sulfhydryl groups may potentially undergo. R-SH
or LMW thiols: γGlu-Cys-Gly (γglutamyl-cysteinil-glycine, glutathione), Cys (cysteine), HCy (homocysteine), Cys-Gly (cysteine-glycine),
and Glu-Cys (glutamyl-cysteine).
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stable and important one [21]. The formation of S-thiolated
proteins represents an antioxidant defence mechanism
against such reactive molecules, and it has been suggested
as a possible redox regulation mechanism of protein func-
tion [22, 23] and cell signalling [24, 25]. Indeed, the revers-
ible covalent modification of some protein cysteine residues
may be transitory and have critical modulatory effects as
suggested for the activation of the latent elastolytic
metalloproteinase-2 (pro-MMP-2) by homocysteinylation
and S-glutathionylation of the propeptide via the so-called
“cysteine switch” mechanism [26–29]. The activation of
matrix metalloproteinases (MMPs) by LMW thiol adduction
may have a key role in the extracellular matrix degradation
and plaque rupture. Furthermore, reversible oxidative modi-
fications, including sulfenylation, S-nitrosylation, and S-
thiolation are thought to act as redox sensors in cell signalling
pathways [30–32].

S-Glutathionylation is emerging as having a causative
role in cardiovascular diseases by regulating numerous phys-
iological processes involved in cardiovascular homeostasis,
including myocyte contraction, oxidative phosphorylation,
protein synthesis, vasodilation, glycolytic metabolism, and
response to insulin [33]. With respect to atherogenesis, there
are several in vitro evidences that GSH protects macrophages
fromOxLDL-induced cell injury [34–37]. Furthermore, Ada-
chi et al. showed that S-glutathionylation of sarco/endoplas-
mic reticulum calcium (Ca2+) ATPase (SERCA) induces NO-
dependent relaxation that is impaired following irreversible
oxidation of key thiol(s) during atherosclerosis, so preventing
the activation of SERCA [38]. The same team described the
mechanisms of redox-dependent p21ras activation induced
by oxLDL in endothelial cells [39]. Actually, protein-S-glu-
tathionylation/deglutathionylation in monocytes and macro-
phages is thought to be an important signalling mechanism
that modulates cell response to oxidative stress in key events
of plaque initiation (monocyte recruitment and differentia-
tion) and progression (macrophage activation and death)
[40]. Increased serum protein glutathionylation has been also
correlated with peripheral atherosclerosis [41]. Furthermore,
serum levels of glutathione, homocysteine, and cysteine have
been independently associated with cardiovascular risk
scores at a population level [42].

Elevated plasma levels of homocysteine are a known risk
factor for cardiovascular disease and atherothrombosis [43].
Some of its effects include impaired relaxation of blood
vessels mediated by the endothelium-derived NO, thiola-
tionof plasmaor endothelial proteins, low-density lipoprotein
S-homocysteinylation [44, 45], activation of inflammatory
pathways and apoptosis, vascular SMC activation and pro-
liferation, and macrophage activation and differentiation
[46–50]. Besides GSH, also homocysteine is involved in
extracellular matrix remodelling through activation of
latent metalloproteinases [26, 28, 29].

Attempting to investigate the relationship between oxida-
tive stress and plaque progression, we studied sulfhydryl
group oxidative modifications of extractable proteins from
advanced human atherosclerotic plaques, by means of a dif-
ferential proteomic approach [51]. The study provided evi-
dence that in unstable carotid plaques, and to a lesser

extent in stable ones, there is a prooxidant microenviron-
ment conducive to the formation of ROS- and RNS-
mediated protein thiol oxidation products. The sulfhydryl
group oxidation observed regarded both filtered (e.g., albu-
min and transferrin) and topically expressed (e.g., α-actin)
proteins. Those findings were also corroborated by capillary
electrophoresis analysis of LMW thiols bound to extractable
proteins that showed higher levels of protein thiolation in
unstable plaque extracts. Interestingly, such an increase in
protein-bound thiol content was not associated with a con-
current increase in total LMW thiol content. Furthermore,
the levels of plasma LMW thiols did not discriminate
between patients with stable and unstable plaques, suggesting
that the observed differences resulted from oxidative events
which take place inside the atherosclerotic plaque [51].

4. Human Serum Albumin as a Carrier of
Harmful LMW Thiols inside the
Atherosclerotic Plaque

Human serum albumin (HSA) is the most abundant plasma
multifunctional protein and the major antioxidant in plasma
with a concentration (0.8mM) higher than the other antiox-
idants by an exponential factor [52]. Its plasma levels have
been strongly inversely correlated with both incident coro-
nary heart disease [53, 54] and some carotid plaque oxidation
markers (i.e., TBARS and AOPP) detected in advanced
lesions [55]. Recently, its redox state has been associated with
some indices of atherosclerosis [56]. Furthermore, a positive
correlation between serum total homocysteine and HSA-
bound homocysteine in hyperlipidaemic patients has been
reported [57]. Interestingly, S-thiolation of HSA occurred
not only at Cys34 but also at other cysteine residues, such as
Cys90 and Cys101 [57].

Albumin accounts for ROS/RNS scavenging, metal ion
binding [58], and transport functions for fatty acids [59,
60], nitric oxide, hemin, and drugs [61–63]. It displays also
pseudoenzymatic hydrolytic activity of several endogenous
and exogenous compounds [64]. Most of the abovemen-
tioned functions are due to its unique redox active free cyste-
ine residue (Cys34) [65]. Thiol concentration in plasma are
lower than in the cells, mostly represented by albumin
Cys34 residue, which accounts for 80% (500 μmol/L) of total
plasma thiols. Due to its reactivity (unexpectedly low Cys34

pKa) and its relatively high concentration, it is the preferen-
tial target for oxidants and electrophiles. In fact, in blood as
well as in extravascular fluids, albumin is susceptible to dif-
ferent oxidative modifications, especially thiol oxidation
and carbonylation [66, 67]. Although albumin circulates pri-
marily in its reduced form, about 30–40% of its reactive Cys34

residues could be variably oxidized, either reversibly as mixed
disulphide with low-molecular-weight thiols [68], S-nitroso
Cys [69], or sulfenic acid [70] or irreversibly as sulfinic or sul-
fonic acid [52] (Figure 1). Furthermore, it has been described
that albumin, through its nucleophilic Cys34 residue, acts as
scavenger for proatherogenic species such as 4-hydroxy-
trans-2-nonenal [71].

S-Thiolation of circulating albumin by LMW thiols is the
most prevalent Cys34 oxidative modification. Although the
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proinflammatory mechanisms mediated by LMW thiols are
not yet completely understood, it was suggested that albumin
could act as homocysteine carrier inside the cells where it
could exert its noxious effects by altering the redox potential
or modifying intracellular proteins resulting in cellular dys-
function [72].

Starting from this interesting assumption, we have
hypothesized that circulating albumin may filter into the
atherosclerotic plaque where it may release harmful LMW
thiols. Some previous results obtained on advanced human
carotid plaques extracts showed that about 70% of extract-
able proteins were of plasma origin, being albumin the
most represented [17], and intraplaque LMW thiol content
and distribution deeply differed from plasma [73]. In par-
ticular, the high intraplaque glutathione levels, probably
consequent to red blood cell lysis, a frequently observed
event in atherosclerotic lesions, could contribute to plaque
fate by perturbing the physiological LMW thiol redox state.

To assess a possible role for albumin as a carrier of
LMW thiols inside the plaque, we set up a very sensitive
method for the thiolation analysis of both circulating and
intraplaque albumin [74]. The method, which allows for
the separation and quantitation of all five LMW thiols
starting from 3μg of albumin, consisted of (1) a preanaly-
tical albumin purification from both plasma and plaque
extracts by nonreducing SDS-PAGE, (2) in-gel extraction
of LMW thiols, and (3) capillary electrophoresis laser
induced fluorescence analysis (CE-LIF).

This method was applied to the analysis of HSA Cys34

thiolation/oxidation on twenty-seven atherosclerotic plaque
specimens and the corresponding plasma samples collected
from patients undergoing carotid endarterectomy [75]. By
this way, we evidenced distinct patterns of thiolation for the
two HSA forms with a significant reduction of Cys-Gly
(∼7-fold) and HCy (∼2-fold), as well as an increase of GSH
(∼2.8-fold) in intraplaque HSA (Figure 2). Overall, following
infiltration, albumin releases 16:2 ± 11:2 nmol HCy/g pro-
teins and 32:8 ± 23:9 nmol Cys-Gly/g proteins, which repre-
sent the bulk of free HCy and Cys-Gly inside the plaque

environment [44]. In this regard, carotid plaques are charac-
terized by very high intraplaque GSH levels, with respect to
plasma (225 ± 177 nmol/g proteins vs. 59± 15 nmol/g pro-
teins, 23.9% vs. 1.72%), probably due to cell lysis during apo-
ptotic and/or necrotic events, responsible for the different
equilibrium among protein-bound LMW thiols and the
higher Cys34 glutathionylation of the intraplaque form.

These in situ evidences have been further supported by
recent in vitro data [76] showing equilibria among protein-
bound LMW thiols and free LMW thiols released in a
thiol-free medium. In particular, the Authors, by using com-
mercial HSA with or without previous incubation with HCy
and HCy thiolactone, have evidenced that (1) albumin spon-
taneously releases HCy in a thiol-free medium (and likely in a
thiol-poor medium such as the plaque environment) and
such event (2) is positively correlated with the levels of albu-
min homocysteinylation and (3) could be further increased
by the presence in the medium of other LMW thiols, such
as Cys and GSH.

5. Conclusions

Understanding the mechanisms that regulate either plaque
stabilization or its evolution towards complication and rup-
ture is essential to prevent the clinical events related to acute
artery atherothrombosis.

Within the arterial wall, oxidative modifications could
initiate and/or contribute to atherogenesis and plaque devel-
opment. Among them, the formation of mixed disulfides
between protein sulfhydryls and LMW thiols may represent
an antioxidant defence mechanism, and it has been suggested
as a possible redox regulation mechanism of protein function
and cell signalling.

Although several in vitro and in vivo evidences show a
link between protein thiolation and cardiovascular diseases,
only scanty data on these oxidative modifications in situ
(inside atherosclerotic plaque) have been reported so far,
leaving the issue at a speculative perspective.
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Figure 2: Levels of LMW thiols extracted from both circulating and plaque-filtered HSA, expressed as pmoles/pmoles of albumin, obtained
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In these respect, in the last years, a step forward has been
made by reporting the different sulfhydryl oxidation/thiola-
tion of plaque proteins in relation to stable/unstable
advanced atherosclerotic lesions and demonstrating that
serum albumin, the main plasma protein filtered in plaque,
represents a carrier of LMW thiols inside the atherosclerotic
lesions, where it releases harmful quantities of homocysteine,
probably contributing to plaque progression. However, some
aspects, including the equilibria between LMW thiols and
protein sulfhydryls, and the effects of specific protein thio-
lation on their functions remain to be elucidated. They
could provide further insight into the relevance of oxidative
modifications in atherosclerotic plaque development and
progression towards advanced lesions and, surely, deserve
further studies.
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Selenium (Se), an essential trace element, and hydrogen sulfide (H2S), an endogenously produced signalling molecule, affect
many physiological and pathological processes. However, the biological effects of their mutual interaction have not yet been
investigated. Herein, we have studied the biological and antioxidant effects of the products of the H2S (Na2S)/selenite
(Na2SeO3) interaction. As detected by the UV-VIS and EPR spectroscopy, the product(s) of the H2S-Na2SeO3 and H2S-SeCl4
interaction scavenged superoxide-derived radicals and reduced ⋅cPTIO radical depending on the molar ratio and the
preincubation time of the applied interaction mixture. The results confirmed that the transient species are formed rapidly
during the interaction and exhibit a noteworthy biological activity. In contrast to H2S or selenite acting on their own, the
H2S/selenite mixture cleaved DNA in a bell-shaped manner. Interestingly, selenite protected DNA from the cleavage induced
by the products of H2S/H2O2 interaction. The relaxation effect of H2S on isolated thoracic aorta was eliminated when the
H2S/selenite mixture was applied. The mixture inhibited the H2S biphasic effect on rat systolic and pulse blood pressure. The
results point to the antioxidant properties of products of the H2S/selenite interaction and their effect to react with DNA and
influence cardiovascular homeostasis. The effects of the products may contribute to explain some of the biological effects of
H2S and/or selenite, and they may imply that a suitable H2S/selenite supplement might have a beneficial effect in
pathological conditions arisen, e.g., from oxidative stress.
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1. Introduction

Exogenously added and endogenously produced H2S affects
many physiological and pathological processes [1–3]. Accu-
mulating evidence supports the involvement of H2S in
the regulation of cardiovascular homeostasis [4]. It has
mostly beneficial effects during oxidative stress by reacting
with reactive oxygen and nitrogen species, i.e., hydrogen
peroxide (H2O2), superoxide anion radical (O2

⋅−), hypo-
chlorite (HOCl), or peroxynitrite (ONOO−) [5–8]. How-
ever, several effects of H2S on cells are toxic [9–11].

