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Abstract

Significance: Nutraceuticals are ingested for health benefits, in addition to their general nutritional value. These
dietary supplements have become increasingly popular since the late 20th century and they are a rapidly
expanding global industry approaching a half-trillion U.S. dollars annually. Many nutraceuticals are promul-
gated as potent antioxidants.

Recent Advances: Experimental support for the efficacy of nutraceuticals has lagged behind anecdotal exu-
berance. However, accumulating epidemiological evidence and recent, well-controlled clinical trials are be-
ginning to support earlier animal and in vitro studies. Although still somewhat limited, encouraging results have
been suggested in essentially all organ systems and against a wide range of pathophysiological conditions.
Critical Issues: Health benefits of ‘‘antioxidant’ nutraceuticals are largely attributed to their ability to scavenge
oxidants. This has been criticized based on several factors, including limited bioavailability, short tissue
retention time, and the preponderance of endogenous antioxidants. Recent attention has turned to nutraceutical
activation of downstream antioxidant systems, especially the Keapl/Nrf2 (Kelch like ECH associated protein
1/nuclear factor erythroid 2-related factor 2) axis. The question now becomes, how do nutraceuticals activate
this axis?

Future Directions: Reactive sulfur species (RSS), including hydrogen sulfide (H,S) and its metabolites, are
potent activators of the Keap1/Nrf2 axis and avid scavengers of reactive oxygen species. Evidence is beginning
to accumulate that a variety of nutraceuticals increase cellular RSS by directly providing RSS in the diet, or
through a number of catalytic mechanisms that increase endogenous RSS production. We propose that
nutraceutical-specific targeting of RSS metabolism will lead to the design and development of even more
efficacious antioxidant therapeutic strategies. Antioxid. Redox Signal. 38, 68-94.
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Introduction reduced cellular homeostasis, as described in the ‘‘redox
code’ as ‘“‘a set of principles that defines the positioning of

WE LIVE IN an oxidative environment. It rusts our au- the nicotinamide adenine dinucleotide (NAD, NADP) and
tomobiles, browns our apples, destroys our forests, and  thiol/disulfide and other redox systems as well as the thiol

is associated with a myriad of pathophysiological conditions.  redox proteome in space and time”” (Jones and Sies, 2015), in
It is also essential for our very existence. Maintaining a the face of this unrelenting pressure is a constant challenge.
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Failure to do so results in oxidative ‘‘stress,”” initially
defined as “‘an imbalance between oxidants and antioxidants
in favor of the oxidants, leading to a disruption of redox
signaling and control and/or molecular damage.”” It is now
known that oxidative stress is far more reaching, and terms
such as oxidative eustress and oxidative distress are used to
span the gamut between normal regulatory redox-mediated
signaling processes and catastrophic pathophysiological
events (for a historical context, see Sies, 2018).

The redox code has been further expanded to include
additional species and a variety of regulatory processes in
the ‘“‘redox interactome.”” This is defined as ‘“‘a prime-
val multilevel redox regulatory system whose architec-
ture, together with the physiochemical characteristics of
its constituents, allows efficient sensing and rapid adapta-
tion to environmental changes and various other stressors
to enhance fitness and resilience at the local and whole-
organism level”” (Cortese-Krott et al, 2017). Central to this
concept are selective classes of molecules known as “‘re-
active species.”

Although all biomolecules are technically ‘‘reactive
species,”” this term is now more or less restricted and used
in the context of a few specific redox molecules, the reac-
tive oxygen species (ROS), reactive nitrogen species, reac-
tive sulfur species (RSS), and more recently, the reactive
carbonyl species (RCS) (Cortese-Krott et al, 2017; Malard
et al, 2021). Hydrogen peroxide (H,0O,) and, to a some-
what lesser extent, superoxide (0,°") are arguably the two
most significant oxidants in terms of their involvement
in both oxidative eustress and distress (Chouchani et al,
2016; Reczek and Chandel, 2015; Sies, 2017; Sies and Jones,
2020).

Articles citing ‘““ROS’” and “‘oxidative stress’’ have dom-
inated the literature. According to PubMed.gov, articles with
“reactive oxygen species’ in them first appeared in 1945,
with 308,992 listed between then and 2020. In 2020 alone,
there were 20,574 citations, more than one every half hour.
“Hydrogen peroxide’ first appeared in 1882 with 102,857
references through 2020. Articles citing ‘‘oxidative stress”
have been cited 305,246 times since 1960, and ‘‘reductive
stress,”” which is also a recognized pathophysiological con-
dition (Bellezza et al, 2020; Ma et al, 2020; Manford et al,
2021; Perez-Torres et al, 2017; Xiao and Loscalzo, 2020;
Zhang and Tew, 2021), has been cited 8453 times between
1970 and 2020.

Articles with “‘reactive sulfur species’ first appeared in
1966 with only 2832 listed between then and 2020 and it took
until 1992 for more than 10 articles to be published in a single
year. In 2020, there was less than one (0.7) published per day.
“Hydrogen persulfide’ did not appear in the literature until
1986 and to date, there have been only 292 references.

It has recently been pointed out that ROS are strikingly
similar to RSS, and there are a number of reasons why ROS
may be over-emphasized whereas RSS are under-appreciated
(Olson, 2020). We propose that this may also influence our
concept of the mechanisms of action of antioxidants. In this
review, we will summarize the similarities and differences
between ROS and RSS and we will illustrate how the effects
of a variety nutraceutical antioxidants and related compounds
can be attributed to RSS instead of ROS. It is hoped that this
will further the design and development of even more specific
antioxidant therapeutic strategies.

69

Is Distinguishing Between ROS or RSS the Key
to Further Understanding Antioxidant Mechanisms?

It is clear that a number of factors have, justifiably or not,
biased our understanding of oxidants and directed our views
on antioxidant therapeutics. Our surroundings are clearly oxi-
dative, and the detrimental effects of oxidants on organisms are
easily demonstrated. However, we propose that in our exu-
berance to pursue oxidant stress we have neglected or over-
looked other factors that may be as or more relevant, especially
relative to RSS. These are considered in the following sections.

Chemical and biochemical similarities
between ROS and RSS

There are a number of similarities between oxygen and
sulfur, as both are chalcogens with six valence electrons.
However, sulfur is a larger atom, which makes it less elec-
tronegative and the bonds between two sulfur atoms are more
stable than those between two oxygen atoms. Sulfur’s elec-
trons are also more readily exchanged, which favors electron
transfer reactions and allows sulfur atoms to participate in
reversible oxidant/antioxidant redox reactions, a point ger-
mane to the present review.

There are also numerous similarities in the metabolism
and signaling pathways of ROS and RSS, and this often
creates confusion in distinguishing between them (Olson,
2020). Stepwise single-electron reduction of molecular oxygen
produces superoxide, H,O,, hydroxyl radical, and water [Eq. (1)]:

Ox(+e )= 0" (+e +2HT) = Hy0x(+2¢7)
— 2HO®*(+2¢~ +2H") — 2H,0 (1)

whereas single-electron oxidations of hydrogen sulfide (H,S)
produce the thiyl radical, hydrogen persulfide (H,S,), “‘su-
persulfide,” and molecular sulfur, with the latter usually
cyclizing to elemental sulfur (Sg) [Eq. (2)]:

2H,S(—2¢~ —2H ') — 2HS*(—2¢ ) — H,S;
(—e —2H")— 8" (—e ) — S2(Ss) 2)

The intermediates, H,O, and H,S,, are the basis for ROS
and RSS signaling and this occurs through common cysteines
on regulatory proteins (cysteine-based regulatory protein
[PSH]) [Eqgs. (3) and (4)]:

H,0, +PSH — PSOH + H,0 3)

H,S, +PSH — PSSH + H,S 4)

Further, unlike H,O, H,S can reduce select protein dis-
ulfide bonds (Vasas et al, 2015), which adds another level of
complexity to RSS signaling.

Aspects of a number of these downstream effectors regu-
lated by H,O,, H,S, and H,S, are considered in greater detail
in subsequent sections.

Factors that contribute to confusion

between ROS and RSS

A number of factors have contributed to the confusion
between the identity and properties of ROS and RSS (Olson,
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2020). (1) Some assays designed to detect ROS, such as the
redox-sensitive green fluorescent protein (roGFP), arguably
the “‘gold standard” for ROS measurements (Schwarzlander
etal, 2015), are 200 times more sensitive to RSS than they are
to ROS and amperometric H,O, electrodes are 24 times more
sensitive to RSS (DeLeon et al, 2016a).

(2) The vast majority of biochemical and cell-culture ex-
periments are performed in room air. In this environment, the
dissolved oxygen concentration in typical buffers is at least
200 uM (Boutilier et al, 1984) and in standard tissue incu-
bators it is ~ 175 uM (Keeley and Mann, 2019). A few cells,
with the exception of the upper airways and corneal epithe-
lium, ever experience these oxygen concentrations and, in
fact, in most cells itis 50 uM or less and ~ 5 uM oxygen in the
mitochondrion (summarized in Olson, 2020). As reduced
sulfur and oxygen do not coexist, it is easy to see why ROS
predominate in the elevated oxygen tensions used in most
experiments.

(3) The rate of oxygen consumption of mice and rats, the
most common animal models, is 8.5 and 4.4 times that of a
human (Olson, 2020). These high rates of oxygen turnover
would be expected to produce considerably more ROS than
that of human tissue. Collectively, it is little wonder that more
emphasis has been placed on ROS.

Several points regarding ROS signaling mechanisms fur-
ther confound the issue. First is the source of signaling H,O,.
The mitochondrion is presumed to be one of the major
sources of superoxide and H,O,, especially in response to
hypoxia (Chouchani et al, 2016; Sylvester et al, 2012), but
neither ROS rapidly diffuses across membranes. Aquaporins
have been proposed to serve as conduits for a mitochondrial-
to-cytosolic transfer of H,O, (Bienert and Chaumont, 2014),
but to date, there has not been any direct evidence of H,O,
release from the mitochondrion to the cytosol (Sies and
Jones, 2020). Does this effectively eliminate mitochondrial
H,0; in extra-mitochondrial signaling and relegate the latter
to the NADPH oxidases (NOX) (Vermot et al, 2021)? Con-
versely, H,S readily diffuses across membranes.

The second point is how efficient and specific is H,O, in
activating specific targets? Peroxiredoxins are far more
abundant in the cytosol than putative target proteins and their
cysteines more avidly react with H>O, (Stocker et al, 2018). It
has been proposed that very restricted microdomains are
necessary to produce H,O, and transmission of the redox
signal to the peroxiredoxins and then to the effector protein
(Stocker et al, 2018; Winterbourn, 2020). These issues, and
the efficacy and production of RSS in microdomains as well
as intracellular diffusion may help resolve these questions.

Importance of the evolutionary legacies
of ROS and RSS

Despite the prevalence of ROS in the literature, RSS have
dominated evolution (Olson, 2019; Olson and Straub, 2016).
There is strong evidence that life began around hydrothermal
vents in the anoxic seas ~ 3.8 billion years ago (bya) and that
nearly 85% of evolution occurred in this anoxic, or at best,
extremely hypoxic environment before the Earth became
oxidized to its present level around 0.6 bya. Sulfur, especially
H,S, undoubtedly played a central role; it served as a catalyst
(pro-enzyme), mineral (pro-membrane), precursor to organic
compounds, and most importantly, it was a constant and

OLSON ET AL.

dependable source of energy delivering reducing equivalents
to the relatively more oxidized ocean.

Earth’s oxidation was believed to be a critical juncture in
evolution (Kurland and Andersson, 2000; Ulrich and Jakob,
2019); organisms had to either develop mechanisms to deal
with the oxidants, retreat to anoxic environments, or die. The
ox-tox hypothesis (Andersson and Kurland, 1999; Kurland
and Andersson, 2000) posited that this oxic environment led
to the development of the sophisticated antioxidant mecha-
nisms in the redox code that have persisted to the present
(Jones and Sies, 2015). However, it is well known that es-
sentially all these antioxidant mechanisms appeared 2 bya,
long before the Earth became oxidized (Olson, 2019).

We proposed that and this was most likely concurrent with
the need to regulate RSS metabolism (Olson and Straub,
2016). Further, anoxygenic photosynthesis, most likely based
on the oxidation of H,S and reduction of CO, [Eq. (5)],
predated oxygenic photosynthesis [Eq. (6)] by more than a
billion years.

2H,S 4 2CO, +light — S, + CH3CO,H (®)]

2H,0 + 2CO; + light — O, + CH;CO,H (©6)

These observations suggest that many of the metabolic
pathways in extant organisms, including the ‘‘antioxidant™
defenses, were established long before ROS were relevant
oxidants. This caveat has let us to re-evaluate the ability
of endogenous antioxidant mechanisms to affect sulfur
metabolism.

Importance of Sulfur Metabolism in Understanding
Antioxidant Mechanisms

Endogenous sulfur metabolism

Endogenous sulfur metabolism has become an increas-
ingly complicated topic with the advent of new meth-
odological approaches. Here, it is briefly summarized with
emphasis on H,S and polysulfide production as this appears
to be where nutraceuticals exhibit their main effects. Ad-
ditional details can be found in recent reviews (Doka et al,
2020; Fukuto and Hobbs, 2021; Fukuto et al, 2020;
Kharma et al, 2019; Nagy et al, 2019; Olson, 2018; Pedre
and Dick, 2021; Sawa et al, 2021; Sawa et al, 2020; Sbodio
et al, 2019).

HoS production. Six or more enzymes in at least 17
pathways, in addition to non-enzymatic mechanisms, con-
tribute to H,S production (Fig. 1A) and more will, un-
doubtedly, be identified (Olson, 2018). In the more or less
canonical pathways, H,S is produced from L-cysteine
(L-CysS), where S in this section indicates reactive sulfur
atom, or to a lesser extent from L-methionine (L-MetS) by the
enzymes cystathionine 7y-lyase (CSE) and cystathionine
p-synthase (CBS) or by the sequential action of cysteine
aminotransferase (CAT) and 3-mercaptopyruvate sulfur
transferase (3-MSTS).

In the latter pathway, CAT transfers the sulfur from
L-CysS to pyruvate producing 3-mercaptopyruvate (3-MPS),
which then binds to a sulfur on 3-MSTS forming the per-
sulfide, 3-MSTSS. H,S can then be released from 3-MSTSS
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FIG. 1. Pathways for H,S and per- polysulfide production in cells. (A) H,S is primarily derived from L-CysS
(S indicates reactive sulfur atoms) or to a lesser extent from L-MetS by the enzymes CSE, CBS, CAT, and 3-MSTS. CAT
transfers the sulfur from L-CysS to pyruvate producing 3-MPS, which then forms 3-MSTSS, 3-MPS can also be produced
from D-CysS by DAO. H,S is released from 3-MSTSS by AA, DHLA, or Trx. H,S can also be produced from COS by CA
(although see Stelger et al, 2018), from thiosulfate by Trx or DHLA, from L-CysS by ST1, or by PLP plus free or heme-
bound iron (Fe**). H,S can also be released from a varletz of persulﬁdes by numerous nucleophlles (B) Per- and poly-
sulfides are produced by direct reaction with NO, from Fe3™, Hb, Mb, SOD, and Cat, often with initial formation of a thiyl
radical (HS®). (C) Per- and polysulfides produced by exchange reactions with 3-MSTSS. (D) Per- and polysulfides produced
by CBS and CSE metabolism of cystine transported into cells by X.. and AT2. (E) Mitochondrial CARS?2 produces CysSS
that is translocated to the cytosol, where CARSI1 affixes it to tRNA for incorporation into a protein (Prot). CARS 1 may also
form additional Cys persulfides. (F) Hydrolysis equilibrium of polysulfides forms both neutrophilic and electrophilic
compounds that may rearrange to form a variety of other compounds. Electrophlles {E}, required for these reactions shift
the equilibrium to the right. (G) Polysulfide oxidation produces H,S,05 and S° and the latter can react with H,S to produce
other polysulfides. 3-MPS, 3-mercaptopyruvate; 3-MSTS, 3- mercaptopyruvate sulfur transferase; AA, ascorbate; AT2,
sodium-coupled neutral amino acid transporter; CA, carbonic anhydrase; CARSI, cytosolic cysteinyl-tRNA synthetase;
CARS2, mitochondrial cysteinyl-tRNA synthetase; CAT, cysteine aminotransferase; Cat, catalase; CBS, cystathionine f-
synthase; COS, carbonyl sulfide; CSE, cystathionine y-lyase; CysSSCys, cystine; DAO, p-amino acid oxidase; D-CysS,
D-cysteine; DHLA, dihydrolipoic acid; GSHS, glutathione; H,S, hydrogen sulfide; H,S,03, thiosulfate; Hb, methemoglo-
bin; L-CysS, L-cysteine; L-MetS, L-methionine; Mb, metmyoglobin; NO, nitric oxide; PLP, pyridoxyl phosphate; ProtS,
protein reactive sulfur; S, elemental sulfur; SOD, superoxide dismutase; ST1, sulfur transferase 1, tRNA, transfer RNA;
Trx, thioredoxin; X, cystine/glutamate antiporter. Bold S indicates reactive sulfur.

by reductants such as ascorbate (AA), dihydrolipoic acid
(DHLA), or thioredoxin (Trx). CSE and CBS are primarily
cytosolic enzymes but can be translocated to the mitochon-
drion by hypoxia or other stressors, CAT and 3-MSTS are
found in both the cytosol and the mitochondrion, being more
prevalent in the latter.

In arguably lesser reactions, H,S can be generated in the
brain and kidney in a reaction in which b-amino acid oxidase
(DAO) transfers sulfur from D-cysteine (D-CysS) to 3-MPS in
peroxisomes for delivery to the mitochondrion (Seki et al,
2018; Shibuya et al, 2013). D-CysS is found in particularly
high concentrations, 65 and 4.2 uM in white and gray matter,
respectively (Semenza et al, 2021). H,S may be produced
from carbonyl sulfide (COS) in the cytosol in a reaction
catalyzed by carbonic anhydrase (CA), although the exact
mechanism(s) for COS production in mammalian tissues
remain to be identified (Steiger et al, 2018).

H,S may also be produced from thiosulfate in the mito-
chondrion catalyzed by Trx or non-enzymatically by DHLA
and by sulfur transferase 1 (ST1), a subunit of yeast mito-
chondrial complex I that may release H,S directly from
L-CysS. A recent study has also shown that H,S can be
generated nonenzymatically from either D- or L-CysS by
pyridoxyl phosphate (PLP) and free or heme-bound iron
(Fe*"), and this has been purported to contribute to much of
the basal H,S production in most tissues except the liver and
kidney (Yang et al, 2019). H,S can also be released from a
variety of persulfides by numerous nucleophiles.

Per- and polysulfide production. Oxidized sulfur (-1, 0)
readily undergoes catenation reactions that produce rela-
tively stable inorganic and organic per- and polysulfides with
low-molecular-weight thiols, for example, Cys, glutathione
(GSH), and DHLA, some of which may be found in low to
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high micromolar concentrations in cells. These sulfur mole-
cules can undergo exchange reactions with other thiols and
per- polysulfides as well as with sulfur transferring enzymes
Trx and Mocs3 and protein Cys.

Polysulfides (RS,R’, n>1) are also readily hydrolyzed to
both nucleophilic (RS,.;.) and electrophilic sulfenic acid
(R’SO") species. Per- and polysulfides may contain from two
to six or more sulfur-sulfur bound atoms, all of which may be
reactive, adding to the complexity.

Per- and polysulfides may be produced de novo from
low-molecular-weight thiols or derived through a variety
of exchange mechanisms. H,S, or more likely the hydro-
sulfide anion (HS™), may undergo a one-electron oxidiza-
tion catalyzed by Fe*", methemoglobin, metmyoglobin, or
other oxidants, to a thiyl radical (HS®), which may com-
bine with different sulfur molecules to produce a variety
of compounds (Fig. 1B). Sulfur in 3-MSTSS (described
above) can also be transferred to Cys, GSH, or protein-Cys
(Fig. 1C).

H,S also forms a persulfide with sulfide:quinone oxido-
reductase (SQR), a complex II associated enzyme that cata-
lyzes the initial oxidation step in H,S catabolism, and this
may be also transferred to GSH. There is a report that cys-
teine hydropersulfides and persulfides may be produced by
either CSE or CBS from cystine (CysSSCys) transported into
cells by either a cystine/glutamate antiporter (system X.) or a
sodium-coupled neutral amino acid transporter (AT2) and
these can undergo further exchange reactions (Fig. 1D), al-
though a number of studies have argued against this (Kimura
et al, 2017b; Shibuya et al, 2009; Yadav et al, 2016).

