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Sulodexide Increases Glutathione Synthesis and Causes Pro-Reducing Shift in
Glutathione-Redox State in HUVECs Exposed to Oxygen–Glucose Deprivation: Implication
for Protection of Endothelium against Ischemic Injury
Reprinted from: Molecules 2022, 27, 5465, doi:10.3390/molecules27175465 . . . . . . . . . . . . . . 94
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Editorial

Preface to the Special Issue “Glutathione: Chemistry
and Biochemistry”
Pál Perjési

Institute of Pharmaceutical Chemistry, University of Pécs, H-7624 Pécs, Hungary; pal.perjesi@gytk.pte.hu

This year we celebrate the 135th anniversary of the discovery of glutathione (L-γ-
glutamyl-L-cysteinyl-glycine). The major intracellular thiol compound was first described
in the literature in 1888 by J. De-Rey Pailhade [1]. He named the substance phylothion,
the Greek expression for sulfur-loving. Since then, chemists, biochemists, and medical
professionals accumulated a wide range of information about this molecule’s cellular and
organizational functions. The broad interest in glutathione-related topics is reflected by
several recent reviews [2–4].

It has been known that endogenous glutathione content and its speciation plays a
role, among others, in redox homeostasis, cell cycle control, immunological defense, and
pathological abnormalities. Among the latter, hemolytic anemia, cardiovascular diseases,
neurological disorders, and distinct types of cancer can be mentioned [5]. Furthermore, it
plays a significant role in the biotransformation of drugs and other endogenous or exoge-
nous electrophilic species. In most cases, such transformations protect cellular nucleophilic
sites and eliminate the target molecules [6]. Most of these cellular functions are related to
the thiol (SH) function of the cysteine moiety.

Due to the redox characteristics of the thiol function, the reduced form of glutathione
(GSH) is not only a powerful nucleophile but an antioxidant as well. Because of the high
cellular level, the GSSG/2GSH couple is the most abundant redox couple in the cells.
Changes in the half-cell reduction potential (Ehc) of the GSSG/2GSH couple appear to
correlate with the biological status of the cells: proliferation Ehc~−240 mV differentiation;
Ehc~−200 mV; or apoptosis Ehc~−170 mV [7]. Although it does not mean that the actual
redox potential of the GSSG/2GSH system is a determining factor of the cells’ fate [8], the
correlations are remarkable and worth further investigation.

Recent clinical trials indicated that oral GSH supplements can elevate body stores of
glutathione and markers of immune function [9,10]. The increased demand for pharma-
copeial grade glutathione signals the importance of new, economical biotechnology-based
technologies for the production and pharmacopeial qualification of glutathione prepa-
rations [11]. Additionally, drug delivery systems enhancing the bioavailability of oral
glutathione are becoming an important issue. Besides using qualified glutathione (GSH)
products as a pharmakon, it can be successfully applied in various other industries where
the compound’s reversible redox and antioxidant properties can be utilized.

This book presents the publications that appeared in the Special Issue of Molecules,
“Glutathione: Chemistry and Biochemistry”. The contributions provide current information
on three fields of glutathione research. The first three contributions [12–14] review the
present-day knowledge of the GSH/GSSG system and the essential GSH-related proteins
involved in controlling various cellular events.

The following four contributions [15–18] present selected interventions which modu-
late the GSH/GSSG system. One of the contributions of this session [15] describes a new
HPLC/DAD method to quantify the reduced glutathione (GSH) and oxidized glutathione
(GSSG) levels in rat brain.

The third session involves three [19–21] contributions demonstrating the role of GSH
in the metabolism of different candidate and clinically used anticancer drugs. One of the
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contributions [22] a theoretical work, provides valuable information for developing GSH
analogs with high ACE inhibitor activity.

By purpose and content, this Special Issue is addressed to the vast number of life
science researchers (academic and industrial) and medical professionals who are interested
or already engaged in research that involves glutathione.

Conflicts of Interest: The author declares no conflict of interest.
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Glutathione-Related Enzymes and Proteins: A Review
Janka Vašková 1,* , Ladislav Kočan 2, Ladislav Vaško 1 and Pál Perjési 3,*

1 Department of Medical and Clinical Biochemistry, Faculty of Medicine, Pavol Jozef Šafárik University in
Košice, 040 11 Košice, Slovakia

2 Clinic of Anaesthesiology and Intensive Care Medicine, East Slovak Institute of Cardiovascular Disease,
040 11 Košice, Slovakia

3 Institute of Pharmaceutical Chemistry, University of Pécs, 7600 Pécs, Hungary
* Correspondence: janka.vaskova@upjs.sk (J.V.); pal.perjesi@gytk.pte.hu (P.P.); Tel.: +42-155-234-3232 (J.V.)

Abstract: The tripeptide glutathione is found in all eukaryotic cells, and due to the compartmental-
ization of biochemical processes, its synthesis takes place exclusively in the cytosol. At the same
time, its functions depend on its transport to/from organelles and interorgan transport, in which the
liver plays a central role. Glutathione is determined as a marker of the redox state in many diseases,
aging processes, and cell death resulting from its properties and reactivity. It also uses other enzymes
and proteins, which enables it to engage and regulate various cell functions. This paper approxi-
mates the role of these systems in redox and detoxification reactions such as conjugation reactions of
glutathione-S-transferases, glyoxylases, reduction of peroxides through thiol peroxidases (glutathione
peroxidases, peroxiredoxins) and thiol–disulfide exchange reactions catalyzed by glutaredoxins.

Keywords: cell; redox homeostasis; glutathione; glutathionylation; glutathione system; glutathione en-
zyme

1. Introduction

Glutathione (GSH) was first isolated in 1888 by De-Rey-Pailhade. He named the sub-
stance phylothion, the Greek expression for sulfur loving [1]. Its structure was controversial
for several years. Initially, it was described as a sulfur-containing dipeptide [2]. Later the
structure was refined, demonstrating that the substance is a tripeptide, γ-Glu-Cys-Gly [3–5].
Other related compounds, such as γ-Glu-Cys-Gly-spermidine and (γ-Glu-Cys)n-Gly in E.
coli and plants, were also described [6]. The thiol group of the cysteine residue enables GSH
to function as both a reducing agent and a nucleophilic center [7]. Glutathione occurs in two
free forms: the reduced (GSH) thiol and the oxidized (GSSG) disulfide forms (Figure 1). In
addition, it can be bound to proteins and other thiols, affecting their activity. In its reduced
and oxidized forms (GSH, GSSG), glutathione is ubiquitous in mammalian cells ranging in
1–10 mM concentrations [8]. Under physiological conditions, more than 98% of total GSH
occurs in the reduced form [9,10]. It is an essential antioxidant against reactive oxygen
and nitrogen species [11]. The compound plays a critical role in maintaining the redox
homeostasis of the cells and in cell cycle regulation, apoptosis, immunological defense,
and pathological abnormalities [8]. Furthermore, it is one of the endogenous substances
involved in the metabolism of endogenous (e.g., estrogens, leukotrienes, prostaglandins)
and exogenous compounds (e.g., drugs, non-energy-producing xenobiotics) [12]. These
latter transformations could be the molecular basis for eliminating foreign substances from
the body. In this review, the role of glutathione and glutathione-dependent enzymes in the
maintenance of redox homeostasis is summarized.
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0.25 M ionic strength), which is well between the most negative H+/H2 (−423 mV) and the 
most positive, O2/H2O (+849 mV) redox couples [14]. Accordingly, the GSH/GSSG redox 
couple can readily interact with most physiologically relevant redox couples, undergoing 
reversible oxidation or reduction [7]. 

Given the availability of glutathione in the cells, the reactions of protein thiols are 
mediated by multiple enzymes and enzyme systems, thus allowing it to participate in the 
abovementioned functions and regulatory pathways. Among them are glutaredoxins, 
which are central in the response against oxidative stress as the biological activity of many 
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teine as nonessential amino acids can be obtained from dietary sources or synthesis. 

The liver removes a significant amount of resorbed cysteine from the portal vein [20]. 
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been detected [25,26]. 

Figure 1. Structure of reduced (GSH) and oxidized (GSSG) forms of glutathione.

2. Glutathione

Together with glutaredoxins (Grx), GSH acts to reduce disulfide bonds and is, in turn,
oxidized to glutathione disulfide (GSSG), which is reduced by NADPH-dependent glu-
tathione reductase. The GSH/GSSG, NADPH/NADP+, Grx-SH/Grx-SS, and Trx-SH/Trx-
SS are the most important redox couples in maintaining cellular redox homeostasis [13].
The standard apparent redox potential (E’o) of GSH is −288 mV (pH 7, 298.15 K, 0.25 M
ionic strength), which is well between the most negative H+/H2 (−423 mV) and the most
positive, O2/H2O (+849 mV) redox couples [14]. Accordingly, the GSH/GSSG redox cou-
ple can readily interact with most physiologically relevant redox couples, undergoing
reversible oxidation or reduction [7].

Given the availability of glutathione in the cells, the reactions of protein thiols are
mediated by multiple enzymes and enzyme systems, thus allowing it to participate in the
abovementioned functions and regulatory pathways. Among them are glutaredoxins, which
are central in the response against oxidative stress as the biological activity of many proteins are
modified by the formation of GSH-mixed disulfides. Furthermore, other redox-maintaining
enzymes such as glutathione peroxidases, and detoxification enzymes, glyoxylases, are closely
related to carbohydrate metabolism [15,16]. Thus, the involvement of glutathione and its
activity in the cell represents a wide range of biological and biochemical processes. The
consequence of its deficiency results in increased stress conditions, which is the basis of
the pathophysiology of many organ or tissue-specific diseases such as inflammation, virus
infections (HIV), sickle cell anemia, cancer, diabetes, heart attack, stroke, liver disease, cystic
fibrosis, Alzheimer’s, and Parkinson’s disease [17,18].

2.1. The Role of the Liver in Glutathione Synthesis and Distribution

Synthesis of GSH occurs in the cytoplasm in all cells in two subsequent ATP-dependent
reactions catalyzed by glutamate-cysteine ligase and GSH synthetase, from where it is
transported to other organelles and extracellular space [8,19]. Glycine, glutamate, and
cysteine as nonessential amino acids can be obtained from dietary sources or synthesis.

The liver removes a significant amount of resorbed cysteine from the portal vein [20].
However, cysteine can be synthesized by methionine transsulfuration in the liver [21].
The liver is responsible for the metabolism of up to half of the daily methionine intake,
predisposing the liver to almost exclusive transsulfuration activity and being the most
important in interorgan GSH homeostasis [22]. Thus, a considerable amount of GSH is
produced by the liver and released into plasma and bile [22]. Rat liver cytosolic GSH
has a half-life of 2–3 h [8], and the daily turnover for GSH is estimated to be higher than
cysteine turnover in the body protein pool, around 40 mmol per day [21]. Transsulfuration
is not present in the fetus, newborn infants, or patients with cirrhosis [23]. Cirrhosis
causes a decrease in methionine adenosyltransferase activity following a reduction in S-
adenosylmethionine production and lower effectivity of the transsulfuration pathway [24].
Glutathione concentration within extracellular fluids and blood plasma reaches only several
µM; however, in some extracellular fluids, such as lung lining fluid, 100–400 µM levels
have been detected [25,26].
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2.2. Cell Uptake and Metabolism of Glutathione

To date, two mechanisms of glutathione uptake into mammalian cells are known [19].
The most common one is primarily associated with the activity of γ-glutamyl transpepti-
dase (GGT) (Figure 2). GGT is localized to the cell surface and cleaves only extracellular
substrates, GSH, and oxidized GSH (GSSG), its most abundant ones. The amide bond
between the glutamine γ-carboxyl and the cysteine amino units does not allow cleav-
age of GSH by cellular and circulating serum peptidases [27]. It is hydrolyzed by the
γ-glutamyltranspeptidase (GGT) to glutamate and Cys-Gly. Cys-Gly can be cleaved by
membrane-bound dipeptidases (MDBs) or intracellular Cys-Gly peptidases. Cellular up-
take of Cys-Gly or the individual Cys, Gly, and glutamate units serve as precursors for
intracellular GSH synthesis. GGT is expressed on the luminal surface of excretive and
absorptive cells that line glands and ducts throughout the body, with the highest level of
GGT activity in the kidney and pancreas ducts [28]. It is nearly absent, however, from the
hepatocytes and cardiac myocytes [7]. The absence of GGT activity on the apical surface of
the kidney’s proximal tubules by genetic disorder results in glutathionuria [29,30].
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Figure 2. Involvement of γ-glutamyl transpeptidase (GGT), glutathione-S-transferases (GST), their
subfamily of Membrane Associated Proteins in Eicosanoid and Glutathione metabolism (MAPEG),
and glyoxylases (Glo) in the intracellular metabolism of GSH. MRP1 (multidrug resistance-associated
protein 1) transporter facilitates the unidirectional transport of conjugates.

GGT has multiple functions, including catalytic transfer of γ-glutamyl groups to
amino acids and short peptides, hydrolysis of GSH to glutamyl moiety and cysteinyl
glycine, and catabolism of GSH conjugates [31]. GGT allows hydrolysis of a broad range
of γ-glutamyl amides and transpeptidation of amino acids or dipeptides [32]. So GSH, its
S-conjugates, GSSG, γ-glutamyl di- or tripeptides, glutamine, l-α-methyl derivatives of
γ-glutamyl amides, various lipid-derived mediators (e.g., leukotriene C4), geranylgeranyl,
poly-γ-glutamyl derivatives serve as substrates of GGT [33–36]. Many tumor cells express
GGT on their entire cell surface and can therefore cleave GSH not only in the ductal but also
in interstitial fluid and blood [37]. GGT expression provides tumor cells with an additional
source of cysteine and cystine from the breakdown of extracellular GSH and GSSG [38].

Besides the GGT pathway, there is evidence of Na+-dependent and Na+-independent
glutathione transport systems for glutathione cell uptake expressed in the renal basolateral
membrane [38,39], the small intestine [40], and the brain [41]. In the renal basolateral
membrane, two Na+-independent Organic Anion Transport systems (OAT1 and OAT3) [42]
and the Na+-dependent dicarboxylate carriers are the most important organizations [43,44].
On the other hand, the plasma membrane glutathione efflux can be facilitated by specifically
or ubiquitously expressed membrane proteins and anion channels such as multidrug
resistance-associated proteins (MRP1-5), Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR), Arginine/Ornithine Transport ATP-binding Proteins (OATP 1,2), and
ATP-Binding Cassette superfamily G member 2 (ABCG2) [19].
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2.3. Intracellular Distribution and Functions of GSH

Within the cell, there are three main glutathione pools. The cytosol (80–85%), the
mitochondria (10–15%), and the endoplasmic reticulum [45–47]. Studies by Birk et al.
and Montero et al. [48,49] pointed out that the total glutathione content in the lumen
of the endoplasmic reticulum even exceeds the entire cellular glutathione content. GSH
and GSSG concentrations depend on the subcellular compartment, the cell type, and the
organism. Accordingly, the redox potential of the GSSG/2GSH system varies from tissue
to tissue, from organism to organism. This relies on the proportion of GSH and GSSG and
the total concentration of glutathione, which is quite challenging to estimate their actual
concentration and ratio in vivo [50,51]. For example, taking the local pH and GSSG/2GSH
ratios into consideration, cytosolic EpH7.0 = −289 mV (or even lower), mitochondrial
matrix EpH7.0 = −296 mV (or even lower), and human plasma EpH7.4 = −118 mV half-
cell reduction potentials (Ehc) have been estimated [52]. Furthermore, a correlation has
been found between the cell cycle, the condition of the cell (stressed, apoptotic, etc.),
and the GSSG/2GSH ratio. For instance, in cell proliferation (Ehc = ~−240 mV), in cell
differentiation (Ehc = ~−200 mV), and in apoptosis (Ehc = ~−170 mV), which can be
applicable for a better understanding of oxidative stress [13,53]. Van’t Erve et al. [54] found
that GSSG/2GSH levels and reduction potential in erythrocytes reflect genetic differences
between individuals.

Cytoplasmic glutathione levels impact glutathione diffusion through nuclear pore
complexes [55], playing a role in oxidative signaling during proliferation, epigenetic control
of histone activity, and the cell cycle control, mainly in the S + G2/M phase [56,57]. ATP-
dependent transporters have also been reported to import glutathione into the nucleus [58].

Glutathione synthesis occurs only in the cytosol; thus, the mitochondrial pool is
supplied by GSH transport and maintained by reducing its oxidized form via the activity of
glutathione reductase. Glutathione passes the mitochondrial outer membrane through the
mitochondrial porin, a voltage-dependent anion channel (VDAC). As a negatively charged
molecule, glutathione cannot diffuse through the mitochondrial inner membrane. Its
transport into the mitochondrial matrix is either active or provided in exchange for another
anion [7]. Six of the eight anion carriers have the potential for GSH import through the
inner membrane into mitochondria. Monocarboxylate, dicarboxylate (DIC), 2-oxoglutarate
(OGC), tricarboxylate (or citrate), glutamate-hydroxide, glutamate-aspartate transporters
involved in the transport of GSH also provide intermediates of the Krebs cycle and the
gluconeogenesis pathway [59]. DIC and OGC were identified as major GSH transporters,
although at the expense of Krebs cycle intermediates [60]. Around 70–80% of GSH transport
could be associated with DIC and OGC activity in the kidney, but only about 45–50% of liver
mitochondria [61]. DIC imparts malate (malonate or succinate) in exchange for phosphate,
sulfate, and thiosulfate. Malate conversion into oxalacetate, followed by the formation
of phosphoenolpyruvate, is limited for gluconeogenesis in the cytosol. Reduction in DIC
expression leads to decreased glutathione levels and impaired complex I activity [62]. OGC
transfers 2-oxoglutarate substituting dicarboxylate [63], thus regulating respiration and
glycolysis. While succinate from the matrix side increases the affinity of OGC to malate,
substrates such as phenyl succinate, pyridoxal phosphate, retinoic acid, and ethanol cause
inhibition of OCG. Reduced activity of OCG leads to lower energy production, increased
oxidative stress, and it could be the basis of liver or nervous tissue diseases [64–66]. GSSG
is not transported out from mitochondria [67].