Selenium (Se) is a relatively rare but an essential trace
element for humans, plants, and microorganisms. Se, which
exerts multiple and complex effects on human health, is
known as an antioxidant due to its presence in 25 selenopro-
teins in the form of selenocysteine amino acid. Both benefi-
cial and detrimental effects of Se deficiency and/or
supplementation are well known. The biological effects of
Se compounds (selenite, selenate, selenocysteine, and seleno-
methionine) on cardiac oxidative damage, heart disease,
cancer prevention, immunity, diabetes, neuroregeneration,
or dementia have been reported [12–17]. However, the ben-
eficial effect of Se supplementation for men’s health is still a
controversial issue [18–23]. Selenite, which is a common Se
supplement, is considered as a promising anticarcinogen
[24–26]. It can induce apoptosis in cancer cells through the
production of reactive oxygen species (ROS) leading to oxi-
dative stress [27, 28]. However, Se compounds were also
found to damage DNA in healthy cells [29] and therefore
may not be considered as a suitable protective agent against
cancer and/or other chronic diseases. Actually, they can
cause or advance some kinds of cancers [30, 31]. The exact
mechanisms of the beneficial and toxic effects of Se are
not yet fully understood, giving rise to further uncertainty
about its potential use in nutrition supplements and/or
clinical treatment.

Se and H2S are present in living organisms, and each one
has beneficial and/or toxic effects through its interaction
mostly with ROS [1, 2, 30–33]. However, the biological
effects of products of the H2S/selenite interaction are not
yet known, namely, their involvement in the production
and/or inhibition of ROS, reaction with DNA, or influence
on cardiovascular system. Therefore, we have studied the
effects of products of the H2S/selenite interaction on O2

⋅−

and ⋅cPTIO radicals, DNA cleavage, tension of isolated aortic
rings, and rat blood pressure (BP). We found that the
products have significant biological effects that differ from
those caused by H2S or by selenite on their own. These
results may contribute to the understanding of possible
coupled biological effects of H2S and Se.

2. Material and Methods

2.1. Chemicals

2.1.1. Selenium Compounds. Stock solutions of sodium
selenite (Na2SeO3, 10 or 40mmol L−1, Merck K34993707-
542 or Sigma 214485), selenium tetrachloride (SeCl4, 10
mmol L−1, Aldrich 323527), and sodium selenate (Na2SeO4,

10 mmol L−1, Sigma S0882) were prepared freshly in deion-
ized H2O, stored at 23°C, and used within 5 h. Na2SeO3 dis-
sociates in solution to yield mostly H2SeO3 at acidic pH,
HSeO3

− at neutral pH, and SeO3
2− at alkaline pH. For sim-

plicity, the term SeO3
2− is employed as representative expres-

sion to encompass the total mixture of these different
(de)protonation states.

2.1.2. Hydrogen Peroxide. Hydrogen peroxide (H2O2)
(14.7 mol L−1; Sigma-Aldrich 85321), according to a particu-
lar experiment, was diluted in H2O or in 100 mmol L−1

sodium phosphate buffer, supplemented with 200 or
50 μmol L−1 DTPA, pH7.4, 37°C before application.

2.1.3. Radicals. 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-
N-oxide (BMPO, 100 mmol L−1, Dojindo B568-10, Japan)
was dissolved in deionized H2O, stored at -80°C, and used
after thawing. 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide (⋅cPTIO, 10 mmol L–1, Cayman
81540 or Sigma C221) was dissolved in deionized H2O and
was stored at -20°C for several weeks.

2.1.4. Sulfide. Na2S (100 mmol L−1 stock solution, Dojindo
SB01, Japan) was dissolved in argon degassed deionized
H2O, stored at −80°C, and used immediately after thawing.
Na2S dissociates in aqueous solution and reacts with H+ to
yield H2S, HS−, and a trace of S2−. We use the term H2S to
describe the total mixture of H2S, HS−, and S2− forms. The
stock concentration was checked by UV-VIS spectroscopy:
by the absorbance of 1000x diluted stock solution at
230 nm (ε230 nm = 7700mol−1 L cm−1, diluted by deionized
water) and also by the reduction of 100 μmol L−1 DTNB by
2000x diluted stock solution (1 H2S molecule generates 2
TNB− equivalents, ε412 nm = 14,100mol−1 L cm−1, measured
in 1mmolL−1 phosphate buffer), according to Nagy et al. [34].

2.1.5. Buffers. 100mmol L−1 sodium phosphate buffer supple-
mented with 100 μmol L−1 diethylenetriaminepentaacetic
acid (DTPA), pH6.5, 7.0, 7.4, 8.0, and 9.0, 37°C, was
employed for UV-VIS experiments. 50 and 25mmol L−1

sodium phosphate buffer, supplemented with 100 and
50 μmol L−1 DTPA, pH7.4, 37°C, was used for electron para-
magnetic resonance (EPR) and plasmid DNA (pDNA) cleav-
age studies, respectively.

2.2. UV-VIS of ⋅cPTIO. To obtain 1mL of the working
solution, 10 or 100 μL of stock solution of the compounds
studied was added to the appropriate volume (990 or
900μL, respectively) of 100mmol L−1 sodium phosphate
buffer (at given pH, 37°C) containing the final concentra-
tions of 100μmol L−1 ⋅cPTIO and 100μmol L−1 DTPA.
UV-VIS absorption spectra (900-190nm) were recorded
every 30 s for 20 to 40min with a Shimadzu 1800 (Kyoto,
Japan) spectrometer at 37°C. The ⋅cPTIO extinction coeffi-
cient of 920mol−1 L cm−1 at 560 nm was used. The reduc-
tion of the ⋅cPTIO radical was determined as the decrease
of the absorbance at 560 nm (absorption maximum of
⋅cPTIO in VIS range) or at 358 nm after subtracting the
absorbances at 730 or at 420nm, respectively [5, 35].
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To study the involvement of O2 in the H2S/SeO3
2−-induced

reduction of the ⋅cPTIO radical, 10mmolL−1 Na2S in H2O,
10mmolL−1 Na2SeO3 in H2O, and 102 μmolL−1 ⋅cPTIO
in the 100mmolL–1 sodium phosphate buffer, supplemented
with 100μmolL−1 DTPA (pH7.4; 37°C), were deaerated
with argon for 10min at 37°C. The compounds were mixed
in a closed UV-cuvette, and the UV-VIS spectra were
recorded. The O2 concentration in the deaerated samples
was 3-5%, confirmed with an oxygen electrode (OXELP,
SYS-ISO2, WPI, USA). In all UV-VIS experiments, H2O
was used as a blank.

2.3. EPR of the ⋅BMPO Adducts. To study the ability of
H2S/SeO3

2− to scavenge the O2
⋅− radical or its derivatives

produced in DMSO/KO2 solution, sample preparation and
EPR measurements were conducted in accordance with
previously reported protocols [5]. The solution (final con-
centrations) of BMPO (20mmol L−1), DTPA (100 μmol L−1)
in sodium phosphate buffer (50mmol L−1, pH7.4) was
incubated for 1min at 37°C; an aliquot of the compound
was added, followed by saturated KO2/DMSO solution
(10% v/v DMSO/final buffer) 3 s later. The sample was
mixed for 5 s and transferred to a standard cavity aqueous
EPR flat cell. The first EPR spectrum was recorded 2min
after the addition of KO2/DMSO solution at 37°C. The sets
of individual EPR spectra of the ⋅BMPO spin adducts were
recorded as 15 sequential scans, each 42 s, with a total time
of 11min. Each experiment was repeated at least twice. EPR
spectra of the ⋅BMPO spin adducts were measured on a
Bruker EMX spectrometer, X-band ~9.4GHz, 335.15mT
central field, 8mT scan range, 20mW microwave power,
0.1 or 0.15mT modulation amplitude, 42 s sweep time,
20.48ms time constant, and 20.48ms conversion time at
37°C. Intensities of the ⋅BMPO adducts in the EPR spectra
were reproducible, when the KO2/DMSO stock solution
was stored at 5°C for 1 day or at 23 ± 1°C for 4 h.

2.4. Plasmid DNA Cleavage. pDNA cleavage assay with the
use of pBR322 plasmid (New England BioLabs Inc.,
N3033L) was performed as reported previously [5, 36].
In this assay, all samples contained 0.2 μg pDNA in
sodium phosphate buffer (25mmol L−1 sodium phosphate,
50μmol L−1 DTPA, pH7.4, 37°C). After addition of com-
pounds, the resulting mixtures were incubated for 30min
at 37°C. All concentrations listed in the section were final
in the samples. After incubation, the reaction mixtures
were subjected to 0.6% agarose gel electrophoresis. Sam-
ples were electrophoresed in TBE buffer (89mmol L−1 Tris,
89mmol L−1 boric acid, and 2mmol L−1 EDTA) at
5.5V cm−1 for 2 h; gels were stained with GelRed™ Nucleic
Acid Gel Stain and photographed using a UV transillumi-
nator. Integrated densities of all pBR322 forms in each
lane were quantified using the TotalLab TL100 image
analysis software to estimate pDNA cleavage efficiency
(Nonlinear Dynamic Ltd., USA).

2.5. Guide for the Use and Care of Laboratory Animals

2.5.1. Isolated Thoracic Aorta. Procedures were performed
in accordance with the Institutional Guidelines of the Eth-

ical Committee on the Ethics of Procedures in Animal,
Clinical and other Biomedical Experiments (permit num-
ber: EC/CEM/2017/4) of the Institute of Normal and Path-
ological Physiology, Centre of Experimental Medicine and
were approved by the State Veterinary and Food Adminis-
tration of the Slovak Republic and by an Ethical Committee
according to the European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scien-
tific Purposes, Directive 2010/63/EU of the European
Parliament. The Institute of Normal and Pathological Phys-
iology provided veterinary care.

2.5.2. Rat Blood Pressure. All procedures were approved by
the State Veterinary and Food Administration of the Slovak
Republic (No.: Ro-1545/15-221) according to the guidelines
from Directive 2010/63/EU of the European Parliament.
Experiments were carried out according to the guidelines laid
down by the animal welfare committee of the Institute of
Normal and Pathological Physiology of the Slovak Academy
of Sciences and conformed to the principles and regulations,
as described in the editorial by Grundy [37].