Mitochondrial cysteinyl-tRNA synthetase (CARS?2) trans-
fers sulfur from one Cys to another to form Cys hydro-
persulfide (CysSSH) that is then translocated to the cytosol
where cytoplasmic cytosolic cysteinyl-tRNA synthetase
(CARS1) may either transfer it to transfer RNA (tRNA;
tRNA-CySSH) or add a second Cys sulfur before transfer
(tRNA-CysSSSH) (Fig. 1E). In this way, a per- or poly-
hydrosulfide is directly incorporated into a protein and it is
estimated that this may be as much as 70%—80% of the Cys in
proteins.

OLSON ET AL.

It has recently been reported that polysulfide species
(RS,R with n>?2) are in a hydrolysis equilibrium that forms
both neutrophilic and electrophilic compounds and that
electrophiles shift this equilibrium to the right (Sawa et al,
2021). These may subsequently rearrange to form a variety of
other compounds, a few of which are shown in Figure 1F.
However, the physiological significance of these reactions
remains to be determined. In addition, polysulfides may react
with oxygen to produce thiosulfate and elemental sulfur (S°)
(Kleinjan et al, 2005) and S° can react with H,S to produce
other polysulfides (Fig. 1G). Collectively, these reactions
lead to a complex and dynamic sulfur biome that is only
beginning to be understood.

Metabolism of RSS by endogenous antioxidants

There is considerable literature on the mechanisms em-
ployed by eukaryotic cells to either remove superoxide and
H,O, or regulate their signaling capabilities. The majority of
these endogenous antioxidant pathways either catalytically
dismute ROS or reduce ROS by NADPH-fed thiol-switch
mechanisms. However, recent evidence suggests that these
pathways are also involved in RSS metabolism. The fol-
lowing paragraphs briefly compare ROS (mainly H,0,) and
RSS (mainly hydrogen polysulfide [H,S,]) metabolism by
these systems. These points raise the question, to what extent
are endogenous ‘‘antioxidant’ pathways involved in RSS
homeostasis?

Glutathione. GSH is typically found in millimolar
concentrations in cells and serves as the first-line buffer for
ROS. GSH readily reacts with H,O, to form a GSH cys-
teine sulfenyl (GSOH) and/or oxidized glutathione dimer
(GSSG). GSH also reacts with persulfide to form glutathione
hydroper- or hydropolysulfides (GSS,H, n=1-5) or diglu-
tathione per- or polysulfides (GSS,SG, n=1-5). Although
GSH reacts with only one peroxide, it may react with mul-
tiple persulfides to form longer sulfur chains and these re-
actions are readily reversible (Fig. 2A).

A B 202-' I"IH;S C 2H;02 I'IHzS D Zst
Hz0; + GSH —=GSOH, GSSG + H;0
HzSz + GSH "‘—I"GSS|14}H. GSSU_Q}SG + Hgs ﬁ( )@.@ (102 %Goz
0,+H;0; SOD  H,S, Cat  + H,S, cat RS
(NADPH)
E ROS RSS
A A
r N )
H,02 X Prot - SH X NADP* Trx| X Prot -SH H,S
P S @ NADPH Prot -SS,H H,S,,

FIG. 2. Metabolism of ROS (H,0,) and RSS (H,S,,) by endogenous antioxidants. (A) GSH is sulfenylated by H,O, to
form GSOH or GSSG. (B) SOD dismutes O, to H,O, and O, whereas it oxidizes H,S to polysulfides (H,S,; n=2-5). (C)
Catalase dismutes H,O, to H>O and Oy; in the presence of O, it oxidizes H,S to H,S,, (C), whereas in hypoxia (D) it uses
NADPH to produce H,S from select sulfur-containing substrates (RS). (E) Thiol switch pathways, such as the Trx/TrxR
pathway, transfer electrons from NADPH to reduce H,O, or sulfenylated proteins (Prot) or Prx or to produce H,S from
inorganic or organic per and polysulfides (H,S,, Prot-S,). GSH, glutathione; GSSG, oxidized glutathione dimer; H,O,,
hydrogen peroxide; H,S,, hydrogen polysulfide; O,°", superoxide; Prx, peroxiredoxin; ROS, reactive oxygen species; RSS,
reactive sulfur species; TrxR, thioredoxin reductase.
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Dismutation catalysts. Cytosolic and soluble (extracel-
lular) copper-zinc superoxide dismutase (Cu-ZnSOD; SOD1
and SOD3, respectively) and mitochondrial manganese-SOD
(MnSOD; SOD2) dismute superoxide to H,O, and oxygen
(Sheng et al, 2014). Both SODI1 and SOD2 also oxidize
H,S to persulfide (H,S,), which subsequently forms longer
chain polysulfides (H,S,_s) (Olson et al, 2017a; Searcy,
1996; Searcy et al, 1995) (Fig. 2B). H,S oxidation requires
molecular oxygen but does not appear to utilize other pos-
sible electron donors such as nitrate, nitrite, sulfite, sulfate,
thiosulfate, or metabisulfite, nor does it require superoxide or
peroxide. High levels of H,S (or possibly the persulfide
product) also inhibit the reaction, probably through per-
sulfidation of one of superoxide dismutase (SOD)’s three
reactive cysteines, suggesting that H,S oxidation may be
subjected to negative feedback.

Catalase is the next antioxidant step dismuting peroxide to
oxygen and water. Catalase is also a sulfide oxido:reductase
(Olson et al, 2017b). In the presence of oxygen, catalase
oxidizes H,S to polysulfides (Fig. 2C), whereas in oxygen’s
absence it produces H,S from sulfur-containing substances
(Fig. 2D) including garlic oil, diallyltrisulfide (one of the
active components of garlic), Trx, and sulfur dioxide, but
not from sulfite, metabisulfite, COS, cysteine, cystine, glu-
tathione, or oxidized glutathione, indicative of substrate
specificity.

Interestingly, the oxygen tension at which catalase switches
from a sulfur oxidase to a reductase tracks the same curve
between 0 and 100 mmHg as the oxyhemoglobin satura-
tion curve (Olson et al, 2017b), suggestive of a physiologi-
cal function releasing vasodilating H,S to the vasculature in
hypoxic tissues.

Thiol switches. Although GSH is often perceived as the
main first-line antioxidant, its main antioxidant function is
more likely to serve as a buffer and to provide reducing
equivalents for the antioxidant thiol-switch pathways (re-
viewed in: Lu and Holmgren, 2014; Ulrich and Jakob, 2019).
These pathways deliver electrons from NADPH via redox-
active vicinal cysteines or selenocysteines in Trx/thioredoxin
reductase (TrxR) or glutaredoxin/glutaredoxin reductase
(Grx/GrxR) to reduce sulfenylated protein cysteines, perox-
ide, or oxidized peroxiredoxins (Fig. 2E). These switches can
also affect RSS metabolism by reducing both inorganic and
organic per- and polysulfides (Doka et al, 2016; Ju et al, 2016;
Wedmann et al, 2016) (Fig. 2E).

However, RSS metabolism by thiol-switch pathways is
more versatile and extensive than ROS metabolism by these
pathways. Excess H,O, initially sufinylates proteins (Prot-
SO,H) and then further oxidizes them to sulfonylated pro-
teins (ProtSO3H). Sulfinylated proteins are difficult to reduce
back to native proteins, and sulfonylated proteins are destined
for degradation (Lo Conte and Carroll, 2013). Per- or poly-
sulfidation of proteins (ProtSS,H) is believed to help protect
proteins from excessive oxidative stress (Millikin et al, 2016;
Nagahara et al, 2012; Ono et al, 2014).

Per- polysulfidated proteins can also be oxidized to the
sulfenyl, sulfinyl, and sulfonyl forms (sulfinylated pro-
tein [ProtSSOH], ProtSSO,H, and ProtSSO3H, respectively);
sulfenyl persulfidated proteins are readily identified in cells
and are believed to contribute to intracellular signaling
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(Heppner et al, 2018). These can all be reduced back to the
native persulfidated form by the Trx/TrxR and Grx/GrxR
pathways (Doka et al, 2020).

A variety of inhibitors have been employed to block spe-
cific steps in these thiol-switch pathways with the general
intent to increase cellular oxidant stress, generally H,O, (de
Souza et al, 2017; Glasauer and Chandel., 2014; Graczyk-
Jarzynka et al, 2017; Hall et al, 2014; May et al, 2018; Re-
shetnikov et al, 2018; Rodman et al, 2016; Seefeldt et al,
2009; Zhao et al, 2009a; Zhao et al, 2009b). We observed that
these same inhibitors also affected cellular RSS (Olson and
Gao, 2019). However, they did not uniformly affect RSS:
Some decreased H,S, others increased it, and the change in
H,S did not consistently correlate with the change in poly-
sulfides. Clearly, more work needs to be done to identify the
downstream pathways affected by these RSS and to compare
them with those putatively regulated by ROS.

It is recently becoming evident that certain cellular proteins
also function as redox-based thiol switches that convert to
reversible ATP-independent protein chaperones in response to
H,0, (Ulrich et al, 2021). To our knowledge, the effects of
RSS on these switch mechanisms have not yet been examined.

Transcriptionally activated antioxidants, the Kelch like
ECH associated protein 1-nuclear factor erythroid 2-related
factor 2 pathway. The Nrf2 (Nuclear factor erythroid 2-
related factor 2) pathway is the master regulator of antioxi-
dant systems and is regulated at multiple levels through
factors that affect transcription, post-transcription, and pro-
tein stability (Li et al, 2019). Regulation of protein stability
through affecting its interaction with Keapl (Kelch Like
ECH associated Protein 1) is the most predominant. Keap1
serves as a linker protein between Cul3/Rbx1-based E3-
ubiquitin ligase complex and Nrf2, which continuously tar-
gets the latter for ubiquitination.

Electrophilic stress or chemical inducers dissociate Keap1
from Nrf2 and allow Nrf2 to translocate from the cytosol to
the nucleus where it binds to the antioxidant response ele-
ments (ARE), leading to the transcription of antioxidant
genes. It is generally accepted that the most common factors
causing Keapl dissociation from Nrf2 are oxidation, espe-
cially sulfenylation, of cysteine residues Cys151, Cys273,
and Cys288 in Keapl, or binding of p62 (sequestosome 1) to
Keapl, which increases Keapl degradation, thereby stabi-
lizing Nrf2. Other factors, including protein kinase C (PKC),
phosphorylate Nrf2, thereby dissociating it from Keapl,
and p21 ip/WAFI, DJ-1, PALB2 (partner and localizer of
BRCA?2), and tumor suppressor BRCAL that also interrupt
the Keap-Nrf2 interaction.

In addition, there are a number of Keapl independent
mechanisms. The phosphatidylinositol 3-kinase (PI3K)/Ak
strain transforming (Akt) pathway activates Nrf2 by phos-
phorylating glycogen synthase kinase-3beta (GSK-3f),
which, in turn, prevents GSK-3f from phosphorylating Nrf2
and marking it for ubiquitination. The Hrd1 (3-hydroxy-3-
methylglutaryl reductase degradation 1) pathway is a nega-
tive regulator of Nrf2 by targeting it for ubiquitination.

At the level of transcription, Nrf2 is increased by the
aryl hydrocarbon receptor (AhR), nuclear factor kappa-light-
chain-enhancer of activated B cells (NfxB), and by Nrf2
itself, although Nrf2 also activates Keapl transcription,
which may, in turn, exert negative feedback. Both the tumor
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suppressor p53 and retinoic acid receptor alpha indi-
rectly suppress Nrf2-dependent transcription of antioxidant
genes whereas p300/CBP histone acetyltransferases directly
bind and acetylate Nrf2 in the nuclei, leading to enhanced
promoter-specific DNA binding.

In the canonical ROS-activated pathway, cytoplasmic
H,0, sulfenylates Cys151 of Keapl, causing it to dissociate
from Nrf2 and enabling the latter to translocate to the nucleus
(Rachakonda et al, 2008). There it activates ARE in the nu-
cleus that initiate the production of a variety of antioxidant
proteins (Deshmukh et al, 2017; Motohashi and Yamamoto,
2004; Villavicencio Tejo and Quintanilla, 2021; Yamamoto
et al, 2018). Understandably, the Keapl/Nrf2 pathway is
often a therapeutic target (Alpha-Tocopherol and Beta Car-
otene Cancer Prevention Study Group, 1994; Cuadrado et al,
2019; Telkoparan-Akillilar et al, 2021).

Regulation of Nrf2 is also the focus of a wide variety of
natural compounds (reviewed in Gugliandolo et al, 2020;
Jayasuriya et al, 2021; Ooi et al, 2018). In all but a few
instances (e.g., sulforophane described below), the mecha-
nism of action of the nutraceuticals is either unknown or
attributed to ROS-type oxidants. However, Keapl can also
be persulfidated, thereby liberating Nrf2 and culminating in
identical effector responses (Guo et al, 2014; Hourihan et al,
2013; Yang et al, 2013). In addition, RSS are implicated in
persulfidating a variety of other molecules, including p66shc,
p65, protein-tyrosine phosphatase 1B (PTP1B), mitogen-
activated protein kinase/ERK (extracellular signal-regulated
kinase) kinase 1 (MEk1), and phosphatase and tensin ho-
molog (PTEN) (Meng et al, 2018), many of which may di-
rectly or indirectly affect Nrf2.

So, one must question how much of the Nrf2-Keap1 and
related antioxidant mechanisms in cells are regulated by ROS
and how much they are regulated by RSS? Or the alternative
question is how much of the Keap1/Nrf2 pathway is involved
in RSS homeostasis? This conundrum is further confounded
by a number of observations described next that show that a
variety of “‘antioxidants’ effectively metabolize RSS.

Nutraceuticals and Related Compounds
Are Inefficient Antioxidants

Nutraceuticals and related compounds are reported, often
anecdotally, to have positive effects on virtually every organ
system and exert protective effects or curative responses
against a wide variety of diseases. Given such a broad interest
in these compounds, it is not surprising that the global nu-
traceutical market was estimated at more than 417 billion
U.S. dollars in 2020 and it is expected to grow at an annual
compound growth rate of nearly 9% from 2020 to 2028
(www.grandviewresearch.com). Much of the academic and
anecdotal interest in these compounds has focused on their
purported antioxidant activity through their ability to scav-
enge ROS.

However, Forman and Zhang (2021) questioned the ability
of these compounds to directly scavenge ROS or related
radicals because these reaction rates are orders of magni-
tude slower than reactions that activate antioxidant defense
mechanisms, especially the Nrf2/ARE axis. Although Ge-
bicki and Nauser (2021) provide evidence that direct radical
scavenging by polyphenols is kinetically feasible, the limited
bioavailability of many of these compounds (discussed in
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section uptake and bioavailability) and rapid clearance from
tissues that could precede any antioxidant effect supports the
predominance of other, downstream effector antioxidant
responses. The RSS metabolism by nutraceuticals, espe-
cially to produce hydropersulfides, appears to resolve these
issues.

Antioxidant Attributes of Hydropersulfides

It is quite likely that much of the biological activity of RSS
is due to hydropersulfides (RS H; n>1, R=H, Cys, GSH,
proteins). These can be produced through a variety of path-
ways as described in the Importance of Sulfur Metabolism in
Understanding Antioxidant Mechanisms section. In a semi-
nal review, Fukuto and Hobbs (2021) examine the antioxi-
dant properties of these hydropersulfides and compare them
with other thiols and polysulfides and with the major intra-
cellular antioxidants, GSH, ascorbate, and tocopherols. The
following paragraphs briefly summarize these effects; the
reader is referred to their review and references therein for
further details.

H,S is a relatively weak reductant, but when the sulfur is
oxidized, ultimately to a hydropersulfide, it becomes a much
stronger reductant. Paradoxically the hydropersulfide may
also be an oxidant. The pKa’s for hydropersulfides are typi-
cally in the range of intracellular pH, or lower, whereas those
for GSH and Cys are around 8. Therefore, under physiolog-
ical conditions hydropersulfides may exist as either RSS™ or
RSSH. RSS™ are far better reductants than RS™, and RSSH are
better hydrogen donors than RSH.

Oxidation of RS7/RSH to RSS/RSSH, which would be
expected to increase under oxidative stress, will produce better
intracellular reductants (RSS™) to deal with the stress, and the
electrophilic RSSH will oxidize Keapl and activate Nrf2 (see
Transcriptionally Activated Antioxidants, the Kelch like ECH
Associated Protein 1-Nuclear Factor Erythroid 2-Related
Factor 2 Pathway section). Further, protein hydropersulfides
are also far more resistant to damage from peroxide than their
thiol counterparts (see the Thiol Switches section).

Glutathione is viewed as one of the most important in-
tracellular antioxidants, in part because it is present in mil-
limolar concentrations and, in part, because it provides
reducing equivalents to reductive reactions catalyzed by
glutathione S-transferase (GST), glutathione peroxidase (Gpx),
and Grx. However, as pointed out by Fukuto and Hobbs
(2021), only 10% GSH is found as GS™, that is, 100-200 uM
if GSH is 1-2mM, whereas essentially all glutathione
hydropersulfide (>100 uM) exists as GSS™. With the concen-
trations of GSS™ and GS™ being nearly equal, but with GSS™
being a far superior nucleophile, GSS™ would be expected to
exert more direct antioxidant activity than GSH. Further, GSH
does not react directly with oxidized protein sulfenyls,
whereas GSS™ directly reduces them, thereby obviating the
need for Grx-catalyzed reactions.

Ascorbate and tocopherols are one-electron reductants, as
are RSSH/RSS™, and can terminate oxidizing chain reac-
tions. But RSS™ are also potent nucleophiles, which allows
them to scavenge other oxidants (H,O,, ROOH, OHOOH,
etc.) and reactive electrophiles, which ascorbate and to-
copherols cannot, of if they do, it is a very slow reaction.
In addition, in the presence of Fe or Cu, ascorbate will react
with H,O, to produce other potent oxidants.
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RSS-Mediated Actions of Nutraceuticals

It is evident that RSS exert a variety of antioxidant func-
tions in cells. Recent evidence, although limited to date, has
also shown that many antioxidant nutraceuticals may affect
RSS, either by increasing intracellular H,S as a precursor to
reactive per- and polysulfides, or by oxidizing endogenous
H,S to produce them. The following sections examine RSS
metabolism by three types of nutraceuticals: sulfur-donating,
sulfur containing catalysts and non-sulfur containing cata-
lysts. Although there is extensive literature on the effects of
nutraceuticals on ROS metabolism, our focus will be on their
contributions to RSS metabolism.

Sulfur donating nutraceuticals

Allium and Brassica. Allium species include garlic, on-
ions, leeks, shallots, scallions, chives, and ramp; Brassica
species, the cruciferous vegetables, include bok choy, broc-
coli, Brussels sprouts, cabbage, canola oil, cauliflower, col-
lard greens, kale, mustards, and turnips. Organosulfur plants
have been consumed by humans for medicinal purposes for
more than 6000 years (Majewski, 2014). Research in gar-
lic (Allium sativum) and onions (Allium cepa) has grown
exponentially since the early 1980s; the word ““garlic’” was
mentioned in more than 491 articles and ‘“‘onion” in 527
articles in 2020 alone (https://pubmed.ncbi.nlm.nih.gov).

Garlic is consumed fresh, powdered, cooked in a variety
of ways, aged, after organic solvent extraction, or after pro-
longed fermenting at 60°C-90°C under 80%—90% humidity
(80%—90%) for up to 90 days. The latter produces ‘‘black
garlic,” which is known for beneficial modification of the
nutrients and sensory attributes and improved bioactivity
(Miraghajani et al, 2018). Onions are mostly eaten raw or
cooked. Flowers, leaves, roots, seeds, and stalks of various
Brassica may be eaten raw or cooked or extracted for oil.

Positive health benefits of these foods have been reported
to occur in virtually all organ systems, both in experimental
animals and in controlled studies and anecdotal reports in
humans. Most of the benefits are attributed to their anti-
oxidative, anti-inflammatory, immunomodulatory, and anti-
obesity actions and they are reported to have anti-cancer
activities as well as cytoprotective properties. These nu-
traceuticals are the subject of more than 30 reviews annually
(for recent reviews see: Abe et al, 2020; Ahmed and Wang,
2021; Bastaki et al, 2021; Beigoli et al, 2021; Borlinghaus
et al, 2021; Cao et al, 2021; Farhat et al, 2021; Garcia-Ibanez
et al, 2020; Guillamon et al, 2021; Kianian et al, 2021; Ki-
mura et al, 2017a; Kurnia et al, 2021; Le et al, 2020; Luo et al,
2021; Nohara et al, 2021; Sun et al, 2021; Uuh-Narvaez and
Segura-Campos, 2021).