The endoplasmic reticulum offers a unique setting concerning GSH homeostasis. It
contains the thiol oxidase Ero1, which catalyzes the formation of disulfides transmitted
to folding substrates via protein disulfide isomerase (Pdi1). Both reduced and oxidized
forms of glutathione are transported into the endoplasmic reticulum at different rates, with
a preference for the reduced form [68]. Since GSH is oxidized but not reduced in the ER,
GSH must be imported into the ER, while GSSG is exported to the cytosol [69]. A study
by Ponsero et al. [70] brought up the finding of facilitated diffusion of GSH through the
Sec61 protein translocation complex. In the sarcoplasmic reticulum, ryanodine receptor
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calcium channel type 1 (RyR1) was suggested to play an important role [71]. However,
Bachhawat et al. [19] pointed out that this might result from the S-glutathionylation of
several cysteine residues within the RyR1 molecule. To maintain GSH homeostasis, part of
GSSG is transported to the cytosol through vesicular transport [72]. Most GSSG reacts with
proteins or protein disulfide isomerase involved in oxidative protein folding [64]. A lower
GSH:GSSG ratio results in more oxidizing conditions (−240 mV) [70] in the endoplasmic
reticulum allowing protein disulfide formation.

GSH plays an essential role not only in the peripheral tissues but in the central nervous
system (CNS) as well. Brain tissues are rich in unsaturated fatty acids. Due to their relatively
low levels of antioxidants or antioxidant enzymes, they are rather sensitive to oxidative
damage. The most important small molecular CNS antioxidants are GSH, ascorbic acid
(vitamin C), and α-tocopherol (vitamin E) [73]. Among these antioxidants, GSH seems
to be the determining agent because it is selectively decreased in the brains of patients
with these neurodegenerative diseases (e.g., Parkinson’s disease, Alzheimer’s disease, and
Amyotrophic lateral sclerosis) [74]. Therefore, regulating the redox state by intracellular
GSH is crucial for maintaining cellular functions under physiological and pathological
conditions.

In the central nervous system, besides the functional neurons, there are several other
types of cells for the nervous system to function properly. This is where a set of glial cells
intervene, which make up 25–50% of the nerve mass [75]. The most common type of glial
cells in the CNS are the astrocytes and the microglia. Synthesis of GSH occurs both in
the neurons and the glial cells. In an early work by Rice and Russo-Menna (1998) [76],
GSH levels of glutathione in neurons and glia were reported to be 2.5 nM and 3.8 mM,
respectively. The authors found that ascorbate predominates in neurons (10 mM), whereas
GSH is slightly predominant in glia. According to the above, GSH supplementation seems
promising for treating patients with neurodegenerative diseases.

2.4. Acid–Base Properties

The acid–base properties of glutathione (GSH) have long been the focus of scientific
interest. It has three acidic (thiol, glycinyl carboxyl, glutamyl carboxyl) and one basic
(amino) functional group. Accordingly, in an aqueous solution, glutathione can exist in
four different macroscopic protonation states:

L3− K1↔ HL2− K2↔ H2L−
K3↔ H3L

K4↔ H4L+

where L3− is the fully deprotonated, H4L+ is the fully protonated GSH molecule.
Since the HL2− and the H3L forms have four protonation isomers (microspecies) each,

and the H2L− form has six microspecies, the molecule has sixteen different protonation
states (microspecies) altogether [77].

The micro and sub-micro protonation constants characterize the acid–base properties
at the submolecular level [78]. These constants allow quantification of the proton binding
capacity of submolecular basic units when the protonation states of all other sites are
defined in the molecule [79]. Group constants are special micro constants when the rest of
the groups in the molecule are far enough apart, and their protonation does not affect the
basicity of the group [80]. The rotational state of the flexible parts of the molecules is defined
by the sub-micro constants when protonation occurs [81]. The correct characterization of
the basicity of the sites of protonation of multidentate ligands can be conducted using the
micro and sub-micro constants. In addition, this group of constants is used to measure the
concentration of different protonation forms, of which the principal form is not always the
reactive form in chemical and biological processes. [82–86]. The macroscopic protonation
constants (K1-K4) determined by 1H NMR-pH titrations were as follows: logK1 9.65; logK2
8.78; logK3 3.52; and logK4 2.22 [77].

The obtained values were found to be very similar to those determined in earlier
works of Pirie and Pinhey [87] (9.62, 8.66, 3.53, 2.12), Li et al. [88] (9.65, 8.75, 3.59), and
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Martin and Edsall [89] (9.62, 8.74). The results demonstrated that the first and the second
protonation constants were predominated by the overlapping protonation of the amino
and the thiolate site, the amino being typically more favored. The carboxylate groups also
protonated in an overlapping fashion, the glycinyl carboxylate being more basic. It is worth
mentioning that the protonated amino group makes the inherently more basic glutamyl
carboxylate more acidic [77].

It is important to note that the physico-chemical properties (e.g., complex formation,
nucleophilic reactivity, redox properties) and biological functions of glutathione could be
significantly different at different protonation states (i.e., in solutions with different pH
values) [90–93] and its redox behavior [94,95]. Furthermore, ionic strength and the nature
of ionic media also affect the acid–base characteristics of glutathione [96].

2.5. Antioxidant Properties

The pKa value of GSH (ranging from 8.6 to 8.8 [87–89] results in low thiol reactivity
in the cellular environment [97]. Still, high GSH concentrations enable some reducing
activities against oxidizing agents in the cell [98]. GSH, for example, can reduce H2O2,
resulting in GSSG and water [99]. The rate of reaction depends on the cellular GSH
level and the ratio of GSH to H2O2 concentrations [100]. Recently, Zinatullina et al. [101]
confirmed that the oxidation of GSH is accompanied by radical formation. GSH reacts
with the majority of free radicals generating thiyl radicals. Consecutive reactions of the
radicals with a thiolate anion and molecular oxygen lead to disulfide and superoxide
radicals formation [102]. Furthermore, γ-glutamylcysteine, a GSH precursor, was found to
decompose H2O2 similarly to glutathione peroxidase-1 [103].

Glutathione exists in 100 µM concentrations as glutathione persulfide (GSSH) [104],
the latter exhibiting higher activities due to its higher nucleophilic power than GSH [105].
Under specific conditions, GSSH reacts with H2O2, while GSH does not [106]. Furthermore,
its reactions with one-electron oxidants are faster than similar reactions of thiols [107].
GSSH are intermediates in the synthesis of iron-sulfur clusters and mitochondrial H2S
oxidation [108–110]. GSH can react with HS− catalyzed by sulfide quinone oxidoreductase
or thiosulfate sulfurtransferase, forming GSSH, which can reduce oxidized thioredoxin.
Single-domain sulfurtransferase (TSTD1, known as rhodanese) and mercapto pyruvate
sulfurtransferase can also directly transfer sulfides to GSH and the thioredoxin antioxidant
systems [111]. Mutations in persulfite dioxygenase, oxidizing GSSH to sulfite and GSH, are
bases for autosomal-recessive inherited ethylmalonic encephalopathy [112].

2.6. Redox Signaling Properties

Signaling is the process that makes cells capable of reacting to the change in their
environment (intercellular signaling) or their homeostasis (intracellular). The initial step of
the process is the interaction of the signaling particles (ligands) with the target molecule
(receptor). The well-known signaling mechanisms involve protein–protein interactions,
allosteric changes induced by the binding of ligands, proteolytic processing, and chemical
modifications such as acylation, acetylation, alkylation, and phosphorylation of proteins.
On the contrary, redox signaling is the transduction of signals based on the transfer of
electrons. Redox signaling involves a broad spectrum of pathways involving free radicals,
redox-active metals (e.g., iron, copper), or reductive equivalents [74]. Here only those
pathways are mentioned that are based on a modification of signaling proteins through the
modification of one amino acid, cysteine.

The physiological level of hydrogen peroxide) (H2O2) and nitric oxide (·NO) can selec-
tively react with the thiol function of the cysteinyl residues at the active site of the proteins
(receptors, enzymes, transporters, etc.). Accordingly, the receptor-mediated stimulation of
the H2O2 and ·NO production are part of normal physiology; this is especially true for the
longer-lived H2O2. [113]. However, overproduction of these and related species (ROS and
RNS) lead to irreversible oxidation of the thiol residues and impairs cellular protein func-
tions [114,115]. The GSSG/2GSH redox system is fundamental in the cells and, together
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with other redox-active couples (including NADPH/NADP+, Trx-SH/Trx-SS), regulates
and maintains the appropriate cellular redox status. For example, the GSSG/2GSH half-cell
reduction potential differed in cell proliferation, differentiation, and apoptosis [13,53]. Thus,
changes in the GSSG/2GSH ratio are fundamental in controlling signal transduction that
supports cell cycle regulation and other cellular processes [55].

The functions and activities of GSH as the main regulator of cellular redox status
and redox signal transduction have been reviewed [17,116–119]. GSH acts protectively
against oxidative stress by reacting directly with ·NO, superoxide anion radical (O2

·−),
H2O2, hydroxyl radical (·OH), peroxinitrite anion (ONOO−), and the lipid peroxidation
product 4-hydroxy-2-nonenal (4-HNE) [116,117]. Such reactions directly modify the cellular
GSSG/2GSH half-cell potential, a physiological signaling event. Furthermore, changing
the GSH level results in a selective change in the activity of the thioredoxin/glutathione
systems [118], the glutaredoxin/glutathione system [119], and the activity of some GST
isoforms. The latter protein family is involved not only in the metabolism of xenobi-
otics but also of endogenous compounds which play critical roles in regulating signaling
pathways [120–122].

2.7. Reactions with Electrophilic Xenobiotics

Glutathione-S-transferases (GST) lower the pKa of GSH thiol under 6, enhancing
rates of nucleophilic addition and substitution reactions with electrophylic xenobiotics
(Figure 2). These reactions are examples of Phase II bioconjugation reactions, most of which
result in reduced toxic effects of the parent compounds or their metabolites [98,123]. Other
enzymes/enzyme systems, e.g., selenium-containing glutathione peroxidases (GPx) or per-
oxiredoxins (Prdx), use GSH to reduce various peroxides and hydroperoxides. Glyoxalase
(Glo) performs conjugation of GSH with the glycolysis byproduct methylglyoxal to form (S)-
lactoylglutathione (Figure 2). Moreover, glyoxalase II (Glo-2) catalyzes S-glutathionylation
using (S)-lactoylglutathione [124].

3. The Glutathione Peroxidase System

The glutathione or glutathione peroxidase system consists of glutathione peroxidase
(GPx) and glutathione reductase (GR). In the decomposition reaction of H2O2 or other
organic peroxides (HOOR), two molecules of GSH reduce the substrate to H2O or the
corresponding alcohol (HOR) and restore the enzyme forming GSSG with concomitant
formation of GSSG and H2O.

2 GSH + HOOR→ GSSG + HOR + H2O (1)

GSSG can be excreted from the cell or recycled by GR using the reducing power of
NADPH (Figure 3). NADPH arises in two reactions of the pentose phosphate pathway,
which is the most potent source of it. However, NADPH can also be formed directly in the
mitochondria by NAD(P)+ transhydrogenase, mitochondrial/cytosolic NADP-dependent
isocitrate dehydrogenase, or cytosolic malate dehydrogenase [125].

GR is a homodimeric flavoprotein consisting of 52 kD monomers. Except for synthesis,
the activity of GR represents a second source of GSH in the cytosol and some organelles,
such as mitochondria. Although inhibition of GR has been reported to cause a depletion of
GSH and accumulation of GSSG [126], a comprehensive study of the GR and the cellular
thiol redox system is missing [127]. Inhibition of the enzyme has also been related to the
toxicity of various chemicals and metals [128,129].
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and free fatty acid peroxides [131]. GPx4 protects mainly membranes by reducing phos-
pholipid and cholesterol peroxides [131,132]. Gpx5, which contains cysteine instead of Se 
in the active center, is a secretory enzyme of the epididymis. GPx6 is a human selenopro-
tein and is formed by the olfactory epithelium. GPx7 and GPx8 are also CysGPx with low 
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enables the reaction with more complex lipid hydroperoxides, but this has been proven 
only for GPx4 [132]. The catalytic center of GPx was first characterized as a triad consisting 
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quires GSH. In general, they do not form a ternary complex between the enzyme, hydrop-
eroxide, and GSH, but the reaction has a concomitant oxidation and a reduction part. In 
the oxidation part, deprotonation takes place in the same way. The side chains of the Glu, 
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Figure 3. Basic reaction mechanisms of glutathione peroxidase (GPx), and glutaredoxin in
(de)glutathionylation using (GSH)GSSG, respectively, and reduction of GSSG by the activity of
glutathione reductase (GR) with reducing the power of NADPH + H+. Reduction of peroxiredoxin
(Prdx) after disposal of peroxides is ensured by thioredoxin (Trx), which is reduced by consumption
of NADPH + H+ in catalytic efficiency of thioredoxin reductase (TrxR).

The term glutathione peroxidase (GPx) describes only a small subgroup of the per-
oxidases [130], which belong to a group of phylogenetically related enzymes. GPx 1–4
are selenoproteins with selenocysteine (SeCys) in the catalytic center. GPx6 is a human
selenoprotein [131]. Their important antioxidant function was shown in various places and
cell structures: GPx1 is ubiquitous in the cytosol and mitochondria, GPx2 in the intestinal
epithelium, and GPx3 in the plasma; all three work in the aqueous phase reducing H2O2
and free fatty acid peroxides [131]. GPx4 protects mainly membranes by reducing phospho-
lipid and cholesterol peroxides [131,132]. Gpx5, which contains cysteine instead of Se in
the active center, is a secretory enzyme of the epididymis. GPx6 is a human selenoprotein
and is formed by the olfactory epithelium. GPx7 and GPx8 are also CysGPx with low
peroxidase activity. GPx1, 2, 3, 4, 5, and 6 are homotetramers, which could determine their
specificity for hydrogen peroxide. GPx4, 7, and 8 are monomers. This structure probably
enables the reaction with more complex lipid hydroperoxides, but this has been proven
only for GPx4 [132]. The catalytic center of GPx was first characterized as a triad consisting
of SeCys or Cys, Gln, and Trp. It was later found to be a tetrad with Asn. A conservative
feature for these GPx is the presence of a second or even a third cysteine residue.

The reaction mechanism differs between individual GPx isoforms, whose activity
requires GSH. In general, they do not form a ternary complex between the enzyme, hy-
droperoxide, and GSH, but the reaction has a concomitant oxidation and a reduction part.
In the oxidation part, deprotonation takes place in the same way. The side chains of the
Glu, Try, and Asp residues form a highly nucleophilic region in the enzyme’s active center,
where oxidation of the active site selenocysteine (RSeH) or cysteine (RSH) occurs after
binding the peroxide. This reaction results in the formation of a selenenic acid (RSeOH)
derivative. The selenenic acid is then converted back to the selenol (RseH) by a two-step
process that begins with a reaction with GSH to form the GS-SeR and water. A second
GSH molecule reduces the GS-SeR intermediate back to the selenol, releasing GS-SG as the
byproduct [52,132]. A simplified representation (with H2O2 as a substrate) is shown below:

RSeH + H2O2 → RSeOH + H2O (2)

RSeOH + GSH→ GS-SeR + H2O (3)

GS-SeR + GSH→ GS-SG + RSeH (4)

Glutathione reductase then reduces the oxidized glutathione to complete the cycle:

GS-SG + NADPH + H+ → 2 GSH + NADP+ (5)
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Selenium deficiency results in increased GSH synthesis in the liver with accompanying
release to the plasma [133]. Increased plasma GSH led to cysteine depletion, impaired
protein synthesis, decreased GPx, and increased GST activities [134]. Usually, GPx requires
GSH in millimolar concentrations in the intracellular space, and plasma GSH reaches
micromolar concentrations, which questions GPx’s antioxidant function [135]. However,
within the cell, in the cytosol and mitochondria, the GPx system appears to be very efficient
in the elimination of H2O2 due to the low (100–200 µM) Km value of the enzyme [136] and
the range of substrates [137]. Mimicking GSH, γ-glutamylcysteine can be used by GPx1 as
a cofactor [103].

4. Glutaredoxins (Grx)

The thiol oxidoreductase glutaredoxins (Grx) are small proteins reducing various
protein disulfides (PrSSPr) and GSH-protein mixed disulfides (PrSSG), where the electron
donor is glutathione [138]. Grxs catalyze glutathionylation, post-transcriptional modifica-
tions, and the disulfide exchange between GSSG and protein thiols (PrSH) [139] (Figure 3).
Grx-catalyzed (de)glutathionylation is an important event in signal transductions and
serves as the primary protective mechanism against the irreversible oxidation of cysteine
residues [115]. As mentioned above, the standard cell potential changes depending on
the environment and the cell itself. Cell proliferation occurs at approximately −240 mV,
differentiation at about −200 mV, and apoptosis at around −170 mV [55]. Changes in
the GSH/GSSG redox potential can be sensed by Grxs, which operate as GSH-dependent
reductases at about −240 mV and GSSG-dependent oxidases at about −170 mV [140].