2.6. Functional Study of Isolated Thoracic Aorta. Normoten-
sive Wistar Kyoto (WKY) rats (307 ± 4:3g) were killed by
decapitation after a brief anesthetization with CO2, and the
thoracic aorta was isolated as described in our previous study
[38]. The changes in isometric tension were measured by the
electromechanical transducers (FSG-01, MDE, Budapest,
Hungary). The resting tension of 1 g was applied to each ring
and maintained throughout a 45 to 60min of equilibration
period until stress relaxation no longer occurred. Changes
in thoracic aorta tension were followed by noradrenaline
(NA; 1 μmol L−1) precontracted arterial rings after a stable
plateau was achieved.

2.7. Functional Study of Rat Blood Pressure.Male Wistar rats
(n = 10; 350 ± 40 g) were from the Department of Toxicology
and Laboratory Animal Breeding at Dobra Voda, Slovak
Academy of Sciences, Slovakia. The rats were housed under
a 12 h light-12 h dark cycle, at a constant humidity (45-
65%) and temperature (20-22°C), with free access to standard
laboratory rat chow and drinking water. The Institute of
Experimental Pharmacology and Toxicology, Centre of
Experimental Medicine, Slovak Academy of Sciences, pro-
vided veterinary care. The tranqualizer xylazine (Rometar)
was purchased from Zentiva (Czech Republic), and the anes-
thetic combination of tiletamine+zolazepam (Zoletil 100)
was acquired from Virbac (France). All other chemicals were
purchased from Sigma-Aldrich. Experiments were carried
out as previously described [39]. Rats were anesthetized with
Zoletil 100 (tiletamine+zolazepam, 80mgkg-1, i.p.) and
Rometar (xylazine, 5mgkg-1, i.p.). During the anesthesia,
BP, heart rate, and reflex responses to mechanical stimuli
were monitored. The animals were under anesthesia during
the whole experiment and were euthanized with an overdose
of Zoletil via jugular vein at the end of the surgical procedure.
All experiments were supervised and performed under the
same experimental conditions.

3Oxidative Medicine and Cellular Longevity



2.8. Blood Pressure Measurement. The right jugular vein was
cannulated to administer compounds under anesthesia as
described above. The left arteria carotis communis was can-
nulated for inserting the fiber optic microcatheter pressure
transducers (FISO LS 2F Harvard Apparatus, USA). The
analog signal was digitalized at 10 kHz, filtered at 1 kHz,
and recorded by DEWESoft 6.6.7 (GmbH, Austria). The
signal was evaluated 5 s before and 10min after compound
administration. After stabilization of BP (10-20min), the
compounds were administered into the right jugular vein
as a bolus of 500 μLkg−1 over 15 s period. The solution of
the H2S/SeO3

2− mixture (10/5 in mmol L−1) was prepared
as follows: to 123.5μL of 100mmol L−1 phosphate buffer,
100μmol L−1 DTPA, 14μL of 1mol L−1 HCl was added,
followed by 62.5μL of 40mmol L−1 Na2SeO3 in 0.9% NaCl,
and finally 50μL of 100mmol L−1 Na2S in H2O was added.
The pH of the buffered mixture was 7.4. The mixture was
incubated for 40 ± 10 s at 23°C before i.v. administration.
Unbuffered H2S/SeO3

2− mixture (10/5 in mmol L−1) was
prepared, when 0.9% NaCl was used instead of phosphate
buffer and HCl. The pH of the unbuffered mixture was ~11
measured by a pH paper indicator.

2.9. Statistical Analysis. Unless otherwise stated, data are rep-
resented as the means ± S:E:M. Statistical significance was
determined by Student’s t-test or one-way ANOVA followed
by the multiple comparison test. Differences between means
were considered significant at ∗P ≤ 0:05. Data analysis and
plot construction were carried out using SigmaPlot 12 (Systat
Software GmbH).

3. Results

3.1. H2S Interacts with Na2SeO3 and SeCl4, but Not with
Na2SeO4, to Form Initial Reactive Intermediate(s), which
Reduce the ⋅cPTIO Radical. Since the antioxidant properties
of H2S/SeO3

2− products are unknown, we have used the
⋅cPTIO radical to study the reducing properties of the prod-
ucts of H2S/SeO3

2− interaction. The ⋅cPTIO radical is stable
in aqueous solution, and its formation and reduction can be
monitored by the UV-VIS spectrophotometry at 358 or
560nm. Even in the presence of up to 100 μmol L−1 H2S or
100-400μmol L−1 SeO3

2−, the absorbance (ABS) of the
radical at 358 and 560nm decreases only by <7% after
40min, indicating that neither H2S nor SeO3

2− on its
own reduces this radical (Figure 1). In contrast, once
H2S (25-100μmol L−1) was added to the ⋅cPTIO/SeO3

2−

(100/2.5-400μmol L−1) mixture, or SeO3
2− was added to

⋅cPTIO/H2S, the absorbances at 358 and 560nm decreased
rapidly over the time (≤30 s), indicating a possible forma-
tion of strong reducing agent(s) which fastly and efficiently
reduced the ⋅cPTIO radical (Figures 1 and 2). Similar
results were obtained when SeCl4, but not Na2SeO4, was
used instead of SeO3

2− (Figures S1 and S2a).
The reduction of ⋅cPTIO followed a bell-shaped depen-

dence on the concentration of SeO3
2− at a constant

⋅cPTIO/H2S concentration (Figure 2(a)), with a maximum
radical scavenging activity at an H2S : SeO3

2− ratio of roughly
4 : 1. The ability of H2S to reduce ⋅cPTIO in the presence of

SeO3
2− increased with the increasing H2S concentration

(Figure 2(b)) and followed also a bell-shaped dependence
on pH (Figures 3 and S3).

If H2S and SeO3
2− were preincubated for different

periods of time before the addition to ⋅cPTIO, it clearly
resulted in the highest radical scavenging activity, which
was subsequently lost over the time (Figure 4). An
H2S/SeO3

2− (100/100 in μmol L−1) mixture preincubated
for ≥1min prior to ⋅cPTIO addition did not reduce ⋅cPTIO,
demonstrating that later products of the reaction of sulfide
with SeO3

2− could not be responsible for the reduction of
the radical and that the relevant active species were formed
swiftly, in less than 1min and have a short lifetime, as
recently suggested [40]. Notably, formation of these active
early intermediates to reduce ⋅cPTIO was prolonged with
the increase of the H2S/SeO3

2− ratio (Figure 4(e)). At
H2S/SeO3

2− concentration of 100/25 in μmol L−1 and 5min
preincubation time, the mixture still possessed around 50%
potency to reduce ⋅cPTIO (Figure 4(e)). This timing, once
more, accounts for a rapidly formed selenosulfide intermedi-
ate as beeing the ultimate responsible for this radical scaveng-
ing activity, a species also possibly being sensitive to
oxidation over prolonged time periods (Figure 4).

While the available evidence is in accordance with the
formation of HSSeSH as the main reactive species, there are
other chalcogen-based candidates which are good reducing
agents, namely, hydrogen selenide (H2Se), hydroselenide
anion (HSe−), selenide (Se2−), persulfides, and polysulfides
(Sx

2–) [41–43]. Interestingly, O2 does not seem to play a
major role in the H2S/SeO3

2−-induced reduction of the
⋅cPTIO radical probably due to slower kinetics of interaction
of reactants and/or intermediates with O2 in comparison to
the rate of ⋅cPTIO reduction [44–48]. Under argon flushed
conditions, reduction of the ⋅cPTIO radical was neither
enhanced nor suppressed significantly, hence ruling out any
major involvement of H2Se, as this selenium compound is
highly sensitive to O2 (Figure S2b).

3.2. EPR of ⋅BMPO-OOH: The Initial Products of the
H2S/SeO3

2− Interaction Also Scavenge Derivatives of
Superoxide Anion (O2

⋅–) Radical. We aimed to ascertain
whether the initial products of the H2S/SeO3

2− interaction
are able to scavenge other radicals, i.e., O2

⋅− or its derivatives.
The interactions with O2

⋅− were studied with the EPR spin
trap method based on the reaction of this dioxygen radical
with BMPO to form the ⋅BMPO-OOH adduct [49]. This
assay was chosen due to biological and mechanistical reason;
O2

⋅− is a simple radical reduced by one-electron transfer.
O2

⋅−was dissolved in phosphate buffer (pH7.4, 37°C) and
trapped by BMPO. Under these conditions, the relative
intensity of the ⋅BMPO-OOH adduct decreased slowly over
the time and was comparable to the values reported under
physiological conditions (Figures 5(a1)–5(a3)) [49]. The
addition of SeO3

2− (25 and 50 μmol L–1) did not significantly
interfere with the ⋅BMPO-OOH adduct formation, its
concentration, and rate of decay (Figures 5(b1)–5(b3),
S4b1-b3). In contrast, H2S (25 and 50μmol L−1) decreased
the ⋅BMPO-OOH concentration and increased the rate of
the decay, and this “antioxidant” activity of H2S was
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Figure 1: Interaction of ⋅cPTIO/SeO3
2− with H2S. (a) Time resolved UV-VIS spectra of the interaction of 100 μmol L−1 ⋅cPTIO with 100μM

SeO3
2− (3 times repeated every 30 s, black) and subsequent addition of 100 μmol L−1 H2S. Spectra were collected every 30 s for 15min; the first

spectrum, indicated by the solid red line, was measured 15 s after addition of H2S. Top inset: kinetics of changes in absorbance at 560 nm after
addition of 100 μmol L−1 H2S into

⋅cPTIO/SeO3
2− (100/100 in μmol L−1) solution at time 0 s. Bottom inset: details of the time resolved spectra

of the ⋅cPTIO/SeO3
2− (100/100 in μmol L–1) interaction before (black) and after addition of H2S (100 μmol L−1, the first spectrum is indicated

by the solid red line, which is followed each 30 s by: long dash red, medium dash red, short dash red, dotted red, solid blue line, long dash blue,
medium dash blue, etc.). (b, c, d, e) H2S (100 μmol L−1) was added to 100 μmol L−1 solution of ⋅cPTIO containing different concentrations of
SeO3

2− (0-400 μmol L−1, see legend). The kinetics of the reduction of 100 μmol L−1 ⋅cPTIO before and after addition of 100 μmol L−1 H2S
(marked by arrow) was monitored as a decrease of the absorbance at 358 nm minus the absorbance at 420 nm (b, d) and also as a decrease
of the absorbance at 560 nm (c, e).
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increased further in the presence of SeO3
2− (more than three

times at a 50/25 in μmol L−1 H2S/SeO3
2− ratio). This indi-

cates that H2S/SeO3
2− products scavenge O2

⋅− and/or its
derivatives. The effects of H2S/SeO3

2− were less pronounced
when KO2/DMSO was added 5min after addition of
H2S/SeO3

2−, suggesting that the reducing intermediate had
already decomposed at this stage (Figure 5, S4). Similar
results were obtained when H2S was incubated with SeCl4
(Figure S5). This indicates that the production of highly
active species, products of the H2S/SeO3

2− interaction, was
time-dependent: they appeared within a few seconds after
addition of SeO3

2− to the H2S solution and their effects
diminished after few minutes of interaction.