Many of the health benefits of Allium and Brassica have
been attributed to sulfur-rich compounds, of which dozens
have been identified. Especially notable are the diallyl
mono-, di-, and tri-sulfides (DAS, DADS, and DATS, re-
spectively) and ajoene in Allium and isothiocyanates, for
example, sulforophane in Brassica (Fig. 3). When garlic cells
are damaged, the enzyme alliinase is released and it catalyzes
the formation of allicin from the endogenous precursor alliin
(S-allyl-L-cysteine sulfoxide). Allicin then rapidly decom-
poses into DAS, DADS, and DATS (Fig. 3A), with essen-
tially all the biological activity being attributed to the latter.
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FIG. 3. Reactive sulfur and signaling by Allium and
Brassica species. (A) Alliinase is released by damaged
garlic cells and catalyzes the formation of allicin from alliin.
Allicin then decomposes into mono-, di-, and tri-diallyl
sulfides (DAS, DADS, and DATS, respectively). (B) DATS
may react with low-molecular-weight thiols (GSH, Cys) to
produce a variety of glutathione and cysteine allylsulfides
and allylpersulfides, and these may then be reduced by
glutathione reductase and NADPH to produce H,S, or they
may exchange the sulfane sulfur with other thiols (R and R’
signifying H, GSH or Cys) to produce a variety of poly-
sulfides. (C) Persulfidation of Keapl disassociates it from
Nrf2, and the latter initiates the ARE. (D) Sulforaphane
from Brassica also binds to Keapl and liberates Nrf2. (E)
Ajoene, another sulfur molecule found in Allium. ARE,
antioxidant response elements; DADS, diallyl disulfide;
DAS, diallyl sulfide; DATS, diallyl trisulfide; Keapl, Kelch
like ECH associated protein 1; Nrf2, nuclear factor erythroid
2-related factor 2.

H,S can be released from DATS in buffer by mM con-
centrations of GSH, Cys, homocysteine (Hcys) and in red
blood cells, a reaction requiring glucose, which presumably
provides NADPH for a glutathione reductase-catalyzed re-
action (Fig. 3B) (Benavides et al, 2007). DATS has also been
reported to release H,S from myocardial cells (Predmore
et al, 2012).

Polysulfides are also formed from DATS (DeLeon et al,
2016b), and this may account for much of the biological
action of Allium-derived sulfur species as H,S cannot directly
persulfidate cysteine on regulatory proteins. This would
better explain the ability of DATS to relax arteriolar smooth
muscle by activating ATP-sensitive potassium (Katp)
channels (Benavides et al, 2007). Polysulfides can also lib-
erate Nrf2 from Keapl1, as described earlier (see also Fig. 3C).
A variety of garlic compounds, including DADS, DATS,
S-allylmercaptocysteine, S-allyl-L-cysteine sulfoxide, S-1-
propenylcysteine, and ajoene, also increase Nrf2 in a number
of cell and animal models (Cho et al, 2019; Hassanein et al,
2021; Kay et al, 2010; Khalaf et al, 2022; Kim et al, 2014;
Miltonprabu et al, 2017; Mo et al, 2020; Shan et al, 2016; Shi
et al, 2015; Tsai et al, 2013; Tsuneyoshi et al, 2019; Uto-
Kondo et al, 2018; Wang et al, 2021; Wang et al, 2020; Yang
et al, 2020).
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There is less known about the specific mechanism of Nrf2
activation, but the Cys moieties of Keapl are a likely target.
Using human gastric epithelial cell lines, Kim et al (2014)
found that Cys288 on Keapl was essential for DATS acti-
vation of Nrf2, whereas neither Cys151 nor Cys273 appeared
to be involved. Further, they observed that there was an in-
crease in mass of the peptide fragment containing Cys288
that was consistent with mono-allyl mono-sulfide binding to
Keapl. However, this is somewhat in contrast to the obser-
vations of Hu et al (2011), who showed that sulforaphane
reacted with four of the Keapl Cys and covalently bound to
the Keapl Cys151 freeing it from Nrf2. Nevertheless, these
studies point to the importance of the sulfur in these nu-
traceuticals whose actions are independent of ROS.

Allium and Brassica also are rich in polyphenols, in ad-
dition to sulfur compounds (Ahmed et al, 2021; Cao et al,
2021; Kurnia et al, 2021). Some vegetables, especially
broccoli, are also rich in lipoic acid (LA) (Theodosis-Nobelos
et al, 2021). The effects of these compounds on sulfur me-
tabolism will be considered in their respective sections later.

Sulfur containing catalytic nutraceuticals

Similar to the sulfur-donating nutraceuticals in Allium and
Brassica, interest in the health benefits of the sulfur-cycling
LA has grown exponentially since the mid-1980s with 378
articles in 2020 alone and 30-50 reviews yearly since
2013 (Pubmed.gov). LA, termed the ‘‘universal antioxidant’
(Kagan et al, 1992), is endogenously synthesized and em-
ployed as a cofactor in a variety of mitochondrial metabolic
activities (Solmonson and DeBerardinis, 2018). As endoge-
nous synthesis does not substantially contribute to circulating
levels of LA, most purported health benefits are derived from
LA supplements (Theodosis-Nobelos et al, 2021).

The LA supplements are widely used, at times with
equivocal results, to treat a variety of conditions, including
cancer (Attia et al, 2020; Dorsam and Fahrer, 2016; Farhat
and Lincet, 2020), cardiovascular and renal diseases (Ja-
lilpiran et al, 2021; Skibska and Goraca, 2015; Zhang and
McCullough, 2016), diabetes and metabolic syndrome (Ak-
bari et al, 2018; Jeffrey et al, 2021; Mahmoudi-Nezhad et al,
2021; Pashaj et al, 2015), inflammation (Moura et al, 2015;
Zygmunt et al, 2013), a variety of neurological diseases
(Holmquist et al, 2007; Kaur et al, 2021; Molz et al, 2017,
Toth et al, 2021; Waslo et al, 2019), and other situations
associated with excessive oxidant production (Ambrosi et al,
2018; Sheikholeslami et al, 2021; Solmonson and DeBer-
ardinis, 2018). In general, animal and in vitro studies are
more convincing, but controlled, clinical studies on the bene-
fits to humans are gaining more support.

LA appears to be relatively non-toxic; it is soluble in lipids
and somewhat soluble in water. This allows relatively high
doses to be administered for extended periods, and up to
1200-2400 mg/day have been used in clinical trials (Loy
et al, 2018; Theodosis-Nobelos et al, 2021; Yadav et al,
2010), although prooxidant and excess metal chelation (es-
pecially selenium) has been reported (Theodosis-Nobelos
et al, 2021). A pair of vicinal sulfur atoms form an in-
tramolecular disulfide bridge in LA that is readily reduced
by cellular reductants, especially Trx/TrxR, which consumes
NADPH and forms DHLA, the predominant form in cells
(Arner et al, 1996).
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Although LA/DHLA can act as either a pro- or an anti-
oxidant in cells (Moini et al, 2002), with a redox potential of
—0.32V, the latter function is generally considered to be
predominant. The antioxidant functions of LA/DHLA have
been long been attributed to scavenging free radicals and
chelating divalent transition metals, acting as an SOD mi-
metic, recycling oxidized vitamin E and as a redox regulator
of proteins such as myoglobin, prolactin, Trx, and NF-KB
transcription factor (Packer et al, 1995). However, it has been
pointed out that LA/DHLA does not accumulate in vivo and is
rapidly catabolized (Theodosis-Nobelos et al, 2021).

This essentially reinforces the hypothesis that the effects of
LA/DHLA are more likely due to the initiation of down-
stream effectors, for example, Cu*? and Fe** chelation to
reduce free radical production (Theodosis-Nobelos et al,
2021) and, probably more importantly, Nrf2 production ra-
ther than any direct radical or ROS scavenging ability (For-
man and Zhang, 2021).

Although there are a few reports that LA/DHLA may de-
crease Nrf2 (Yue et al, 2021; Zhang et al, 2021b) or have no
effect (Taniai et al, 2014; Wu et al, 2021), the vast majority of
studies show that LA/DHLA increases Nrf2 expression, de-
creases protein turnover, and promotes translocation into the
nucleus (cf. Bian et al, 2020; Fayez et al, 2018; Fratantonio
et al, 2018; Hossain et al, 2021; Kyung et al, 2019; Lee et al,
2019; Liu et al, 2021; Mohammed et al, 2021; Shay et al,
2012; Wang et al, 2016).

Most of these studies implicate the dissociation of Keapl
from Nrf2, but there is scant evidence on how this achieved.
Fratantonio et al (2018) exposed human umbilical vein en-
dothelial cells (HUVECS) to either LA or DHLA and ob-
served that only the former increased nuclear accumulation
of Nrf2 and free Keap1 in the cytosol. They proposed that LA
acted as an oxidant by alkylating Cys on Keapl. However,
Fratantonio et al (2018) only exposed HUVECs to LA/DHLA
for 2 h and it is unclear whether other factors might contribute
to this response over longer periods.

Polysulfide production catalyzed by LA/DHLA may be a
likely candidate. H,S cannot be directly released from LA
except by exposure to light (Bilska-Wilkosz et al, 2017),
whereas DHLA can contribute to H,S and polysufide pro-
duction by a number of mechanisms. In one mechanism, CAT
transfers the amine group from a cysteine molecule to o-
ketoglutarate, which forms 3-mercaptopyruvate (3-MPS).
The sulfur in 3-MPS is then transferred to the enzyme
3-mercaptopyruvate sulfur transferase (3-MSTS), forming a
persulfide on the enzyme (Nagahara et al, 2018; Olson,
2018). H,S can then be released from 3-MSTS persulfide by
DHLA (Mikami et al, 2011) or the sulfur transferred to small
thiols to form persulfides (Kimura et al, 2017b; Nagahara
et al, 2018). We (Olson et al, 2020b) have shown that H,S is
produced in HEK293 cells treated with LA and that this ap-
pears to require intracellular conversion of LA to DHLA, as
the effect becomes progressively more pronounced over 24 h.

H,S production is augmented in these experiments by
thiosulfate, and as DHLA, but not LA, directly produces H,S
from thiosulfate in buffer (Olson et al, 2013); this suggests
that DHLA is required for H,S production in cells as well.
Subsequent oxidation of H,S to polysulfides could then aug-
ment Keap-1 dissociation from Nrf2 and prolong the antiox-
idant response. The possible mechanisms for LA/DHLA
antioxidant activity are shown in Figure 4.
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FIG. 4. Possible mechanisms of antioxidant activity by LA and DHLA. (1) LA taken up by cells (on right) can oxidize
cysteine on Keapl, thereby liberating Nrf2 and allowing it to activate ARE in the cell nucleus (2) LA taken up by cells can
be reduced by Trx, Grx, and Prx to DHLA. DHLA can release H,S from thiosulfate (3203 7) produced during the course of
protein (Prot) catabohsm and cysteine degradation to sulfate (SO42 ). The H,S can then be oxidized to persulfide (H,S,),

which will oxidize Keap1 cysteine and liberate NrF2. (3) DHLA can also liberate H,S from 3-MST-SS. Other possible, but
yet to be identified mechanisms include intracellular recycling of LA to DHLA (4), or oxidation of Keapl (5), or oxidation
of H,S to persulfide (H,S,) (6), which will also liberate Nrf2 from Keapl. 3-MST-SS, 3-mercaptopyruvate sulfur transferase
persulfide; Grx, glutaredoxin; H,S,, hydrogen persulfide; LA, lipoic acid.

Non-sulfur containing catalytic nutraceuticals

Non-sulfur containing nutraceuticals comprise the broad-
est category of natural compounds that can be ingested
to potentially affect cellular sulfur metabolism. Interest in
phytochemicals began in earnest in the late 1990s and has
grown exponentially with 1273 publications citing ‘‘phyto-
chemicals’ in 2021 and ““polyphenols,” the largest group of
phytochemicals cited 995 times and featured in nearly 200
review titles (PubMed.gov), although Zhang et al (2021a)
have identified the topic ‘“‘polyphenol’ in nearly 7500 arti-
cles in the web of science in 2019.

Polyphenolic nutraceuticals have been reported to exert
positive benefits in essentially all organ systems. Of late,
there has been considerable interest in polyphenols and en-
teric microbiota (Diotallevi et al, 2020; Man et al, 2020;
Piwowarski et al, 2021; Rodriguez-Daza et al, 2021), but
assorted reviews are also available on polyphenols and cancer
(Al-Harbi et al, 2021; Benvenuto et al, 2020; Hazafa et al,
2020), cardiovascular and renal diseases (Bao and Peng,
2016; Ditano-Vazquez et al, 2019; Godos et al, 2019; Mar-
unaka et al, 2017; Marx et al, 2017; Poti et al, 2019), diabetes
and metabolic syndrome (Boccellino and D’Angelo, 2020;
Cheng et al, 2020; Chiva-Blanch and Badimon, 2017;
Den Hartogh and Tsiani, 2019; Diotallevi et al, 2020),
neurological diseases (Ammar et al, 2020), inflammation
(Medina-Remon et al, 2017), and other systems (Bowtell
and Kelly, 2019; Chisari et al, 2019; Chodari et al, 2021;
Torre, 2017). The present discussion is limited to those
compounds that have been shown to metabolize sulfur in a
way that suggests a possible contribution to their antioxi-
dant activities.

More than 8000 phenolic nutrients have been identified
(Tsao, 2010). There are a number of different methods of
classification of nutraceutical polyphenols, source of origin,

biological function, and chemical structure; the latter is used
in this discussion. Tsao (2010) identified 4 broad categories:
flavonoids (of which there are 4000), polyphenolic amides,
phenolic acids, and other non-flavonoid polyphenols. Each
category has multiple subgroups, and many of these can be
further divided.

Sulfur metabolism by polyphenols and related nutra-
ceuticals. Flavonoids consist of anthocyanins, flavan-3-ols,
flavones, flavanones, and flavonols. They have two phenolic
rings (A and B) connected by ring C, and most have the B ring
attached to the C2 position of ring C (Fig. 5A). A detailed
compilation of foods rich in flavonoids can be found in the
USDA Database for the Flavonoid Content of Selected Foods,
Release 3.3, 2018, https://www.ars.usda.gov/ARSUserFiles/
80400535/Data/Flav/Flav3.3.pdf

Anthocyanidins and the glycolysated anthocyanins are
responsible for the red, purple, and blue colors in fruits and
vegetables and in some Allium and Brassica (Khoo et al,
2017). Cyanidin is one common example (Fig. 5B). Over-
the-counter extracts of blueberries, bilberries, cranberries, as
well as pure cyanidin oxidize H,S to polysulfides and thio-
sulfate in buffer (Olson et al, 2021a). This process requires
O, and appears to involve redox cycling of the polyphenol
in which the polyphenol is autoxidized by O, to a semi-
quinone radical, which then oxidizes H,S to a thiyl radical
and two thiyl radicals will combine to produce the persulfide,
HQSQ.

When added to HEK293 cells, these extracts and cyanidin
also decrease H,S and increase polysulfide, suggesting that
their effects are the same in cells as they are in buffer. The
flavonol, quercetin (Fig. 5C), found in numerous fruits, spi-
ces, seeds, and vegetables as well as chocolate, and the non-
flavonoid polyphenol stilbenoid, resveratrol (Fig. 5D), most
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often associated with grapes and red wine, also oxidize H,S
to polysulfides in buffer and decrease cellular H,S and in-
crease polysulfides (Olson et al, 2021a).

Catechins, (flavan-3-ols), are especially notable for their
presence in tea, although they are found in a wide variety of
other foods, especially fruits, wine, and cocoa. Catechins
are different from most flavonoids in that in the C ring there
is no double bond between C2 and C3, and no C4 carbonyl
(Fig. SE). After water, tea is the second most consumed
beverage (Yang et al, 2009) and its origins date back nearly
5000 years ago to the Tang Dynasty in China (Lu, 1995). In
the sixth century AD., it was brought to Japan by Buddhist
monks; matcha green tea is extensively used in the Japanese
tea ceremony.

We (Olson et al, 2020a) observed that matcha and other
green teas, Sencha, Gyokuro, and Hung Chan, all containing
catechins but prepared slightly differently, effectively oxi-
dized H,S to polysulfides in buffer. Addition of these teas to
H,S produced a rapid decrease in H,S and an increase in
polysulfides, especially H,S, followed by lesser amounts of
H,S; and H,Ss. There was also a transient increase in sulfite
and a steady, prolonged increase in thiosulfate. Surprisingly,
there was also some H,S in these freshly brewed teas.

We also examined the effects of three catechins, epica-
techin (EC) (Fig. SE), epigallocatechin (EGC) (Fig. 5F), and
epigallocatechin gallate (EGCG) (Fig. 5G), on H,S metabo-
lism and all oxidized it to H,S, 4 with EGC showing some-
what greater potency. These reactions were dependent on O,,
and they consumed O, as well. EC, EGC, and EGCG de-
creased H,S in HEK293 cells and increased polysulfides,
consistent with their effects in buffer.

Phenolic acids are non-flavonoids, mainly as benzoic and
cinnamic acids. They are found in grain, seeds, and tea
mainly in bound forms that are liberated by enzymes or al-
kaline hydrolysis (Tsao, 2010). Gallic acid (Fig. 51), a tri-
hydroxybenzoic acid, readily oxidizes H,S to polysulfides in
buffer and in HEK293 cells (Olson et al, 2021b). Shikimic
acid (Fig. 5J) is a cyclohexene, but not a quinone, that is
otherwise identical to gallic acid. Shikimic acid does not
oxidize H,S (Olson et al, 2021b). This illustrates the impor-
tance of the benzene moiety in sulfur metabolism, and it
suggests that quinones are key catalysts in sulfur metabolism.

Sulfur metabolism by quinones. Much of the chemical
and biological activity of polyphenols appears to be associ-
ated with the B ring. The presence of two or more hydroxyl
groups makes polyphenols electron rich and imparts much of
the antioxidant function that increases as the number of hy-
droxyl groups increases (Akagawa et al, 2003; Lambert and
Elias, 2010; Xing et al, 2019; Yang et al, 2009). This suggests
that H,S can be oxidized by quinones and, indeed, this is
the case. The ability of various quinones to oxidize H,S to
polysulfides and thiosulfate in buffer and in HEK293 cells
depends on the position of the OH groups; 1,4 dihydrox-
ybenzene (hydroquinone) (Fig. 5K) is more efficacious than
1,2 dihydroxybenzene (catechol) (Fig. SL), whereas 1,3-
dihydroxybenzene (resorcinol) (Fig. SM) is ineffective, and
the 1,2,3 trihydroxybenzene, pyrogallol also effectively ox-
idizes H,S (Olson et al, 2021a). All these reactions re-
quired O,.

However, we also observed that both epinephrine and nor-
epinephrine (Fig. 5SN) oxidized H,S, unlike either dopamine
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or tyrosine, the mono-hydroxy precursor of biogenic amines.
This shows that the ability of quinones to oxidize H,S can be
further affected by specific modification of the side chains,
suggesting that the actual ability of quinones to oxidize H,S
needs to be confirmed case by case.

The efficacy of 1,4 quinones points to a potential role for
ubiquinone in sulfur metabolism. Ubiquinone (Coenzyme
Q10) (Fig. 50) is found in all eukaryote cells and is best
known for its role in the mitochondrial electron transport
chain (ETC), where it conducts electrons from complex I and
IT to complex III (Wang and Hekimi et al, 2016). CoQq is
also present in many other cell membranes; it is especially
plentiful in Golgi membranes where it is believed to function
as an antioxidant (Mugoni et al, 2013). CoQ,( also sup-
presses ferroptosis in plasma membranes. Here, oxidized
CoQq is reduced by electrons from NADH, in a reaction
catalyzed by ferroptosis suppressor protein 1 (FSP1), and the
reduced CoQ acts as a lipophilic radical-trapping antioxi-
dant to prevent the propagation of lipid peroxides (Bersuker
et al, 2019; Doll et al, 2019).

CoQq is one of the most widely used supplements and
in clinical trials has shown some efficacy in treating statin
associated muscle symptoms, congestive heart failure, and
other diseases associated with oxidative stress (Gutierrez-
Mariscal et al, 2020; Raizner, 2019). Like many nutraceu-
ticals, research interest in CoQq as a supplement began in the
1980s and has increased exponentially since then with more
than 900 articles on ““CoQ;(”’ and nearly 100 articles on
“CoQq supplements’ in 2020 (Pubmed.gov).