Grxs are characterized by their active site motif. Dithiol-type Grx (class I) enzymes
have a Cys-Pro-Tyr-Cys active site, while monothiol Grx (class II) enzymes do not contain a
thiol at the C-terminus of the active site (Cys-Gly-Phe-Ser). Dithiol Grxs and monothiol
Grxs with one Grx domain are found in all living organisms. Multi-domain monothiol
Grxs (PICOTs, PKC-interacting cousin of thioredoxin) are present in eukaryotic cells. These
contain an N-terminal Trx-like domain and three C-terminal monothiol Grxs domains [141].
Two other regions were recognized near the active site, the Grx characteristic motif GG and
the TVP, which are involved in binding GSH [142].

4.1. Glutathionylation

Glutathionylation involves the reversible attachment of glutathione to cysteine residues
in target proteins. Conditions of elevated oxidative stress increase the levels of protein
glutathionylation. The glutathionylation/deglutathionylation cycle is viewed as a process
that acts primarily against ROS/RNS via reducing aberrant cysteine modifications and
thereby preventing the formation of damaging irreversible cysteine modifications.

There are three pathways of glutathionylation. (a) The thiol-disulfide exchange be-
tween GSSG and PrSH is accomplished at a low GSH:GSSH ratio. The reactivity of PrSH
depends on the thiol pKa [143]. (b) The oxidation of the PrSH yields a thiyl radical (RS·),
which reacts with the deprotonated form of glutathione (GS−), forming a mixed disulfide
radical (RSSG·−). After the loss of an electron, a mixed disulfide (RSSG) and a superoxide
anion radical (O2

·−) are formed [144]. (c) Mixed disulfides can also be formed with low
molecular weight thiols with indistinct biological relevance. As Lushchak [60] discussed,
inhibition of glutathione reductase, phosphofructokinase, fatty acid synthase, or activation
of fructose-1,6-bisphosphatase by CoASSG was shown.

Cysteine residues of proteins with a low pKa are targets for redox modulation un-
der oxidative or nitrosative stress conditions. The primary products of these oxidative
transformations are the respective thiyl radicals (PrS.). These reactive intermediates can
react with glutathione (GSH) to form stable glutathionylated protein disulfides (PrSSG)
to prevent their further oxidation with molecular oxygen. The protected protein thiol
can be regenerated by the deglutathionylation process (e.g., through a reaction with an-
other GSH molecule). Under oxidative stress, the thiyl radical can be further oxidized
to form sulfenic (RSOH), sulfinic (RSO2H), or sulfonic acid (RSO3H) derivatives of the
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proteins. Both sulfenic and sulfinic acids of proteins can be reduced by Trx and sulfiredoxin,
respectively [145–147]. In contrast, sulfonic acid cannot be reduced. Both sulfenic and
sulfinic acids of proteins can be conjugated to GSH to form S-glutathionylated proteins
via glutathione S-transferases (GSTs), Grx, or nonenzymatically. Glutathionylation was
referenced to cytoskeletal proteins, metabolic, redox enzymes, cyclophilin, stress proteins,
nucleophosmin, transgelin, galectin, and fatty acid binding protein [148], affecting their
activity either in activation or decrease.

4.2. Deglutathionylation

Deglutathionylation undergoes cleavage of the disulfide linkage of the glutathiony-
lated protein with another GSH molecule (Figure 3). The reaction can proceed (a) either in
a mixed disulfide intermediate with an N-terminal thiol active site; (b) in a mixed disulfide
intermediate by the attack of a second GSH molecule; or (c) by non-covalent binding of the
thiol function of both an N-terminal thiol active site and GSH-coordinating metal cofactor
in the [Fe-S] binding Grx subgroup [142]. The motif in the active site and the type of
disulfide bond in the target protein are decisive for the reaction mechanism [149]. In the
reaction mechanism of monothiol Grxs, the reduction of glutathionylated proteins (PrSSG)
begins with a nucleophilic attack of the N-terminal cysteine. As a result, glutathionylated
Grx and reduced substrate protein are released. The Grx-SG intermediate is cleaved by
a GSH molecule, resulting in reduced Grx and GSSG, which is subsequently reduced by
GR [150] (Figure 3). In the mechanism of dithiol Grxs, the reduction of PSSG and mixed
disulfides begins with a nucleophilic attack of the N-terminal cysteine, but GSH is released.
The Grx-protein intermediate is reduced by the second C-terminal active cysteine of Grx,
forming oxidized Grx and reduced protein [151,152]. Dithiol Grx can also use monothiol
mechanisms. However, both mechanisms are critically dependent on the availability of
reduced GSH [153].

Apart from oxidoreductase activity, both classes of Grx proteins can bind [Fe-S] clusters.
Class II enzymes are essential in the processes of regulation of Fe metabolism. Their
function depends on the [Fe-S] binding capacity and not on the reductase activity [154]. In
addition, Grxs have dehydroascorbate reductase and transhydrogenase activity, catalyzing
denitrosylation and partial cystine conversion [155].

Monothiol Grxs (Grx3 and Grx5) form an iron–sulfur complex. Both isoforms can
transfer iron to specific proteins. However, monothiol Grxs cannot deglutathionylate target
proteins [156]. Grx3, localized in the cytosol, has a unique domain structure consisting of
an N-terminal Trx-homology domain [141,157]. The first discovered function of Grx3 was
related to that of protein kinase C theta, and in T-cells, Grx3 colocalizes with it, hence the
name PICOT [157]. Since Grx3 is expressed in a wide variety of organs and tissues, it has
been proposed as a redox sensor in signal transduction in response to reactive oxygen and
nitrogen species [158]. Nuclear Grx3 has a role in the epigenetic regulation of chromatin by
regulating the methylation of myelin transcription factor 1 and cell proliferation [159,160].
Grx5 participates in the biogenesis of [4Fe–4S] clusters by interacting with ISCA1 of the
mitochondrial homolog of the iron–sulfur cluster assembly and ISCA2 of the cytosolic iron
cluster [161,162]. Grx5 forms a cluster in the cytosol with a family of BolA-like proteins
(regulatory DNA-binding proteins) for the maturation of iron–sulfur proteins [163].

Grx1 and Grx2 are dithiol Grxs. Most human Grx1 is found in the cytosol, less in
the nucleus [164] and the mitochondrial intermembrane space [165]. Grx1, unlike Trx,
is not an essential protein [98]. Grx1 activity depends on the redox state of the cells,
especially the GSH/GSSG ratio [166]. In addition to deglutathionylation activity, Grx1 has
also been able to denitrosylate protein Cys-NOs and prevent the pro-apoptotic effect of
nitric oxide in tumor cell lines and cardiomyocytes [167,168]. Grx2 is about 20 times less
abundant than Grx1 [169]. Depending on gene splicing, it is localized in mitochondria,
cytosol, or nucleus [170]. Like Grx1, it catalyzes the reduction of disulfides mixed with GSH
with a higher affinity but with a lower turnover rate [171]. However, these two proteins
behave differently in response to an oxidative environment. While Grx1 is inhibited
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when other structural cysteine residues are oxidatively modified [154], Grx2 is activated.
The different response to oxidative conditions is due to the ability of Grx2 to form [Fe–
S] clusters [172]. The [Fe–S] clusters act as sensors for Grx2 activity under oxidative
conditions [154]. Outside the active site, two cysteines form a [2Fe–2S]-bridged dimer that
is enzymatically inactive. Oxidative stress increases GSSG concentration and reduces the
availability of GSH for coordination of the [Fe–S] complex, leading to cluster degradation
and formation of enzymatically active Grx2 monomers [154]. Grx2 can cycle and accept
electrons from thioredoxin reductase1 (TrxR1) [171]. In mitochondria, Grx2 has been shown
to efficiently catalyze (de)glutathionylation of complex I and SOD1 [173,174].

5. Peroxiredoxins (Prdx)

Peroxiredoxins (Prdxs) are cysteine-dependent peroxidase enzymes [132,175], whose
low Km for H2O2 (10 µM) and their ubiquity, comprising up to 0.8% of total protein in some
animal cells predispose them for reduction H2O2 [176]. However, they can also reduce
peroxynitrite, peroxynitrous acid, and lipid peroxides [177,178]. Their peroxidatic functions
overlap with GPx and catalase, and their catalytic efficiency is lower (~105 M−1 s−1) com-
pared to GPx (~108 M−1 s−1) and catalase (~106 M−1 s−1) [179]. Furthermore, comparing
Prdx Km for H2O2 with that of GPx and catalase exceeding even the millimolar range [180]
suggests that the role of Prdx is rather as a sensor of H2O2 [178] than oxidative stress
condition reversal.

Prdxs are divided into the subgroups Prdx1/AhpC, Prdx5, Prdx6, Tpx (thiol per-
oxidase), PrdxQ/BCP, and AhpE. Human Prdxs can be posttranscriptionally modified
by glutathionylation, acetylation, ubiquitination, oxidation (RSOH, RSSR, RSO2, RSO3),
S-nitrosylation, phosphorylation [181] or tyrosine nitration [182]. Prdxs proceed the same
catalytic cycle, where the active site cysteine (peroxidatic cysteine, CysP) reduces perox-
ides and forms CysP-sulfenic acid (RSOH), releasing water or the corresponding alcohol.
Some Prdxs contain a second, so-called resolving cysteine (CysR), which reacts with RSOH
forming disulfide (CysP-S-S-CysR) and water [183]. CysR can originate from the adja-
cent monomer, the same monomer, glutathione, or a redox-relay binding partner [184].
Accordingly, six human Prdxs isoforms are diversified into three subgroups.

In general, the Prdx1 subfamily enzymes are the most highly expressed, making up
0.1–1% of the soluble protein in the cell. The “typical 2-Cys” Prdxs are homodimers with
two active sites (having both a CysP and CysR). The disulfide bond is formed between
the two subunits in the reaction of RSOH and CysR of the other subunit. Reduction
of disulfide bond is catalyzed by Trx (Figure 3), tryparedoxin, or alkyl hydroperoxide
reductase [179,185]. In the reduced state, PrdxI, II, and IV form decamers or dodecamers
such as PrdxIII [186]. Reduced decamers show efficient peroxidase activity and, depending
on other posttranslational modifications, form high molecular weight oligomers associated
with cell cycle checkpoints, chaperones, and various intracellular processes [187–189]. The
“atypical 2-Cys” Prdxs (Prdx5) are monomers forming intramolecular disulfide since both
CysR and CysP are within the same molecule; their reduction is achieved by Trx. The
“atypical 2-Cys” Prdxs can form dimers independently of the redox state [179]. The “1-
Cys“ Prdxs (Prdx6) contains only CysP in the N-terminus [190]. The resolving electron
donor thiol can be glutathione, allowing the formation of a mixed disulfide, while the
second donor thiol enables the reduction of the formed disulfide bonding. Ascorbate, lipoic
acid, and cyclophilin, but most commonly GSH, can serve as electron donors for disulfide
reduction [179,185,191]. Prdx6 reduces phospholipid hydroperoxides using GSH, and also
the GST P1-1 class showed the ability to act as phospholipase A2 [192]. Hyperoxidation,
formation of RSO2H or RSO3H, and phosphorylation regulate the activity of Prdxs [181].
The “1-Cys” Prdxs are resistant to hyperoxidation. Hyperoxidation can be repaired by
sulfiredoxin, but not in human Prdx6 [193].
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6. Glutathione-S-Transferases (GST)

GSTs belong to the Phase II biotransformation enzymes catalyzing the GSH-mediated
peroxide reduction [194] and conjugation of GSH with a variety of reactive electrophiles,
most commonly generated by cytochrome P450 metabolism [195]. GSTs expressed ubiqui-
tously, but tissue-specific distribution is probably an adaptive response against endo- and
exogenous metabolites [196]. GSTs comprise two distinct superfamilies, membrane-bound
microsomal and soluble cytosolic. In humans, cytosolic GSTs are encoded by 16 genes,
while the microsomal, at least by six genes, in addition to significant genetic polymor-
phisms [197]. According to the degree of sequence identity and localization, the cytosolic
GSTs (cGSTs) are divided into alpha, mu, pi, omega, theta, delta, sigma, and zeta (A, M,
P, O, T, D, S, Z) classes. Mitochondrial GSTs (mGSTs) are divided into A, M, P, and kappa
(K) classes. A novel superfamily designated MAPEG (Membrane Associated Proteins in
Eicosanoid and Glutathione metabolism) includes members of widespread origin with
diversified biological functions. Members of this family are leukotriene C-4 synthase,
5-lipoxygenase activating protein, prostaglandin E synthase, and microsomal glutathione
S-transferases (MGST) 1, 2 and 3 [198,199].

Due to polymorphisms, gene duplication, and genetic recombination, GSTs have mul-
tiple isoenzymes with overlapping substrate specificity and diversity [200]. In humans, the
highest cytosolic GST activity level is present in the liver, whereas the kidney, lung, and in-
testine show lower activity levels than that of the liver at 22, 66, and 63%, respectively [201].
Intracellularly, some specific GST activities also were detected in the plasma membrane,
outer mitochondrial membrane, and nucleus [198].

In mammals, GSTs exist as homodimers with analogous tertiary structures [202]. All
GSTs have a basic protein fold comprising two subunits with C-terminal and N-terminal
domains. The N-terminal domain includes a thioredoxin-like fold, β-α-β-α-β-β-α, where
β-β-α motif, known as G-site, serves as the binding site for GSH through the γ-glutamyl
unit. The C-terminal domain is diverging [202–204]. The conserved proline residue at the N-
terminal β3 strand ensures catalytic function and stability of thioredoxin-like proteins [205].
The G-site sequence similarity divides GST into two subgroups. Tyrosine-type GSTs contain
Tyr residue (T- or P-class), which activates GSH [206]. Replacement of Tyr by Phe reduces
the catalytic activity [207]. The Ser/Cys-type GSTs (O-class) used Ser or Cys to form mixed
disulfides with GSH. These GSTs are more involved in redox reactions [208]. Selectivity for
the substrates is determined by high variations in hydrophobic amino acid residues in the
cleft between domains, called the H-site [208].

GSTs transfer GSH to several various electrophilic compounds [209]. The reactions
with some compounds, such as benzyl and phenethyl isothiocyanates and alkyl dihalides,
can be reversible, increasing their toxicity [210]. Some classes conjugate GSH with epoxides
and catalyze isomerization or reduction of harmful peroxides [52]. It was shown that the
physiological function of Z-class GSTs is the cis-trans isomerization of 4-maleylacetoacetate
to 4-fumarylacetoacetate [211]. The A-class GSTs display selenium-independent GPx activ-
ity, thereby reducing phospholipid peroxides and cholesterol hydroperoxides within the
membrane without phospholipase A2-mediated release [212]. Anionic A-class GSTs also
efficiently conjugate 4-hydroxynonenal, balancing lipid production and peroxidation [213].
Furthermore, isomerization of the double bond in selected 3-oxo-∆5-steroids releasing
3-oxo-∆4-steroids has been detected in some A-class GSTs [214]. S-class GSTs enable anti-,
proinflammatory, and immunomodulatory functions [215]. From this class, prostaglandin-
D2 synthase and prostaglandin-E2 synthase catalyze the cleavage of prostaglandin H2,
forming prostaglandin-D2 or E2 [216]. The enzyme leukotriene-C4 synthase (MAPEG)
catalyzes the conjugation of GSH with epoxide leukotriene A4 [217]. Unique blood-barrier
functions were described for M-class GSTs in the testis and brain [218]. O-class GSTs were
able to modulate ryanodine receptor calcium release channels in cardiac muscle due to
structural similarities to Chloride Intracellular Channel Proteins (CLIC) [219]. Approxi-
mately 15% sequence identity was found between O-class GSTs and CLIC1 [219]. CLIC
proteins contain Grx-like active site motiv, Cys-Pro-(Phe/Ser)-(Ser/Cys), present also in
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O-class GSTs [208,220,221]. CLIC, however, bind GSH covalently creating a mixed disul-
fide, unlike classical GSTs, which bind GSH in the active site non-covalently but with high
affinity [220]. Finally, as indicated by the structural similarity, (de)glutathionylation activity
by Menon and Board [222] but also dehydroascorbate reductase, S-(phenylacyl)glutathione
reductase [223,224] activities of GSTO1-1 were confirmed. In P-class GSTs, chaperone
functions and the influence of the MAPK pathway through JNK and TRAF2 modulation
in response to oxidative/nitrosative stress were also detected [225]. One of the unwanted
consequences and the subject of intensive ongoing research is resistance to drugs owing to
increased GSTs activities [226].

7. Glyoxylases (Glo)

The glyoxalase system is a ubiquitous enzymatic network present in the cytoplasm,
and some of them are also in the nucleus. It consists of glyoxalase 1 (Glo-1), glyoxalase 2
(Glo-2), and reduced glutathione (GSH) (Figure 2), which perform an essential metabolic
function in cells by detoxifying methylglyoxal (MG) and other endogenous harmful metabo-
lites into non-toxic D-lactate [227,228]. As discussed in Rabbani et al. [229], in mammals,
methylglyoxal arises in 0.05–0.1% as a minor product from (a) glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate degradation in glycolysis, (b) oxidation of acetone by
cytochrome P450, (c) oxidation of aminoacetone by semicarbazide amine oxidase, and (d)
degradation of glycated proteins and monosaccharides. Methylglyoxal, whose formation
can reach 3 mg/kg body weight/day [230], is a glycating agent, forming mainly arginine-
derived hydroimidazolone adducts, DNA adducts, and isomeric imidazopurinones [231].
In the glyoxalase system, the rate-limiting enzyme is glyoxalase 1 (Glo-1, lactoylglutathione
lyase). Methylglyoxal undergoes spontaneous thiolation with GSH, followed by the Glo-1
catalyzed conversion of methylglyoxal thioacetal to (S)-lactoylglutathione [232,233]. Stud-
ies have revealed that Glo-1 is a dimeric metal ion-dependent isomerase converting various
glutathione-hemithioacetals to glutathione thioesters [234]. The activity of Glo-1 can be
modified by phosphorylation or nitrosylation. While acetylation and oxidation have no
effect, acylation of GSH inhibits Glo-1 activity [235]. Glo-2 is a thioesterase catalyzing the hy-
drolysis of (S)-lactoylglutathione to D-lactate and GSH. Glo-2 predominantly interacts with
glutathione moieties allowing hydrolysis of a variety of glutathione substrates [234,236,237].
Glo-3, found in bacteria, catalyzes the conversion of methylglyoxal to D-lactate without the
participation of GSH. DJ-1 and its homologs may display this function in humans [232].