From our previous studies of O2
⋅− reaction with BMPO [5],

we assumed that the EPR spectra of the ⋅BMPO adducts were
superposed on the ⋅BMPO-OOH/OH radicals with minor con-
tribution from the ⋅BMPO-C radical. Therefore, we simulated
the spectra using hyperfine coupling constants for ⋅BMPO-
OOH, ⋅BMPO-OH, and ⋅BMPO-C (derived from DMSO) rad-
icals. The means of hyperfine coupling constants used were as
follows: ⋅BMPO-OOH1 (black) aN = 13:30 ± 0:03G, aH =
11:7 ± 0:1G; ⋅BMPO-OOH2 (red) aN = 13:24 ± 0:03G, aH =
9:4 ± 0:1G; ⋅BMPO-OH1 (green) aN = 13:7 ± 0:3G, aH =
12:3 ± 0:4G; ⋅BMPO-OH2 (yellow) aN = 13:6 ± 0:2G, aH =
15:3 ± 0:1G; and ⋅BMPO-C (blue) aN = 15:2 ± 0:1G, aH =
21:5 ± 0:1G. The constants are similar to those reported by
Zhao et al. [49]. The simulation revealed that O2

⋅− was
trapped in the control and in the presence of SeO3

2−

(Figures 5(a) and 5(b)), since the EPR spectra of ⋅BMPO-
OOH were only observed. However, ⋅BMPO-OH component
was present in the samples containing H2S alone or with
SeO3

2− (Figures 5(c)–5(h)). The results may indicate that H2S
alone or with SeO3

2− decomposed ⋅BMPO-OOH to ⋅BMPO-
OH and/or ⋅OH was formed as a result of compound presence.
Since the first spectrum was recorded 110 ± 15 s after sample
preparation, we cannot exclude a possibility of trapping of
other radicals with lifetimes shorter than 110 s.

3.3. H2S/SeO3
2− Cleaves pDNA. It was of interest to know if

the products of the H2S/SeO3
2− interaction have biological

effects in vitro. Therefore, we investigated the direct effects of
H2S and SeO3

2− on the cleavage of pDNA in vitro using the
Fenton reaction as a positive benchmark control (Figure 6) [5].

Interestingly, neither H2S (1mmol L−1) nor SeO3
2−

(0-1mmol L−1) alone significantly cleaved pDNA. In con-
trast, SeO3

2− in a concentration-dependent manner caused
damage to DNA in the presence of 1mmol L−1 H2S
(Figures 6(a1) and 6(a2)). The observed cleavage of DNA
causedbySeO3

2−andH2S showedabell-shapedconcentration
ratio dependence similar to the one observed in the reduction
of the ⋅cPTIO radical. We can suggest that the intermediate
responsibility of the action can be a selenopolysulfide with a
H2S : SeO3

2− ratio of 4 : 1. In the presence of H2O2, damage to
pDNA by H2S occurs also without SeO3

2−, since H2O2
now takes on the role of SeO3

2− as an oxidant, with the
simultaneous formation of the ⋅OH radicals (Figures 6(b1)
and 6(b2)). Further evidence for the involvement of radicals
may come from the fact that dimethylsulfoxide (DMSO), a
known ⋅OH scavenger [50, 51] frequently employed as sol-
vent in biology, is able to interfere with the damage to
DNA (Figures 6(c1) and 6(c2)).

3.4. H2S/SeO3
2− Modulates Tension of Isolated Thoracic

Aorta. As some of our in vitro assays indicated an antioxidant
activity of the H2S/SeO3

2− mixture, and H2S is known to
promote relaxation of blood vessels [52], the impact of
the H2S/SeO3

2− mixture on the isolated thoracic aorta was
examined. The thoracic aorta was precontracted by nor-
adrenaline (NA) (1 μmol L−1). After a stabile plateau of
the contraction was reached (Figure 7(a)), SeO3

2−

(100 μmol L–1) showed only negligible activity, while Na2S
(200 μmol L−1) significantly relaxed the aortic rings, in
agreement with our previous studies [38]. A simultaneous addi-
tion of SeO3

2− (100 μmolL−1) and H2S (200 μmolL−1) resulted
once more in a biphasic activity profile, where a minor
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Figure 2: Effect of the SeO3
2− and H2S concentration on the reduction of ⋅cPTIO. (a) Effect of the SeO3

2− concentration (1-400 μmol L−1) on
the reduction of ⋅cPTIO (100 μmol L−1) in the presence of H2S (100 μmol L−1). Arrow indicates the 1 : 4 molar ratio of SeO3

2− : H2S. (b) Effect
of the H2S concentration (0-200μmol L−1) on the reduction of ⋅cPTIO (100 μmol L−1) in the presence of SeO3

2− (100μmol L−1). The
reduction of ⋅cPTIO was evaluated as the decrease of the absorbance at 560 nm after 2.25min of the reaction (pH 7.4, 37°C). All values
represent the means ± S:E:M:, n = 2‐4.
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relaxation was noticed first, followed by a pronounced contrac-
tion (Figure 7). It is supposed that the contraction effect may
result also from the antioxidant properties of the mixture, sim-
ilarly as it has been reported for ascorbate [53].

3.5. H2S/SeO3
2− Modulates Rat Systolic and Pulse Blood

Pressure. Since the products of the H2S/SeO3
2− interaction

modulated the tension of the thoracic aorta, we subsequently
studied whether the products influence blood pressure (BP).
Intravenous (i.v.) administration of 5 μmol kg−1 SeO3

2− had
only minor effects on BP (Figure 8(g)). The administration
of 10μmol kg−1 of Na2S transiently decreased and increased
BP (Figures 8(a) and 8(g)), as observed in our previous
study [54]. The stock solution of the H2S/SeO3

2− mixture

(20/10 in mmol L−1) prepared in 0.9% NaCl was colorless
and had pH ~ 11. However, when the mixture was prepared
in solution with pH7.4, it had orange color with an
absorption maximum at 570 nm (Figure S6), indicating
formation of the sulfur-selenium complexes [40]. The i.v.
administration of the mixture H2S/SeO3

2− (10/5 μmol kg−1,
pH ~ 7.4), in comparison to H2S alone, inhibited both BP
decrease and increase (Figures 8(b) and 8(g)). The effects of
the mixture were less pronounced at pH ~ 11, being the
effects at this pH similar to those observed for H2S alone
(Figures 8(c) and 8(g)).

The studied compounds influenced pulse BP, as an
important parameter of cardiovascular system reflecting
arterial stiffness [55, 56]. The administration of 5 μmol kg−1
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Figure 3: Effect of pH on the reduction of ⋅cPTIO in the presence of SeO3
2− induced by H2S. Time resolved UV-VIS spectra of the interaction

of H2S (100 μmol L−1 final) with ⋅cPTIO/SeO3
2− (100/50 in μmol L−1 final) at pH 6.5 (a), 7.0 (b), 7.4 (c), 8.0 (d), and 9.0 (e). The first spectrum

was recorded 15 s after H2S addition (solid red line) followed each 30 s by: long dash red, medium dash red, short dash red, dotted red, solid
blue line, long dash blue, medium dash blue, etc. Samples were measured every 30 s for 20min. The black line represents the spectrum of
⋅cPTIO/SeO3

2− before the H2S addition. (f) Dependence of ⋅cPTIO (100 μmol L−1) reduction by H2S/SeO3
2− (100/50 in μmol L−1) on pH.

Data were taken from the spectra shown in (a), (b), (c), (d), and (e) as a minimum of A560 in the range of 0-4min. The buffers consisted
of 100mmol L−1 sodium phosphate, 100 μM DTPA, 37°C, and pH values were adjusted to desired pH.
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Figure 4: Influence of the preincubation time of the H2S/SeO3
2− mixture on the time-dependent reduction of ⋅cPTIO. The reduction of

⋅cPTIO (100 μmol L−1) once added into the preincubated H2S/SeO3
2− mixture (100/50 in μmol L−1, (a, b); 100/100 in μmol L−1 (c, d)) was

evaluated as the decrease of absorbance at 358 nm minus 420 nm (a, c) and the decrease of absorbance at 560 nm (b, d), respectively. The
preincubation time of the H2S/SeO3

2− mixture was 0-40min (see legend). (e) Impact of the preincubation time of the H2S/SeO3
2− mixture

on the reduction of ⋅cPTIO. ⋅cPTIO (100 μM) was added into preincubated H2S/SeO3
2− (in μmol L−1, 100/100, circles; 100/50, triangles;

100/25, diamonds) at pH 7.4, 37°C. Data represent the reduction of ⋅cPTIO in 1st minute after addition of ⋅cPTIO.
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Figure 5: EPR spectra of ⋅BMPO in the presence of O2
⋅− are modulated by H2S/SeO3

2−. Representative EPR spectra of the ⋅BMPO adducts
were monitored in 10% v/v saturated KO2/DMSO solution in 50mmol L−1 sodium phosphate buffer, 0.1mmol L−1 DTPA, pH 7.4, 37°C in
the presence of the various investigated chalcogen species and 20mmol L−1 BMPO. Sets of individual EPR spectra of the ⋅BMPO adducts
monitored upon 15 sequential scans, each 42 s (a1-h1), starting acquisition 2min after sample preparation in: control 10% v/v
KO2/DMSO in the buffer (a1), the KO2/DMSO in the presence of 25 μmol L−1 SeO3

2− (b1), 25 μmol L−1 H2S (c1), mixture of 25/25 in
μmol L−1 H2S/SeO3

2− (d1), 25/25 in μmol L−1 H2S/SeO3
2− preincubated 5min before KO2/DMSO stock solution addition (e1),

50μmol L−1 H2S (f1), mixture of 50/25 in μmol L−1 H2S/SeO3
2− (g1), and 50/25 in μmol L−1 H2S/SeO3

2− preincubated 5min before
addition of KO2/DMSO stock solution (h1). The spectra (a2-h2) show details of the accumulated first ten spectra of the (a1-h1) sets. The
intensities of the time-dependent EPR spectra (a1-h1) and detailed spectra (a2-h2) are comparable; they were measured under identical
EPR settings. EPR modulation amplitude 0.15mT. (a3-h3) Comparison of the integral intensity of individual components of simulated
BMPO+O2

⋅− without (control) and with chalcogen species shown in (a1-h1). The first five EPR spectra were accumulated and used for
simulation. The data represent the means of n = 2; standard error was ≤10% of the mean value. Simulated relative intensities of the two
conformers of the radicals: ⋅BMPO-OOH1 (black), ⋅BMPO-OOH2 (red), ⋅BMPO-OH1 (green), ⋅BMPO-OH2 (yellow), and ⋅BMPO-C (blue).
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SeO3
2− intravenously had minor effects on pulse BP

(Figure 8(h)). The administration of 10μmol kg−1 of Na2S
transiently increased and later decreased pulse BP
(Figures 8(d) and 8(h)) [54]. The i.v. administration of the
mixture H2S/SeO3

2− (10/5 in μmol kg−1, pH ~7.4), with

comparison to H2S alone, eliminated pulse BP increase, but
did not affect pulse BP decrease (Figures 8(e) and 8(h)).
The effects of the mixture were less pronounced at pH ~ 11
and were similar to those observed for H2S alone
(Figures 8(f) and 8(h)). The inefficiency of the
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Figure 6: The influence of H2S/SeO3
2− on pDNA cleavage in the absence and presence of H2O2 and DMSO. Representative gels (a1, b1) and

column graphs (a2, b2) indicating the effects of increasing concentrations of SeO3
2− (0-1mmol L−1) on pDNA cleavage in the presence of

1mmol L−1 H2S, without (a1, a2) and with 1mmol L−1 H2O2 (b1, b2). The band at the bottom corresponds to the circular supercoiled
form of pDNA, and the less intense band appearing above, in the case of Fe2+-H2O2, represents the linear form of pDNA. The top band
corresponds to the nicked circular form of pDNA. The effects of 150 μmol L−1 FeCl2 + 1mmol L−1 H2O2 (full column) are shown for
comparison. Values are the means ± S:E:M:, n = 3. Representative gels (c1) and column graph (c2) showing the effects of increasing
concentrations of DMSO on H2S/SeO3

2− (0.25/1 in mmol L−1)-induced pDNA cleavage. DMSO concentrations: 1 × 10−4% (v/v) DMSO =
14:1μmol L−1 DMSO; 1 × 10−3% = 141μmol L−1; 1 × 10−2% = 1:41mmol L−1; 1 × 10−1% = 14:1mmol L−1; 1 × 100% = 141mmol L−1. Values
represent means ± S:E:M:, n = 4.
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H2S/SeO3
2− products at pH ~ 11 may be connected with

the minor effect of the mixture on the ⋅cPTIO radical
reduction at high pH (Figures 3(e) and 3(f)). This may
imply that the reduction properties of the mixture could
be responsible for their effects on systolic and pulse BP.
The results confirm that the products of the H2S/SeO3

2−

interaction depend on pH and influence differently the car-
diovascular system. In conclusion, the reactivity and biologi-
cal activity of the H2S/SeO3

2− interaction products prepared
at pH7.4 differ from those of Na2S alone.