We (Olson et al, 2022) recently observed that CoQo, and
its more water-soluble analogs CoQ; and CoQ, readily ox-
idize H,S to polysulfides, namely H,S, and thiosulfate in
buffer and in both HEK293 and HT29 cells they decrease
cellular H,S, which suggests that polysulfides and thio-
sulfate are produced from endogenous sulfide. Consistent
with reactions between H,S and polyphenols and other qui-
nones, H,S oxidation by CoQ compounds requires and con-
sumes O»,.

A number of related quinones have demonstrated a simi-
lar ability to oxidize H,S to polysulfides in buffer and in
cells. These include MitoQ (CoQ, linked to triphenylpho-
sphonium) to increase mitochondrial (Fig. 5P) uptake and
enhance antioxidant activity (Smith and Murphy, 2010),
menadione (Vitamin Kj3) (Fig. 5Q), a fat-soluble vitamin
precursor similar to CoQ;( but lacking the 2,3 methoxy
groups, and idebenone (Fig. 5R), a more water-soluble ana-
log of CoQ( with ten methylene molecules and a terminal
hydroxyl replacing the isoprenyl groups of CoQ;o (Gueven
et al, 2021).

Numerous studies have demonstrated antioxidant activi-
ties of MitoQ (cf. Escribano-Lopez et al, 2019; Hamed et al,
2021; Ning et al, 2021; Pak et al, 2018). A mitochondrial
localization of MitoQ would also position it to metabolize
H,S. Conversely, menadione is better known as an oxidant
that at low levels mediates oxidant signaling and initiates
Nrf2-type antioxidant responses, whereas at higher levels
menadione triggers oxidative distress (Loor et al, 2010).
Menadione activation of the antioxidant responses would
be consistent with polysulfide’s actions on Keapl, although
this has not been examined.

Idebenone was long thought to be a direct antioxidant that
scavenged ROS, but this has recently been questioned and it
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is more likely to also activate antioxidant defenses, espe-
cially Nrf2 (Gueven et al, 2021). Interestingly, idebenone is
considerably more efficacious in hypoxic cells and tissues
(Gueven et al, 2021). It is now fairly well established that
hypoxia also increases intracellular H,S (Olson, 2021) and
this could increase polysulfide production by providing more
substrate for idebenone.

The actual therapeutic benefits of CoQ,( and related qui-
nones, as they pertain to sulfur metabolism and signaling, are
yet to be elucidated. They may augment H,S catabolism,
produce signaling persulfides or persulfides that act as radical
scavengers and/or they may help “‘store”” H,S as thiosulfate.
These compounds may also function as ‘‘alternative oxi-
dases” by oxidizing H,S without feeding electrons into the
ETC. Collectively, these studies suggest that CoQ;, and re-
lated supplements may provide therapeutic options to affect
cellular H,S. A more pressing issue is how polyphenols and
quinones oxidize H,S.

Although there is much that needs to be resolved, the
propensity of quinones to engage in redox-cycling reactions
suggests a common mechanism for H>S oxidation by poly-
phenols, phenolic acids and quinones. Single-electron oxidation-
reduction reactions between a quinol, semiquinone, and
quinone provide one possibility (Fig. 6A). Many simple as
well as complex polyphenolic quinones are readily auto-
xidized (Abrash et al, 1989; Eyer, 1991; Kalyanaraman et al,
1984; Kobayashi et al, 2004; Misra and Fridovich, 1972;
Mochizuki et al, 2002; Polewski, 2000; Prysyazhna et al,
2019; Roginsky and Alegria, 2005; Song et al, 2008; Steg-
mann et al, 1981; Szewczuk et al, 2005).

One possible reaction would be the autoxidation of
the quinol to a semiquinone, which would then oxidize
H,S to a thiyl radical and reduce the semiquinone back to
the quinol. Alternatively, the semiquinone may undergo a
second autoxidation and this could oxidize another H,S to
the thiyl radical. It is also possible that a quinone under-
goes a two-electron oxidation of H,S to produce elemental
sulfur, although this has not been demonstrated. Single-
electron autoxidation of a quinol will also produce super-
oxide, which could potentially oxidize H,S (Wedmann et al,
2014).

However, a role for superoxide unlikely because it has
been shown that removing superoxide with SOD promotes
autoxidation, which is otherwise kinetically unfavorable
(Song et al, 2008), and we have observed similar results with
a variety of polyphenols and quinones (Olson et al, 2021a;
Olson et al, 2021b; Olson et al, 2020a).

Conversely, Abiko et al (2019) have shown that oxi-
dized CoQ;o, menadione, and other quinone-related elec-
tron acceptors do not react with H,S, but will accept an
electron from at least two hydropersulfides, H,S, and H,S,,
thereby producing persulfide and semiquinone radicals
(Fig. 6B). These results contrast with our observations de-
scribed earlier and point to the need for additional studies in
this area.

It is also known that a number of quinones/hydroquinones
comproportionate in buffers under physiological conditions
(Fig. 6C) and that the resultant semiquinones are relatively
stable (Alegria et al, 1996; Roginsky et al, 1999). This affords
another mechanism for RSS metabolism. Some of the pos-
sible products of quinone-mediated H,S oxidation are shown
in Figure 6D.
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FIG. 6. Suggested mechanisms for H,S oxidation by polyphenols and quinones and formation of various poly-
sulfides and thiosulfate from thiyl radicals and superoxide. (A) A quinol is autoxidized to a semiquinone, which then
oxidizes H,S to a thiyl radical, reducing the semiquinone back to the quinol. The semiquinone may also undergo a second
autoxidation to the quinone, and this could oxidize another H,S. It is also possible that the quinone undergoes a two-electron
oxidation of H,S to produce elemental sulfur. Single-electron autoxidation of the quinol and semiquinone will also produce
superoxide. (B) A quinone is reduced by a hydropersulfide-forming persulfide and semiquinone radicals, and the semi-
quinone is reoxidized by oxygen-producing superoxide. (C) Two semiquinones can be formed by comproportionation of a
quinone and hydroquinone in buffer under physiological conditions. (D) A few of the possible reactions catalyzed by
quinones. Two thiyl radicals can combine to form persulfide (1); a thiyl radical can combine with a hydrosulfide anion to
produce a persulfide radical (2), which can then combine with another thiyl radical to produce a 3-sulfur polysulfide (3). The
persulfide radical can also react with oxygen to produce persulfide and superoxide (4) or persulfide can react with oxygen to

produce thiosulfate and water (5).

Issues of Bioavailability and Uptake

Polyphenol nutraceuticals are not ideally suited as drugs
because they are often poorly absorbed, and when taken up,
they are highly susceptible to the protective schemes posed
by the digestive tract and liver (Scalbert et al, 2002). The
structural features that make polyphenols potentially bene-
ficial antioxidants are also exploited by the liver and gas-
trointestinal tract through Phase I and Phase II metabolism to
either decrease uptake or expedite clearance from the body
(Deng et al, 2006; Liu and Hu, 2007; van Duynhoven et al,
2011). Each phase has a specific set of reactions to achieve
these goals.

Phase |

In Phase I, a nutraceutical can be oxidized, reduced, or
hydrolyzed. The most common modifications of polyphenols
tend to be oxidation or hydroxylation, and these are generally
limited to resveratrol (Fig. 5D) and rosmarinic acid (Fig. SE),
the most hydrophobic of the compounds discussed here (Kim
et al, 2019). Because polyphenols are highly reduced and
hydrophilic (Yang and Pan, 2012), further reduction is not
likely to occur nor is hydroxylation, and the only compounds
discussed herein that are susceptible to hydrolysis are ros-
marinic acid (Fig. 5E) and EGCG (Fig. SH) at their ester
moiety.

Oxidation of polyphenols is, in part, facilitated by the
cytochrome P450 monooxygenase system. Most active in the
liver, the cytochrome P450 enzymes attach oxygen groups
(oxidation or hydroxylation) to xenobiotics to prepare them
for Phase II modification and excretion (Phang-Lyn and
Llerena, 2022). As a specific example of this reaction, re-

sveratrol is hydroxylated in the liver through oxidation by
CYP1A2, a CYP450 isozyme that oxidizes polyaromatic
hydrocarbons and unsaturated fatty acids. CYP1A2 hydrox-
ylates the 3-position of the phenol ring to form piceatannol,
a 1,2-hydroquinone with antioxidant properties (Fig. 7A)
(Bolton and Dunlap, 2017; Piotrowska et al, 2012).

Hydroxylation can also be catalyzed by tyrosinase and
peroxidase as part of Phase I metabolism. EC (Fig. 5F) is a
substrate for hepatic microsomal tyrosinase and peroxidase.
Tyrosinase can convert EC to EGC (Fig. 5G), and the com-
bination of both enzymes leads to the EC quinone (Moridani
et al, 2001) that later undergoes the Phase II transformation
glutathionylation. Finally, hydrolysis of EGCG produces
two more hydrophilic compounds than EGCG itself: gallate
and EGC. Monoamine oxidases are not involved in the me-
tabolism of these polyphenols except for norepinephrine
(Fig. 5N) because no amine groups are present. Likewise,
neither peptidases nor amidases participate.

Phase Il

The nutraceuticals described in this review contain
phenols or alkyl alcohols that are susceptible to Phase II
conjugations by methylation, glucuronidation, and sul-
fation (Fig. 7). The same rules apply for the more proto-
typical hydroquinones: hydroquinone, catechol, and resorcinol
(Fig. SK-M). The specific sites that are conjugated vary
by enzyme and by species. This may affect their clearance,
prevent redox cycling, or both.

Methylation by methyltransferases such as catechol-O-
methyltransferase (COMT) converts hydroxyls into ethers.
COMT in the liver, the kidneys, and the intestines methylates
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catechols to produce catechol ethers (Ma et al, 2014). Not all
phenolic groups on polyphenols are methylated by COMT.
For instance, in humans, the gall(-ol,-ate) groups on EGC (n”)
and EGCG (n”) are partially methylated in the 3’, 3”, 4’, and
4” positions, whereas the EC B ring is fully methylated by
COMT. In rats, the hydroxyl on position 7 is methylated but
not in humans (Fig. 7).

Rosmarinic acid but not resveratrol is susceptible to
methylation by COMT (Springer and Moco, 2019). Methy-
lation of catechol and gallyl groups prevents their oxidation
to semiquinones and quinones (Sang et al, 2011), but it also
nearly eliminates the direct antioxidant capacity, though in-
direct effects still exist (Deng et al, 2006). In this set of
compounds, the 1,2- and 1,4-hydroquinones have an open
carbon in the beta position to the nearest carbonyl. When
oxidized to a quinone, these compounds become Michael
Acceptors with an electrophilic carbon in the beta position
from the nearest carbonyl.

Nucleophiles such as amines or thiols can attack the beta
carbon to produce a more water-soluble, or inert product.
However, quinones can redox cycle and in the process reduce
oxygen to superoxide, which can lead to a variety of adverse
effects. A key example of this biotransformation is quercetin,
which can function as a 1-electron donor to produce a quer-
cetin ortho-quinone product with pro-oxidant properties
(Colunga Biancatelli et al, 2020).

Glucuronidation increases the molecular weight of the
substrate molecule by covalently binding a hexose moiety
that is rich in hydrogen bond donating capacity. Hepatocytes
import compounds from the hepatic portal vein and glu-
curonidate them for export into the bile duct. Glucur-
onidation enhances the solubility of the compound and
limits its ability to reenter circulation via the intestines.
Compounds that undergo Phase I biotransformations in the
liver can also become glucuronidated in the kidneys for
renal excretion.

Multiple isoforms of UDP-glucuronosyltransferases (UGT)
in the liver glucuronidate phenol-like compounds at specific
sites. An example compound is EGCG, which can undergo
ester hydrolysis, glucuronidation, and methylation as Phase I
and Phase II modifications (Fig. 8). Glucuronidation occurs
at different sites in different species; in humans, catechins are
modified at the hydroxyl groups on the 3’ and 3”, and 4”
carbons (Lu et al, 2003), whereas in rats, the 7 position is also
glucuronidated (or methylated) because of differences in
isozyme expression (Lu et al, 2003).

Sulfation appends a sulfite to a hydroxyl group in a reac-
tion catalyzed by sulfate transferase 1 (SULT1). This applies
a negative charge to the molecule, which decreases its lipo-
philicity, making it less likely to be taken up by cells and
more readily excreted by the kidneys. Several of the poly-
phenols in this review are susceptible to sulfation, including
quercetin (3’-OH), resveratrol (4’-OH), and EC (4’-OH), for
example (Fig. 7). Notably, the conjugation sites for each
modification overlap and it is possible to produce a blend of
metabolites.

Uptake and bioavailability

The uptake of polyphenols is highly variable, but the
bioavailability is generally poor compared with other com-
pounds such as vitamin C with an oral bioavailability of 30%
(Yung et al, 1982) and vitamin E, 10%—-30% (Reboul, 2017).
Polyphenolic bioavailability is often below 10%—15% (Ber-
telli et al, 2021), that is, anthocyanidins (1%-2%) (Tena et al,
2020), quercetin (<1%) (Li et al, 2016), resveratrol (<1%),
and flavan-3-ols (2%—15% range) (Jaramillo Flores, 2019;
Tenore et al, 2015). The depot of unavailable polyphenol
varies as do their metabolic steps. The reasons for this low
bioavailability are important and solving them may spur the
development of new polyphenol-like drugs that specifically
metabolize RSS and offer novel therapies.
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Before entering the plasma, orally administered drugs
must pass through enterocytes that line the intestines. It is
here where they undergo a substantial amount of Phase II
modification before they are either recirculated into the in-
testinal lumen or transported to the liver (Donovan et al,
2001). Crespy et al (1999) showed that 52% of quercetin is
recirculated into the intestinal lumen of rats. By directly
exposing dissected rat jejunum and ileum to quercetin, they
found that 64% was glucuronated and methylated and 36%
was sulfated, indicative of substantial intestinal modification.

Both modifications enhance excretion. In addition, excre-
tion of the compounds by the intestinal epithelium is facili-
tated by multidrug resistance associated proteins (MRPs)
(Hong et al, 2003). These transporters may also be involved
in poor response by cancer cells to chemotherapy, including
catechins (Hong et al, 2002). Lastly, polyphenols that enter
the circulation are also susceptible to being bound to plasma
albumin, which can further reduce their bioavailability. For
instance, the flavonoid quercetin has low plasma-albumin
equilibrium constants (3 x 1074 x 10> M), which suggests
that these compounds are mostly bound to serum albumin in
solution (Bolli et al, 2010).

The size of naturally occurring polyphenols is another
impediment to their bioavailability, as most of these are not
found as free molecules (Rowland et al, 2018). Quercetin can

be found in food as an adduct to a sugar moiety and is water
soluble (Almeida et al, 2018). Depending on the sugar at-
tached, an aglycone or glycoside, the quercetin has different
metabolic fates. Quercetin aglycone is more hydrophobic
than quercetin glycoside and can diffuse into enterocytes
without glycosidic hydrolysis; however, quercetin glycosides
must first be hydrolyzed by the intestinal brush border en-
zyme, lactase phlorizin hydrolase, to the aglycone before
absorption because of its hydrophilicity (Almeida et al, 2018;
Dabeek and Marra, 2019).

There is substantial variation in how individuals metabo-
lize quercetin and its adducts, which suggests that additional
factors such as the individual microbiome of an individual
will also be important (Almeida et al, 2018; Graefe et al,
1999; Marin et al, 2015).

The gut flora also plays an important role in the uptake of
polyphenols (Li et al, 2000; Sang et al, 2011). For instance,
some bacteria cleave functional groups. Escherichia coli
hydrolyzes the ester bond in phenolic acid esters such as
rosmarinic acid and Lactobacillus casei deglycosylates
anthocyanins (Correa et al, 2019). Other bacterial strains
such as Clostridium coccoides perform ring fission oper-
ations on the carbon skeletons of catechins and break
the planar aromatic structure of the C-B bicycle (Correa
et al, 2019).
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Chen et al (2020) identified 21 metabolites of EC, each
with varied degrees of antioxidant capacity, when incubated
with fecal bacteria. Within 8 h, less than 10% of the original
catechin mass remained. However, it is important to note that
the peak plasma concentration of these compounds is within
2h, (Scholl et al, 2018) and although the role of bacterial
metabolism may not be a major contributor to reduced bio-
availability, it may reduce uptake. Conversely, polyphenol
consumption has bidirectional effects on the gut flora with
highly variable effects (Correa et al, 2019).

High uptake does not necessarily correlate to high bio-
availability. For example, in a study of 6 human subjects
~70%-75% of an oral dose of C'*-labeled resveratrol was
absorbed (Walle, 2011; Walle et al, 2004), and multiple
metabolites carrying sulfate and glucuronate moieties, indi-
cating Phase Il modification, were present in the urine (Walle
et al, 2004). However, resveratrol, detectable by UV-vis
spectroscopy, was not observed in plasma samples, sug-
gesting that only 0%—1% was bioavailable (Walle, 2011).

Gut microbes may also be responsible for reduced bio-
availability, and ~50% of the metabolites from resveratrol
were believed to originate from microbial modifications
(Walle, 2011). Indeed, the presence of dihydroresveratrol in
feces suggested bacterial modification rather than an en-
dogenous Phase I process (Bode et al, 2013).

One challenge and question surrounding the use of poly-
phenols is whether artificial polyphenols can be prepared
with similar activity but with higher bioavailability. Schee-
pens et al (2010) proposed systemic alterations, including
altering the gut microbiome or reducing the activity of ABC
transporters and Phase 1 and II enzymes. Liposomes have
also been proposed as a means to carry polyphenols into cells,
because they reduce the effects of solubility and they protect
the cargo from enzymes (Enaru et al, 2021). A third possi-
bility is the design of synthetic polyphenol-like compounds
that are antioxidants but have a higher bioavailability (Ga-
lante et al, 2019).

Issues of Antioxidants as Therapeutics

Cited here are many studies that suggest therapeutic ben-
efits of nutraceuticals. However, acceptance by the medical
establishment has still tended to lag except in some specific
circumstances (Bertelli et al, 2021). This lack of overall ac-
ceptance may be due to several factors, for example, evi-
dence that their anti-ROS actions are slow, and their potential
negative effects.

For example, higher mortality was suggested in long-term
use of the antioxidant beta carotene in the Finnish Smokers’
Study (Alpha-Tocopherol and Beta Carotene Cancer Pre-
vention Study Group). Many clinical studies are either un-
controlled or have small numbers of subjects (Bertelli et al,
2021). High profile negative studies such as the DATAOP
Parkinson Disease study, utilizing Vitamin E, showed no
benefit despite evidence that oxidative stress is likely in-
volved in the pathogenesis of this disease (Parkinson Study
Group, 1993). Other issues related to nutraceutical trials in-
clude differences in preparations and wide ranges of bio-
availability, as reviewed earlier. Clearly, the field needs these
issues addressed on a consistent basis as critical to their
clinical acceptance (Bertelli et al, 2021).
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Many of the clinical studies cited in this review were de-
signed to improve chronic conditions or overall health fac-
tors. Skepticism of antioxidant therapy is reinforced by their
inability to demonstrate clinical effectiveness in acute in-
juries. There are mechanistic issues that favor disease pre-
vention over acute disease therapy (Samuel et al, 2014). Once
conditions induce the release of excess superoxide, for ex-
ample, mitochondrial electron leakage, a cascade of reactions
occur that can lead to formation of the hydroxyl radical
(Liochev and Fridovich, 1994).

This can cause additional oxidative damage that is capable
of acutely overwhelming endogenous antioxidant mecha-
nisms. Because of the cascade of downstream injury, for
example, lipid peroxidation (Radi et al, 1991), protein ni-
trosylation (Deng-Bryant et al, 2008), etc., there is a strong
challenge to the therapeutic capacity of any agent. Therefore,
the antioxidant capacity is critical if it is to be used once the
disease process has begun (Samuel et al, 2014). This need for
a high-capacity antioxidant would favor those with catalytic
ability to reduce radicals (Samuel et al, 2014).

Catalytic antioxidants such as NADPH:quinone oxido-
reductase (NQO-1) and Gpx are two examples of enzymes
conditionally transcribed by the oxidative stress sensitive
Nrf2 axis (Ma, 2013). NQO-1 and Gpx utilize NADPH as a
reducing substrate during their catalytic cycles (Gaber et al,
2001; Ross and Siegel, 2017). NADPH is a product of gly-
colysis and the electron transport chain, to continue their
redox cycles as opposed to an exogenous agent because the
reducing substrate is produced through normal metabolic
processes.