Dicarbonyl stress causes protein modification and misfolding, affecting their structure
and function, increasing the importance of Glo-1 in detoxification and its implication in
the pathophysiology of diseases [238]. Moreover, there is evidence that the Glo-1 gene
is a hotspot for copy-number variation associated with multidrug resistance in tumor
chemotherapy [239].

8. Conclusions

Glutathione reaches the highest concentration in cells, with the predominant compo-
nent being the reduced form. An electrochemical potential of a redox couple GSH/GSSG at
different pH within cell compartments allows reversibility of oxidation or reduction reac-
tions, thereby mediating a cell redox signaling mechanism. Several enzymes use glutathione
in reaction mechanisms and fulfill a variety of protective, defensive, synthetic, or signaling
roles in cellular metabolism. Either it can be through redox reaction in reduction of perox-
ides by thiol peroxidases or most common reversible modification, S-glutathionylation by
thiol transferases or in conjugation reactions of toxic metabolites through glyoxalase or a
variety of other compounds by glutathione-S-transferases. It also raises the question of the
suggested genetic basis for differences in glutathione levels. Glutathione is undoubtedly
part of a vast complex of cellular machinery processes. Therefore, monitoring it as a marker
of specific conditions and dynamic changes in its concentration but also in some systems of
which it is a part has a significant value.
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Abstract: S-glutathionylation and S-nitrosylation are reversible post-translational modifications
on the cysteine thiol groups of proteins, which occur in cells under physiological conditions and
oxidative/nitrosative stress both spontaneously and enzymatically. They are important for the
regulation of the functional activity of proteins and intracellular processes. Connecting link and
“switch” functions between S-glutathionylation and S-nitrosylation may be performed by GSNO,
the generation of which depends on the GSH content, the GSH/GSSG ratio, and the cellular redox
state. An important role in the regulation of these processes is played by Trx family enzymes (Trx, Grx,
PDI), the activity of which is determined by the cellular redox status and depends on the GSH/GSSG
ratio. In this review, we analyze data concerning the role of GSH/GSSG in the modulation of
S-glutathionylation and S-nitrosylation and their relationship for the maintenance of cell viability.

Keywords: S-glutathionylation; S-nitrosylation; GSH; nitrosoglutathione; redox-regulation

1. Introduction

Redox-dependent processes largely determine cell viability, participating in the reg-
ulation of division, bioenergetics, and programmed death. The cellular redox status is
characterized by low-molecular-weight indicators (GSH, NADH). The change in their oxi-
dized/reduced form ratio occurs as a reaction to changes in reactive oxygen and nitrogen
species (RONS) levels and, so, they can play the role of a trigger in the redox-dependent
regulation of cellular processes. Undoubtedly, such an important trigger role is played
by glutathione (γ-glutamyl-L-cysteinylglycine, GSH), a water-soluble tripeptide consist-
ing of the amino acids L-glutamate, L-cysteine, and glycine, which is widely present in
both eukaryotes and prokaryotes [1–3]. GSH is less susceptible to oxidation than Cys,
which makes it the most suitable for maintaining intracellular redox status [1]. The pres-
ence of a γ-peptide bond at the Glu residue protects GSH from the action of peptidases,
while the SH group at the Cys residue makes GSH a good electron donor, allowing it to
participate in reactions with strong electrophiles.

Normally, the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG),
GSH/GSSG—which characterizes the cellular redox status—is 100/1 in the cytoplasm,
10/1 in mitochondria, and 3/1 to 1 in the endoplasmic reticulum [4]. This ratio varies
depending on the physiological state of cells, such as proliferation, differentiation, or apop-
tosis, and the consequences of its disturbance are significant changes in cellular signaling
reactions. This role of GSH/GSSG is largely due to its regulatory effect on the functional
activities of protein thiols [5–7].

Although Cys residues in mammalian proteins do not exceed 3% [6], they are highly
sensitive to oxidative modification, which significantly affects the functioning of proteins,
as thiol groups play a significant role in the formation of protein tertiary and quaternary
structures and enzyme active sites. The pKa value of most SH groups of cellular proteins
is more than 8.0, which keeps thiol groups predominantly protonated at physiological
pH values (pH 7.0–7.4) [8,9]. However, in proteins, in the immediate vicinity of the basic
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amino acid residues (histidine, lysine, and arginine), the pKa of the SH groups decreases
(usually to 5.0–7.0) and these thiols dissociate at physiological pH. The resulting thiolate
anions (Pr-S−) are effective nucleophiles and have high activity with respect to electrophilic
targets [10–12]. The reactivity of SH groups and the functional activity of proteins are
largely regulated by S-glutathionylation and S-nitrosylation [6,13–16].

Under S-glutathionylation, GSH can bind to the cysteinyl residues of proteins through
the creation of reversible disulfide bonds, depending on the cysteine position and redox
potential [12,13]. This post-translational modification to the protein can lead to enhanced
or suppressed activity, may prevent protein degradation by proteolysis or sulfhydryl
overoxidation, and plays an important role in cellular signaling. At present, the dual role
of S-glutathionylation in maintaining cellular homeostasis and participating in various
pathological processes may be indicated [14,17].

Under S-nitrosylation, NO is covalently attached to the SH group of a cysteine residue
and, as a consequence, can cause alterations in the cellular function of a variety of pro-
teins [18,19]. S-nitrosoglutathione, formed as the result of GSH S-nitrosylation, serves as a
NO reservoir and can transfer NO groups to new cysteine residues in transnitrosylation
reactions [20,21].

The GSH/GSSG ratio can be considered a key redox sensor, which determines the
redox-dependent alteration of the protein functional activity through such significant post-
translational modifications as S-glutathionylation and S-nitrosylation. The modulation of
the activity of these reactions in response to a change in the GSH/GSSG ratio, as a result of
an increase or decrease in RONS levels, provides a significant contribution to cell functional
adaptation to redox changes of the environment [22–25].

In this review, we analyze data concerning the roles of GSH and GSH/GSSG in the
redox modulation of S-glutathionylation and S-nitrosylation and their relationship for the
maintenance of cell viability.

2. Glutathione and Protein S-Glutathionylation

A widespread form of cysteine modification is S-glutathionylation—the reversible
formation of protein mixed disulfides with GSH (Pr-SSG)—which occurs in the cell under
physiological conditions and oxidative stress, both spontaneously and enzymatically. The S-
glutathionylation of proteins suggests the possible involvement of this post-translational
modification in cellular signaling and the redox regulation of protein functions [6,13,24].
In addition to the potential regulatory role, S-glutathionylation can serve as a means of
GSH storage, as well as protection from the irreversible oxidation of protein thiol groups
under stress conditions [26], often due to a temporary loss of primary protein activity as,
if the modified sulfhydryl group of a protein is functionally critical, S-glutathionylation can
render the protein inactive or alter its activity, ultimately disrupting cellular functions [27].
In addition, this reaction can affect a change in conformation and/or charge, which can
modify the function of the protein, as the attachment of GSH introduces an additional
negative charge at the expense of the glutamic acid residue.

Non-enzymatic S-glutathionylation reactions can occur during thiol-disulfide ex-
change, through the participation of protein thiol (Pr-SH) and oxidized glutathione GSSG:

Pr-SH + GSSG → Pr-SSG + GSH.

The equilibrium constant of the reaction Kmix is expressed by the ratio [Pr-SSG]·[GSH]/
[Pr-SH]·[GSSG], where the extent of S-glutathionylated proteins ([Pr-SSG]/[Pr-SH]) strongly
depends on the local ratio [GSH]/[GSSG] [28,29]. The S-glutathionylation of most proteins
with typical redox potential (Kmix~1) by about 50% can occur when this ratio drops very
dramatically (i.e., from 100:1 to 1:1). These extreme conditions are rare in vivo. Therefore,
for most proteins, the spontaneous formation of Pr-SSG—as a result of the exchange of
Pr-SH and GSSG—is not common and, as a rule, takes place under pathological condi-
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tions [30]. In addition, a variant of thiol-disulfide exchange between Pr-SH and a protein
which is already S-glutathionylated (Pr′-SSG) is possible:

Pr-SH + Pr’-SSG → Pr-SSG + Pr’-SH.

S-glutathionylation can occur when Pr-SH or GSH reacts with an oxidized derivative
of the protein cysteine residue; for example, sulfenic acid (-SOH), thiyl radical (-S•), or S-
nitrosyl (-SNO) group. Thus, when Pr-SH is oxidized with, for example, H2O2, sulfenic
acid (Pr-SOH) is formed and then quickly reacts with GSH to form Pr-SSG:

Pr-SOH + GSH → Pr-SSG + H2O.

Sulfenic acid is unstable and can undergo further oxidation to sulfinic acid (Pr-SO2H)
and eventually to sulfonic acid (Pr-SO3H), the formation of which, as a rule, leads to the
irreversible deactivation of the protein. Thus, the S-glutathionylation of sulfenic acid can
prevent the oxidation of protein cysteine residues [6,25]. Under physiological conditions,
the intracellular level of H2O2 is in the sub-micromolar range (10−9–10−7 M) [31]. Therefore,
in vivo spontaneous S-glutathionylation proceeds rather slowly by this mechanism.

The formation of S-glutathionylated protein is also possible, due to its interaction with
GSSG in the form of sulfenic acid (GSOH):

Pr-SH + GSOH → Pr-SSG + H2O.

Thus, it is obvious that the S-glutathionylation of proteins can occur spontaneously;
however, the rate and extent of this process increases with the participation of enzymes,
among which glutathione transferase isoform P1-1 (GSTP1-1) plays the greatest role
[32,33]. GSTP1-1 has been shown to facilitate S-glutathionylation for a number of proteins,
including peroxiredoxin 6 (Prx6) [34,35], aldose reductase [36], actin [37], histone H3 [38],
5’AMP-activated protein kinase (AMPK) [32], estrogen receptor α [39], heat shock protein
BiP, protein disulfide isomerase (PDI), calnexin, calreticulin, and sarcoplasmic reticulum
Ca2+-ATPase (SERCA) [33].

During the reaction, GSTP1-1 binds GSH in the active center and decreases the pKa of
the GSH cysteine residue from 9.2 to 6.3 [40], deprotonates it with the participation of Tyr7,
forming a thiolate anion (GS−), which is transferred to the cysteine residue in the substrate.
In cells with the Tyr7 GSTP1-1 mutation, a decrease in the total content of S-glutathionylated
proteins has been observed upon treatment with GSSG, the mimetic of oxidized glutathione
NOV-002 and diazeniumdiolate-based NO-donor prodrug PABA/NO [36]. An example
is the S-glutathionylation of Prx6 from the 1-Cys groups of peroxiredoxins. As a result of
human Prx6 peroxidase activity, the Cys47 in the active center is oxidized to sulfenic acid;
this deprives it of activity; as for the reduction of which, a second thiol is required to form a
mixed disulfide, then a sulfhydryl group. However, the availability of the sulfenic group is
low, due to the peculiarities of the globular structure of Prx6. Prx6 activation occurs during
the formation of a heterodimer with GSTP1-1, which promotes the S-glutathionylation of
Cys47 Prx6. The conformational changes of the heterodimer occur, providing the formation
of a disulfide bond between Cys47 GSTP1-1 and Cys47 Prx6, followed by the reduction of
disulfide with the participation of GSH and the regeneration of Cys47 Prx6 [34].

The enzymatic S-glutathionylation of AMP-activated protein kinase (AMPK) oc-
curs not only with the participation of GSTP1-1, but also GSTM1-1 in the absence of
strong oxidants (i.e., under conditions which are similar to physiological oxidation).
S-glutathionylation occurs at the Cys299 and Cys304 residues and causes conformational
changes that activate the kinase activity of human AMPK [32].

The ability of S-glutathionylation was found in the enzyme glyoxylase 2 (Glo2).
Glo2 hydrolyzes S-D-lactoylglutathione to glutathione and lactic acid, while GS− is formed
in the active center of Glo2, similar to GSTP1-1 [41]. It has been established that actin and
malate dehydrogenase can serve as substrates for S-glutathionylation by Glo2 [42].
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S-glutathionylation is a reversible post-translational modification and, as a rule, deglu-
tathionylation proceeds with the participation of enzymes and is more carefully regulated,
in comparison with S-glutathionylation. Glutaredoxin (Grx) is one of the most effective
and well-studied enzymes, which reduces Pr-SSG. In the traditional classification, they are
divided into mono- and dithiol Grx, depending on whether one or two cysteine residues,
respectively, are in the active center. The role of dithiol Grxs is mainly considered in the
regulation of reversible S-glutathionylation [26,43,44].

Mammalian dithiol Grxs, Grx1 and Grx2, are found in many cellular compartments;
however, Grx1 is mainly present in the cytosol (~1 µM) and mitochondrial intermembrane
space (~0.1 µM), while Grx2 is localized mainly in the mitochondrial matrix (~1 µM) [45,46].
Being thiol oxidoreductases, Grx1 and Grx2 contain the CXXC motif (CysN-XX-CysC;
CPYC in Grx1 and CSYC in Grx2) in the active site. In addition, they are characterized
by the presence of a thioredoxin fold, consisting of four β-sheets surrounded by three
α-helices, and a site responsible for stabilizing GSH. Grx uses GSH as a co-substrate for the
reduction of Pr-SSG mixed disulfides.

It should be noted that, depending on the value of the GSH/GSSG ratio, Grx can not
only carry out deglutathionylation but, on the contrary, may promote S-glutathionylation
(Figure 1). Grx2 functions as a glutathionylation enzyme under a decrease of GSH/GSSG
and an increase in the level of 22 (e.g., in relation to the respiratory complex I) whereas,
at a high level of GSH/GSSG, and low concentrations of 22, Grx2 has a deglutathionylating
activity [47]. The putative mechanism of S-glutathionylation proceeds in several stages:
first, there is a nucleophilic attack of the disulfide bond GSSG by the thiolate anion Grx-S−,
along with the formation of the glutathionylated intermediate Grx-SSG, from which the
activated cationic radical [GS•]+ is transferred to the target protein with the formation of Pr-
SSG, while Grx is again capable of catalyzing the reaction. For this process, the possibility
of the reversible formation of Grx-S2 from Grx-SSG is also noted [48].
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catalyze the deglutathionylation of proteins. The glutathionylated sulfur moiety of the protein–SSG is attacked by the
thiolate anion of the enzyme (Grx-S−), forming the covalent enzyme intermediate (GRx–SSG) and releasing the reduced
protein–SH as the first product (1). The second rate-determining step involves the reduction of Grx–SSG by GSH to produce
glutathione disulfide (GSSG) as the second product, recycling the reduced enzyme (Grx–S−) (2). Under conditions of
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In addition to Grx, the ability to catalyze deglutathionylation has been observed in
some other enzymes (Table 1).

Table 1. Enzymes with capacity to catalyze S-glutathionylation and deglutathionylation.

Protein Modification Enzyme Reference

S-glutathionylation GST P1-1 [32–39,49]
GST M1-1 [32]

Glo2 [42]
Grx1 [48]
Grx2 [47,48]

Deglutathionylation. Grx1 [48,50,51]
Grx2 [47,48,50,52]

GSTO1-1 [53–55]
Srx [13,56–58]
Trx [59–62]

PDIs [63]

The isoform of glutathione transferase, GSTO1-1, has the ability to catalyze protein
deglutathionylation [54,55]. The isozyme is structurally similar to Grx, including Trx-like
folding and a glutathione binding site, where it can form a disulfide bond with a conserved
cysteine residue in the active site [53]. Other GST isoforms, including GSTA, GSTM, GSTP,
GSTT, GSTS, and GSTZ, in contrast, have catalytic tyrosine or serine residues. In addition,
GSTO1-1 has a relatively accessible pocket in the active site, which can potentially accom-
modate a protein or peptide as a substrate [54,64]. GSTO1-1 catalyzes Grx-like protein
deglutathionylation in two similar stages: in the first, the Cys32 of the active site in human
GSTO1-1 interacts with Pr-SSG, resulting in reduced Pr-SH and mixed disulfide GSTO1-
1-Cys32S-SG, which is deglutathionylated with the participation of GSH to form GSSG
and functional active GSTO1-1, which is capable of catalyzing the deglutathionylation
of the next protein substrate [54]. The question of the role that GSTO1-1 plays in the
S-glutathionylation of proteins remains open [53,55].

The process of deglutionylation is also carried out with the participation of the main
members of the Trx family, which play essential roles in maintaining cellular redox home-
ostasis. Thioredoxins (Trx) 1 and 2 restore disulfide bonds in proteins. This process involves
two cysteine residues of the Trx active site (Cys-X-X-Cys), where the disulfide bond is
transferred from the substrate protein to Trx. Then, the oxidized Trx is reduced by the
NADPH-dependent Trx reductase (TrxR) [65]. In addition, using the mechanism of dithiol
reduction, Trxs are able to carry out deglutathionylation without the participation of GSH,
which has been shown for glyceraldehyde-3-phosphate dehydrogenase, Prx3, 20S protea-
some, and NOS3 [59–62]; however, the exact mechanism of deglutathionylation has not yet
been determined.