4. Discussion and Conclusions

Overall, our studies demonstrate that the two suspected
and commonly used “antioxidants,” H2S and SeO3

2−, are
not necessarily typical reducing agents, such as ascorbic
acid or tocopherol, when employed on their own. Interest-
ingly, these two chalcogen agents, when added together,
rapidly activate each other and form a cascade of consid-
erably more reactive, often reducing species, supposing
the involvement of inorganic HSSeSH and polysulfides
Sx

2−, which may account for some of the observed biolog-
ical actions. The nature of some of these intermediate
reactive sulfur and/or selenium species was suggested in
a recently published review [40].

The fast and efficient reduction of the ⋅cPTIO radical by
H2S/SeO3

2− products (Figures 1 and 4) supports the notion
that the initial intermediate(s) formed by the reaction of
H2S with SeO3

2− are responsible for this kind of action. The
bell shape and the maximum radical scavenging activity of
H2S : SeO3

2− at a ratio of ~4 : 1 (Figure 2) may indicate the
suggested formation of (HSS)2Se [40]. The kinetics and effi-
ciency of the H2S/SeO3

2− products to reduce ⋅cPTIO
(Figure 3) point out to complex pH-dependent chemical
and radical reactions of the species.

Reactions of H2S or polysulfides with SeO3
2− and/or

SeCl4 were reported [40, 57–59]. They point towards a rapid

conversion of SeO3
2− and SeCl4 to an intermediate, probably

HSSeSH, and a subsequent, slower reductive elimination of
this intermediate to elemental (mixed) chalcogen particles
and disulfides [40]. However, to our knowledge, there is no
information about the formation and detection of HSSeSH
in cells or its cytoprotective or other biological effect. The
first synthesis of H-S-Se-S-H (1.3-dithiatriselane) was
reported by Hahn and Klünsch in 1994, but the stability
and reactivity in aqueous solution were not investigated.
Solid HSSeSH has a melting point at −40°C. It was one com-
ponent of a mixture of H2S2Sen, prepared by the interaction
of 2 H2S with Se2Cl2 [60].

The EPR data (Figure 5) once more confirm that SeO3
2−

on its own is not an antioxidant; it becomes activated by
reduction, for instance, by H2S, which concurrently is acti-
vated by oxidation. The mutual redox activation is fast, and,
as in the case of the ⋅cPTIO radical scavenging, the pristine
mixture of H2S and SeO3

2− is most active, with a decrease
of activity over the time, pointing once more at simple H2Sx
or H2SxSe, and notably HSSeSH, but not an SxSey, as being
responsible for this kind of activity.

We found that the products of this described
H2S/SeO3

2− interaction have several noteworthy biological
effects, involving ROS scavenging, modulation of the
redox state, reaction with DNA, tensing isolated aorta,
and influencing BP and pulse BP (Figures 6–8). These
effects obviously need to be investigated further and in
considerably more detail and were not present or were
less pronounced when H2S or selenite acted alone. The
properties of the products of the H2S/SeO3

2− interactions
significantly depended on the H2S/SeO3

2− molar ratio,
pH, and preincubation time. The combination of these
variables makes the work with H2S/SeO3

2− very compli-
cated, and these facts should be taken into account at
the time of designing in vitro and in vivo experiments.
These properties of the products may explain the previ-
ously published beneficial and contrasting toxic Se
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Figure 7: Time-dependent tonus of isolated thoracic aorta. The original records of changes in NA (1 μmol L−1)-increased arterial tone of
isolated rat thoracic aorta after addition of SeO3

2− (100 μmol L−1), H2S (200 μmol L−1), and H2S/SeO3
2− (200/100 in μmol L−1) mixture.

The arrow indicates the compound application (a). The effects of SeO3
2−, H2S, and H2S/SeO3

2− on NA (1 μmol L−1)-precontracted rings of
rat thoracic aorta. The rings were exposed to bolus dose of H2S (200 μmol L−1, relaxation), SeO3

2− (100 μmol L−1, nonsignificant
contraction), and that of the mixture H2S/SeO3

2− (100 μmol L−1 of SeO3
2− immediately followed by 200 μmol L−1 H2S). The SeO3

2−/H2S
mixture had a biphasic activity; firstly, it significantly relaxed the aorta, which was followed by significant contraction (b). Asterisks mark
the statistical significance of H2S/SeO3

2− mixture vs. H2S (
∗∗P < 0:01, ∗∗∗P < 0:001).
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effects, for example, in conditions of oxidative stress and
cancer [12–14, 18, 20, 22, 23, 30].

H2S is endogenously produced in vivo in most, if not in
all, cells, and H2S donors are commonly used in biological
experiments, and they are considered to be applied in medi-
cine. Our results suggest that in biological experiments with
selenite, in its nutrition supplement and clinical use, effects
of the H2S/SeO3

2− interaction should be considered. While
SeO3

2− is used widely as a nutritional supplement already,

one may, in the future, wish to spice it up with some reduced
sulfur. Natural spices such as garlic and onions contain suit-
able sulfide releasing agents, such as diallyltrisulfide (DATS)
and diallyltetrasulfide (DATTS), which both occur naturally
in garlic, or dipropyltrisulfide and dipropyltetrasulfide, both
present in onions [61]. Our results imply that application
research of suitable H2S/SeO3

2− supplements may lead to
the beneficial effects in pathological conditions arising, e.g.,
from ROS overproduction.
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Figure 8: The time-dependent effects of SeO3
2−, H2S, and H2S/SeO3

2− on rat BP and pulse BP. Representative traces of the time-dependent
effect of i.v. bolus administration of H2S (10 μmol kg−1; (a, d)) and its mixture with 5 μmol kg−1 SeO3

2− prepared at pH ~ 7.4 (b, e) and
pH ~ 11 (c, f) solution on BP (a, b, c) and pulse BP (d, e, f). Transient changes of rat BP (g) and pulse BP (h) after i.v. bolus
administration of SeO3

2− (5 μmol kg−1, empty column), H2S (10 μmol kg−1, empty coarse column) and their mixture (SeO3
2−/H2S, 5/10 in

μmol kg−1) prepared at pH ~ 7.4 (grey column) and pH ~ 11 (grey coarse column). Data are presented as means ± SD; n = 5‐10. To test a
statistical significance between group differences, we used one-way ANOVA followed by Dunnett’s test for multiple comparisons. Hence, we
also observed the biphasic effect of Na2S in our previous study [54]; we compared a set of “first part” and “second part” effects of SeO3

2−,
H2S/SeO3

2− at pH ~ 7.4, and H2S/SeO3
2− at pH ~ 11.0 to the corresponding effect of Na2S on systolic or pulse blood pressure. Only the

mixture of H2S/SeO3
2− prepared at pH ~ 11.0 was able to generate similar decrease and subsequent increase or vice versa in systolic blood

pressure or pulse blood pressure as the H2S, respectively. Asterisks mark the statistical significance as follows: ∗∗P < 0:01, ∗∗∗P < 0:001, and
∗∗∗∗P < 0:0001.
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The study was aimed at investigating the effects of L-cystathionine on vascular endothelial cell apoptosis and its mechanisms.
Cultured human umbilical vein endothelial cells (HUVECs) were used in the study. Apoptosis of vascular endothelial cells was
induced by homocysteine. Apoptosis, mitochondrial superoxide anion, mitochondrial membrane potential, mitochondrial
permeability transition pore (MPTP) opening, and caspase-9 and caspase-3 activities were examined. Expression of Bax, Bcl-2,
and cleaved caspase-3 was tested and BTSA1, a Bax agonist, and HUVEC Bax overexpression was used in the study. Results
showed that homocysteine obviously induced the apoptosis of HUVECs, and this effect was significantly attenuated by the
pretreatment with L-cystathionine. Furthermore, L-cystathionine decreased the production of mitochondrial superoxide anion
and the expression of Bax and restrained its translocation to mitochondria, increased mitochondrial membrane potential,
inhibited mitochondrial permeability transition pore (MPTP) opening, suppressed the leakage of cytochrome c from
mitochondria into the cytoplasm, and downregulated activities of caspase-9 and caspase-3. However, BTSA1, a Bax agonist, or
Bax overexpression successfully abolished the inhibitory effect of L-cystathionine on Hcy-induced MPTP opening, caspase-9
and caspase-3 activation, and HUVEC apoptosis. Taken together, our results indicated that L-cystathionine could protect
against homocysteine-induced mitochondria-dependent apoptosis of HUVECs.

1. Introduction

Homocysteine (Hcy) is an important sulfur-containing
amino acid. The concentration of Hcy over 15 μmol/L in
plasma is defined as hyperhomocysteinemia [1]. Hcy is an
independent risk factor for cardiovascular disease and can
cause the damage to vascular endothelial cells (VECs), thus
participating in the pathogenesis of a variety of diseases
including atherosclerosis, hypertension, and coronary artery
disease [2–5]. Previous studies showed that high homocyste-
ine accentuated the production of reactive oxygen species,
thereby activating the mitochondrial apoptotic pathway
resulting in an apoptosis of VECs, which is regarded as an
important cause of vascular dysfunction [6].

In order to treat hyperhomocysteinemia and reduce
the incidence of cardiovascular disease, many studies have
been conducted in this field. In the past, it was considered
that the deficiency of vitamin B complex was an important
factor in the formation of hyperhomocysteinemia. There-
fore, the method of supplementing folic acid, vitamin B6,
and vitamin B12 was used to reduce the concentration of
homocysteine in the body, but clinical studies have shown
that although vitamin B complex reduces homocysteine
concentration in plasma, it cannot significantly inhibit
Hcy-induced endothelial dysfunction [7–9]. Thus, it is
necessary to develop new modalities of medication to pre-
vent endothelial dysfunction and cardiovascular events
caused by Hcy.
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L-cystathionine is a nonprotein thioether containing
amino acids and is mainly produced in the metabolic trans-
formation process of methionine to cysteine in the body
[10]. Previous studies on L-cystathionine have focused on it
as a key amino acid associated with the metabolic state of
sulfur-containing amino acids [11]. In recent years, studies
have shown that it plays an important role in cardiovascu-
lar protection other than merely a metabolite in the methi-
onine metabolic pathway. For example, L-cystathionine
can antagonize vascular injury through the inhibition of
ox-LDL-induced inflammatory response in macrophages [12].
Nevertheless, how L-cystathionine regulates Hcy-induced
vascular endothelial cell injury remains unknown.

Therefore, this present study was undertaken to investi-
gate the protective effect of L-cystathionine on Hcy-induced
VEC apoptosis and reveal the significance and mechanism
by which L-cystathionine maintains VEC homeostasis.