The capacity of these enzymes is, therefore, dependent
upon the availability of glycolytic substrates and not them-
selves. Ultimately, a catalytic antioxidant should prove to be
more potent than one that can quench a near stoichiometric
amount of radical.

Consistent with this notion, in pre-clinical models, tradi-
tional non-catalytic antioxidants appear to be much more
effective when applied pre-injury, for example, ischemia
reperfusion models in stroke (Kokubo et al, 2002); however,
when translated to clinical therapy, this issue was mostly
ignored and nearly all studies in which an antioxidant was
administered after the injury have been negative (Slemmer
et al, 2008).

One reason for this study design limitation is the logistic
difficulty of getting consent in an acute trial, for example, in
acute stroke, to administer a research drug before lifesaving
resuscitation measures. Similarly, antioxidant therapy in
chronic diseases has typically been initiated once symptoms
have emerged, for example, Alzheimer Disease, diabetes, efc.
Given there are a few available antioxidants that are catalytic
for ROS (Delanty and Dichter, 2000), it is not surprising that
there is little incontrovertible evidence that antioxidants are
beneficial once a disease has commenced.

In contrast to the therapeutics addressing the ROS cascade,
catabolism of H,S to polysulfides and thiosulfate by polyphe-
nols appear to have a high capacity and demonstrate behavior
consistent with being catalytic as shown in our prior work with
teas, berries, and pure polyphenols (Olson et al, 2021a; Olson
et al, 2021b; Olson et al, 2020a). These studies have recently
been extended to include H,S oxidation to polysulfides by
CoQ, (n=0, 1, 10) without a ceiling effect due to the cata-
Iytic properties of these compounds (Olson et al, 2022).
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Importantly, with RSS, the products of H,S catabolism are
themselves therapeutic, for example, polysulfides having
excellent antioxidant characteristics (Chauvin et al, 2019;
Fukuto and Hobbs 2021), in contrast to the product of SOD,
H,0,, which has a role in normal signaling, but in excess, can
be converted to hydroxyl radical and consume peroxidases
and alter downstream protein function (Fucci et al, 1983).
The additional capacity and beneficial H,S catabolites may
explain, for example, the positive results with LA in diabetic
neuropathy and multiple sclerosis where LA was adminis-
tered even after symptoms have developed (Loy et al, 2018;
Salehi et al, 2019).

LA’s ability to increase Nrf2 signaling adds an additional,
unique mechanism for cytoprotection that would be partic-
ularly useful in chronic conditions (Pilar Valdecantos et al,
2015). Upregulation of its antioxidant targets over time
would be more beneficial than in an acute oxidative injury
setting. Targeting RSS metabolism may, therefore, provide a
treatment for a wider range of disorders of oxidative injury
than currently available through a focus on ROS.

Concluding Comments

Commercialization of nutraceuticals is an exponentially
expanding, multibillion dollar business whose benefits are
being promulgated in virtually every medium. However,
enthusiasm should begin to wane upon reading the fine print,
“These statements have not been evaluated by the Food and
Drug Administration” and ““This product is not intended to
diagnose, treat, cure or prevent any disease.”” These caveats
undoubtedly reflect the relative dearth of controlled clinical
trials and uncertainties about the mechanism(s) of action,
especially regarding their purported antioxidant activity.

Here, we propose an alternative mechanism for a variety of
nutraceuticals based on their effects on RSS. The RSS are
endogenously produced and metabolized in cells; they ex-
hibit potent antioxidant activities, and a wide range of nu-
traceuticals appear to augment or affect RSS metabolism in a
way that would potentiate a variety of antioxidant activities. It
is hoped that this review will turn attention to RSS as a po-
tential target for nutraceuticals and foster further evaluation of
how they can best be used to maximize their health benefits.

Acknowledgments

The authors wish to acknowledge their numerous col-
leagues and students who have contributed to this research.
Authors’ Contributions

K.R.O. conceptualized the project, and all authors con-
tributed to writing the original draft, review, and editing.
Author Disclosure Statement

T.AK., K.R.O,, and P.J.D. have pending patents on the
therapeutic use of polyphenols in regulating H,S metabolism.
The other author has no competing financial interests that
exist.

Funding Information

This work was supported in part by the National Science
Foundation Grant, [0S2012106 (K.R.O.), National Institutes

OLSON ET AL.

of Health Grant No. ROINS094535 (T.A.K., P.J.D.), Welch
Foundation Grant BE-0048 (T.A.K.), and Biomedical Re-
search Foundation at Central Arkansas Veteran’s Healthcare
System (K.D.S.).

References

Abe K, Hori Y, Myoda T. Volatile compounds of fresh and
processed garlic. Exp Ther Med 2020;19(2):1585-1593; doi:
10.3892/etm.2019.8394.

Abiko Y, Nakai Y, Luong NC, et al. Interaction of quinone-
related electron acceptors with hydropersulfide Na,S,:
Evidence for one-electron reduction reaction. Chem Res
Toxicol 2019;32(4):551-556; doi: 10.1021/acs.chemrestox
.8b00158.

Abrash HI, Shih D, Elias W, et al. A kinetic study of the air
oxidation of pyrogallol and purpurogallin. Int J Chem Kinet
1989;21(6):465-466; doi: 10.1002/kin.550210609.

Ahmed T, Wang CK. Black garlic and its bioactive compounds
on human health diseases: A review. Molecules 2021;26(16):
1-38; doi: 10.3390/molecules26165028.

Akagawa M, Shigemitsu T, Suyama K. Production of hydrogen
peroxide by polyphenols and polyphenol-rich beverages un-
der quasi-physiological conditions. Biosci Biotechnol Bio-
chem 2003;67(12):2632-2640; doi: 10.1271/bbb.67.2632.

Akbari M, Ostadmohammadi V, Tabrizi R, et al. The effects of
alpha-lipoic acid supplementation on inflammatory markers
among patients with metabolic syndrome and related disor-
ders: A systematic review and meta-analysis of randomized
controlled trials. Nutr Metab (Lond) 2018;15:39; doi: 10.1186/
$12986-018-0274-y.

Al-Harbi SA, Abdulrahman AO, Zamzami MA, et al. Uro-
lithins: The gut based polyphenol metabolites of ellagitannins
in cancer prevention, a review. Front Nutr 2021;8:647582;
doi: 10.3389/fnut.2021.647582.

Alegria AE, Lopez M, Guevara N. Thermodynamics of
semiquinone disproportionation in aqueous buffer. J Chem
Soc Faraday Trans 1996;92(24):4965-4968; doi: 10.1039/
FT9969204965.

Almeida AF, Borge GIA, Piskula M, et al. Bioavailability of
quercetin in humans with a focus on interindividual variation.
Compr Rev Food Sci Food Saf 2018;17(3):714-731; doi:
10.1111/1541-4337.12342.

Alpha-Tocopherol and Beta Carotene Cancer Prevention Study
Group. The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smok-
ers. N Engl J Med 1994;330(15):1029-1035; doi: 10.1056/
NEIM199404143301501.

Ambrosi N, Guerrieri D, Caro F, et al. Alpha lipoic acid: A
therapeutic strategy that tend to limit the action of free rad-
icals in transplantation. Int J Mol Sci 2018;19(1):1-13; doi:
10.3390/ijms19010102.

Ammar A, Trabelsi K, Boukhris O, et al. Effects of polyphenol-
rich interventions on cognition and brain health in healthy
young and middle-aged adults: Systematic review and meta-
analysis. J Clin Med 2020;9(5):1-25; doi: 10.3390/jcm9051598.

Andersson SG, Kurland CG. Origins of mitochondria and hy-
drogenosomes. Curr Opin Microbiol 1999;2(5):535-541; doi:
10.1016/s1369—-s5274(99)00013-2.

Arner ES, Nordberg J, Holmgren A. Efficient reduction of li-
poamide and lipoic acid by mammalian thioredoxin reduc-
tase. Biochem Biophys Res Commun 1996;225(1):268-274;
doi: 10.1006/bbrc.1996.1165.

Attia M, Essa EA, Zaki RM, et al. An overview of the anti-
oxidant effects of ascorbic acid and alpha lipoic acid (in li-



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

NUTRACEUTICALS AND SULFUR METABOLISM

posomal forms) as adjuvant in cancer treatment. Antioxidants
(Basel) 2020;9(5):1-15; doi: 10.3390/antiox9050359.

Bao H, Peng A. The green tea polyphenol(-)-epigallocatechin-
3-gallate and its beneficial roles in chronic kidney disease. J
Transl Int Med 2016;4(3):99-103; doi: 10.1515/jtim-2016-
0031.

Bastaki SMA, Ojha S, Kalasz H, et al. Chemical constituents
and medicinal properties of Allium species. Mol Cell Bio-
chem 2021;476(12):4301-4321; doi: 10.1007/s11010-021-
04213-2.

Beigoli S, Behrouz S, Memar Zia A, et al. Effects of Allium
cepa and its constituents on respiratory and allergic disorders:
A comprehensive review of experimental and clinical evi-
dence. Evid Based Complement Alternat Med 2021;2021:
5554259; doi: 10.1155/2021/5554259.

Bellezza I, Riuzzi F, Chiappalupi S, et al. Reductive stress in
striated muscle cells. Cell Mol Life Sci 2020;77(18):3547—-
3565; doi: 10.1007/s00018-020-03476-0.

Benavides GA, Squadrito GL, Mills RW, et al. Hydrogen
sulfide mediates the vasoactivity of garlic. Proc Natl Acad
Sci U S A 2007;104(46):17977-17982; doi: 10.1073/pnas
.0705710104.

Benvenuto M, Albonici L, Focaccetti C, et al. Polyphenol-
mediated autophagy in cancer: evidence of in vitro and
in vivo studies. Int J Mol Sci 2020;21(18):1-91; doi: 10.3390/
ijms21186635.

Bersuker K, Hendricks JM, Li Z, et al. The CoQ oxidoreductase
FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature
2019;575(7784):688-692; doi: 10.1038/s41586-019-1705-2.

Bertelli A, Biagi M, Corsini M, et al. Polyphenols: From the-
ory to practice. Foods 2021;10(11):1-15; doi: 10.3390/foods
10112595.

Bian H, Wang G, Huang J, et al. Dihydrolipoic acid pro-
tects against lipopolysaccharide-induced behavioral deficits
and neuroinflammation via regulation of Nrf2/HO-1/NLRP3
signaling in rat. J Neuroinflammation 2020;17(1):166; doi:
10.1186/s12974-020-01836-y.

Bienert GP, Chaumont F. Aquaporin-facilitated transmembrane
diffusion of hydrogen peroxide. Biochim Biophys Acta 2014;
1840(5):1596-1604; doi: 10.1016/j.bbagen.2013.09.017.

Bilska-Wilkosz A, Iciek M, Kowalczyk-Pachel D, et al. Lipoic
acid as a possible pharmacological source of hydrogen sulfide/
sulfane sulfur. Molecules 2017;22(3):1-11; doi: 10.3390/
molecules22030388.

Boccellino M, D’Angelo S. Anti-obesity effects of polyphenol
intake: Current status and future possibilities. Int J Mol Sci
2020;21(16):1-24; doi: 10.3390/ijms21165642.

Bode LM, Bunzel D, Huch M, et al. In vivo and in vitro me-
tabolism of trans-resveratrol by human gut microbiota. Am J
Clin Nutr 2013;97(2):295-309; doi: 10.3945/ajcn.112.049379.

Bolli A, Marino M, Rimbach G, et al. Flavonoid binding to
human serum albumin. Biochem Biophys Res Commun 2010;
398(3):444-449; doi: 10.1016/j.bbrc.2010.06.096.

Bolton JL, Dunlap T. Formation and biological targets of
quinones: Cytotoxic versus cytoprotective effects. Chem Res
Toxicol 2017;30(1):13-37; doi: 10.1021/acs.chemrestox.6b00256.

Borlinghaus J, Foerster Nee Reiter J, Kappler U, et al. Allicin,
the odor of freshly crushed garlic: A review of recent prog-
ress in understanding Allicin’s effects on cells. Molecules
2021;26(6):1-22; doi: 10.3390/molecules26061505.

Boutilier RG, Heming TA, Iwama GK. Physiochemical pa-
rameters for use in fish respiratory physiology. In: Fish

85

Physiology, Vol X, Gills Part A. (Hoar WS, Randall DJ. eds.)
Academic Press: Orlando, FL, 1984; pp. 401-430.

Bowtell J, Kelly V. Fruit-derived polyphenol supplementa-
tion for athlete recovery and performance. Sports Med 2019;
49(Suppl 1):3-23; doi: 10.1007/s40279-018-0998-x.

Cao Q, Wang G, Peng Y. A critical review on phytochemical
profile and biological effects of turnip (Brassica rapa L.).
Front Nutr 2021;8:721733; doi: 10.3389/fnut.2021.721733.

Chauvin JR, Griesser M, Pratt DA. The antioxidant activity of
polysulfides: It’s radical! Chem Sci 2019;10(19):4999-5010;
doi: 10.1039/c¢9sc00276f.

Chen W, Zhu X, Lu Q, et al. C-ring cleavage metabolites
of catechin and epicatechin enhanced antioxidant activities
through intestinal microbiota. Food Res Int 2020;135:109271;
doi: 10.1016/j.foodres.2020.109271.

Cheng C, Li Z, Zhao X, et al. Natural alkaloid and polyphenol
compounds targeting lipid metabolism: Treatment impli-
cations in metabolic diseases. Eur J Pharmacol 2020;870:
172922; doi: 10.1016/j.ejphar.2020.172922.

Chisari E, Shivappa N, Vyas S. Polyphenol-rich foods and os-
teoporosis. Curr Pharm Des 2019;25(22):2459-2466; doi:
10.2174/1381612825666190722093959.

Chiva-Blanch G, Badimon L. Effects of polyphenol intake on
metabolic syndrome: Current evidences from human trials.
Oxid Med Cell Longev 2017;2017:5812401; doi: 10.1155/
2017/5812401.

Cho SJ, Ryu JH, Surh YJ. Ajoene, a major organosulfide found
in crushed garlic, induces NAD(P)H:quinone oxidoreductase
expression through nuclear factor E2-related factor-2 acti-
vation in human breast epithelial cells. J Cancer Prev 2019;
24(2):112—-122; doi: 10.15430/JCP.2019.24.2.112.

Chodari L, Dilsiz Aytemir M, Vahedi P, et al. Targeting mito-
chondrial biogenesis with polyphenol compounds. Oxid Med
Cell Longev 2021;2021:4946711; doi: 10.1155/2021/4946711.

Chouchani ET, Pell VR, James AM, et al. A unifying mecha-
nism for mitochondrial superoxide production during ischemia-
reperfusion injury. Cell Metab 2016;23(2):254-263; doi:
10.1016/j.cmet.2015.12.009.

Colunga Biancatelli RML, Berrill M, Catravas JD, et al.
Quercetin and vitamin C: An experimental, synergistic ther-
apy for the prevention and treatment of SARS-CoV-2 re-
lated disease (COVID-19). Front Immunol 2020;11:1451;
doi: 10.3389/fimmu.2020.01451.

Correa TAF, Rogero MM, Hassimotto NMA, et al. The two-
way polyphenols-microbiota interactions and their effects on
obesity and related metabolic diseases. Front Nutr 2019;6:
188; doi: 10.3389/tnut.2019.00188.

Cortese-Krott MM, Koning A, Kuhnle GGC, et al. The reac-
tive species interactome: evolutionary emergence, biological
significance, and opportunities for redox metabolomics and
personalized medicine. Antioxid Redox Signal 2017;27(10):
684-712; doi: 10.1089/ars.2017.7083.

Crespy V, Morand C, Manach C, et al. Part of quercetin ab-
sorbed in the small intestine is conjugated and further se-
creted in the intestinal lumen. Am J Physiol 1999;277(1):
G120-G126; doi: 10.1152/ajpgi.1999.277.1.G120.

Cuadrado A, Rojo AlI, Wells G, et al. Therapeutic targeting of
the NRF2 and KEAPI1 partnership in chronic diseases. Nat
Rev Drug Discov 2019;18(4):295-317; doi: 10.1038/s41573-
018-0008-x.

Dabeek WM, Marra MV. Dietary quercetin and kaempferol:
Bioavailability and potential cardiovascular-related bioac-



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

86

tivity in humans. Nutrients 2019;11(10):1-19; doi: 10.3390/
nul1102288.

de Souza LF, Schmitz AE, da Silva LCS, et al. Inhibition of
reductase systems by 2-AAPA modulates peroxiredoxin ox-
idation and mitochondrial function in A172 glioblastoma
cells. Toxicol In Vitro 2017;42:273-280; doi: 10.1016/j.tiv
.2017.04.028.

Delanty N, Dichter MA. Antioxidant therapy in neurologic
disease. Arch Neurol 2000;57(9):1265-1270; doi: 10.1001/
archneur.57.9.1265.

DeLeon ER, Gao Y, Huang E, et al. A case of mistaken identity:
Are reactive oxygen species actually reactive sulfide species?
Am J Physiol Regul Integr Comp Physiol 2016a;310(7):
R549-R560; doi: 10.1152/ajpregu.00455.2015.

DeLeon ER, Gao Y, Huang E, et al. Garlic oil polysulfides:
H,S- and O,-independent prooxidants in buffer and antioxi-
dants in cells. Am J Physiol Regul Integr Comp Physiol
2016b;310(11):R1212-R1225; doi: 10.1152/ajpregu.00061
.2016.

Den Hartogh DJ, Tsiani E. Antidiabetic properties of nar-
ingenin: A citrus fruit polyphenol. Biomolecules 2019;9(3):
1-21; doi: 10.3390/biom9030099.

Deng D, Zhang J, Cooney JM, et al. Methylated polyphenols are
poor ‘“‘chemical’’ antioxidants but can still effectively protect
cells from hydrogen peroxide-induced cytotoxicity. FEBS
Lett 2006;580(22):5247-5250; doi: 10.1016/j.febslet.2006
.08.051.

Deng-Bryant Y, Singh IN, Carrico KM, et al. Neuroprotective
effects of tempol, a catalytic scavenger of peroxynitrite-
derived free radicals, in a mouse traumatic brain injury
model. J Cereb Blood Flow Metab 2008;28(6):1114-1126;
doi: 10.1038/jcbfm.2008.10.

Deshmukh P, Unni S, Krishnappa G, et al. The Keapl-Nrf2
pathway: Promising therapeutic target to counteract ROS-
mediated damage in cancers and neurodegenerative diseases.
Biophys Rev 2017;9(1):41-56; doi: 10.1007/s12551-016-
0244-4.

Diotallevi C, Fava F, Gobbetti M, et al. Healthy dietary pat-
terns to reduce obesity-related metabolic disease: Polyphenol-
microbiome interactions unifying health effects across geography.
Curr Opin Clin Nutr Metab Care 2020;23(6):437-444; doi:
10.1097/MC0.0000000000000697.

Ditano-Vazquez P, Torres-Pena JD, Galeano-Valle F, et al.
The fluid aspect of the mediterranean diet in the preven-
tion and management of cardiovascular disease and diabetes:
The role of polyphenol content in moderate consumption of
wine and olive oil. Nutrients 2019;11(11):1-28; doi: 10.3390/
null112833.

Doka E, Ida T, Dagnell M, et al. Control of protein function
through oxidation and reduction of persulfidated states. Sci
Adv 2020;6(1):1-20; doi: 10.1126/sciadv.aax8358.

Doka E, Pader I, Biro A, et al. A novel persulfide detection
method reveals protein persulfide- and polysulfide-reducing
functions of thioredoxin and glutathione systems. Sci Adv
2016;2(1):1-15; doi: 10.1126/sciadv.1500968.

Doll S, Freitas FP, Shah R, et al. FSP1 is a glutathione-
independent ferroptosis suppressor. Nature 2019;575(7784):
693-698; doi: 10.1038/541586-019-1707-0.

Donovan JL, Crespy V, Manach C, et al. Catechin is metabo-
lized by both the small intestine and liver of rats. J Nutr 2001;
131(6):1753-1757; doi: 10.1093/jn/131.6.1753.

Dorsam B, Fahrer J. The disulfide compound alpha-lipoic acid
and its derivatives: A novel class of anticancer agents tar-

OLSON ET AL.

geting mitochondria. Cancer Lett 2016;371(1):12-19; doi:
10.1016/j.canlet.2015.11.019.