The ability to deglutathionate proteins has also been observed in protein disulfide
isomerases (PDIs), which are also included in the Trx family [63]. However, the significance
of the PDI contribution to this process is not yet clear, as their main function is the exchange
of the disulfide bonds of PDIs and target proteins. PDIs are enzymes of the endoplasmic
reticulum, which are specifically responsible for protein folding through the oxidation of
newly formed proteins and isomerization of proteins with improperly formed disulfide
bonds, achieving the formation of their native structure. Moreover, PDIs can be secreted by
the cell or associated with the cell surface to maintain proteins in a reduced state [62].

Sulfiredoxin (Srx), for which the ability to reduce the cysteine residue oxidized to
sulfinic acid in the active site of typical 2-Cys perxiredoxins (2-Cys Prx) was originally
established, is also capable of deglutathionylation, in relation to at least the Prx isoforms
[13,56,57], actin, and tyrosine protein phosphatase 1B [58]. For example, it has been shown
in vitro that human Prx1 can be S-glutathionylated at three out of four cysteine residues—
Cys52, Cys173, and Cys83—and deglutathionylation at Cys83 and Cys173 is catalyzed
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by Srx, while deglutathionylation at Cys52 is carried out by Grx [56]. The mechanism of
Srx-catalyzed deglutathionylation has not yet been fully determined. The data indicate
that it proceeds by a mechanism similar to that catalyzed by Grx through the forma-
tion of the Srx-SSG intermediate glutathionylated at the conservative Cys99 residue [56].
Srx-catalyzed deglutathionylation appears to have broad substrate specificity. In HEK293
cells transfected with Srx, a decrease in the total content of S-glutathionylated proteins
formed under conditions of nitrosative stress after treatment with the nitric oxide donor
PABA/NO has been demonstrated [58].

3. Protein S-Nitrosylation and Denitrosylation

S-nitrosylation, as well as S-glutathionylation, serves as a reversible post-translational
modification of thiol groups of proteins [15,66,67]. In mammals, nitric oxide (NO) is
mainly synthesized by nitric oxide synthase (NOS), for which three isoforms are known:
Two constitutive—NOS1 (neuronal, nNOS) and NOS3 (endothelial eNOS)—as well as
inducible NOS2 (iNOS), which have approximately 50% homology [68–70]. The activities
of constitutive NOS1 and NOS3 are mainly regulated by phosphorylation, S-nitrosylation,
protein–protein interactions, and changes in calcium levels, due to which steady-state NO
concentrations are largely maintained [71]. On the contrary, inducible NOS2 produces high
levels of NO in response to various factors [71]. In addition, the isoform mtNOS, a homolog
of NOS1, has been found in the inner mitochondrial membrane and matrix. Its influence
on the mitochondrial function has been intensively studied in recent years [72,73].

Under conditions of oxidative stress (NOS3 incubated with 2 mM GSSG, molar ra-
tio of NOS3 to GSSG of 1:250), S-glutathionylation causes the decoupling of the NOS3
function and switches its activity from NO synthesis to the generation of O•−2 , thereby
affecting the regulation of vascular tone [74,75]. In the human NOS3 reductase domain,
the sites of S-glutathionylation are Cys689 and Cys908. Their modification in the pres-
ence of high concentrations of GSSG led to a noticeable increase in the formation of
O•−2 , as shown in experiments carried out on the purified enzyme, as well as endothe-
lial cells and intact vessels [75]. In the presence of GSH (1 mM), Grx1 reversed GSSG-
mediated S-glutathionylation of NOS3, facilitating restoration of NO-synthase activity [75].
However, an increase in [GSSG]/[GSH] above 0.2, which can be observed in tissues under
ischemia-reperfusion, causes S-glutathionylation at the Cys382 in the NOS3 oxygenase
domain with the participation of Grx1. On the contrary, a decrease in [GSSG]/[GSH] below
0.1 leads to the deglutathionylation of the site. Thus, the S-glutathionylation of NOS3
by Grx1 at Cys382 is sensitive to fluctuations in the [GSSG]/[GSH] level and provides a
unique mechanism for protection of the NOS3 thiol against oxidation.

The formed NO is actively involved in signal transduction, either as an activator
of guanylate cyclase—which synthesizes cGMP as a secondary messenger—or due to
post-translational modifications of biomolecules, which occurs with the participation of
NO itself or under the action of NO derivatives and includes the S-nitrosylation of protein
thiols, the nitrosylation of transition metal ions, and the oxidative nitration of various
molecules, such as tyrosine residues, amines, fatty acids, and guanine [76–78].

As a rule, for the S-nitrosylation of cysteine thiol groups, one-electron oxidation is
necessary, which occurs with the participation of 2 or a transition metal ion (e.g., iron or
copper) [76]. The variant of the possible direct addition of NO occurs quite rarely, with the
participation of a thiyl radical:

NO + Pr-S• → Pr-SNO.

When NO interacts with O2, a set of oxides with a higher degree of nitrogen oxidation
(so-called auto-oxidation) are formed, among which N2O3 is considered as the main
nitrosylating agent that promotes the appearance of nitrosothiol and nitrite:

2NO + O2 → 2NO2,
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NO + NO2 → N2O3,

N2O3 + Pr-SH → Pr-SNO + NO−2 + H+.

The interaction of NO2 with thiol to form a thiyl radical and its further reaction with
NO is possible:

NO2 + Pr-SH → Pr-S• + NO−2 + H+,

NO + Pr-S• → Pr-SNO.

Both processes are limited by the speed of NO2 formation and its availability. The for-
mation of GSNO can occur in the same way.

A variant of S-nitrosylation catalyzed by transition metal ions (Fe3+ or Cu2+) has been
described; in this case, one-electron oxidation of NO occurs and the resulting nitrosonium
ion (NO+) can nitrosylate a thiol located in its immediate vicinity:

Me(n+1) + NO → Men −NO+,

Men −NO+ + Pr-SH → Pr-SNO + Men+ H+.

This mechanism takes place during the autonitrosylation of hemoglobin and the
formation of nitrosoglutathione (GSNO), through the participation of ceruloplasmin and
cytochrome c [76,79].

The S-nitrosylation of proteins can be accomplished by transnitrosylation, by which
a low-molecular-weight nitrosothiol (e.g., GSNO), or a protein nitrosylated at a cysteine
residue or containing a nitrosylated metal ion (e.g., in heme), interacts with the protein
and transfers NO to the protein cysteine residue. This transfer between thiol-containing
compounds promotes the sequential remote transfer of NO from the site of its synthesis,
including NO transfer between different sub-cellular structures [80,81].

Trans-nitrosylation can occur between Cys residues (Cys-to-Cys) or between a metal
and Cys residues (Me-to-Cys):

Pr-S− + Pr’-SNO → Pr-SNO + Pr’-S−,

Pr-S− + Me-NO → Pr-SNO + Me.

The terms “S-nitrosylase” and “trans-nitrosylase” are used to designate the enzymes
involved in the transfer of NO groups [79]. In a process with the participation of a transition
metal ion (e.g., iron or copper), the NO group can be transported intra- or inter-molecularly.
For example, in hemoglobin, the NO group is transferred from the heme iron to neighboring
thiols in the same molecule; whereas, in cytochrome c, NO is coordinated with the iron
atom and transferred to the SH group of glutathione to form GSNO [81]. In Me-to-Cys
trans-nitrosylases, the transition metal can perform the redox functions that are necessary
for the formation of Pr-SNO without molecular oxygen [82].

During trans-nitrosylation, the thiolate anion of the recipient carries out a nucleophilic
attack of the nitrogen in the nitrosyl group of the donor [83]. To date, several trans-
nitrosylases have been identified (Table 2), for which only specific cysteines seem to be
targets that allow for the selective regulation of certain cellular signaling pathways [80].

The main factor determining the selective transfer of NO is the physical distance
between the donor (S-nitrosylase) and recipient thiol group. As a rule, the nitrosylated
protein contains the I/L-X-C-X2-D/E motif. Another factor is the redox potential between
thiols. Thus, trans-nitrosylation occurs only when two proteins interact directly and have
corresponding redox potentials that provide electron transfer with subsequent NO transfer.
It is assumed that the physical association of the two proteins causes their conformational
change, allowing the recipient thiol to form a thiolate anion, which then attacks the donor’s
nitrosyl group [80].
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Table 2. Transnitrosylases and their substrates.

Type Transnitrosylase Substrate Reference

Me-to-Cys Cytochrome c GSH [84]
Ceruloplasmin GSH [85]

Glypican-1 [86]
Hemoglobin Auto-S-nitrosylation [87]

Cys-to-Cys GAPDH SIRT1, HDAC2, DNA-PK [88]
Hsp60, Acetoacetyl-CoA thiolase, VDAC1 [89]

Trx1 Caspase 3 [90]
Prx1 [91]

Caspase 3 XIAP [92]
Trx1 [93]

Cyclin-dependent kinase 5 Dynamin-related protein 1 [94]
Protein Deglycase DJ-1 PTEN [95]

Hemoglobin Anion-exchanger 1 protein [96]

An interesting example of an enzyme involved in trans-nitrosylation is glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Human GAPDH is S-nitrosylated at the catalytic
residue Cys152 (in humans) using calcium- and zinc-dependent proteins (participants in
the process of inflammation and immune response), nitrosylated in turn under the action
of NOS2, which is accompanied by a loss of pro-inflammatory properties. S-nitrosylated
GAPDH (GAPDH-SNO) interacts with the E3 ubiquitin-protein ligase Siah1 and moves
from cytoplasm to nucleus. In the nucleus, Siah1 initiates ubiquitination and the degrada-
tion of nuclear proteins to initiate apoptosis, while GAPDH-SNO binds to p53, which also
activates apoptosis. In addition, GAPDH-SNO transnitrosylates proteins involved in DNA
transcription and repair. These proteins include SIRT1 and HDAC2 deacetylases, which are
inhibited after S-nitrosylation. On the contrary, DNA-activated protein kinase (DNA-PK),
which is involved in DNA repair, is activated by S-nitrosylation with the participation of
GAPDH-SNO [88,97]. In response to stress, GAPDH is translocated into the mitochon-
dria, where it transnitrosylates Hsp60, acetyl-CoA thiolase, and VDAC1, thus affecting
membrane permeability, the regulation of mitochondrial function, and cell death [98,99].

S-nitrosylation is a reversible post-translational modification; hence, the removal of the
NO group is an important aspect of signal transduction involved with it. It has generally
been accepted that the levels of cellular nitrosothiols are low, due to the high reversibility
of the process. Initial information on denitrosylation has indicated that it is an unregulated
and spontaneous reaction. Several non-enzymatic mechanisms of denitrosylation that can
potentially act in vivo have been described. These include reactions involving transition
metal ions, nucleophilic compounds, and reducing agents, such as glutathione, ascorbate,
bilirubin, and sulfite [100,101].

The most S-nitrosylated proteins are rapidly denitrosylated by reducing agents, such
as GSH. However, there are targets for NO that are capable of forming stable S-nitrosothiols
in vivo, where stable nitrosothiols appear as a result of the protein conformational changes
that reduce the availability of the NO group in the solution [102]. Some of these proteins are
the generally recognized targets of NO. It has been suggested that physiological signaling
involving NO uses exactly stable S-nitrosothiols, for which highly specific enzymatic
intracellular denitrosylation pathways are probably used to complete NO-dependent
signaling, involving the cysteine residues of proteins. A large amount of data has shown
that the denitrosylation process is catalyzed by the several enzymes, both in vitro and
in vivo (see Table 3) [103–105].

The main denitrosylases are S-nitrosoglutathione reductase (GSNOR) and Trx, for which
the role has been shown in vivo [104,106]. In addition, there are in vitro data obtained in
cell lysates or isolated systems on the denitrosylase activity of carbonyl reductase, xanthine
oxidase, Cu/Zn superoxide dismutase, PDI, glutathione peroxidase, and glutaredoxin
[103,105]. The reaction products (depending on the enzyme) are various S-nitrosothiols,
NO, peroxynitrite, hydroxylamine, and ammonia.

The most important denitrosylase is GSNOR. Although GSNOR is formally character-
ized as a class III alcohol dehydrogenase (ADH5) or glutathione-dependent formaldehyde
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dehydrogenase (FDH), it is most active against the GSNO substrate as a reductase and
does not use other S-nitrosothiols as a substrate [107]. GSNOR is found in most human
tissues, but its greatest activity has been observed in the liver [108]. The maximum con-
tent of GSNOR has been found in the cytoplasm, but this enzyme was also found in the
nucleus [109].

Table 3. The major denitrosylases and their substrates.

Denitrosylase Substrate Reference

GSNO reductase G-protein-coupled receptor kinase 2 [110]
β-arrestin 2 [111]

HIF1α [112]
Ras [113]

Ryanodine receptor 2 [114]
Connexin [115]

AGT [116]
Dynamin-related protein 1 [117]

Parkin [117,118]
Thioredoxin Caspase 3 [93,119,120]

Caspase 9, PTP-1B, GAPDH [93]
NSF [121]

Insulin receptor, Akt, PDE3B [122]
Actin [123]
NF-κB [124]
NOS1 [125]

NOS2, MEK1 [126]
CD95, NOS3 [127]

Glutaredoxin 1 L-Cys-SNO, GSNO, Caspase 3, Cathepsin B [103]
Protein disulfide isomerase GSNO [128–130]

Glutathione peroxidase GSNO [131]
Carbonyl reductase GSNO [132]

Ceruloplasmin Glypican-1 [86]

GSNOR is active as a homodimer. The recovery of GSNO occurs during an irreversible
reaction, the products of which are not involved in the S-nitrosylation of cellular proteins.
In the first step, GSNO is reduced to the unstable intermediate N-hydroxysulfinamide
(GSNHOH), using NADH as a specific co-substrate. At the next stage of the reaction,
depending on the local concentration of GSH, N-hydroxysulfinamide is either decom-
posed to hydroxylamine and GSSG under physiological GSH levels in millimolar range
or, under low GSH levels, spontaneously converts to glutathione sulfinamid, which can
be hydrolyzed to glutathione sulfinic acid and ammonia [132]. This has been shown
through in vitro experiments where low concentrations of GSH (0–1 mM) promoted the re-
arrangement of GSNHOH to glutathione sulfinamide, then into sulfinic acid and ammonia;
however, the presence of 5 mM GSH favored yields of hydroxylamine and GSSG [133].

The Trx-dependent system has a wide range of denitrosylation substrates [93,134].
The reaction catalyzed by Trx involves its direct interaction with Pr-SNO (Figure 2). The at-
tack of the more nucleophilic cysteine residue in the active site (i.e., Cys32 of human Trx1)
can occur either against the sulfur atom or the nitrogen atom of the S-nitroso group of
the nitrosylated protein. In the first case, it leads to the formation of a mixed disulfide
between Trx and the S-nitrosylated protein with the release of the nitroxyl anion (NO−);
then, due to the second cysteine of the Trx active center (i.e., Cys35 of human Trx1), the thiol
group of the protein is reduced, while the intermolecular disulfide bond is replaced by
the intramolecular bond in the active center of thioredoxin (Trx-S2). In the second case,
at the beginning, a trans-nitrosylation reaction occurs with the formation of denitrosylated
protein (Pr-SH) and S-nitrosylated Trx-NO, followed by the release of the nitrosyl group
(in the form of NO or NO−) and the formation of an intramolecular disulfide bond in
thioredoxin, which is reduced by TrxR with the participation of NADPH [93,119]. It is
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assumed that the geometry and electronic structure near the ONS group of the substrate
protein may be responsible for the choice of the attack site; on the other hand, it is possible
that structural elements near the Trx active center play a decisive role [119].
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of protein denitrosylation are proposed: (a) formation of Trx linkage with substrate protein by a
disulfide bridge; (b) trans-nitrosylation due to transient S-nitrosylation of Trx.

A wide range of substrates have been identified for denitrosylation catalyzed by
Trx. For example, cytosolic caspase 3 and caspase 8 are activated by the denitrosylation
action of Trx1, while mitochondrial caspase 3 is denitrosylated by Trx2 upon activation of
Fas-induced apoptosis [93,120,135]. Trx also denitrosylates NF-κB after stimulation with
cytokines, illustrating the importance of denitrosylation for immune signaling [124].

It is likely that Trx catalyzes the denitrosylation of participants in signaling cascades
activated by insulin in adipocytes, which is especially important as NOS2 is induced in
obesity [122].

Most cells express various Trx-like proteins; however, there is currently insufficient
information on the roles these proteins play in denitrosylation processes. However, it has
been found that protein TXNDC17 (TRP14/TXNL5), a representative of a large group of
proteins with Trx-like domains, is capable of denitrosylating GSNO [136].

It has recently been found that Grx, which is also a member of the Trx superfamily
proteins, may possess denitrosylase activity. It has been shown that the low-molecular-
weight S-nitrosothiols L-Cys-SNO and GSNO are substrates of Grx1 while, among the
proteins, caspase 3 and cathepsin B are dentrosylated by this cytosolic isoform of glutare-
doxin [103]. As caspase 3 and cathepsin B play important roles in the development of
apoptosis, the functional activity of Grx1 in the regulation of apoptosis may be carried
out through their denitrosylation. As the active centers of Grx dithiol isoforms, similar to
Trxs isoforms, contain two cysteine residues CXXC (CysN-XX-CysC; CPYC in Grx1 and
CSYC in Grx2), it has been assumed that denitrosylation, in this case, proceeds in a similar
manner as Trx, with the formation of an intramolecular disulfide in the active center of
glutaredoxin. The reduced dithiol Grxs catalyze the denitrosylation reaction in the absence
of GSH, whereas monothiol Grx only does so in the presence of GSH [103].
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Another member of the Trx family, PDI, which is localized on the cytoplasmic mem-
brane, promotes NO transfer from extracellular Pr-SNO to intracellular thiols, suggest-
ing that PDI is involved in NO transfer from the extracellular environment to the cyto-
plasm [128]. However, it remains unclear whether this function is mediated directly by PDI
or by an alternative membrane protein whose redox state is regulated by PDI. It has been
found that PDI catalyzes the degradation of GSNO in vitro. This reaction apparently pro-
ceeds with the participation of cysteine residues in the active centers of two PDI sub-units
through several intermediates with the formation of oxidized PDI and NO [129]. The in-
volvement of PDI in NO transfer from extracellular albumin to intracellular metallothionein
has been shown [130].