2. Materials and Methods

2.1. Cell Culture and Processing. Human umbilical VECs
(HUVECs) were purchased from the China Infrastructure
of Cell Line Resources Centre. The cells were grown in
DMEM containing 10% FBS, 1% penicillin, 1% streptomycin,
and 1% glutathione and maintained in an incubator at 37°C
with 5% CO2. When the cell confluence reached 80%, the
experiments were started. Before each experiment, the cells
were placed in synchronization buffer for 12h. Cells were
divided into the control group, Hcy group, Hcy+0.1mmol/L
L-Cth group, Hcy+0.3mmol/L L-Cth group, and Hcy+
1.0mmol/L L-Cth group. According to the manufacturer’s
instructions, L-cystathionine was dissolved in 0.5mol/L
hydrochloric acid to a stock concentration of 5mg/mL
(22.5mmol/L) in this study. Cells in the Hcy+0.1mmol/L
L-Cth group, Hcy+0.3mmol/L L-Cth group and Hcy
+1.0mmol/L L-Cth group were pretreated with L-
cystathionine for 30min and then stimulated with
500 μmol/L Hcy for 24h. Cells in the Hcy group were treated
with 500μmol/L Hcy for 24 h [13]. For the purpose of Bax
manipulation, cells were preadministered with 0.625 μmol/L
BTSA1 for 2.5 h [14], followed by 0.3mmol/L L-
cystathionine and 500μmol/L homocysteine treatment. To
further understand the role of Bax expression in the protec-
tion of cell apoptosis by L-cystathionine, the cells were trans-
fected with 1μg of vehicle plasmid or bax-overexpressed
plasmid. Freshly completed culture medium was replaced
after 6 h of transfection, and synchronization was performed
after another 24 h, and then L-cystathionine and homocyste-
ine were sequentially added.

2.2. In Situ and Quantitative Detection of Apoptosis in
HUVECs by Using TdT-Mediated dUTP Nick End Labeling
(TUNEL) Assay and ELISA. In situ cell apoptosis was deter-
mined with an in situ cell death detection kit and fluorescein
(R&D Systems, USA) in accordance with the instructions of
the manufacturer. Briefly, the cells on slides were fixed in
4% paraformaldehyde for 15min after washing three times
with PBS. Then, the cells were incubated with perme-
abilization solution at 37°C for 30min. After washing with

PBS, the cells were incubated with TUNEL reaction mixture
for 60min at 37°C in the dark. The antifade solution was used
to mount the slides after washing three times with PBS, and
the slides were analyzed under a confocal laser scanning
microscope (Olympus, Japan).

Moreover, the quantitative detection of DNA fragments
in HUVECs was measured with a Cell Death Detection
ELISAPLUS Kit (Roche, Mannheim, Germany). According
to the manufacturer’s instructions, an appropriate volume
of cell lysis buffer was added to lyse the cells. The cell lysate
was added into a streptavidin-coated microplate. A mixture
of anti-histone-biotin and anti-DNA-POD was added and
incubated. The microplate was vortexed at room temperature
for 2 h. The unbound components were removed after wash-
ing three times with incubation buffer, and an appropriate
volume of substrate solution was added to each well. The
microplate was vortexed at room temperature for 20min,
and the reaction was stopped by the addition of a stop solu-
tion. A microplate reader was used to obtain an absorbance
value of each well, and the apoptosis level was calculated [15].

2.3. Detection of Mitochondrial Superoxide Anion by the
MitoSOX Reagent in HUVECs. A MitoSOX Red Mitochon-
drial Superoxide Indicator (Life Technologies, USA) was
used to measure mitochondrial ROS production. The indica-
tor was applied to incubate the treated cells at 37°C for
10min, protected from light. After washing with PBS, the
cells were fixed in prewarmed 4% paraformaldehyde at room
temperature for 15min after washing with warm PBS for
three times. The slides were mounted with an antifluores-
cence quencher (Beijing Zhongshan Golden Bridge Biotech-
nology Company, Beijing, China) after washing with PBS.
Then, the cells on slides were detected with a laser scanning
confocal microscope (Olympus, Japan).

2.4. Assessment of Cell Viability in HUVECs. The CCK8 assay
was used to evaluate the cell viability in HUVECs (Beyotime,
Shanghai, China). The cells were seeded in a 96-well plate.
After the treatment with Hcy alone or Hcy plus L-cystathio-
nine, CCK8 solution was added and incubated with cells for
2 h at 37°C. A microplate reader (Thermo, Finland) was used
to detect the absorbance at a wavelength of 450nm.

2.5. Measurement of Lactate Dehydrogenase (LDH) Activity
in the Culture Media. LDH activity in the culture media of
the HUVECs was measured with an LDH cytotoxicity assay
kit (Beyotime, Shanghai, China). The cells were seeded in a
96-well plate. After the treatment with Hcy alone or Hcy plus
L-cystathionine, LDH activity analysis was carried out
according to themanufacturer’s instructions. The absorbance
of each well was read at 490nm with a microplate reader.

2.6. Measurement of Mitochondrial Membrane Potential in
HUVECs. Mitochondrial membrane potential changes in
HUVECs were detected with a JC-1 mitochondrial mem-
brane potential detection kit (Beyotime, Shanghai, China).
When the mitochondrial membrane potential is at a high
level, JC-1 accumulates within the mitochondria and
becomes fluorescent red. When the mitochondrial mem-
brane potential is at a low level, JC-1 cannot accumulate
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within the mitochondria and remains in the cytoplasm in a
green fluorescent monomeric form. A 1 : 1 mixture of JC-1
staining working solution and cell culture medium was
added to cover the cell culture slides and incubated at 37°C
in the dark for 20min. The slides were washed twice with
JC-1 assay buffer and fixed with 4% paraformaldehyde at
room temperature for 20min. Then, the slides were washed
three times with PBS and mounted with antifade mounting
media. The cells were analyzed with a confocal laser scanning
microscope (Olympus, Japan).

2.7. Detection of Mitochondrial Permeability Transition Pore
(MPTP) Opening in HUVECs. The MPTP opening in
HUVECs was determined with a Cell MPTP Assay Kit
(Genmed Scientific Inc., Arlington, TX, USA). Calcein AM,
as a fluorescent probe, enters the mitochondria to form a
green fluorescent compound. Once the mitochondrial per-
meability transition pore is opened, calcein AM is released,
and accordingly, the fluorescence is quenched. First, culture
medium was discarded and slides were rinsed gently with
cleaning solution. Slides were subsequently incubated with
the staining working solution at 37°C in the dark for
30min. 4% paraformaldehyde was used to fix the cells for
15min after rinsing for three times with cleaning solution.
Finally, the slides were washed 3 times with PBS and
mounted with antifade mounting media. A laser scanning
confocal microscope was used for the analysis.

2.8. Immunofluorescence Microscopy. To determine the local-
ization of cytochrome c or Bax, the cells were incubated in
prewarmed medium containing 200nmol/L of MitoTracker
(Life Technologies, USA) at 37°C for 30min after washing
twice with PBS, and then, 4% paraformaldehyde was used
to fix the cells at room temperature for 15min. After washing
three times with PBS, the cells were permeabilized with 0.1%
Triton X-100 and then stained with anti-cytochrome c or
anti-Bax at room temperature for 1 h and at 4°C overnight.
After the incubation, an Alexa 594-conjugated secondary
antibody (Life Technologies, USA) was added and incubated
at 37°C for 90min. Then, the antifade mounting media were
used to mount the slides, and the cells were imaged with a
confocal laser scanning microscope (Olympus, Japan) [16].

2.9. Measurement of Caspase-9 Activities in Human
Macrophages by a Fluorescence and Colorimetric Assay.
Change of in situ caspase-9 activity in HUVECs was detected
with a living cell caspase-9 Fluo-staining kit (Genmed
Scientific Inc., Arlington, TX, USA). The cell culture slides
were rinsed with wash buffer and incubated with the staining
working solution at 37° C in the dark for 20min. After wash-
ing three times with wash buffer, fixation buffer was used to
fix the cells at room temperature for 30min. Then, antifade
mounting media were used to mount the slides and the cells
were analyzed with a confocal laser scanning microscope
(Olympus, Japan).

Caspase-9 activity in HUVECs was detected with a cell
caspase-9 activity colorimetric kit (Applygen, Beijing,
China). Briefly, after washing twice with the wash buffer,
the cells were incubated with Applygen lysis buffer at 4°C

for 30min and then harvested into a centrifuge tube by scrap-
ing. The tubes were centrifuged (12,000 × g) at 4°C for 5min.
The supernatant was collected in a fresh tube on ice. The
Bradford method was used for protein quantification. Then,
50 μg of sample and a reaction reagent were added to each
well of a 96-well plate in order and incubated at 37°C in the
dark for 2 h. A microplate reader at 405 nm was used to
obtain an absorbance value of each well, and the caspase-9
activity level was calculated.

2.10. Measurement of Caspase-3 Activities in Human
Macrophages by a Colorimetric Assay. Caspase-3 activity in
HUVECs was quantified using a cell caspase-3 activity color-
imetric kit (Applygen, Beijing, China). The cells were scraped
on ice with Applygen lysis solution after washing twice with
PBS. The supernatant was transferred into tubes after centri-
fugation (12,000 × g) at 4°C for 5min. The Bradford method
was used to measure protein concentration. The protein and
reagent were added in a 96-well plate in order and incubated
for 2 h at 37°C in the dark. Finally, the 96-well plate was read
in a microplate reader.

2.11. Preparation of Mitochondrial Protein. A mitochondria
isolation kit (Beyotime, Shanghai, China) was used to extract
mitochondrial and cytosolic protein. The HUVECs were
mixed thoroughly with Mito solution after centrifugation
(600 × g) at 4°C for 5min. After incubating on ice for
30min with Mito solution, grinding pestles were used to
grind the cells. Then, the cells were transferred to centrifuge
tubes. The supernatant was moved into precooled tubes after
centrifugation (1000 × g) at 4°C for 10min. The supernatant
was moved into new precooled tubes after centrifugation
(3500 × g) at 4°C for 10min. The supernatant containing
the cytoplasm was then collected after centrifugation
(12,000 × g) at 4°C for 10min, while the precipitate
containing mitochondria was resuspended with Mito lysate.
Mitochondrial and cytosolic protein concentration was mea-
sured by Bradford methods.

2.12. Western Blotting Analysis.Western blotting was used to
determine the expression of Bcl-2, Bax, cytc, flag, and cleaved
caspase-3 and caspase-3 in HUVECs. The cells were lysed
with an appropriate volume of protein lysis buffer at 4°C
for 20min after washing twice with precooled PBS. The lysate
was transferred to an Eppendorf tube after fully scraping the
cells. The tubes were centrifuged (12,000 × g) for 10min, and
the supernatant was collected. A small volume of supernatant
was used for protein quantification (Bradford method). The
remaining supernatant was boiled in equal volume of 2×
sample buffer at 100°C for 10min. Protein samples (30 μg)
were separated in 10% SDS-PAGE and then electrically
transferred onto a nitrocellulose membrane with a constant
current of 200mA for 2 h. After the transfer, the nitrocellu-
lose membrane was blocked with 5% skim milk for 1 h. Then,
the membrane was incubated with the following primary
antibodies: β-actin (Santa Cruz, USA), Bcl-2 (Cell Signaling
Technology, USA), Bax (Cell Signaling Technology, USA),
cytc (Santa Cruz, USA), caspase-3 (Beyotime, Shanghai,
China), cleaved caspase-3 (Beyotime, Shanghai, China),
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cytochrome c oxidase IV (Cell Signaling Technology, USA),
and flag (ZSBiO, China) at room temperature for 2 h and at
4°C overnight. Cytochrome c oxidase IV (COX IV) and β-
tubulin were used as the markers of mitochondrial and cyto-
solic protein, respectively. After the incubation, a horseradish
peroxidase- (HRP-) conjugated secondary antibody was
added and incubated at room temperature for 1 h. The
protein band images were developed with FluorChem M
(Protein Simple, USA) and quantitatively analyzed with the
AlphaImager graphical analysis software (Alpha Innotech
Corporation, USA).