Enaru B, Socaci S, Farcas A, et al. Novel delivery systems of
polyphenols and their potential health benefits. Pharmaceu-
ticals (Basel) 2021;14(10):1-28; doi: 10.3390/ph14100946.

Escribano-Lopez I, Banuls C, Diaz-Morales N, et al. The
mitochondria-targeted antioxidant MitoQ modulates mito-
chondrial function and endoplasmic reticulum stress in pan-
creatic beta cells exposed to hyperglycaemia. Cell Physiol
Biochem 2019;52(2):186-197; doi: 10.33594/000000013.

Eyer P. Effects of superoxide dismutase on the autoxidation
of 1,4-hydroquinone. Chem Biol Interact 1991;80(2):159-176;
doi: 10.1016/0009-2797(91)90022-y.

Farhat D, Lincet H. Lipoic acid a multi-level molecular inhib-
itor of tumorigenesis. Biochim Biophys Acta Rev Cancer
2020;1873(1):188317; doi: 10.1016/j.bbcan.2019.188317.

Farhat Z, Hershberger PA, Freudenheim JL, et al. Types
of garlic and their anticancer and antioxidant activity: A
review of the epidemiologic and experimental evidence.
Eur J Nutr 2021;60(7):3585-3609; doi: 10.1007/s00394-
021-02482-7.

Fayez AM, Zakaria S, Moustafa D. Alpha lipoic acid exerts
antioxidant effect via Nrf2/HO-1 pathway activation and
suppresses hepatic stellate cells activation induced by meth-
otrexate in rats. Biomed Pharmacother 2018;105:428-433;
doi: 10.1016/j.biopha.2018.05.145.

Forman HJ, Zhang H. Targeting oxidative stress in disease:
Promise and limitations of antioxidant therapy. Nat Rev
Drug Discov 2021;20(9):689-709; doi: 10.1038/s41573-021-
00233-1.

Fratantonio D, Speciale A, Molonia MS, et al. Alpha-lipoic
acid, but not di-hydrolipoic acid, activates Nrf2 response in
primary human umbilical-vein endothelial cells and protects
against TNF-alpha induced endothelium dysfunction. Arch
Biochem Biophys 2018;655:18-25; doi: 10.1016/j.abb.2018
.08.003.

Fucci L, Oliver CN, Coon MJ, et al. Inactivation of key met-
abolic enzymes by mixed-function oxidation reactions: Pos-
sible implication in protein turnover and ageing. Proc Natl
Acad Sci U S A 1983;80(6):1521-1525; doi: 10.1073/pnas
.80.6.1521.

Fukuto JM, Hobbs AJ. A comparison of the chemical biology of
hydropersulfides (RSSH) with other protective biological
antioxidants and nucleophiles. Nitric Oxide 2021;107:46-57;
doi: 10.1016/j.ni0x.2020.11.004.

Fukuto JM, Vega VS, Works C, et al. The chemical biology of
hydrogen sulfide and related hydropersulfides: Interactions
with biologically relevant metals and metalloproteins. Curr
Opin Chem Biol 2020;55:52-58; doi: 10.1016/j.cbpa.2019
.11.013.

Gaber A, Tamoi M, Takeda T, et al. NADPH-dependent glu-
tathione peroxidase-like proteins (Gpx-1, Gpx-2) reduce un-
saturated fatty acid hydroperoxides in Synechocystis PCC
6803. FEBS Lett 2001;499(1-2):32-36; doi: 10.1016/s0014-
5793(01)02517-0.

Galante D, Banfi L, Baruzzo G, et al. Multicomponent synthesis
of polyphenols and their in vitro evaluation as potential beta-
amyloid aggregation inhibitors. Molecules 2019;24(14):1-19;
doi: 10.3390/molecules24142636.

Garcia-Ibanez P, Yepes-Molina L, Ruiz-Alcaraz AJ, et al.
Brassica bioactives could ameliorate the chronic inflamma-
tory condition of endometriosis. Int J Mol Sci 2020;21(24):
1-20; doi: 10.3390/ijms21249397.



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

NUTRACEUTICALS AND SULFUR METABOLISM

Gebicki JM, Nauser T. Fast antioxidant reaction of polyphenols
and their metabolites. Antioxidants (Basel) 2021;10(8):1-12;
doi: 10.3390/antiox10081297.

Glasauer A, Chandel NS. Targeting antioxidants for cancer
therapy. Biochem Pharmacol 2014;92(1):90-101; doi: 10.1016/
j-bep.2014.07.017.

Godos J, Vitale M, Micek A, et al. Dietary polyphenol intake,
blood pressure, and hypertension: A systematic review and
meta-analysis of observational studies. Antioxidants (Basel)
2019;8(6):1-21; doi: 10.3390/antiox8060152.

Graczyk-Jarzynka A, Zagozdzon R, Muchowicz A, et al.
New insights into redox homeostasis as a therapeutic target in
B-cell malignancies. Curr Opin Hematol 2017;24(4):393—
401; doi: 10.1097/MOH.0000000000000351.

Graefe EU, Derendorf H, Veit M. Pharmacokinetics and bio-
availability of the flavonol quercetin in humans. Int J Clin
Pharmacol Ther 1999;37(5):219-233.

Gueven N, Ravishankar P, Eri R, et al. Idebenone: When
an antioxidant is not an antioxidant. Redox Biol 2021;38:
101812; doi: 10.1016/j.redox.2020.101812.

Gugliandolo A, Bramanti P, Mazzon E. Activation of Nrf2
by natural bioactive compounds: A promising approach for
stroke? Int J Mol Sci 2020;21(14):1-44; doi: 10.3390/
ijms21144875.

Guillamon E, Andreo-Martinez P, Mut-Salud N, et al. Bene-
ficial effects of organosulfur compounds from Allium cepa on
gut health: A systematic review. Foods 2021;10(8):1-17; doi:
10.3390/foods10081680.

Guo C, Liang F, Shah MW, et al. Hydrogen sulfide pro-
tected gastric epithelial cell from ischemia/reperfusion injury
by Keapl s-sulfhydration, MAPK dependent anti-apoptosis
and NF-kappaB dependent anti-inflammation pathway. Eur
J Pharmacol 2014;725:70-78; doi: 10.1016/j.ejphar.2014
.01.009.

Gutierrez-Mariscal FM, Arenas-de Larriva AP, Limia-Perez
L, et al. Coenzyme Q10 supplementation for the reduction
of oxidative stress: Clinical implications in the treatment
of chronic diseases. Int J Mol Sci 2020;21(21):1-19; doi:
10.3390/ijms21217870.

Hall MD, Marshall TS, Kwit AD, et al. Inhibition of glutathione
peroxidase mediates the collateral sensitivity of multidrug-
resistant cells to tiopronin. J Biol Chem 2014;289(31):21473—
21489; doi: 10.1074/jbc.M114.581702.

Hamed M, Logan A, Gruszczyk AV, et al. Mitochondria-targeted
antioxidant MitoQ ameliorates ischaemia-reperfusion injury
in kidney transplantation models. Br J Surg 2021;108(9):
1072-1081; doi: 10.1093/bjs/znab108.

Hassanein EHM, Mohamed WR, Khalaf MM, et al. Diallyl
disulfide ameliorates methotrexate-induced nephropathy in
rats: Molecular studies and network pharmacology analysis. J
Food Biochem 2021;45(6):e13765; doi: 10.1111/jfbc.13765.

Hazafa A, Rehman KU, Jahan N, et al. The role of polyphenol
(flavonoids) compounds in the treatment of cancer cells.
Nutr Cancer 2020;72(3):386-397; doi: 10.1080/01635581.2019
.1637006.

Heppner DE, Hristova M, Ida T, et al. Cysteine perthiosulfenic
acid (Cys-SSOH): A novel intermediate in thiol-based re-
dox signaling? Redox Biol 2018;14:379-385; doi: 10.1016/
j-redox.2017.10.006.

Holmquist L, Stuchbury G, Berbaum K, et al. Lipoic acid as
a novel treatment for Alzheimer’s disease and related de-
mentias. Pharmacol Ther 2007;113(1):154-164; doi: 10.1016/
j-pharmthera.2006.07.001.

87

Hong J, Lambert JD, Lee SH, et al. Involvement of multi-
drug resistance-associated proteins in regulating cellular levels
of (-)-epigallocatechin-3-gallate and its methyl metabolites.
Biochem Biophys Res Commun 2003;310(1):222-227; doi:
10.1016/j.bbrc.2003.09.007.

Hong J, Lu H, Meng X, et al. Stability, cellular uptake, biotrans-
formation, and efflux of tea polyphenol (-)-epigallocatechin-
3-gallate in HT-29 human colon adenocarcinoma cells. Can-
cer Res 2002;62(24):7241-7246.

Hossain KFB, Akter M, Rahman MM, et al. Amelioration of
metal-induced cellular stress by alpha-lipoic acid and dihy-
drolipoic acid through antioxidative effects in PC12 cells and
Caco-2 cells. Int J Environ Res Public Health 2021;18(4):
1-15; doi: 10.3390/ijerph18042126.

Hourihan JM, Kenna JG, Hayes JD. The gasotransmitter hy-
drogen sulfide induces Nrf2-target genes by inactivating the
Keapl ubiquitin ligase substrate adaptor through formation
of a disulfide bond between cys-226 and cys-613. Antioxid
Redox Signal 2013;19(5):465-481; doi: 10.1089/ars.2012
4944,

Hu C, Eggler AL, Mesecar AD, et al. Modification of Keapl
cysteine residues by sulforaphane. Chem Res Toxicol 2011;
24(4):515-521; doi: 10.1021/tx100389r.

Jalilpiran Y, Hajishafiee M, Khorshidi M, et al. The effect
of alpha-lipoic acid supplementation on endothelial function:
A systematic review and meta-analysis. Phytother Res 2021;
31:2386-2395; doi: 10.1002/ptr.6959.

Jaramillo Flores ME. Cocoa flavanols: Natural agents with
attenuating effects on metabolic syndrome risk factors. Nu-
trients 2019;11(4):1-32; doi: 10.3390/nul1040751.

Jayasuriya R, Dhamodharan U, Ali D, et al. Targeting Nrf2/
Keapl signaling pathway by bioactive natural agents: Possi-
ble therapeutic strategy to combat liver disease. Phytomedi-
cine 2021;92:153755; doi: 10.1016/j.phymed.2021.153755.

Jeffrey S, Samraj PI, Raj BS. The role of alpha-lipoic acid
supplementation in the prevention of diabetes complications:
A comprehensive review of clinical trials. Curr Diabetes Rev
2021;17(9):e011821190404; doi: 10.2174/15733998176662
10118145550.

Jones DP, Sies H. The redox code. Antioxid Redox Signal 2015;
23(9):734-746; doi: 10.1089/ars.2015.6247.

Ju Y, Wu L, Yang G. Thioredoxin 1 regulation of protein
S-desulfhydration. Biochem Biophys Rep 2016;5:27-34; doi:
10.1016/j.bbrep.2015.11.012.

Kagan VE, Shvedova A, Serbinova E, et al. Dihydrolipoic
acid—A universal antioxidant both in the membrane and
in the aqueous phase. Reduction of peroxyl, ascorbyl and
chromanoxyl radicals. Biochem Pharmacol 1992;44(8):1637—
1649; doi: 10.1016/0006-2952(92)90482-x.

Kalyanaraman B, Felix CC, Sealy RC. Peroxidatic oxidation of
catecholamines. A kinetic electron spin resonance investiga-
tion using the spin stabilization approach. J Biol Chem 1984;
259(12):7584-7589.

Kaur D, Behl T, Sehgal A, et al. Decrypting the potential role of
alpha-lipoic acid in Alzheimer’s disease. Life Sci 2021;284:
119899; doi: 10.1016/j.1fs.2021.119899.

Kay HY, Won Yang J, Kim TH, et al. Ajoene, a stable garlic
by-product, has an antioxidant effect through Nrf2-mediated
glutamate-cysteine ligase induction in HepG2 cells and pri-
mary hepatocytes. J Nutr 2010;140(7):1211-1219; doi: 10.3945/
jn.110.121277.

Keeley TP, Mann GE. Defining physiological normoxia for
improved translation of cell physiology to animal models



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

88

and humans. Physiol Rev 2019;99(1):161-234; doi: 10.1152/
physrev.00041.2017.

Khalaf MM, Hassanein EHM, Shalkami AS, et al. Diallyl dis-
ulfide attenuates methotrexate-induced hepatic oxidative in-
jury, inflammation and apoptosis and enhances its anti-tumor
activity. Curr Mol Pharmacol 2022;15(1):213-226; doi:
10.2174/1874467214666210525153111.

Kharma A, Grman M, Misak A, et al. Inorganic polysulfides
and related reactive sulfur-selenium species from the per-
spective of chemistry. Molecules 2019;24(7):1-15; doi: 10.3390/
molecules24071359.

Khoo HE, Azlan A, Tang ST, et al. Anthocyanidins and an-
thocyanins: Colored pigments as food, pharmaceutical in-
gredients, and the potential health benefits. Food Nutr Res
2017;61(1):1361779; doi: 10.1080/16546628.2017.1361779.

Kianian F, Marefati N, Boskabady M, et al. Pharmacological
properties of Allium cepa, preclinical and clinical evidences;
a review. Iran J Pharm Res 2021;20(2):107-134; doi: 10.22037/
ijpr.2020.112781.13946.

Kim S, Lee HG, Park SA, et al. Keapl cysteine 288 as a po-
tential target for diallyl trisulfide-induced Nrf2 activa-
tion. PLoS One 2014;9(1):e85984; doi: 10.1371/journal.pone
.0085984.

Kim SB, Kim KS, Kim DD, et al. Metabolic interactions of
rosmarinic acid with human cytochrome P450 monooxygenases
and uridine diphosphate glucuronosyltransferases. Biomed
Pharmacother 2019;110:111-117; doi: 10.1016/j.biopha.2018
.11.040.

Kimura S, Tung YC, Pan MH, et al. Black garlic: A critical
review of its production, bioactivity, and application. J Food
Drug Anal 2017a;25(1):62—-70; doi: 10.1016/j.jfda.2016.11.003.

Kimura Y, Koike S, Shibuya N, et al. 3-Mercaptopyruvate
sulfurtransferase produces potential redox regulators cyste-
ine- and glutathione-persulfide (Cys-SSH and GSSH) to-
gether with signaling molecules H,S,, H,S; and H,S. Sci Rep
2017b;7(1):10459; doi: 10.1038/s41598-017-11004-7.

Kleinjan WE, de Keizer A, Janssen AJ. Kinetics of the chemical
oxidation of polysulfide anions in aqueous solution. Water
Res 2005;39(17):4093-4100; doi: 10.1016/j.watres.2005
.08.006.

Kobayashi H, Oikawa S, Hirakawa K, et al. Metal-mediated
oxidative damage to cellular and isolated DNA by gallic acid,
a metabolite of antioxidant propyl gallate. Mutat Res 2004;
558(1-2):111-120; doi: 10.1016/j.mrgentox.2003.11.002.

Kokubo Y, Matson GB, Derugin N, et al. Transgenic mice
expressing human copper-zinc superoxide dismutase ex-
hibit attenuated apparent diffusion coefficient reduction dur-
ing reperfusion following focal cerebral ischemia. Brain Res
2002;947(1):1-8; doi: 10.1016/s0006-8993(02)02899-8.

Kurland CG, Andersson SG. Origin and evolution of the mi-
tochondrial proteome. Microbiol Mol Biol Rev 2000;64(4):
786-820; doi: 10.1128/MMBR.64.4.786-820.2000.

Kurnia D, Ajiati D, Heliawati L, et al. Antioxidant properties
and structure-antioxidant activity relationship of Allium
species leaves. Molecules 2021;26(23):1-27; doi: 10.3390/
molecules26237175.

Kyung S, Lim JW, Kim H. alpha-Lipoic acid inhibits IL-8 ex-
pression by activating Nrf2 signaling in helicobacter pylori-
infected gastric epithelial cells. Nutrients 2019;11(10):1-13;
doi: 10.3390/nu11102524.

Lambert JD, Elias RJ. The antioxidant and pro-oxidant activi-
ties of green tea polyphenols: A role in cancer prevention.
Arch Biochem Biophys 2010;501(1):65-72; doi: 10.1016/
j-abb.2010.06.013.

OLSON ET AL.

Le TN, Chiu CH, Hsieh PC. Bioactive compounds and bio-
activities of Brassica oleracea L. var. Italica sprouts and
microgreens: An updated overview from a nutraceutical
perspective. Plants (Basel) 2020;9(8):1-23; doi: 10.3390/
plants9080946.

Lee J, Jung SY, Yang KJ, et al. alpha-Lipoic acid pre-
vents against cisplatin cytotoxicity via activation of the NRF2/
HO-1 antioxidant pathway. PLoS One 2019;14(12):e0226769;
doi: 10.1371/journal.pone.0226769.

Li C, Lee MJ, Sheng SQ, et al. Structural identification of two
metabolites of catechins and their kinetics in human urine and
blood after tea ingestion. Chem Res Toxicol 2000;13(3):177—
184; doi: 10.1021/tx9901837.

Li R, Jia Z, Zhu H. Regulation of Nrf2 signaling. React Oxyg
Species (Apex) 2019;8(24):312-322.

Li Y, Yao J, Han C, et al. Quercetin, inflammation and im-
munity. Nutrients 2016;8(3):167; doi: 10.3390/nu8030167.
Liochev SI, Fridovich I. The role of O,° in the production of
HO.: In vitro and in vivo. Free Radic Biol Med 1994;16(1):

29-33; doi: 10.1016/0891-5849(94)90239-9.

Liu L, Yang S, Wang H. alpha-Lipoic acid alleviates ferroptosis
in the MPP(+) -induced PC12 cells via activating the PI3K/
Akt/Nrf2 pathway. Cell Biol Int 2021;45(2):422-431; doi:
10.1002/cbin.11505.

Liu Z, Hu M. Natural polyphenol disposition via coupled
metabolic pathways. Expert Opin Drug Metab Toxicol 2007
3(3):389-406; doi: 10.1517/17425255.3.3.389.

Lo CM, Carroll KS. The redox biochemistry of protein sulfe-
nylation and sulfinylation. J Biol Chem 2013;288(37):26480—
26488.

Loor G, Kondapalli J, Schriewer JM, et al. Menadione triggers
cell death through ROS-dependent mechanisms involving
PARP activation without requiring apoptosis. Free Radic Biol
Med 2010;49(12):1925-1936; doi: 10.1016/j.freeradbiomed
.2010.09.021.

Loy BD, Fling BW, Horak FB, et al. Effects of lipoic acid on
walking performance, gait, and balance in secondary pro-
gressive multiple sclerosis. Complement Ther Med 2018;41:
169-174; doi: 10.1016/j.ctim.2018.09.006.

Lu H, Meng X, Li C, et al. Glucuronides of tea catechins:
Enzymology of biosynthesis and biological activities. Drug
Metab Dispos 2003;31(4):452-461; doi: 10.1124/dmd.31.4.452.

Lu J, Holmgren A. The thioredoxin antioxidant system. Free
Radic Biol Med 2014;66:75-87; doi: 10.1016/j.freeradbiomed
.2013.07.036.

Lu Y. The Classic of Tea: Origins & Rituals. Ecco Press: New
York, NY; 1995.

Luo JF, Dong Y, Chen JY, et al. The effect and underlying
mechanisms of garlic extract against cognitive impairment
and Alzheimer’s disease: A systematic review and meta-
analysis of experimental animal studies. J Ethnopharmacol
2021;280:114423; doi: 10.1016/j.jep.2021.114423.

Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev
Pharmacol Toxicol 2013;53:401-426; doi: 10.1146/annurev-
pharmtox-011112-140320.

Ma WX, Li CY, Tao R, et al. Reductive stress-induced mito-
chondrial dysfunction and cardiomyopathy. Oxid Med Cell
Longev 2020;2020:5136957; doi: 10.1155/2020/5136957.

Ma Z, Liu H, Wu B. Structure-based drug design of catechol-O-
methyltransferase inhibitors for CNS disorders. Br J Clin
Pharmacol 2014;77(3):410-420; doi: 10.1111/bcp.12169.

Mahmoudi-Nezhad M, Vajdi M, Farhangi MA. An updated
systematic review and dose-response meta-analysis of the
effects of alpha-lipoic acid supplementation on glycemic



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

NUTRACEUTICALS AND SULFUR METABOLISM

markers in adults. Nutrition 2021;82:111041; doi: 10.1016/
j-nut.2020.111041.

Majewski M. Allium sativum: Facts and myths regarding human
health. Rocz Panstw Zakl Hig 2014;65(1):1-8.