4. Nitrosoglutathione: Its Formation and Role in the Relationship and Control of
S-Glutathionylation and S-Nitrosylation

GSNO is the most abundant low-molecular-weight S-nitrosothiol and an important
NO donor. It is present in both animals and plants. The efficient and simple chemical
synthesis of GSNO can be carried out by the interaction of GSH and nitrous acid [137]:

GSH + HNO2 → GSNO + H2O.

However, it should be noted that the exact mechanisms leading to the formation of
GSNO in vivo remain unclear. Apparently, one of the possible mechanisms for the synthesis
of GSNO is the interaction of GSH with N2O3, which is formed due to the auto-oxidation
of NO [138].

The appearance of GSNO is possible when NO interacts with the thiyl radical of
glutathione GS•, which is formed as another product of NO auto-oxidation [138]:

NO2 + GSH → GS• + H+ + NO−2 ,

GS• + NO → GSNO.

As a result of the interaction of NO with the superoxide radical anion, peroxynitrite is
formed; the protonated form of which can decompose, with the formation of nitric oxide
(NO2) and hydroxyl radical (•OH), leading to the further formation of GS•:

NO + O•−2 + H+ → ONOOH,

ONOOH → NO2 +
•OH,

•OH + GSH → GS• + H2O,

NO2 + GSH → GS• + NO−2 + H+,

GS• + NO → GSNO.

Despite the fact that many researchers do not believe that there is a direct reaction
between thiols and NO, the formation of GSNO from GSH and NO in the presence of an
electron acceptor (it may be O2) has been assumed [139] and was proven for sub-millimolar
NO concentrations (<0.6 µM) [138]. It has been assumed that, at first, GSH can interact
with free NO to form the hydroxyl amino radical (GSN•OH); then, an electron acceptor
(e.g., O2) can convert it to GSNO [139]:

NO + GSH → GSN•OH,

GSN•OH + O2 → GSNO + H+ + O•−2 .

GNSO formed in mitochondria can translocate to various parts of the cell, where it
can participate in the transnitrosylation reactions of a number of proteins, such as NF-κB,
STAT3, AKT, EGFR, and IGF-1R, the S-nitrosylation of which significantly affects their
activity [79,140].
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In recent years, interest has increased in the study of nitro derivatives of high unsatu-
rated fatty acids (NO2-FAs) which, by themselves or as part of complex lipids, exhibit a
rather wide range of biological functions in humans, animals, and plants and are consid-
ered to be signal transducers. Although the in vivo mechanisms of formation of NO2-FAs
are not yet fully understood, it has been shown that they proceed with the participation of
NO and its derivatives. On the other hand, NO2-FAs have been shown to be capable of
releasing NO and carrying out post-translational protein modifications through nitroalky-
lation [141–144], due to which NO2-FAs (e.g., nitro-oleic and nitro-linoleic acids) are able
to provide vasodilating, antioxidant, and anti-inflammatory action, which are important
for the physiology of animals and plants, promoting the activation of defense mechanisms
in stressful conditions.

For plants—in particular, for Arabidopsis—it has been shown that nitrolinolenic
acid (NO2-Ln) can release NO at physiological pH and temperature [142]. This NO may
contribute to the generation of intracellular GSNO. It has been assumed that the direct
interaction of NO and GSH is possible in Arabidopsis, due to the sub-micromolar con-
centration of NO required for GSNO synthesis [138], which has been demonstrated to be
produced from NO2-Ln (0.21 µM/min) [142,145].

It is important to note that, under interaction with protein thiols, GSNO can lead to
the S-glutathionylation of proteins, with the formation of a mixed thiol and nitroxyl [49,76]:

Pr-SH + GSNO → Pr-SSG + HNO.

Pr-SH + GSNO → Pr-SNO + GSH,

A possible variant is the reaction of trans-nitrosylation with the formation of GSNO
during the interaction of Pr-SNO with GSH, while GSH takes on the NO group with the
formation of GSNO [146]:

Pr-SNO + GSH → Pr-SH + GSNO.

GSH-mediated trans-nitrosylation is more preferable than S-glutathionylation [147],
which is possibly due to the fact that the nitrogen atom in the S-N bond is more positive
than the sulfur atom and, thus, it is more favorable for the nucleophilic attack of GSH [148].

Due to the change in the GSNO level, the regulation of cell sensitivity to the activation
of apoptosis can be carried out. In several HNSCC lines of human head and neck squamous
cell carcinoma, it has been shown that the activation of STAT3 by phosphorylation was
reversibly inhibited by GSNO, due to the S-nitrosylation of human STAT3 at the Cys259
residue [149]. In addition, GSNO contributed to a decrease in basal and cytokine-stimulated
activation of NF-κB in HNSCC cells. The decreases in STAT3 and NF-κB activity upon
treatment with GSNO correlated with a decrease in the proliferation and activation of
apoptosis of HNSCC cells. Through in vivo model experiments in mice with human HN-
SCC tumor xenografts, tumor growth was reduced by systemic treatment with GSNO and
further decreased in combination with cisplatin chemotherapy and radiation therapy. Thus,
the potential possibility of using GSNO to block NF-κB and STAT3, which are responsible
for cell survival and proliferation, has been suggested to enhance the therapeutic effect of
traditional treatment methods [149].

As a NO donor, GSNO can induce apoptosis through the S-nitrosylation of Prx2.
For example, in cells of non-small cell lung carcinoma, the S-nitrosylation of human Prx2
at Cys51 and Cys172 caused by GSNO disrupted the formation of the Prx2 dimer and
suppressed its antioxidant activity, causing the accumulation of endogenous H2O2 and the
activation of AMP-activated protein kinase (AMPK), which then activated sirtuin 1 (SIRT1).
Phosphorylated SIRT1 loses its deacetylase activity against p53 in A549 cells or FOXO1 in
NCI-H1299 cells, which ultimately leads to the apoptosis of tumor cells [150].

In vitro studies have shown that proteins, such as papain, creatine phosphokinase,
and glyceraldehyde 3-phosphate dehydrogenase are sensitive to both S-nitrosylation
and S-glutathionylation by GSNO, while alcohol dehydrogenase, bovine serum albu-
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min, and actin apparently become S-nitrosylated [147]. In addition, the treatment of
cells with PABA/NO [O2-{2,4-dinitro-5-[4-(N-methylamino)benzoyloxy]phenyl} 1-(N,N-
dimethylamino) diazen-1-ium-1,2-diolate] led to a dose-dependent increase in intracellular
NO followed by S-nitrosylation, the level of which was extremely low. However, a very
high level of S-glutathionylation was detected for some proteins, including β-lactate de-
hydrogenase, Rho GDP-dissociation inhibitor β, ATP synthase, elongation factor 2, PDI,
nucleophosmin-1, actin, protein tyrosine phosphatase 1B, and glucosidase II [151,152].
These data indicate that there may be two different pools of S-nitrosylated proteins, one of
which remains stable, while the other is labile with respect to GSH and is subject to the
rapid conversion to S-glutathionylated products. However, the conditions that favor the
formation of Pr-SSG, in comparison with Pr-SNO, have not yet been determined [13].

The fact that S-nitrosylation of cysteine residues can serve as a transient intermediate
has been evidenced by studies on rat smooth muscle cells treated with CysNO. The total
pool of reduced thiols did not change significantly, while the level of reduced non-protein
thiols—in particular, GSH—decreased. A decrease in GSH content prior to the use of
CysNO by pre-treatment with BSO, which is an inhibitor of gamma-glutamylcysteine
synthetase (a key enzyme of GSH de novo synthesis), led to a significant increase in
S-nitrosylated proteins, indicating a violation of the ability to reduce Pr-SNO due to S-
glutathionylation [148]. In contrast, the increase in cellular GSH by the GSH ethyl ester
after CysNO treatment significantly attenuated the S-nitrosation of proteins. In addition,
the treatment of cells with only one selective GSNOR inhibitor N6022 did not change the
S-nitrosylation pattern; whereas, in the treatment with CysNO, the inhibition of GSNOR
significantly increased the Pr-SNO level. These data illustrate that interventions that lead
to a decrease in cellular redox and repair status can lead to imbalances in the levels of
S-nitrosylated proteins [153].

5. Conclusions

Cellular redox status, as the state of oxidant/antioxidant balance, largely determines
the viability of cells, including the processes of proliferation, differentiation, bioenergetics,
and apoptosis. To a large extent, this is facilitated by the redox-dependent post-translational
modifications of proteins, which alter their functional activity. Among these reactions,
S-glutathionylation and S-nitrosylation are the best studied, although their relationship
and regulation are still questionable. The function of a connecting link and a "switch"
between S-glutathionylation and S-nitrosylation can be performed by GSNO, the level of
which depends on the GSH content, the GSH/GSSG ratio, and RONS levels.

The algorithms that determine the ratio of S-glutathionylation and S-nitrosylation
will be the subject of further study; however, we can already say that they are determined,
on one hand, by the RONS ratio and, on the other, by GSH/GSSG and largely depend on
the conditions that maintain the intracellular level of GSH, including its de novo synthesis
and the rate of GSSG recovery. Trx family enzymes (Trx, Grx, PDI) play an important role
in the regulation of these processes, the activity of which is determined by the cellular
redox status and the GSH/GSSG level.

Taken together, this allows us to emphasize the important role of GSH in protein
redox modulation—through S-glutathionylation and S-nitrosylation—in order to determine
the contribution of these processes to the maintenance and regulation of cellular redox
homeostasis.
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Abstract: Glutathione (GSH) was initially identified and characterized for its redox properties and
later for its contributions to detoxification reactions. Over the past decade, however, the essential
contributions of glutathione to cellular iron metabolism have come more and more into focus. GSH is
indispensable in mitochondrial iron-sulfur (FeS) cluster biosynthesis, primarily by co-ligating FeS
clusters as a cofactor of the CGFS-type (class II) glutaredoxins (Grxs). GSH is required for the export
of the yet to be defined FeS precursor from the mitochondria to the cytosol. In the cytosol, it is an
essential cofactor, again of the multi-domain CGFS-type Grxs, master players in cellular iron and FeS
trafficking. In this review, we summarize the recent advances and progress in this field. The most
urgent open questions are discussed, such as the role of GSH in the export of FeS precursors from
mitochondria, the physiological roles of the CGFS-type Grx interactions with BolA-like proteins and
the cluster transfer between Grxs and recipient proteins.

Keywords: glutathione; glutaredoxin; iron-sulfur cluster; iron

1. Introduction

Glutathione, the γ-l-glutamyl-l-cysteinyl-glycine tri-peptide, is a ubiquitous nucleophile required
in redox homeostasis, detoxification, and iron homeostasis [1]. Since the reactivity of glutathione
(GSH) itself with proteins, small molecules, and xenobiotics is too low to be significant in vivo,
see for instance, [2], GSH-dependent reactions need to be catalyzed by enzymes. These enzymes
include glutaredoxins (Grxs), glutathione peroxidases (GPxs), glutathione reductase (GR), glutathione
S-transferases (GSTs), and protein disulfide isomerases (PDIs) [1]. Nevertheless, the functions of
GSH depend on the reactivity of its cysteinyl thiol group. Thiols can complex metals, be alkylated to
thioethers, but they can also be oxidized to disulfides. In the case of glutathione, two molecules of
reduced GSH can be oxidized to form glutathione disulfide (GSSG). Re-reduction is catalyzed by GR
at the expense of NADPH. Being present in millimolar concentrations in most organisms, GSH was
characterized as the “redox buffer” of the cell. In fact, the loss of GSH-utilizing enzymes may result
in disrupted redox homeostasis, as in the case for GPxs [3,4], with effects as dramatic as cell death
by a process named ferroptosis induced by the lack of GPx4 activity [5–7]. The loss of glutathione
itself, however, firstly results in defects in cellular iron homeostasis [8,9]. The enzymes that catalyze or
mediate most glutathione functions in iron metabolism are the iron-sulfur cluster (FeS)-containing Grxs.
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In this review, we will address the functions of both GSH and FeS-Grxs in iron metabolism.
This topic has been addressed before, see for instance [9–12]. The focus of this review is on mammalian
cells, however, we take into account other taxa when discussing ground-breaking and major findings,
both to illustrate the high degree of conservation in the systems as well as some unique aspects.

2. Glutathione, Glutaredoxins, and Iron-Metabolism

As early as 1972, Tanaka and coworkers reported that, in vitro, GSH may be able to complex
iron, resulting in absorption spectra resembling those of FeS clusters [13]. It took nearly two decades
before the essential function of GSH in the synthesis and maturation of FeS cluster proteins in vivo was
discovered in yeast. Defects in the biosynthesis of FeS proteins in Saccharomyces cerevisiae are associated
with a more than two-fold increase of GSH [14]. However, this increase was apparently not caused by
concomitant disturbances in redox metabolism. In fact, the depletion of GSH impaired the maturation
of FeS proteins substantially, most of all affecting the non-mitochondrial FeS proteins [15].

2.1. Iron-Sulfur Cluster Biogenesis

FeS clusters are essential for life. They participate in the transfer of electrons, are cofactors in
enzymatic catalysis, control the stability of biomolecules, and act as regulatory elements [16–18].
Mitochondria are essential for FeS cluster biogenesis. Not only are all the FeS clusters required for
energy conversion synthesized here, the maturation of cytosolic FeS clusters also depends on a yet
to be defined mitochondrial precursor [19,20]. Mitochondrial FeS cluster biogenesis and the cluster
transfer to target apo-proteins have been studied to great detail and reviewed comprehensively before,
e.g., in [21–23]. In brief, Fe2S2 centers are synthesized from iron and cysteine-derived sulfur by the
early iron-sulfur cluster (ISC) synthesis machinery. From there, the Fe2S2 centers are likely transferred
to the monothiol Grx5 with the aid of a heat shock protein of 70 kDa (Hsp70) chaperone system,
the details of which will be discussed below. In the present models, Grx5 acts as a hub, from which the
FeS centers are (1) either directly, or with the help of additional “targeting factors”, transferred to Fe2S2

target proteins or (2) transferred to a protein complex composed of the assembly factors ISCA1, ISCA2,
and IBA57, where they are combined to Fe4S4 centers [24]. Only recently, Lill and co-workers succeeded
in biochemically reconstituting the assembly of Fe4S4 clusters [25]. The process requires the ISC
machinery, holo-Grx5, and reduced Fdx2 for the reductive fusion of two Fe2S2 clusters into one Fe4S4

cluster. These clusters are trafficked by ISC-targeting factors, such as proteins from the BolA family and
iron-sulfur cluster scaffold homolog 1 (NFU1) to apo-target proteins such as the mitochondrial aconitase
(ACO2). The maturation of the Fe4S4 centers in the complex I (NADH-ubiquinone oxidoreductase,
NDUF) subunits NDUFS1, NDUFV1, and NDUFS2, 7, and 8 seems to require the P-loop NTPase Ind1
(iron–sulfur protein required for NADH-dehydrogenase) [26]. The molecular mechanisms of cluster
insertion and the recipient protein pre-requisites are still unclear.

The insertion of FeS proteins into apo-target proteins requires their cysteinyl sulfur ligands to be in
the reduced thiol state. Under normal conditions in yeast mitochondria, this seems to be independent
of the major thiol reducing systems, i.e., the GSH/Grx and thioredoxin (Trx) systems [27]. However,
for mammalian cells and proteins, a number of conditions have been characterized that lead to the
oxidation of such cysteinyl residues, for instance, in complex I subunits NDUFS1 and NDUFV1 in a
murine Parkinson’s disease model as a consequence of GSH depletion [28]. In general, GSH appears to
be a crucial factor for complex I activity, especially in neurons [29–31].
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From groundbreaking work in yeast cells, it was established that cytosolic FeS biogenesis depends
on a sulfur compound generated inside mitochondria [32]. This not yet specified sulfur compound (X-S)
must be exported as source for cytosolic FeS cluster synthesis. This compound must be transported into
the cytosol in an ATP-dependent manner. The ATP-binding cassette (ABC) transporter Atm1 (in human
ABCB7), located in the inner mitochondrial membrane, soon came into focus as the prime candidate
for this function [32]. Atm1/ABCB7 may also be the link for the necessity of GSH for the maturation of
cytosolic FeS proteins. Structural analyses revealed a large cavity in the dimeric Atm1 close to the inner
membrane surface that can accommodate GSH [33–35]. In fact, the size of the cavity also allows for
the binding of GSH as part of a larger not yet defined substrate transported by Atm1 [34]. Mutations
in the binding site of ABCB7 that inhibit binding of a GSH moiety result in decreased functions of
cytosolic FeS proteins and mitochondrial iron overload [33,36,37]. The same phenotype is caused by
GSH or Atm1 depletion in yeast [15]. Atm1 and the Arabidopsis thaliana homolog ATM3 transport
GSSG with increased ATPase activity but neither Fe2+ nor reduced GSH stimulate the ATPase activity
of the transporter [38]. Atm1 also transports GS-S-SG (glutathione trisulfide) [38]. Since substantial
data suggest that only a sulfur compound is required as the mitochondrial contribution to cytosolic
FeS biogenesis (for a summary, see [34]), such per- or poly-sulfides are compelling candidates as
endogenous substrates. More recently, however, intact Fe2S2 clusters ligated by four GSH molecules
have also been suggested as Atm1 substrate [39]. This is supported by recent kinetic studies that
reported the transport of (GSH)4Fe2S2 by Atm1 with a ~100-fold increased activity in the presence of
the cluster [40]. The open questions, in addition to the nature of the transported compound, are the
generation of this GSH derivative(s) from the Grx5/GSH-ligated Fe2S2 cluster in mitochondria (see
below) as well as the link to the cytosolic iron sulfur cluster assembly machinery (CIA). In vitro, the
GSH-ligated Fe2S2 cluster itself can be used to reconstitute apo-proteins [41].