2.13. Statistical Analysis. The quantitative data are expressed
as themean ± SEM. SPSS 23.0 was used for data analysis. The
mean among the three groups was compared by ANOVA. If
the homogeneity of the variance test showed equal variance,
the Bonferroni test was used to compare the differences
between two groups. Otherwise, Dunnett’s T3 test was used
to compare the differences between two groups. P < 0:05
was considered statistically significant.

3. Results

3.1. L-Cystathionine Inhibited Hcy-Induced Cytotoxicity in
HUVECs. The CCK8 assay and LDH leakage assay were used
to evaluate the cytotoxicity of Hcy on HUVECs. As shown in
Figures 1(a) and 1(b), the treatment of HUVECs with 500
and 1000 μmol/L Hcy significantly suppressed the cell viabil-

ity and increased the LDH activity in the culture medium. In
contrast, pretreatment of HUVECs with 0.3 and 1.0mmol/L
L-cystathionine significantly increased cell viability and
blocked the LDH release in the HUVECs treated with
500 μmol/L Hcy (Figures 1(c) and 1(d)). These results
suggested that L-cystathionine could inhibit Hcy-induced
cytotoxicity in HUVECs.

3.2. L-Cystathionine Suppressed Cell Apoptosis Induced by
Hcy in HUVECs. To study whether L-cystathionine could
inhibit cell apoptosis induced by 500μmol/L Hcy in
HUVECs, we used the TUNEL assay to detect cell apoptosis.
Results showed that the green fluorescence intensity was sig-
nificantly higher in the Hcy group than in the control group,
indicating that Hcy could significantly increase the apoptosis
of the cells. After the treatment with 0.1mmol/L L-cystathio-
nine, no significant change in apoptosis was observed. How-
ever, the treatment with 0.3 and 1.0mmol/L L-cystathionine
significantly inhibited Hcy-induced apoptosis, respectively
(Figure 2(a)).

Western blotting was used to analyze the cleavage of
caspase-3 protein. Data showed that 500 μmol/L Hcy
significantly promoted caspase-3 cleavage. Pretreatment with
0.1mmol/L L-cystathionine did not alter the expression
of cleaved caspase-3 protein, while 0.3 and 1.0mmol/L
L-cystathionine significantly inhibited the cleavage of
caspase-3, respectively. These results demonstrated that
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Figure 1: Effects of L-Cth onHcy-induced cytotoxicity in HUVECs. (a) Cell viability in HUVECs treated with different concentrations of Hcy
was measured by the CCK8 assay. (b) The LDH release from HUVECs treated with different concentrations of Hcy was analyzed. (c) Cell
viability in HUVECs treated with 500 μmol Hcy alone or Hcy plus different concentrations of L-Cth was measured by the CCK8 assay.
(d) The LDH release from HUVECs treated with 500 μmol Hcy alone or Hcy plus different concentrations of L-Cth was analyzed. Data
are presented as mean ± SEM. ∗∗P < 0:01 versus control group; ##P < 0:01 versus Hcy group. L-Cth: L-cystathionine; LDH: lactate
dehydrogenase.
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L-cystathionine antagonized apoptosis induced by Hcy in
HUVECs (Figure 2(b)).

3.3. L-Cystathionine Inhibits Mitochondrial Superoxide
Anion Generation Induced by Hcy in HUVECs. Results
showed that the red fluorescence intensity was significantly
higher in the Hcy group than in the control group, indicating
that mitochondrial superoxide generation in the Hcy group
was significantly increased compared with that in the control
group. Pretreatment with 0.1mmol/L L-cystathionine did
not change mitochondrial superoxide generation. However,
when pretreated with 0.3 and 1.0mmol/L L-cystathionine,
the generation of mitochondrial superoxide dramatically
declined (Figure 2(c)).

3.4. L-Cystathionine Inhibits the Expression of Bax Induced by
Hcy in HUVECs. Western blotting results showed that
500μmol/L Hcy significantly increased Bax protein expres-
sion but did not impact on Bcl-2 protein expression, resulting
in a decrease in the ratio of Bcl-2/Bax, which activated the

mitochondrial pathway to cause apoptosis. However, pre-
treatment with 0.3 and 1.0mmol/L L-cystathionine signifi-
cantly inhibited the increased Bax protein expression,
respectively, while the Bcl-2 protein expression was unaf-
fected, which increased the ratio of Bcl-2/Bax and antagonized
apoptosis. Pretreatment with 0.1mmol/L L-cystathionine had
no impact on Bax and Bcl-2 protein expressions (Figure 3(a)).
Moreover, immunofluorescence microscopy was used to
determine the localization of Bax. Results showed that 0.3
and 1.0mmol/L L-cystathionine not only reduced the expres-
sion of Bax but also inhibited its translocation to mitochon-
dria, respectively (Figure 3(b)).

3.5. L-Cystathionine Reversed the Decline of Mitochondrial
Membrane Potential Induced by Hcy in HUVECs. The green
fluorescence intensity was significantly higher in the Hcy
group than in the control group, indicating that 500μmol/L
Hcy could reduce the mitochondrial membrane potential.
After the addition of 0.1mmol/L L-cystathionine, there
was no significant change in the mitochondrial membrane
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Figure 2: Effects of L-Cth on apoptosis, caspase-3 activities, and mitochondrial superoxide generation in Hcy-treated HUVECs. (a) HUVEC
apoptosis detected by TdT-mediated dUTP nick end labeling (TUNEL) methods (magnification, ×600; scale bar: 20 μm). (b) Cleavage of
caspase-3 analyzed by western blotting. (c) Mitochondrial superoxide generation in HUVECs detected with MitoSOX. Data are presented
as mean ± SEM. ∗∗P < 0:01 versus control group; ##P < 0:01 versus Hcy group. L-Cth: L-cystathionine.
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potential. However, the red fluorescence intensity was signif-
icantly enhanced after the addition of 0.3 and 1.0mmol/L L-
cystathionine, respectively. These results indicated that 0.3
and 1.0mmol/L L-cystathionine could reverse the decline
of mitochondrial membrane potential induced by Hcy
(Figure 4(a)).

3.6. L-Cystathionine AntagonizedMitochondrial Permeability
Transition Pore (MPTP)Opening Induced byHcy inHUVECs.
Compared with the control group, fluorescence intensity was
significantly weakened in the Hcy group, suggesting an
increased MPTP opening. However, a significantly enhanced
fluorescence intensity was observed when pretreated with 0.3
and 1.0mmol/L L-cystathionine, respectively, implying the
inhibition ofMPTPopening.WhenHUVECswere pretreated
with 0.1mmol/L L-cystathionine, however, fluorescence
intensity did not alter (Figure 4(b)).

3.7. L-Cystathionine Inhibited the Release of Cytc from the
Mitochondrion into the Cytoplasm Induced by Hcy in
HUVECs. To investigate whether MPTP opening had an
effect on cytc release, the immunofluorescence method was
used to detect the leakage of cytc from the mitochondrion
into the cytoplasm in HUVECs. Compared with the control
group, 500 μmol/L Hcy treatment significantly downregu-
lated cytc protein expression in mitochondria of HUVECs

and markedly increased cytoplasmic cytc. The pretreatment
with 0.1mmol/L L-cystathionine had no effect on the cytc
expression in the mitochondrion and cytoplasm. Inter-
estingly, 0.3 and 1.0mmol/L L-cystathionine significantly
upregulated cytc expression in the mitochondrion, respec-
tively, but downregulated cytc expression in the cytoplasm,
demonstrating the inhibiting effect on the leakage of cytc
from the mitochondrion into the cytoplasm (Figure 5).

3.8. L-Cystathionine Inhibits Caspase-9 Activation Induced by
Hcy in HUVECs. The colorimetry results showed that
500μmol/L Hcy significantly increased the caspase-9 activity,
whereas the pretreatment with 0.3 and 1.0mmol/L
L-cystathionine significantly inhibited the caspase-9 activity,
respectively (Figure 6(a)). The fluorescence results showed
that the green fluorescence intensity was significantly
strengthened in the Hcy group compared with the control
group. However, the fluorescence intensity was significantly
weakened with the pretreatment of 0.3 and 1.0mmol/L
L-cystathionine, respectively, suggesting the inhibition of
caspase-9 activities (Figure 6(b)). Both methods indicated
that 0.1mmol/L L-Cth has no effect on the caspase-9
activation (Figure 6).

3.9. BTSA1 Abolished the Inhibitory Effect of L-Cystathionine
on Apoptosis Induced by Hcy in HUVECs. To further
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Figure 3: Effect of L-Cth on Bax and Bcl-2 expression as well as Bax distribution in Hcy-treated HUVECs. (a) Bax and Bcl-2 expression
analyzed by western blotting. Data are presented as mean ± SEM. ∗P < 0:05 versus control group; ∗∗P < 0:01 versus control group;
#P < 0:05 versus Hcy group; ##P < 0:01 versus Hcy group. (b) The localization of Bax in HUVECs detected by immunofluorescence
microscopy, with red fluorescence indicating Bax and green fluorescence indicating mitochondria (magnification, ×600; scale bar: 5 μm).
L-Cth: L-cystathionine.
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demonstrate that L-cystathionine exerted antiapoptotic
effects through the Bax pathway, the HUVECs were pre-
treated with BTSA1, a Bax agonist that promotes Bax trans-
location to mitochondria but has no effect on its expression
[14]. Results showed that in the absence of BTSA1,
0.3mmol/L L-cystathionine inhibited the translocation of
Bax to mitochondria (Figure 7(a)), the opening of MPTP,
and the activation of caspase-9 and caspase-3
(Figures 7(b)–7(e)), thereby antagonizing apoptosis induced
by Hcy in HUVECs. However, after the pretreatment with
0.625 μmol/L BTSA1, L-cystathionine could no longer
inhibit the translocation of Bax to mitochondria
(Figure 7(a)), the opening of MPTP, and the activation of
caspase-9 and caspase-3 induced by Hcy (Figures 7(b)–
7(e)), suggesting that the protective effect of L-
cystathionine on the Hcy-induced apoptosis in HUVECs
was abolished.

3.10. Overexpression of Bax Abolished the Inhibitory Effect of
L-Cystathionine on Apoptosis Induced by Hcy in HUVECs. In
order to prove if L-cystathionine plays an antiapoptotic role
by inhibiting the expression of Bax, we overexpressed Bax
protein with the transfection of plasmid (Figure 8(a)). Results
showed that in the vehicle group, the administration of
0.3mmol/L L-cystathionine significantly inhibited caspase-3

activation induced by Hcy, whereas in the overexpression
group, L-cystathionine failed to inhibit caspase-3 activation
(Figure 8(b)). The ELISA results also showed that 0.3mmol/L
L-Cth in the vehicle group could inhibit the apoptosis of
endothelial cells induced by Hcy, while in the Bax overex-
pression group, the antiapoptotic effect of L-cystathionine
was abolished (Figure 8(c)).

4. Discussion

Our results demonstrated for the first time that
L-cystathionine could inhibit Hcy-induced mitochondria-
mediated apoptosis of HUVECs via restraining the expres-
sion and translocation of Bax, increasing mitochondrial
membrane potential, inhibiting MPTP opening, suppressing
cytc release from mitochondria into the cytoplasm, and
reducing caspase-9 activities and protein expression.