Malard E, Valable S, Bernaudin M, et al. The reactive species
interactome in the brain. Antioxid Redox Signal 2021;35(14):
1176-1206; doi: 10.1089/ars.2020.8238.

Man AWC, Zhou Y, Xia N, et al. Involvement of gut micro-
biota, microbial metabolites and interaction with polyphenol
in host immunometabolism. Nutrients 2020;12(10):1-29; doi:
10.3390/nu12103054.

Manford AG, Mena EL, Shih KY, et al. Structural basis
and regulation of the reductive stress response. Cell 2021;
184(21):5375.e16-5390.e16; doi: 10.1016/j.cell.2021.09.002.

Marin L, Miguelez EM, Villar CJ, et al. Bioavailability of
dietary polyphenols and gut microbiota metabolism: Anti-
microbial properties. Biomed Res Int 2015;2015:905215; doi:
10.1155/2015/905215.

Marunaka Y, Marunaka R, Sun H, et al. Actions of quercetin, a
polyphenol, on blood pressure. Molecules 2017;22(2):1-12;
doi: 10.3390/molecules22020209.

Marx W, Kelly J, Marshall S, et al. The effect of polyphenol-
rich interventions on cardiovascular risk factors in haemo-
dialysis: A systematic review and meta-analysis. Nutrients
2017;9(12):1-24; doi: 10.3390/nu9121345.

May HC, Yu JJ, Guentzel MN, et al. Repurposing auranofin,
ebselen, and PX-12 as antimicrobial agents targeting the
thioredoxin system. Front Microbiol 2018;9:336; doi: 10.3389/
fmicb.2018.00336.

Medina-Remon A, Casas R, Tressserra-Rimbau A, et al. Poly-
phenol intake from a Mediterranean diet decreases inflam-
matory biomarkers related to atherosclerosis: A substudy of
the PREDIMED trial. Br J Clin Pharmacol 2017;83(1):114—
128; doi: 10.1111/bcp.12986.

Meng G, Zhao S, Xie L, et al. Protein S-sulthydration by hy-
drogen sulfide in cardiovascular system. Br J Pharmacol
2018;175(8):1146-1156; doi: 10.1111/bph.13825.

Mikami Y, Shibuya N, Kimura Y, et al. Thioredoxin and di-
hydrolipoic acid are required for 3-mercaptopyruvate sulfur-
transferase to produce hydrogen sulfide. Biochem J 2011;
439(3):479-485; doi: 10.1042/BJ20110841.

Millikin R, Bianco CL, White C, et al. The chemical biology of
protein hydropersulfides: Studies of a possible protective
function of biological hydropersulfide generation. Free Radic
Biol Med 2016;97:136-147; doi: 10.1016/j.freeradbiomed.2016
.05.013.

Miltonprabu S, Sumedha NC, Senthilraja P. Diallyl trisulfide, a
garlic polysulfide protects against As-induced renal oxidative
nephrotoxicity, apoptosis and inflammation in rats by acti-
vating the Nrf2/ARE signaling pathway. Int Imnmunopharmacol
2017;50:107-120; doi: 10.1016/j.intimp.2017.06.011.

Miraghajani M, Rafie N, Hajianfar H, et al. Aged garlic and
cancer: A systematic review. Int J Prev Med 2018;9:84; doi:
10.4103/ijpvm.IJPVM_437_17.

Misra HP, Fridovich 1. The role of superoxide anion in the
autoxidation of epinephrine and a simple assay for superoxide
dismutase. J Biol Chem 1972;247(10):3170-3175.

Mo M, Li S, Dong Z, et al. S-allylmercaptocysteine ameliorates
lipopolysaccharide-induced acute lung injury in mice by in-
hibiting inflammation and oxidative stress via nuclear factor
kappa B and Keapl/Nrf2 pathways. Int Immunopharmacol
2020;81:106273; doi: 10.1016/j.intimp.2020.106273.

89

Mochizuki M, Yamazaki S, Kano K, et al. Kinetic analysis
and mechanistic aspects of autoxidation of catechins. Bio-
chim Biophys Acta 2002;1569(1-3):35-44; doi: 10.1016/s0304-
4165(01)00230-6.

Mohammed MA, Gharib DM, Reyad HR, et al. Antioxidant
and anti-inflammatory properties of alpha-lipoic acid protect
against valproic acid-induced liver injury. Can J Physiol
Pharmacol 2021;99(5):499-505; doi: 10.1139/cjpp-2019-
0456.

Moini H, Packer L, Saris NE. Antioxidant and prooxidant ac-
tivities of alpha-lipoic acid and dihydrolipoic acid. Toxicol
Appl Pharmacol 2002;182(1):84-90; doi: 10.1006/taap.2002
.9437.

Molz P, Schroder N. Potential therapeutic effects of lipoic
acid on memory deficits related to aging and neurodegen-
eration. Front Pharmacol 2017;8:849; doi: 10.3389/fphar.2017
.00849.

Moridani MY, Scobie H, Salehi P, et al. Catechin metabolism:
Glutathione conjugate formation catalyzed by tyrosinase, per-
oxidase, and cytochrome p450. Chem Res Toxicol 2001;14(7):
841-848; doi: 10.1021/tx0002350.

Motohashi H, Yamamoto M. Nrf2-Keapl defines a physio-
logically important stress response mechanism. Trends Mol
Med 2004;10(11):549-557; doi: 10.1016/j.molmed.2004
.09.003.

Moura FA, de Andrade KQ, dos Santos JC, et al. Lipoic acid: Its
antioxidant and anti-inflammatory role and clinical applica-
tions. Curr Top Med Chem 2015;15(5):458-483; doi: 10.2174/
1568026615666150114161358.

Mugoni V, Postel R, Catanzaro V, et al. Ubiadl is an antioxi-
dant enzyme that regulates eNOS activity by CoQ10 syn-
thesis. Cell 2013;152(3):504-518; doi: 10.1016/j.cell.2013
.01.013.

Nagahara N, Koike S, Nirasawa T, et al. Alternative pathway
of H,S and polysulfides production from sulfurated catalytic-
cysteine of reaction intermediates of 3-mercaptopyruvate sul-
furtransferase. Biochem Biophys Res Commun 2018;496(2):
648—-653; doi: 10.1016/j.bbrc.2018.01.056.

Nagahara N, Nirasawa T, Yoshii T, et al. Is novel signal
transducer sulfur oxide involved in the redox cycle of per-
sulfide at the catalytic site cysteine in a stable reaction in-
termediate of mercaptopyruvate sulfurtransferase? Antioxid
Redox Signal 2012;16(8):747-753.

Nagy P, Schwarz G, Kopriva S. Highlighted mechanistic as-
pects in the chemical biology of reactive sulfur species. Br J
Pharmacol 2019;176(4):511-513; doi: 10.1111/bph.14551.

Ning R, Li Y, Du Z, et al. The mitochondria-targeted antioxi-
dant MitoQ attenuated PM2.5-induced vascular fibrosis via
regulating mitophagy. Redox Biol 2021;46:102113; doi: 10.1016/
jredox.2021.102113.

Nohara T, Fujiwara Y, El-Aasr M, et al. Thiolane-type sulfides
from garlic, onion, and Welsh onion. J Nat Med 2021;75(4):
741-751; doi: 10.1007/s11418-021-01533-x.

Olson KR. H,S and polysulfide metabolism: Conventional and
unconventional pathways. Biochem Pharmacol 2018;149:77-
90; doi: 10.1016/j.bcp.2017.12.010.

Olson KR. Hydrogen sulfide, reactive sulfur species and coping
with reactive oxygen species. Free Radic Biol Med 2019;140:
74-83; doi: 10.1016/j.freeradbiomed.2019.01.020.

Olson KR. Are reactive sulfur species the new reactive oxy-
gen species? Antioxid Redox Signal 2020;33(16):1125-1142;
doi: 10.1089/ars.2020.8132.



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

90

Olson KR. A case for hydrogen sulfide metabolism as an oxy-
gen sensing mechanism. Antioxidants (Basel) 2021;10(11):
1650; doi: 10.3390/antiox10111650.

Olson KR, Briggs A, Devireddy M, et al. Green tea polyphe-
nolic antioxidants oxidize hydrogen sulfide to thiosulfate and
polysulfides: A possible new mechanism underpinning their
biological action. Redox Biol 2020a;37:101731; doi: 10.1016/
jredox.2020.101731.

Olson KR, Briggs A, Devireddy M, et al. Are the beneficial
effects of ‘antioxidant’ lipoic acid mediated through metab-
olism of reactive sulfur species? Free Radic Biol Med 2020b;
146:139-149; doi: 10.1016/j.freeradbiomed.2019.10.410.

Olson KR, Clear K, Derry P, et al. Coenzyme Q10 and related
quinones oxidize H,S to polysulfides and thiosulfate. Free
Radic Biol Med 2022;182:119-131; doi: 10.1016/j.free-
radbiomed.2022.02.018.

Olson KR, DeLeon ER, Gao Y, et al. Thiosulfate: A readily
accessible source of hydrogen sulfide in oxygen sensing. Am
J Physiol Regul Integr Comp Physiol 2013;305(6):R592—
R603; doi: 10.1152/ajpregu.00421.2012.

Olson KR, Gao Y. Effects of inhibiting antioxidant pathways
on cellular hydrogen sulfide and polysulfide metabolism.
Free Radic Biol Med 2019;135:1-14; doi: 10.1016/j.freerad
biomed.2019.02.011.

Olson KR, Gao Y, Arif F, et al. Metabolism of hydrogen sul-
fide (H,S) and production of reactive sulfur species (RSS)
by superoxide dismutase. Redox Biol 2017a;15:74-85; doi:
10.1016/j.redox.2017.11.009.

Olson KR, Gao Y, Briggs A, et al. ‘Antioxidant’ berries, an-
thocyanins, resveratrol and rosmarinic acid oxidize hydrogen
sulfide to polysulfides and thiosulfate: A novel mechanism
underlying their biological actions. Free Radic Biol Med
2021a;165:67-78; doi: 10.1016/j.freeradbiomed.2021.01.035.

Olson KR, Gao Y, DeLeon ER, et al. Catalase as a sulfide-sulfur
oxido-reductase: An ancient (and modern?) regulator of re-
active sulfur species (RSS). Redox Biol 2017b;12:325-339;
doi: 10.1016/j.redox.2017.02.021.

Olson KR, Gao Y, Straub KD. Oxidation of hydrogen sulfide
by quinones: How polyphenols initiate their cytoprotective
effects. Int J Mol Sci 2021b;22(2):1-20; doi: 10.3390/ijms
22020961.

Olson KR, Straub KD. The role of hydrogen sulfide in evolu-
tion and the evolution of hydrogen sulfide in metabolism
and signaling. Physiology (Bethesda) 2016;31(1):60-72; doi:
10.1152/physiol.00024.2015.

Ono K, Akaike T, Sawa T, et al. Redox chemistry and chemical
biology of HS, hydropersulfides, and derived species: Im-
plications of their possible biological activity and utility. Free
Radic Biol Med 2014;17:82-94; doi: 10.1016/j.freeradbiomed
.2014.09.007.

Ooi BK, Chan KG, Goh BH, et al. The role of natural products
in targeting cardiovascular diseases via Nrf2 pathway:
Novel molecular mechanisms and therapeutic approaches.
Front Pharmacol 2018;9:1308; doi: 10.3389/fphar.2018.
01308.

Packer L, Witt EH, Tritschler HJ. alpha-Lipoic acid as a bio-
logical antioxidant. Free Radic Biol Med 1995;19(2):227—
250; doi: 10.1016/0891-5849(95)00017-r.

Pak O, Scheibe S, Esfandiary A, et al. Impact of the
mitochondria-targeted antioxidant MitoQ on hypoxia-induced
pulmonary hypertension. Eur Respir J 2018;51:1-12; doi:
10.1183/13993003.01024-2017.

Parkinson Study Group. Effects of tocopherol and deprenyl on
the progression of disability in early Parkinson’s disease. N

OLSON ET AL.

Engl J Med 1993;328(3):176-183; doi: 10.1056/NEJM 1993
01213280305.

Pashaj A, Xia M, Moreau R. alpha-Lipoic acid as a triglyceride-
lowering nutraceutical. Can J Physiol Pharmacol 2015;93(12):
1029-1041; doi: 10.1139/cjpp-2014-0480.

Pedre B, Dick TP. 3-Mercaptopyruvate sulfurtransferase:
An enzyme at the crossroads of sulfane sulfur trafficking.
Biol Chem 2021;402(3):223-237; doi: 10.1515/hsz-2020-
0249.

Perez-Torres I, Guarner-Lans V, Rubio-Ruiz ME. Reductive
stress in inflammation-associated diseases and the pro-
oxidant effect of antioxidant agents. Int J Mol Sci 2017;
18(10):1-26; doi: 10.3390/ijms18102098.

Phang-Lyn S, Llerena VA. Biochemistry, Biotransformation.
StatPearls: Treasure Island, FL; 2022.

Pilar Valdecantos M, Prieto-Hontoria PL, Pardo V, et al.
Essential role of Nrf2 in the protective effect of lipoic acid
against lipoapoptosis in hepatocytes. Free Radic Biol
Med 2015;84:263-278; doi: 10.1016/j.freeradbiomed.2015
.03.019.

Piotrowska H, Kucinska M, Murias M. Biological activity of
piceatannol: Leaving the shadow of resveratrol. Mutat Res
2012;750(1):60-82; doi: 10.1016/j.mrrev.2011.11.001.

Piwowarski JP, Stanislawska I, Granica S. Dietary polyphenol
and microbiota interactions in the context of prostate health.
Ann N Y Acad Sci 2021;1508(1):54-77; doi: 10.1111/
nyas.14701.

Polewski K. Spectroscopic detection of adrenaline-quinone
formation in micelles. Biochim Biophys Acta 2000;1523(1):
56-64; doi: 10.1016/s0304-4165(00)00099-4.

Poti F, Santi D, Spaggiari G, et al. Polyphenol health effects
on cardiovascular and neurodegenerative disorders: A re-
view and meta-analysis. Int J Mol Sci 2019;20(2):1-26; doi:
10.3390/ijms20020351.

Predmore BL, Kondo K, Bhushan S, et al. The polysulfide
diallyl trisulfide protects the ischemic myocardium by pres-
ervation of endogenous hydrogen sulfide and increasing nitric
oxide bioavailability. Am J Physiol Heart Circ Physiol 2012;
302(11):H2410-H2418; doi: 10.1152/ajpheart.00044.2012.

Prysyazhna O, Wolhuter K, Switzer C, et al. Blood pressure-
lowering by the antioxidant resveratrol is counterintuitively
mediated by oxidation of cGMP-dependent protein kinase.
Circulation 2019;140(2):126-137; doi: 10.1161/CIRCULA-
TIONAHA.118.037398.

Rachakonda G, Xiong Y, Sekhar KR, et al. Covalent modi-
fication at Cys151 dissociates the electrophile sensor Keapl
from the ubiquitin ligase CUL3. Chem Res Toxicol 2008;
21(3):705-710; doi: 10.1021/tx700302s.

Radi R, Beckman JS, Bush KM, et al. Peroxynitrite-induced
membrane lipid peroxidation: The cytotoxic potential of su-
peroxide and nitric oxide. Arch Biochem Biophys 1991;288(2):
481-487; doi: 10.1016/0003-9861(91)90224-7.

Raizner AE. Coenzyme Q10. Methodist Debakey Cardiovasc J
2019;15(3):185-191; doi: 10.14797/mdcj-15-3-185.

Reboul E. Vitamin E bioavailability: Mechanisms of intestinal
absorption in the spotlight. Antioxidants (Basel) 2017;6(4):1—
11; doi: 10.3390/antiox6040095.

Reczek CR, Chandel NS. ROS-dependent signal transduction.
Curr Opin Cell Biol 2015;33:8-13; doi: 10.1016/j.ceb.2014
.09.010.

Reshetnikov V, Hahn J, Maueroder C, et al. Chemical tools
for targeted amplification of reactive oxygen species in neu-
trophils. Front Immunol 2018;9:1827; doi: 10.3389/fimmu.2018
.01827.



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

NUTRACEUTICALS AND SULFUR METABOLISM

Rodman SN, Spence JM, Ronnfeldt TJ, et al. Enhancement of
radiation response in breast cancer stem cells by inhibition of
thioredoxin- and glutathione-dependent metabolism. Radiat
Res 2016;186(4):385-395; doi: 10.1667/RR14463.1.

Rodriguez-Daza MC, Pulido-Mateos EC, Lupien-Meilleur J,
et al. Polyphenol-mediated gut microbiota modulation: To-
ward prebiotics and further. Front Nutr 2021;8:689456; doi:
10.3389/fnut.2021.689456.

Roginsky V, Alegria AE. Oxidation of tea extracts and tea
catechins by molecular oxygen. J Agric Food Chem 2005;
53(11):4529-4535; doi: 10.1021/jf040382i.

Roginsky VA, Barsukova TK, Stegmann HB. Kinetics of redox
interaction between substituted quinones and ascorbate under
aerobic conditions. Chem Biol Interact 1999;121(2):177-197,
doi: 10.1016/s0009-2797(99)00099-x.

Ross D, Siegel D. Functions of NQO1 in cellular protection and
CoQ10 metabolism and its potential role as a redox sensitive
molecular switch. Front Physiol 2017;8:595; doi: 10.3389/
fphys.2017.00595.

Rowland I, Gibson G, Heinken A, et al. Gut microbiota func-
tions: Metabolism of nutrients and other food components.
Eur J Nutr 2018;57(1):1-24; doi: 10.1007/s00394-017-1445-8.

Salehi B, Berkay Yilmaz Y, Antika G, et al. Insights on the use
of alpha-lipoic acid for therapeutic purposes. Biomolecules
2019;9(8):1-25; doi: 10.3390/biom9080356.

Samuel EL, Duong MT, Bitner BR, et al. Hydrophilic carbon
clusters as therapeutic, high-capacity antioxidants. Trends
Biotechnol 2014;32(10):501-505; doi: 10.1016/j.tibtech.2014
.08.005.

Sang S, Lambert JD, Ho CT, et al. The chemistry and bio-
transformation of tea constituents. Pharmacol Res 2011;64(2):
87-99; doi: 10.1016/j.phrs.2011.02.007.

Sawa T, Motohashi H, Thara H, et al. Enzymatic regulation
and biological functions of reactive cysteine persulfides and
polysulfides. Biomolecules 2020;10(9):1-13; doi: 10.3390/
biom10091245.

Sawa T, Takata T, Matsunaga T, et al. Chemical biology of
reactive sulfur species: Hydrolysis-driven equilibrium of poly-
sulfides as a determinant of physiological functions. Antioxid
Redox Signal 2021;36:327-336; doi: 10.1089/ars.2021.0170.

Sbodio JI, Snyder SH, Paul BD. Regulators of the transsul-
furation pathway. Br J Pharmacol 2019;176(4):583-593; doi:
10.1111/bph.14446.

Scalbert A, Morand C, Manach C, et al. Absorption and me-
tabolism of polyphenols in the gut and impact on health.
Biomed Pharmacother 2002;56(6):276-282; doi: 10.1016/
s0753-3322(02)00205-6.

Scheepens A, Tan K, Paxton JW. Improving the oral bioavail-
ability of beneficial polyphenols through designed synergies.
Genes Nutr 2010;5(1):75-87; doi: 10.1007/s12263-009-0148-z.

Scholl C, Lepper A, Lehr T, et al. Population nutrikinetics of
green tea extract. PLoS One 2018;13(2):e0193074; doi:
10.1371/journal.pone.0193074.

Schwarzlander M, Dick TP, Meye AJ, et al. Dissecting redox
biology using fluorescent protein sensors. Antioxid Redox
Signal 2015;24(13):680-712; doi: 10.1089/ars.2015.6266.

Searcy DG. HS-:0, oxidoreductase activity of Cu,Zn super-
oxide dismutase. Arch Biochem Biophys 1996;334(1):50-58;
doi: 10.1006/abbi.1996.0428.

Searcy DG, Whitehead JP, Maroney MJ. Interaction of Cu,Zn
superoxide dismutase with hydrogen sulfide. Arch Biochem
Biophys 1995;318(2):251-263; doi: 10.1006/abbi.1995.1228.

Seefeldt T, Zhao Y, Chen W, et al. Characterization of a novel
dithiocarbamate glutathione reductase inhibitor and its use

91

as a tool to modulate intracellular glutathione. J Biol Chem
2009;284(5):2729-2737; doi: 10.1074/jbc.M802683200.