The biogenesis of cytosolic and nuclear FeS-proteins requires numerous proteins and is facilitated
by the CIA, summarized in [42]. Overall, the process can be divided into two steps. First, a Fe4S4

cluster is assembled on a scaffold complex. Second, this cluster is transferred and inserted into recipient
apo-proteins. Apart from the yet to be determined component X-S that has to be supplied by the
mitochondrial FeS synthesis machinery, the cytosolic FeS protein biogenesis requires an iron source and
the supply of electrons. The latter are supplied by the NADPH-dependent diflavin oxidoreductase 1
(NDOR1) and the FeS protein anamorsin/CIAPIN1 (see Figure 1) [43–46]. The first step is the assembly
of the Fe4S4 cluster on the cytosolic FeS scaffold complex (see Figure 1) [47–49]. The heterotetrameric
complex consists of two P-loop NTPases, CFD1 (cytosolic FeS cluster-deficient protein 1) and NBP35
(nucleotide-binding protein 35). The complex binds two Fe4S4 clusters, one at the N-terminus of NBP35
and the second one is transiently ligated between CFD1 and NBP35 [50]. The nature and source of the
iron for the formation of this first cytosolic FeS cluster is still unclear. Multi-domain Grxs like yeast or
mammalian Grx3 may be potential candidates. They do play a general role in iron trafficking through
the cytoplasm in a GSH-dependent manner [51,52] (details below). Potentially, they function in concert
with a BolA family protein [10,53–56]. In the second step, the primarily assembled cluster is transferred
and inserted into target proteins. This is facilitated by IOP1 (iron-only hydrogenase-like protein) and
the CIA-targeting complex [57]. IOP1 may acts as a CIA adapter protein, mediating the contact between
early and late parts of the CIA machinery, although the exact mechanism is still under discussion
(see Figure 1) [47,58,59]. Probably, cytosolic iron-sulfur protein assembly protein 1 (CIA1), CIA2b,
and MMS19 (MMS19 nucleotide excision repair protein homolog) build variable hetero-complexes,
called the CIA-targeting complexes, that directly interact with specific cytosolic and nuclear apo-FeS
proteins (see Figure 1) [58,60].
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glutathione (GSH)-dependent manner to the cytosol, where it serves as substrate for the cytosolic 
iron-sulfur cluster assembly machinery. The multi-domain CGFS-type Grx3 is in some way required 
for the distribution of iron from the so-called labile iron pool to most, if not all, cellular iron-dependent 
processes. Glutaredoxins are depicted in light blue, GSH in green, iron in red, and sulfur in yellow. 
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(Figure 2). In 1976, the first Grx was defined as a GSH-dependent electron donor for ribonucleotide 
reductase (RNR) and thus DNA synthesis [62]. In the following years, Grxs were comprehensively 
characterized as oxidoreductases that catalyze the formation and reduction of disulfides, i.e., inter- 
and intra-molecular protein disulfides, and with high specificity disulfides between protein thiols 
and GSH, i.e., reversible (de-)glutathionylation. For comprehensive reviews on this topic, see for 
instance [61,63–67], and for a summary of the characteristics of the human Grxs, see Table 1. In brief, 
these redox-active Grxs (CPYC-type or class I Grxs) contain a consensus Cys-Pro-Tyr-Cys active site 
motif and catalyze thiol-disulfide exchange reactions in two connected reaction mechanisms. The 
formation and reduction of protein disulfides require both active site cysteinyl residues and (de-
)glutathionylation of only the more N-terminal. The mechanisms were thus termed dithiol and 
monothiol reaction mechanisms. Both reactions are initiated by a nucleophilic attack of the more N-
terminal cysteinyl residue, which is characterized by a particularly low pKa value ≤ 5 [66,68–70], on 
the target disulfide. In the case of the dithiol reaction mechanism, the intermediate disulfide between 
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mechanism results in a reduced protein and a disulfide between the Grx and GSH (see Figure 2). 
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Figure 1. Glutathione and glutaredoxins in iron-sulfur cluster synthesis and maturation in mammalian
cells. The initial synthesis of Fe2S2 clusters is catalyzed by the mitochondrial iron-sulfur cluster
synthesis machinery on the scaffold protein ISCU2. From there, clusters are distributed in a process that
depends on the CGFS-type Grx5 to Fe2S2 and Fe4S4 target proteins, e.g., in the mitochondrial electron
chain. In addition, a yet to be uncovered compound “X” is exported in a glutathione (GSH)-dependent
manner to the cytosol, where it serves as substrate for the cytosolic iron-sulfur cluster assembly
machinery. The multi-domain CGFS-type Grx3 is in some way required for the distribution of iron
from the so-called labile iron pool to most, if not all, cellular iron-dependent processes. Glutaredoxins
are depicted in light blue, GSH in green, iron in red, and sulfur in yellow.

2.2. Glutaredoxins

Grxs form a branch of the Trx family, for an overview see [61]. Bacterial Grxs represent the
most basic representation of the Trx-fold, consisting of a four-stranded central β-sheet surrounded by
three α-helices, and Grxs of higher organisms frequently display additional N- and C-terminal helices
(Figure 2). In 1976, the first Grx was defined as a GSH-dependent electron donor for ribonucleotide
reductase (RNR) and thus DNA synthesis [62]. In the following years, Grxs were comprehensively
characterized as oxidoreductases that catalyze the formation and reduction of disulfides, i.e., inter-
and intra-molecular protein disulfides, and with high specificity disulfides between protein thiols
and GSH, i.e., reversible (de-)glutathionylation. For comprehensive reviews on this topic, see for
instance [61,63–67], and for a summary of the characteristics of the human Grxs, see Table 1. In brief,
these redox-active Grxs (CPYC-type or class I Grxs) contain a consensus Cys-Pro-Tyr-Cys active
site motif and catalyze thiol-disulfide exchange reactions in two connected reaction mechanisms.
The formation and reduction of protein disulfides require both active site cysteinyl residues and
(de-)glutathionylation of only the more N-terminal. The mechanisms were thus termed dithiol and
monothiol reaction mechanisms. Both reactions are initiated by a nucleophilic attack of the more
N-terminal cysteinyl residue, which is characterized by a particularly low pKa value ≤ 5 [66,68–70],
on the target disulfide. In the case of the dithiol reaction mechanism, the intermediate disulfide between
the Grx and the target protein is reduced by the more C-terminal cysteinyl residue. The monothiol
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mechanism results in a reduced protein and a disulfide between the Grx and GSH (see Figure 2).
Reduction of the Grx with a disulfide in the active site by GSH results in the same Grx-GSH mixed
disulfide, which can be reduced by another molecule of GSH, completing both reaction cycles.
Both reactions are fully reversible, as Grxs catalyze both the oxidation and reduction of target proteins.
A second class of Grxs came into focus much later. These proteins share the consensus active site motif
Cys-Gly-Phe-Ser, hence CGFS-type or class II Grxs. With few exceptions [71,72], CGFS-type Grxs are
inactive as oxidoreductases. Instead, these proteins function in cellular iron metabolism [10,51,52,73,74],
see below.
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Figure 2. Glutaredoxin reaction mechanisms. Protein disulfides are reduced via a mechanism that
involves both active site cysteinyl residues of the CxxC-type Grxs. A reduced Grx forms a mixed
disulfide with the thiol of a target protein and its N-terminal active site Cys (1). This intermediate is
reduced by the C-terminal active site Cys, releasing the reduced substrate target protein (2). The oxidized
Grx can be sequentially reduced by two molecules of GSH (3+4). A Grx-S-SG mixed disulfide (red)
can easily be formed from reduced Grx and glutathione disulfide (GSSG) in the reverse reaction (4).
Reduced Grx can also catalyze the reversible (de-)glutathionylation of a target protein in a mechanism
that only requires the N-terminal active site Cys (5). Some glutathionylated proteins containing two
adjacent Cys can also oxidize and form an intra-molecular disulfide by releasing GSH (6). GSSG is
reduced to two molecules of GSH by glutathione reductase (GR) at the expense of NADPH.

Table 1. Human glutaredoxins. Abbreviations: c: cytosol, m: mitochondria, n.a.: not available,
n: nucleus.

Protein Name Accession Gene Active Site Functions and Reactions FeS Locali-Zation

Grx1 P35754 Glrx CPYC Oxidoreductase,
(de-)glutathionylation [75,76] no c/n

Grx2a Q9NS18 Glrx2 CSYC Oxidoreductase, FeS as redox
sensor [16,77,78] Fe2S2 m

Grx2b Q9NS18-2 Glrx2 CSYC Not analyzed [77,79] Fe2S2 c/n

Grx2c n.a. Glrx2 CSYC Oxidoreductase, FeS as redox
sensor [16,77,78] Fe2S2 c/n

Grx3 O76003 Glrx3 2·CGFS Fe/S biogenesis, iron trafficking
[52,80] 2·Fe2S2 c

Grx5 Q86SX6 Glrx5 CGFS Fe/S biogenesis [81,82] Fe2S2 m

For decades, Grxs were characterized as co-factorless oxidoreductases [67]. It therefore came as a
big surprise when the first two FeS-Grxs were described, Arabidopsis thaliana GrxC1 [83,84] and human
Grx2 [16,85]. In both cases, it turned out that the exchange of the prolyl residue in the CPYC consensus

49



Molecules 2020, 25, 3860

active site for a glycyl and seryl residue, respectively, was sufficient to allow cluster ligation [84,85].
The second big surprise was the mode of cluster ligation itself in these proteins. The clusters are
ligated in a dimeric holo-complex at the interface of two hardly interacting Grx monomers [84,86].
The [Fe2S2]2+ clusters are ligated by the two more N-terminal cysteinyl residues of the active site and
the thiol groups of two non-covalent bound GSH molecules [84–86]. These were the first examples of
FeS clusters co-ligated by GSH. Following these two C(non-P)YC-type Grxs, all CGFS-type Grxs have
been characterized as Fe2S2-proteins, see for instance [10,74,80,81,87]. Both Grx sub-families bind the
FeS cluster in a very similar way at the interface of the dimeric holo-complex, including co-ligation
by GSH. However, one particular feature separates the two groups: the relative orientation of the
Grx monomers in the holo-complex towards each other (Figure 3). Compared to the CGFS-type Grxs,
the position of one monomer in the C(non-P)YC-type Grxs is tilted by approximately 90◦ toward the
site relative to the other monomer. The sequestration of the N-terminal active site cysteinyl residue
in the holo-complex of the redox-active, yet FeS-binding, Grxs suggests that the cluster serves as a
regulatory mechanism controlling the activity of the proteins, for instance, by increased levels of GSSG
or nitrogen oxide (NO) [16,88], or that it may serve other redox-independent functions [16,89].
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Figure 3. Structural comparison of both classes of FeS glutaredoxins. Structures of (a) apo- [PDB:1YKA]
and (b) dimeric CGFS-type holo-Grx4 [PDB:2WCL] from Escherichia coli, CGFS-type human (c) apo-
[PDB:2MMZ] and (d) holo-Grx5 [PDB:2WUL], and CSYC-type human Grx2 in (e) apo- [PDB:2FLS]
and (f) holo-form [PDB:2HT9]. (g) Details of the alternative cluster coordination conformations of
the holo-complexes, CGFS-type Grxs with GSH and active site cysteinyl residue carbon traces in
gray, CSYC-type with carbon traces in green. “A” and “B” refer to the two subunits in the dimeric
holo-complexes composed of the two subunits A and B, two non-covalently bound GSHs and the
bridging Fe2S2 cluster.

Although both types of Grxs discussed here share highly similar 3-D structures (see Figure 3),
as well as all elements and residues required to bind GSH [9], they exhibit completely different
activities—oxidoreductase versus transferase. The mechanistic basis for this profound difference
was the subject of many investigations and speculations [81,87,90,91], until two studies recently
characterized the molecular basis of their distinct activity profiles [92,93]. In brief, the key determinants
of their function are unique loop structures just before the active site. The engineering of a CxxC-type
Grx with a CGFS-type loop switched its function from oxidoreductase to FeS transferase in a zebrafish
model and the introduction of a CxxC-type loop into a CGFS-type Grx abolished its FeS transferase
activity and activated the oxidative half-reaction (Figure 2, reaction 5 reverse) of the oxidoreductase [92].
The reductive half-reaction, requiring the interaction with the second GSH molecule (Figure 2, reaction 4),
is dependent on further elements, characterized in detail in [93]. Together, these studies explain how
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subtle structural differences determine the diverse Grx functions. An overview of the different classes
of Grxs in different species is depicted in Figure 4.
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in light blue, CxxC-type in dark blue. The domain structures, active site sequences, and the ability to
form FeS cluster-bridged holo-complexes are indicated.

51



Molecules 2020, 25, 3860

2.2.1. Vertebrate- and Mammalian-Specific Glutaredoxin 2

Before it was described as an FeS protein, human Grx2 was characterized as a redox-active Grx
with the ability to reduce mixed disulfides and effectively (de-)glutathionylate target proteins [79,94,95].
The human GLRX2 gene consists of five exons, including two alternative first exons (Ia and Ib) leading
to three transcript variants. The core domain of Grx2, including the active site, is encoded by exon II-IV.
GLRX2_v1 (exon Ia-II-III-IV) encodes the ubiquitously expressed Grx2a, including a mitochondrial
targeting sequence. GLRX2_v2 and v3 are products of the alternative splice donor sites of exon Ib,
encoding the nuclear and cytosolic isoforms Grx2b and Grx2c. The expression of Grx2b and Grx2c is
restricted to the testis in adult human tissues, but has also been demonstrated in various cancer cell
lines [77]. In contrast, the mouse GLRX2 gene consists of six exons, three constitutive exons (II, III,
IV), two alternative first exons (Ia, Ib), and one single cassette exon. Five transcript variants encode
three protein isoforms. The mitochondrial Grx2a and the nuclear/cytosolic Grx2c are conserved from
mouse to human. Testis-specific Grx2d is unique to mouse [96]. Grx2 shares 34% sequence homology
with Grx1 and a CSYC active site motif, with the exchange of the prolyl for a seryl residue [79,94].
This altered active site sequence results in an increased affinity for glutathionylated proteins and it
can be reduced by either GSH or thioredoxin reductase, combining characteristics of Trxs and Grxs.
Dimeric inactive holo-Grx2 bridges an FeS cluster. Degradation of the cluster in oxidative conditions,
e.g., a more oxidized glutathione pool, results in monomeric active Grx2, indicating a function as
a redox sensor in vivo [16]. Monomerization and cluster disassembly can cause lipid peroxidation,
a drop in mitochondrial membrane potential, and eventually cell death [97]. The mitochondrial Grx2a
was shown to participate in the maintenance of the redox equilibrium under conditions that promote
oxidative damage to mitochondrial proteins. Especially for cells over-expressing Grx2a, protective
functions have been described [88,98,99]. Grx2a over-expression decreased susceptibility towards
apoptosis induced by doxorubicin (DOX) [100]. Grx2 is essential for mitochondrial morphology and
dynamics in cardiomyocytes in humans and mice [101]. The loss of mitochondrial Grx2 is connected to
increased mitochondrial proton leaks and respiration in muscle cells [102]. Genomes of other vertebrate
species, e.g., zebrafish, contain genes encoding homologs to the cytosolic Grx2 isoform. This cytosolic
zfGrx2 is essential for brain development. Zebrafish with silenced expression of cytosolic Grx2 lose
essentially all types of neurons by apoptotic cell death and fail to develop an axonal scaffold. Only the
re-introduction of wildtype Grx2c could rescue the defects, but not in either of the redox-inactive
active site mutants [103]. The over-expression of Grx2c in SH-SY5Y neuroblastoma cells during
retinoic acid-induced differentiation increases axon length and the number of branching points by
up to two-fold [103]. Cytosolic Grx2 also has an essential function for the vascular development and
maintenance of cardiovascular function [104,105]. Zebrafish lacking cytosolic Grx2 have an impaired
heart looping and defects in heart functionality due to a failed migration of cardiac neural crest
cells [106]. This heart looping defect could be rescued by introduction of the active site mutant of
zfGrx2 that is still able to catalyze monothiol mechanism reactions [106]. Grx2c also has an essential
function in spermatogenesis, a process that includes the migration of spermatogenic cells through
the close Sertoli cell formation [77]. Recent results indicate a correlation between Grx2c expression
and cancer-specific survival in clear cell renal cell carcinoma patients [107]. In a proteomic approach,
Schütte et al. were able to identify target proteins, e.g., collapsin response mediator protein (CRMP) 2,
that undergoes thiol-disulfide exchange reactions catalyzed by Grx2 [108]. In models of Parkinson’s
disease, the depletion of glutathione resulted in a dose-dependent Grx2 inhibition and, similar to gene
silencing of Grx2, decreased iron incorporation into complex I and ACO2. The loss of Grx2 function
also led to the activation of iron regulatory protein (IRP1), resulting in the increase in the iron uptake
protein transferrin receptor, decreased levels of the iron storage protein ferritin, and mitochondrial
iron accumulation. In the cytosol, the loss of Grx2 resembled iron starvation conditions.
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2.2.2. Glutaredoxin 5

Human Grx5 is one of the central proteins in the mitochondrial ISC machinery, as well as in cluster
trafficking and, therefore, iron homeostasis [109,110]. In humans, the maturation of mitochondrial
FeS cluster-containing proteins can be divided into different steps. First, the initial Fe2S2 cluster is
assembled on the iron-sulfur cluster enzyme ISCU (ISCU2) and involves at least 17 characterized
proteins [111]. The human ISCU2-M140I variant can overcome the loss of frataxin. However, this is
not by restoring its function in cluster assembly, but rather by the acceleration of cluster transfer from
ISCU2 to Grx5 [112]. The release and transfer of the Fe2S2 cluster is facilitated by Hsp70 chaperones [22].
Chaperone binding enhanced the ATP-dependent cluster transfer from E. coli IscU in vitro [113].
In S. cerevisiae, the ATPase activity of the chaperone increased by Isu1 binding but not by interaction
with Grx5. The association of Isu1, Grx5, and the chaperone is required for cluster transfer from Isu1
to Grx5 [114]. A study published in 2018, however, contradicted these findings by showing a cluster
transfer from ISCU to Grx5 only in the absence of the human mitochondrial Hsp70 chaperones HSPA9
and HSC20 [115]. However, this study completely relied on in vitro data with assay times up to two
hours, and therefore the results were mainly subjected to thermodynamic restrictions rather than
physiological constraints.