The maintenance of homeostasis in the cardiovascular
system is a complex process, and VECs are critical in this
process. VECs regulate vascular tone by secreting nitric oxide
synthase, endothelin-1, etc., and when they are damaged,
they can secrete various inflammatory mediators such as
TNF-α, IL-1, and IL-6 [17–20]. Many studies have been con-
ducted to explore the mechanism of VEC damage caused by
Hcy. The discovery of circulating endothelial cells in the
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Figure 4: Effect of L-Cth on mitochondrial membrane potential and mitochondrial permeability transition pore (MPTP) opening in
Hcy-treated HUVECs. (a) Change of mitochondrial membrane potential detected by a JC-1 fluorescent probe, with red fluorescence
indicating high mitochondrial membrane potential and green indicating low mitochondrial membrane potential (magnification, ×600;
scale bar: 20 μm). (b) Changes of MPTP opening in HUVECs detected with calcein AM. The green fluorescence quenching represented
MPTP opening (magnification, ×600; scale bar: 20 μm). L-Cth: L-cystathionine.
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plasma of patients with severe hyperhomocysteinemia
suggests that the abnormal vascular function caused by
high homocysteine level is not only due to the loss of
NO bioavailability but also associated with VEC apoptosis.
Studies have shown that pathologically relevant levels of
homocysteine can induce apoptosis of cultured endothelial
cells by regulating endoplasmic reticulum stress and
unfolded protein responses [21]. In order to treat hyper-
homocysteinemia, in addition to supplementing group B
vitamins, a large number of studies have been carried
out. Wei et al. found that hydrogen sulfide attenuated
Hcy-induced cardiomyocytic endoplasmic reticulum stress

in rats [22]. Liu et al. found that epigallocatechin gallate
(EGCG) inhibited vascular endothelial cell apoptosis by
regulating the PI3K/Akt/eNOS signaling pathway [23].
Jin et al. found that paclitaxel inhibited endoplasmic retic-
ulum stress and endothelial cell apoptosis by regulating
Nrf2-dependent HO-1 expression [24]. However, up to
now, there has no effective medication for vascular damage
caused by hyperhomocysteinemia. L-cystathionine is a key
intermediate in the sulfur transformation process [25].
So far, we know little about the biological effects of
L-cystathionine. Preliminary studies suggested that L-
cystathionine might have protective effects in many aspects,

L-Cth -
+ + + + + + + +

+ - + - + - +
Hcy

BTSA1- BTSA1+ BTSA1- BTSA1+

Bax

COX IV

𝛽-Actin

Mitochondria Cytoplasm

20 kD

17 kD

43 kD

(a)

Hcy+L-Cth
BTSA1-

Hcy Hcy Hcy+L-Cth
BTSA1+

(b)

BTSA1-
Hcy

BTSA1+
Hcy+L-Cth Hcy+L-CthHcy

(c)

50

100

150

Ca
sp

as
e-

9 
ac

tiv
ity

(%
 o

f H
cy

)

0

n.s.

##

H
cy

H
cy

+L
-C

th

H
cy

H
cy

+L
-C

th

BTSA1- BTSA1+

(d)

0.5

1.0

1.5

Cleaved caspase-3

Caspase-3

17 kD

35 kD

#

Cl
ea

ve
d 

ca
sp

as
e-

3/
ca

sp
as

e-
3

0.0

n.s.

H
cy

H
cy

+L
-C

th

H
cy

H
cy

+L
-C

th

BTSA1- BTSA1+

(e)

Figure 7: Effect of L-Cth on Bax expression, MPTP opening, caspase-9 activity, and cleaved-caspase3 expression in Hcy-treated HUVECs
when administering BTSA1 in advance. (a) Bax expression analyzed by western blotting. (b) Changes of MPTP opening in HUVECs
(magnification, ×600; scale bar: 20μm). (c) Caspase-9 activity detected with the living cell caspase-9 Fluo-staining kit (magnification,
×600; scale bar: 20 μm). (d) Quantitative analysis of caspase-9 activities measured with the caspase-9 activity colorimetric kit. (e) Cleavage
of caspase-3 analyzed by western blotting. Data are presented as mean ± SEM. #P < 0:05 versus Hcy group; ##P < 0:01 versus Hcy group;
n.s.: no significance; L-Cth: L-cystathionine.
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including significantly reducing superoxide anion produced
by human leukocytes and preventing hepatic steatosis and
acute tubular necrosis caused by endoplasmic reticulum
stress [26, 27]. It can also reduce the apoptosis of U937
cells and HepG2 cells by inhibiting the excretion of gluta-
thione [28]. It is noteworthy that L-cystathionine inhibits the
macrophage apoptosis induced by ox-LDL [29]. Therefore,
we speculated that L-cystathionine may protect against
vascular damage caused by Hcy. In our studies, we first
found that L-cystathionine antagonized homocysteine-
induced mitochondria-dependent apoptosis of vascular
endothelial cells. It is of great significance in the under-
standing of the interaction among the metabolites in the
methionine metabolic pathway in keeping the vascular
homeostasis and providing a novel approach for the pre-
vention and therapy of apoptosis-related cardiovascular
diseases.

Firstly, we evaluated the cytotoxicity of Hcy in HUVECs
by measuring cell viability and LDH release. Results showed
that the treatment of HUVECs with 500 and 1000 μmol/L
Hcy significantly suppressed the cell viability and increased
the leakage of LDH. Therefore, we selected 500μmol/L
Hcy as a working concentration to investigate whether
L-cystathionine has protective effects on Hcy-induced
HUVEC injury. We used the concentrations of
L-cystathionine with reference to the previous stud-
ies [12, 26–29]. We found that 0.3mM and 1mM
L-cystathionine significantly increased cell viability and
inhibited LDH leakage and apoptosis induced by Hcy in
HUVECs. Caspase-3 is an apoptosis performer in cells [30].
When cells are exposed to apoptotic stimuli, caspase-3
can be activated by the mitochondria-mediated caspase
activation pathway to form cleaved caspase-3 which in
turn causes apoptosis. Our experiments showed that Hcy
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Figure 8: Effect of L-Cth on caspase-3 activity and apoptosis in Hcy-treated HUVECs when Bax is overexpressed. (a) Bax overexpression in
HUVECs detected by western blotting. (b) Quantitative analysis of caspase-3 activities measured with the caspase-3 activity colorimetric kit.
(c) Apoptosis of HUVECs measured with the Cell Death Detection ELISAPLUS Kit. Data are presented as mean ± SEM. ∗P < 0:05 versus
control group; ∗∗P < 0:01 versus control group; #P < 0:05 versus Hcy group; ##P < 0:01 versus Hcy group; n.s.: no significance;
L-Cth: L-cystathionine.
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treatment increased cleaved caspase-3 expression, while L-
cystathionine reduced cleaved caspase-3 expression. All of
the above results demonstrated that L-cystathionine antag-
onized Hcy-induced apoptosis in HUVECs.

There are many ways mediating apoptosis, and the
mitochondria-mediated apoptotic pathway is the classical
one. However, it is still unclear whether L-cystathionine acts
through the mitochondrial apoptotic pathway. Considering
that mitochondria are one of the main sites producing
oxygen free radicals, abnormalities in the structure and
function of mitochondria would lead to an increase in
oxygen free radical generation and a decrease in removal.
Previous studies have shown that Hcy increases mitochon-
drial oxygen free radical production, while excessive oxygen
free radicals can activate mitochondria-mediated apoptosis.
Therefore, we designed experiments to study the impact of
L-cystathionine on the production of mitochondrial oxygen
free radicals. The results indicated that L-cystathionine
inhibited the production of mitochondrial oxygen free radi-
cals caused by Hcy. Studies have shown that caspase-9 is an
apoptotic promoter on the mitochondrial apoptotic pathway,
which can activate caspase-3 [31]. Therefore, we detected the
activation of caspase-9 by colorimetry and the fluorescence
assay. The results showed that L-cystathionine inhibited the
activation of caspase-9 induced by Hcy. Previous studies have
shown that DNA-damaging agents activate the mitochon-
drial apoptotic pathway by inducing the release of cytc. Cytc,
a peripheral protein of the mitochondrial inner membrane,
functions as an electron shuttle. Once released into the cyto-
sol, cytc would cause the activation of caspase-9 [32]. We
used immunofluorescence to detect the leakage of cytc. The
results showed that the release of cytc to the cytoplasm was
increased under the exposure to Hcy, and interestingly, the
leakage of cytc to the cytoplasm was significantly reduced
after the administration of L-cystathionine.

The mechanism by which L-cystathionine inhibits the
leakage of cytc is unclear. Stabilization of mitochondrial
membrane potential is essential for maintaining mito-
chondrial function. A decrease in mitochondrial mem-
brane potential implies that the cell is in the early
stages of apoptosis, meanwhile cytc in the mitochondria
leaks out into the cytoplasm [33]. Thus, we examined
the changes in mitochondrial membrane potential and found
that L-cystathionine antagonized the decrease in mitochon-
drial membrane potential induced by Hcy and maintained
the stability of mitochondrial membrane potential. Studies
showed that in association with a decrease in mitochondrial
transmembrane potential, excessive reactive oxygen species-
(ROS-) triggered apoptosis is mediated by MPTP [34].
MPTP is composed of a variety of protein molecules existing
between the mitochondrial inner and outer membranes and
is a nonspecific channel whose molecular composition has
not been fully studied [35]. Under physiological conditions,
MPTP is periodically opened, nonselectively allowing water
and small molecules to pass through, maintaining the elec-
trochemical balance in the mitochondria, while protons can
freely pass through the mitochondrial inner membrane,
causing a potential difference inside and outside the mito-
chondria to form a stable mitochondrial membrane potential

[36]. Therefore, we examined the opening of MPTP and
found that Hcy did increase the opening of MPTP, while
L-cystathionine inhibited the opening of MPTP.

Studies have shown that the opening and closing of
MPTP are closely related to the concentration ratio of Bcl-2
and Bax on the outer membrane of the mitochondria. Both
Bcl-2 and Bax belong to the Bcl-2 family and are often
expressed in tissue cells. Bcl-2 is an antiapoptotic protein.
Bax is a proapoptotic protein, and some scientists even
refer to the ratio of the two as an “apoptosis switch”
[37]. The decreased Bcl-2/Bax ratio promotes MPTP open-
ing, leading to apoptosis [38]. We examined the effects of
L-cystathionine on Bcl-2 and Bax. Results showed that
L-cystathionine inhibited the expression of Bax protein,
increased the ratio of Bcl-2/Bax, and inhibited the transloca-
tion of Bax to mitochondria, thereby antagonizing apoptosis.
These results demonstrated that L-cystathionine antagonized
the apoptosis of vascular endothelial cells induced by Hcy by
regulating the mitochondrial apoptosis pathway.

To examine if L-cystathionine inhibited Hcy-induced
apoptosis of vascular endothelial cells by targeting the Bax
pathway, we used Bax agonist and Bax overexpression,
respectively, in the experiment. Results showed that BTSA1
or overexpression of Bax successfully prevented the inhibi-
tory effect of L-cystathionine on the Hcy-induced opening
of MPTP and the activation of caspase-3 and caspase-9.
Bax agonist or Bax overexpression subsequently blocked the
inhibition of L-cystathionine on Hcy-induced apoptosis
in HUVECs as well. The above facts demonstrated that
L-cystathionine antagonized vascular endothelial cell apo-
ptosis by inhibiting the expression of Bax and its translo-
cation to mitochondria.

This study still has some limitations. The molecular
mechanism for L-cystathionine-mediated antiapoptosis via
the mitochondrial pathway requires further study. In partic-
ular, it is necessary to explore the biologic protective role of
cystathionine in endothelial injury induced by hyperhomo-
cysteinemia in animal models. However, our present studies
for the first time showed that L-cystathionine inhibited
homocysteine-induced mitochondria-dependent apoptosis
of vascular endothelial cells by inhibiting the expression
and translocation of Bax, which would be of great value in
further exploration of the potential therapeutic targets to
protect vascular injury.
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