Seki T, Sato M, Konno A, et al. b-Cysteine promotes dendritic
development in primary cultured cerebellar Purkinje cells via
hydrogen sulfide production. Mol Cell Neurosci 2018;93:36—
47; doi: 10.1016/j.mcn.2018.10.002.

Semenza ER, Harraz MM, Abramson E, et al. D-cysteine is an
endogenous regulator of neural progenitor cell dynamics in
the mammalian brain. Proc Natl Acad Sci U S A 2021;
118(39):¢2110610118; doi: 10.1073/pnas.2110610118.

Shan Y, Wei Z, Tao L, et al. Prophylaxis of diallyl
disulfide on skin carcinogenic model via p21-dependent
Nrf2 stabilization. Sci Rep 2016;6:35676; doi: 10.1038/
srep35676.

Shay KP, Michels AJ, Li W, et al. Cap-independent Nrf2
translation is part of a lipoic acid-stimulated detoxification
stress response. Biochim Biophys Acta 2012;1823(6):1102-
1109; doi: 10.1016/j.bbamcr.2012.04.002.

Sheikholeslami S, Khodaverdian S, Dorri-Giv M, et al. The
radioprotective effects of alpha-lipoic acid on radiotherapy-
induced toxicities: A systematic review. Int Immunopharma-
col 2021;96:107741; doi: 10.1016/j.intimp.2021.107741.

Sheng Y, Abreu IA, Cabelli DE, et al. Superoxide dismutases
and superoxide reductases. Chem Rev 2014;114(7):3854—
3918; doi: 10.1021/cr4005296.

Shi H, Jing X, Wei X, et al. S-allyl cysteine activates the Nrf2-
dependent antioxidant response and protects neurons against
ischemic injury in vitro and in vivo. J Neurochem 2015;
133(2):298-308; doi: 10.1111/jnc.12986.

Shibuya N, Koike S, Tanaka M, et al. A novel pathway for the
production of hydrogen sulfide from D-cysteine in mam-
malian cells. Nat Commun 2013;4:1366; doi: 10.1038/ncomms
2371.

Shibuya N, Tanaka M, Yoshida M, et al. 3-Mercaptopyruvate
sulfurtransferase produces hydrogen sulfide and bound sul-
fane sulfur in the brain. Antioxid Redox Signal 2009;11(4):
703-714; doi: 10.1089/ars.2008.2253.

Sies H. Hydrogen peroxide as a central redox signaling mole-
cule in physiological oxidative stress: Oxidative eustress.
Redox Biol 2017;11:613-619; doi: 10.1016/j.redox.2016.12.035.

Sies H. On the history of oxidative stress: Concept and some
aspects of current development. Curr Opin Toxicol 2018;7:
122-126.

Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat Rev Mol Cell Biol 2020;
21(7):363-383; doi: 10.1038/s41580-020-0230-3.

Skibska B, Goraca A. The protective effect of lipoic acid on
selected cardiovascular diseases caused by age-related oxi-
dative stress. Oxid Med Cell Longev 2015;2015:313021; doi:
10.1155/2015/313021.

Slemmer JE, Shacka JJ, Sweeney MI, et al. Antioxidants and
free radical scavengers for the treatment of stroke, traumatic
brain injury and aging. Curr Med Chem 2008;15(4):404—414;
doi: 10.2174/092986708783497337.

Smith RA, Murphy MP. Animal and human studies with the
mitochondria-targeted antioxidant MitoQ. Ann N Y Acad Sci
2010;1201:96-103; doi: 10.1111/j.1749-6632.2010.05627 .x.

Solmonson A, DeBerardinis RJ. Lipoic acid metabolism and
mitochondrial redox regulation. J Biol Chem 2018;293(20):
7522-7530; doi: 10.1074/jbc. TM117.000259.

Song Y, Wagner BA, Lehmler HJ, et al. Semiquinone radicals
from oxygenated polychlorinated biphenyls: Electron para-
magnetic resonance studies. Chem Res Toxicol 2008;21(7):
1359-1367; doi: 10.1021/tx8000175.



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

92

Springer M, Moco S. Resveratrol and its human metabolites-
effects on metabolic health and obesity. Nutrients 2019;11(1):
1-17; doi: 10.3390/nul11010143.

Stegmann HB, Bergler HU, Scheffler K. ““‘Spin-stabilization™ via
complex formation; ESR investigation of some catecholamine-
semiquinones. Angew Chem Int Ed Engl 1981;20:389-390.

Steiger AK, Zhao Y, Pluth MD. Emerging roles of carbonyl
sulfide in chemical biology: Sulfide transporter or gaso-
transmitter? Antioxid Redox Signal 2018;28(16):1516-1532;
doi: 10.1089/ars.2017.7119.

Stocker S, Van Laer K, Mijuskovic A, et al. The conundrum
of hydrogen peroxide signaling and the emerging role of
peroxiredoxins as redox relay hubs. Antioxid Redox Signal
2018;28(7):558-573; doi: 10.1089/ars.2017.7162.

Sun J, Wang Y, Pang X, et al. The effect of processing and
cooking on glucoraphanin and sulforaphane in brassica veg-
etables. Food Chem 2021;360:130007; doi: 10.1016/j.foodchem
.2021.130007.

Sylvester JT, Shimoda LA, Aaronson PI, et al. Hypoxic pul-
monary vasoconstriction. Physiol Rev 2012;92(1):367-520.
Szewczuk LM, Lee SH, Blair IA, et al. Viniferin formation
by COX-1: Evidence for radical intermediates during co-
oxidation of resveratrol. J Nat Prod 2005;68(1):36-42; doi:

10.1021/np049702i.

Taniai E, Yafune A, Nakajima M, et al. Ochratoxin A induces
karyomegaly and cell cycle aberrations in renal tubular cells
without relation to induction of oxidative stress responses in
rats. Toxicol Lett 2014;224(1):64-72; doi: 10.1016/j.toxlet
.2013.10.001.

Telkoparan-Akillilar P, Panieri E, Cevik D, et al. Therapeutic
targeting of the NRF2 signaling pathway in cancer molecules
2021;26(5):1-17; doi: 10.3390/molecules26051417.

Tena N, Martin J, Asuero AG. State of the art of anthocyanins:
Antioxidant activity, sources, bioavailability, and therapeutic
effect in human health. Antioxidants (Basel) 2020;9(5):1-28;
doi: 10.3390/antiox9050451.

Tenore GC, Campiglia P, Giannetti D, et al. Simulated gastroin-
testinal digestion, intestinal permeation and plasma protein in-
teraction of white, green, and black tea polyphenols. Food Chem
2015;169:320-326; doi: 10.1016/j.foodchem.2014.08.006.

Theodosis-Nobelos P, Papagiouvannis G, Tziona P, et al. Lipoic
acid. Kinetics and pluripotent biological properties and de-
rivatives. Mol Biol Rep 2021;48(9):6539-6550; doi: 10.1007/
$11033-021-06643-z.

Torre E. Molecular signaling mechanisms behind polyphenol-
induced bone anabolism. Phytochem Rev 2017;16(6):1183—
1226; doi: 10.1007/s11101-017-9529-x.

Toth F, Cseh EK, Vecsei L. Natural molecules and neuropro-
tection: Kynurenic acid, pantethine and alpha-lipoic acid. Int
J Mol Sci 2021;22(1):403; doi: 10.3390/ijms22010403.

Tsai CY, Wang CC, Lai TY, et al. Antioxidant effects of diallyl
trisulfide on high glucose-induced apoptosis are mediated by
the PI3K/Akt-dependent activation of Nrf2 in cardiomyo-
cytes. Int J Cardiol 2013;168(2):1286-1297; doi: 10.1016/
j-ijcard.2012.12.004.

Tsao R. Chemistry and biochemistry of dietary polyphenols.
Nutrients 2010;2(12):1231-1246; doi: 10.3390/nu2121231.
Tsuneyoshi T, Kunimura K, Morihara N. S-1-Propenylcysteine
augments BACH1 degradation and heme oxygenase 1 expres-
sion in a nitric oxide-dependent manner in endothelial cells.
Nitric Oxide 2019;84:22-29; doi: 10.1016/j.ni0x.2019.01.003.

Ulrich K, Jakob U. The role of thiols in antioxidant systems.
Free Radic Biol Med 2019;140:14-27; doi: 10.1016/j.freerad
biomed.2019.05.035.

OLSON ET AL.

Ulrich K, Schwappach B, Jakob U. Thiol-based switching
mechanisms of stress-sensing chaperones. Biol Chem 2021;
402(3):239-252; doi: 10.1515/hsz-2020-0262.

Uto-Kondo H, Hase A, Yamaguchi Y, et al. S-Allyl-L-cysteine
sulfoxide, a garlic odor precursor, suppresses elevation in
blood ethanol concentration by accelerating ethanol metab-
olism and preventing ethanol absorption from gut. Biosci
Biotechnol Biochem 2018;82(4):724-731; doi: 10.1080/09168451
2018.1447357.

Uuh-Narvaez JJ, Segura-Campos MR. Cabbage (Brassica
oleracea var. capitata): A food with functional properties
aimed to type 2 diabetes prevention and management. J Food
Sci 2021;86(11):4775-4798; doi: 10.1111/1750-3841.15939.

van Duynhoven J, Vaughan EE, Jacobs DM, et al. Metabolic
fate of polyphenols in the human superorganism. Proc Natl
Acad Sci U S A 2011;108(Suppl 1):4531-4538; doi: 10.1073/
pnas.1000098107.

Vasas A, Doka E, Fabian I, et al. Kinetic and thermodynamic
studies on the disulfide-bond reducing potential of hydrogen
sulfide. Nitric Oxide 2015;46:93—-101.

Vermot A, Petit-Hartlein I, Smith SME, et al. NADPH oxidases
(NOX): An overview from discovery, molecular mechanisms
to physiology and pathology. Antioxidants (Basel) 2021;
10(6):1-55; doi: 10.3390/antiox10060890.

Villavicencio Tejo F, Quintanilla RA. Contribution of the
Nrf2 pathway on oxidative damage and mitochondrial failure
in Parkinson and Alzheimer’s disease. Antioxidants (Basel)
2021;10(7):1-31; doi: 10.3390/antiox10071069.

Walle T. Bioavailability of resveratrol. Ann N Y Acad Sci
2011;1215:9-15; doi: 10.1111/5.1749-6632.2010.05842 .
Walle T, Hsieh F, Del.egge MH, et al. High absorption but
very low bioavailability of oral resveratrol in humans. Drug
Metab Dispos 2004;32(12):1377-1382; doi: 10.1124/dmd.104

.000885.

Wang G, Yang Y, Wang C, et al. Exploring the role and
mechanisms of diallyl trisulfide and diallyl disulfide in
chronic constriction-induced neuropathic pain in rats. Korean J
Pain 2020;33(3):216-225; doi: 10.3344/kjp.2020.33.3.216.

Wang H, Liu X, Long M, et al. NRF2 activation by antioxi-
dant antidiabetic agents accelerates tumor metastasis. Sci
Transl Med 2016;8(334):334ra351; doi: 10.1126/scitranslmed
.aad6095.

Wang Y, Hekimi S. Understanding ubiquinone. Trends Cell
Biol 2016;26(5):367-378; doi: 10.1016/j.tcb.2015.12.007.
Wang Y, Wang HL, Xing GD, et al. S-allyl cysteine ameliorates
heat stress-induced oxidative stress by activating Nrf2/HO-1
signaling pathway in BMECs. Toxicol Appl Pharmacol 2021;

416:115469; doi: 10.1016/j.taap.2021.115469.

Waslo C, Bourdette D, Gray N, et al. Lipoic acid and other
antioxidants as therapies for multiple sclerosis. Curr Treat
Options Neurol 2019;21(6):26; doi: 10.1007/s11940-019-0566-1.

Wedmann R, Bertlein S, Macinkovic I, et al. Working with
“H,S”: Facts and apparent artifacts. Nitric Oxide 2014;41:
85-96; doi: 10.1016/j.ni0x.2014.06.003.

Wedmann R, Onderka C, Wei S, et al. Improved tag-switch
method reveals that thioredoxin acts as depersulfidase
and controls the intracellular levels of protein persulfi-
dation. Chem Sci 2016;7(5):3414-3426; doi: 10.1039/
c5sc04818d.

Winterbourn CC. Hydrogen peroxide reactivity and specificity
in thiol-based cell signalling. Biochem Soc Trans 2020;48(3):
745-754; doi: 10.1042/BST20190049.

Wu D, Liu H, Liu Y, et al. Protective effect of alpha-lipoic acid
on bisphenol A-induced learning and memory impairment in



Downloaded by Texas A&M University College Station from www.liebertpub.com at 08/15/23. For personal use only.

NUTRACEUTICALS AND SULFUR METABOLISM

developing mice: nNOS and keap1/Nrf2 pathway. Food Chem
Toxicol 2021;154:112307; doi: 10.1016/j.fct.2021.112307.

Xiao W, Loscalzo J. Metabolic responses to reductive stress.
Antioxid Redox Signal 2020;32(18):1330-1347; doi: 10.1089/
ars.2019.7803.

Xing L, Zhang H, Qi R, et al. Recent advances in the under-
standing of the health benefits and molecular mechanisms
associated with green tea polyphenols. J Agric Food Chem
2019;67(4):1029-1043; doi: 10.1021/acs.jafc.8b06146.

Yadav PK, Martinov M, Vitvitsky V, et al. Biosynthesis and
reactivity of cysteine persulfides in signaling. J Am Chem
Soc 2016;138(1):289-299; doi: 10.1021/jacs.5b10494.

Yadav V, Marracci GH, Munar MY, et al. Pharmacokinetic
study of lipoic acid in multiple sclerosis: Comparing mice
and human pharmacokinetic parameters. Mult Scler 2010;
16(4):387-397; doi: 10.1177/1352458509359722.

Yamamoto M, Kensler TW, Motohashi H. The KEAP1-NRF2
system: A thiol-based sensor-effector apparatus for main-
taining redox homeostasis. Physiol Rev 2018;98(3):1169—
1203; doi: 10.1152/physrev.00023.2017.

Yang CS, Pan E. The effects of green tea polyphenols on drug
metabolism. Expert Opin Drug Metab Toxicol 2012;8(6):
677-689; doi: 10.1517/17425255.2012.681375.

Yang CS, Wang X, Lu G, et al. Cancer prevention by tea:
Animal studies, molecular mechanisms and human relevance.
Nat Rev Cancer 2009;9(6):429-439; doi: 10.1038/nrc2641.

Yang G, Zhao K, Ju Y, et al. Hydrogen sulfide protects against
cellular senescence via S-sulfhydration of Keapl and acti-
vation of Nrf2. Antioxid Redox Signal 2013;18(15):1906—
1919; doi: 10.1089/ars.2012.4645.

Yang J, Minkler P, Grove D, et al. Non-enzymatic hydrogen
sulfide production from cysteine in blood is catalyzed by iron
and vitamin B6. Commun Biol 2019;2:194; doi: 10.1038/
s42003-019-0431-5.

Yang J, Song X, Feng Y, et al. Natural ingredients-derived
antioxidants attenuate H,O,-induced oxidative stress and have
chondroprotective effects on human osteoarthritic chondro-
cytes via Keapl/Nrf2 pathway. Free Radic Biol Med 2020;
152:854-864; doi: 10.1016/].freeradbiomed.2020.01.185.

Yue L, Ren Y, Yue Q, et al. alpha-Lipoic acid targeting PDK1/
NRF2 axis contributes to the apoptosis effect of lung can-
cer cells. Oxid Med Cell Longev 2021;2021:6633419; doi:
10.1155/2021/6633419.

Yung S, Mayersohn M, Robinson JB. Ascorbic acid absorption
in humans: A comparison among several dosage forms. J
Pharm Sci 1982;71(3):282-285; doi: 10.1002/jps.2600710304.

Zhang J, McCullough PA. Lipoic acid in the prevention of acute
kidney injury. Nephron 2016;134(3):133-140; doi: 10.1159/
000448666.

Zhang L, Han Z, Granato D. Polyphenols in foods: Classifi-
cation, methods of identification, and nutritional aspects in
human health. Adv Food Nutr Res 2021a;98:1-33; doi:
10.1016/bs.afnr.2021.02.004.

Zhang L, Tew KD. Reductive stress in cancer. Adv Cancer Res
2021;152:383-413; doi: 10.1016/bs.acr.2021.03.009.

Zhang W, Chen X, Yu F, et al. alpha-Lipoic acid exerts
its antiviral effect against viral hemorrhagic septicemia virus
(VHSV) by promoting upregulation of antiviral genes and
suppressing VHSV-induced oxidative stress. Virol Sin 2021b;
36(6):1520-1531; doi: 10.1007/s12250-021-00440-5.

Zhao Y, Seefeldt T, Chen W, et al. Increase in thiol oxidative
stress via glutathione reductase inhibition as a novel approach
to enhance cancer sensitivity to X-ray irradiation. Free Radic
Biol Med 2009a;47(2):176-183; doi: 10.1016/j.freeradbiomed
.2009.04.022.

93

Zhao Y, Seefeldt T, Chen W, et al. Effects of glutathione re-
ductase inhibition on cellular thiol redox state and related
systems. Arch Biochem Biophys 2009b;485(1):56-62; doi:
10.1016/j.abb.2009.03.001.

Zygmunt M, Dudek M, Bilska-Wilkosz A, et al. Anti-
inflammatory activity of lipoic acid in mice peritonitis model.
Acta Pol Pharm 2013;70(5):899-904.

Address correspondence to:
Prof. Kenneth R. Olson
Department of Physiology
Indiana University School
of Medicine—South Bend
Raclin Carmichael Hall
1234 Notre Dame Avenue
South Bend, IN 46617

USA

E-mail: kolson@nd.edu

Date of first submission to ARS Central, June 20, 2022; date
of acceptance, June 23, 2022.

Abbreviations Used

3-MPS = 3-mercaptopyruvate
3-MSTS = 3-mercaptopyruvate sulfur transferase
3-MST-SS = 3-mercaptopyruvate sulfur transferase
persulfide
AA = ascorbate
ARE = antioxidant response elements
AT?2 = sodium-coupled neutral amino acid
transporter
bya = billion years ago
CA = carbonic anhydrase
CARS1 = cytosolic cysteinyl-tRNA synthetase
CARS?2 = mitochondrial cysteinyl-tRNA
synthetase
Cat = catalyase
CAT =cysteine aminotransferase
CBS = cystathionine f-synthase
COMT = catechol-O-methyltransferase
COS = carbony] sulfide
CSE = cystathionine y-lyase
CysSSCys = cystine
DADS = diallyl disulfide
DAO = p-amino acid oxidase
DAS = diallyl sulfide
DATS =diallyl trisulfide
D-CysS = D-cysteine
DHLA = dihydrolipoic acid
EC = epicatechin
EGC = epigallocatechin
EGCG = epigallocatechin gallate
ETC = mitochondrial electron transport chain
Gpx = glutathione peroxidase
Grx = glutaredoxin
GrxR = glutaredoxin reductase
GSHS = glutathione
GSK-3f = glycogen synthase kinase-3beta
GSSG = oxidized glutathione dimer
H,0, =hydrogen peroxide
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Abbreviations Used (Cont.)

H,S =hydrogen sulfide
H,S, =hydrogen persulfide
H>S,05 = thiosulfate
H,S, =hydrogen polysulfide
Hb = methemoglobin
HUVECs = human umbilical vein endothelial
cells
Keapl =Kelch like ECH associated protein 1
LA =lipoic acid
L-CysS =L-cysteine
L-MetS = L-methionine
Mb = metmyoglobin
MitoQ = CoQ linked to triphenylphosphonium
NO =nitric oxide
NQO-1 =NADPH:quinone oxidoreductase
Nrf2 = Nuclear factor erythroid 2-related
factor 2
0,°” = superoxide

PLP = pyridoxyl phosphate
ProtS = protein reactive sulfur
Prx = peroxiredoxins
PSH = cysteine-based regulatory protein
ROS =reactive oxygen species
RSS =reactive sulfur species
S° = elemental sulfur
SOD = superoxide dismutase
SODI1 =cytosolic Cu-Zn-superoxide dismutase
SOD2 = mitochondrial manganese-superoxide
dismutase
SOD3 = soluble (extracellular) Cu-Zn-superoxide
dismutase
ST1 = sulfur transferase 1
SULT1 = sulfate transferase 1
tRNA = transfer RNA
Trx = thioredoxin
TrxR = thioredoxin reductase
X.. = cystine/glutamate antiporter