Together with Grx5, ISCA1 and ISCA2 are proteins involved in the assembly of Fe4S4 clusters [22].
Until recently, only very slow rates of cluster transfer from Grx5 to ISCA1 and ISCA2 were demonstrated
in vitro. Although new insights were provided by the structure of the ISCA2-IBA57 complex [10,11],
the reductive fusion of the two Fe2S2 clusters to one Fe4S4 cluster has only recently been reported [25].
BolA-like proteins, more precisely BolA1 and BolA3, were also suggested to interact with Grx5 in
the assembly of Fe4S4 and possibly Fe2S2 clusters, as summarized, e.g., in [22]. Both human BolA1
and BolA3, interact with apo- and holo-Grx5 to form hetero-clusters with different affinities as shown
in in vivo and in vitro studies [116,117]. NMR, EPR, CD, and UV/vis spectroscopy were utilized
to characterize and identify differences in the nature of the clusters bound in the BolA1-Grx5 and
BolA3-Grx5 hetero-complexes [118].

The loss of Grx5 disrupts FeS assembly on target proteins and leads to mitochondrial iron
overload [19,114]. In Schizosaccharomyces pombe, Grx5 depletion also led to a decrease in mitochondrial
DNA [119]. Additionally, in S. cerevisiae, an iron-dependent increased rRNA degradation was observed
upon Grx5 depletion due to iron overload [120]. In zebrafish, a lack of Grx5 led to the activation of IRP1
and blocked heme biosynthesis [121]. The first step in this pathway is catalyzed by aminolaevulinate
synthase 2 (ALAS2). The over-expression of ALAS2 RNA without the iron response element regulated
by IRP1 rescued the zebrafish embryos, while the expression of ALAS2, including the iron response
element, did not [121]. Human patients with decreased levels of Grx5 develop iron overload and
sideroblastic-like microcytic anemia [82,109].

The mechanisms of cluster transfer in the mitochondrial FeS cluster machinery, as well as to target
proteins, remain to be revealed. Over the years, many studies have been published proposing cluster
transfer between proteins that are clearly involved in the mitochondrial FeS cluster synthesis pathway,
but they have relied solely on in vitro data (e.g., [115]). As mentioned above, these sorts of in vitro
studies are restricted by thermodynamics and do not take physiological conditions nor enzymatic
catalysis into account. An example of how this leads in an unavailing direction can be found for
CSYC-type Grx2. Also located in the mitochondria, Grx2 complexes an FeS cluster [16]. In contrast
to Grx5 depletion, the loss of Grx2 does not impair ISC biogenesis or transfer but leads to defects,
e.g., in brain and heart development [103,106]. In vivo Grx2 and Grx5 display completely different
functions in redox regulation and iron homeostasis, respectively. However, it was published that
in vitro human Grx2 transferred its FeS cluster to human ferredoxin (Fdx1) (see Table 2 and Figure 5)
with an apparent second-order rate constant of 1160 ± 200 M−1 min−1 [122]. An essential reaction
that takes more than 60 min is far away from being physiological and would be inconsonant with the
human lifespan.
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indicated by arrows. The origin of the different proteins used in the analyses, i.e., the species that 
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Figure 5. FeS cluster transfer reactions analyzed in vitro to date. This figure summarizes all in vitro
cluster transfer reactions analyzed and described in the literature. The directions of the reactions are
indicated by arrows. The origin of the different proteins used in the analyses, i.e., the species that
encodes the respective protein, is color coded, as displayed in the top left corner. For details and
references, see Table 2.
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2.2.3. Multi-Domain Glutaredoxins, Glutaredoxin 3

Multi-domain Grxs are unique to eukaryotic cells. They consist of an N-terminal, normally redox
inactive, and a Trx domain followed by one to three CGFS-type Grx domains, each of which can complex
the GSH co-ligated Fe2S2 cluster in dimeric complexes. The yeast Saccharomyces cerevisiae expresses
two closely related multi-domain Grxs containing a single CGFS-type Grx domain each, Grx3 and
Grx4. Two major functions, both central for iron metabolism, were characterized for these proteins:
(1) Grx3 and Grx4 have a central role in intra-cellular iron trafficking and sensing. The depletion of
Grx3/4 specifically impaired all iron-requiring reactions in the cytosol, mitochondria, and nucleus,
including the synthesis of FeS clusters, heme, and di-iron centers, such as in RNR (see Figure 1).
The cells failed to insert iron into target proteins, as well as to deliver iron to mitochondria. Iron was
simply not bio-available in the absence of the proteins [51] and (2) the availability of iron to form the
FeS-bridged holo-complexes of Grx3 and 4 is used as sensor for the iron state of fungal cells. Extensive
analyses of S. cerevisiae and S. pombe have uncovered unique mechanisms that control iron metabolism
in different fungi, summarized recently in [11]. The common thread in these regulatory mechanisms
are the multi-domain CGFS-type Grxs that interact, often together with BolA-type proteins (see below),
with transcription factors dependent on the iron state of the cell, thus controlling the transcription of
proteins and enzymes that take part in, or control, iron metabolism. For detailed discussion on this
topic, see for instance [10,11,133,134].

Vertebrate-specific Grx3, also known as protein kinase C-interacting cousin of thioredoxin
(PICOT), TXNL-2, and HUSSY-22, contains two C-terminal CGFS-type Grx domains [66,135,136].
Grx3 is ubiquitously expressed [80,137], the protein can complex two Fe2S2 clusters at the interfaces
between the two CGFS-type Grx domains in a homo-dimeric holo-complex, and it binds iron in vivo [80].
The depletion of Grx3 in zebrafish embryos primarily affected hemoglobin maturation. The loss of
Grx3 function did not affect globin biosynthesis, and instead heme did not mature [52]. This was likely
caused by the loss of an essential FeS cluster in the enzyme ferrochelatase that catalyzes the final step
in heme maturation, iron insertion [138]. Gene silencing of Grx3 in cells of human origin (HeLa cells)
induced a phenotype resembling an iron starvation phenotype despite the sufficient bio-available iron.
The protein levels of several cytosolic FeS proteins were altered, for instance, IRP1 and glutamine
phosphoribosylpyrophosphate amidotransferase (GPAT). The protein levels of ferritin were decreased
and the levels of the transferrin receptor increased, indicating the activation of IRP1. Apparently,
the Grx3-depleted cells were unable to use iron efficiently, indicating a central role for Grx3 in iron
metabolism [52] similar to the one described in yeast [51], i.e., a function in cellular iron trafficking.
The molecular base of this function and how it relates to the observed defects in FeS protein maturation
in the cytosol of eukaryotic cells is still unknown.

Human Grx3 was initially identified as an interaction partner of protein kinase C θ and is
associated with various signaling pathways that lead to the activation of cells [136]. Grx3 is essential
during development, the loss of Grx3 in mice resulted in embryonic death between E12.5 and E14.5,
without apparent defects in organogenesis [139]. Grx3−/− embryos did not exhibit obvious histological
abnormalities, however, the embryos were reported to be of smaller body size and developed
hemorrhages in the head [139,140]. It is noteworthy that the time point of embryonic death, E12.5,
also marks the onset of definitive erythropoiesis in the fetal liver [141,142] and, from this point on,
erythropoesis is the major iron-consuming process. Grx3 can protect from cardiac hypertrophy in animal
models. Grx3 protein levels were increased in these models and heterozygous Grx3+/− mice were more
vulnerable to developing cardiac hypertrophy, in contrast to wildtype mice [139,140]. Disturbances
in iron metabolism have also been linked to cardiac pathologies. For instance, in Friedreich’s ataxia
patients, the (partial) loss of the FeS cluster biogenesis protein frataxin (Figure 1) causes mitochondrial
iron overload and defects in mitochondrial FeS maturation, summarized in [23,143]. These defects
frequently cause cardiomyopathy and cardiac hypertrophy [144]. To date, however, it is unclear
whether the role of Grx3 in cardiac hypertrophy is connected to its role in iron metabolism.
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2.3. Grxs and BolA-Like Proteins

Both genetic and biochemical evidence link BolA-like proteins to iron metabolism and to CGFS-type
Grxs in particular [10,145]. It was hypothesized that both proteins interact in the transfer of FeS clusters
to targeting complexes or recipient proteins. This is supported by a number of in vitro and structural
studies [118]. Unlike the CGFS-type Grxs, BolA-like proteins from different species show a high degree
of heterogeneity and a low degree of conservation, including some of the residues that were suggested
to take part in the ligation of FeS clusters in both homo- and hetero-dimeric holo-complexes.

In S. cerevisiae, the regulation of iron metabolism by the transcription factors activator of iron
transcription protein (Aft) 1 and Aft2 depends on the Grx3/Grx4 siblings and the proteins Fe repressor
of activation (Fra) 1 and Fra2, for summaries, see [10,11]. Fra2 is BolA-like protein also known as
BolA2. The Fe2S2 cluster in the hetero-dimeric complex between Grx3/4 and Fra2 is complexed by the
Grx3/4 active site CGFS cysteinyl residue, a Fra2 histidyl residue, one GSH, and another ligand that is
not a histidyl residue and remains elusive [146,147]. The conserved His103 residue is not required
for hetero-dimer formation and cluster binding in vitro, but influences cluster stability [146]. In vitro
studies described a cluster transfer between Grx3-Bol2 and Aft2, involving a ligand exchange mechanism
and a specific protein–protein interaction that requires Aft2 Cys187 [148,149]. Cluster binding appeared
to be more stable in the hetero-dimeric complex compared to Grx3/4 homo-dimers, although removal
of this cluster did not disrupt the Grx3-Fra2 hetero-dimer, raising the question of whether it functions
as an FeS scaffold or iron sensing protein [147]. In the proposed iron sensing mechanism in S. pombe,
an FeS cluster is transferred from the transcription factor iron-sensing transcription factor 1 (Fep1) to
Grx4-Fra2 in response to iron starvation, thereby activating gene expression to increase the intra-cellular
iron pool [150].

The holo-complex of the human multi-domain CGFS-type Grx3 bridges two Fe2S2 clusters
with four GSHs and its two conserved CGFS motifs [80]. In 2012, Li et al. demonstrated that
human Grx3 forms a heterotrimeric complex with human BolA2 in vitro, and this was confirmed
by Banci et al. [53,56]. As in yeast, cysteinyl and histidyl residues of Grx3 and BolA2, respectively,
were proposed to be involved in cluster coordination [53,56]. In contrast to yeast, however, in vivo
data supporting this interaction and a physiological role of this hetero-trimeric complex remain to
be presented. In vitro data suggested more stable Fe2S2 clusters in the hetero-trimeric compared to
the Grx3 homo-dimeric complexes, as observed in yeast. Nevertheless, a role of the BolA2-Grx3
complex in Fe2S2 cluster transfer in the cytosolic FeS protein maturation pathway was proposed [56].
Cluster transfer from homo-dimeric Grx3 to CIAPIN1 (also named anamorsin, see Figures 1 and 5)
was demonstrated, the specific interactions between the two were proposed as key mechanisms
in anamorsin maturation [125]. However, the hetero-complex with BolA2 was also reported to be
able to transfer both bridging Fe2S2 clusters to CIAPIN1/anamorsin in vitro, and thus a function
as an FeS cluster transfer component in the cytosolic FeS protein biogenesis was suggested [56].
The siRNA-mediated silencing of Grx3 induces an iron starvation phenotype in HeLa cells [52].
However, the silencing of BolA2 expression not only failed to induce a similar phenotype, but the
co-silencing of Grx3 and BolA2 rescued the iron starvation phenotype to some degree (unpublished
own data). These results imply an antagonistic rather than joint function of cytosolic Grx3 and BolA2.
This fragmentary puzzle of information and results remains to be solved.

Mitochondria of eukaryotic cells usually harbor the CGFS-type Grx5 and two BolA-like proteins,
BolA1 and BolA3, both of which can form hetero FeS-bridged complexes with Grx5. Uzarska et al.
demonstrated that human apo-Grx5 and BolA1 or BolA3 also specifically interact in chemical shift
assays [114]. This interaction involves the location surrounding the invariant histidyl residue in the
BolAs and the GSH-binding site in Grx5 [117]. Complex holo-models suggest that Grx5-BolA3 undergo
significant structural rearrangement upon dimer formation and FeS cluster binding (Figure 6) [118].
In the loop connecting β-strand 1 and 2 of BolA3, the Cys 59 residue moves towards the invariant
C-terminal His 96 and coordinates the Fe2S2 together with the active site and GSH thiols of Grx5.
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The complex with BolA1, on the other hand, seems to not involve structural re-arrangements and has a
different orientation [118] (Figure 6).Molecules 2020, 25, x FOR PEER REVIEW 15 of 25 
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BolA3 is labile and BolA3 preferably interacts with Nfu1 [117,118]. Based solely on in vitro studies, 
Sen et al. concluded the contrary—a significant BolA3-Grx5 interaction and a weak BolA3-Nfu1 
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of the backbone structure of human apo-Grx5 [PDB:2WUL] (yellow) and human BolA3 [PDB: 2NCL]
(cyan) with the Fe2S2 BolA3-Grx5 complex backbone structure (red). (b) Superimposition of the
backbone structure of human apo-Grx5 [PDB:2WUL] (yellow) and human BolA1 [PDB:5LCI] (dark
gray) with the Fe2S2 BolA1-Grx5 complex backbone structure (red). The GSH molecule and the Fe2S2

cluster are represented as balls and sticks. The invariant C-terminal His (His 96 in BolA3 and His 102 in
BolA1), His 67 in BolA1, Cys 59 in BolA3, and Cys 67 in human Grx5 residues are shown.

In vivo and in vitro studies suggest specialized functions of yeast mitochondrial Bol1 and Bol3
in the same pathway, i.e., FeS protein maturation in mitochondria. The over-expression of Grx5
increases the BolA1 level but there is no effect on BolA3 [116]. BolA1 interacts with Grx5 via
the Fe2S2 cluster, whereas BolA3 interacts with Nfu1 in the Fe4S4 cluster assembly, although the
detailed mechanisms remain unsolved [116,117]. Yeast cells lacking BolA1 and BolA3 show defects in
Fe4S4 enzymes, e.g., aconitase and lipoic acid synthase [116,151]. The interaction of the two human
mitochondrial BolA-like proteins, BolA1 and BolA3, and Grx5 was characterized by a number of
in vitro techniques [117]. Conserved histidyl residues (His102 in BolA1 and His96 in BolA3) and
other potential cluster ligands, e.g., histidyl and cysteinyl residues in BolA1 and BolA3, respectively,
are involved in hetero-dimeric cluster formation [10,117]. A reduced Rieske-type Fe2S2 cluster is
coordinated by Grx5 and BolA1 with high affinity, whereas the oxidized, Fdx-like cluster of Grx5 and
BolA3 is labile and BolA3 preferably interacts with Nfu1 [117,118]. Based solely on in vitro studies,
Sen et al. concluded the contrary—a significant BolA3-Grx5 interaction and a weak BolA3-Nfu1
interaction [124]. Two BolA3-Grx5 hetero-complexes can transfer their Fe2S2 clusters to Nfu1 to form a
Fe4S4 cluster in FeS protein maturation [126]. A role in cluster trafficking was ruled out for BolA1-Grx5
because of its structurally buried cluster and the lack of transfer efficiency to common Fe2S2 cluster
acceptors, such as ferredoxins [123]. Patients with mutations in the Grx5 or the BolA3 gene suffer from
variations of nonketotic hyperglycinemia with decreased lipoylation, likely caused by interruption of
the cluster transfer pathway to the FeS protein lipoate synthase [110]. The physiological role of BolA1
and BolA3 in complex with Grx5 remains elusive. For more comprehensive summaries of the topic,
we refer to [10,54,111].

2.4. FeS Cluster Transfer Reactions

CGFS-type Grxs and BolA-like proteins have been suggested to cooperate in the transfer of FeS
clusters to target proteins and targeting protein complexes [53]. A number of studies, summarized in

59



Molecules 2020, 25, 3860

Table 2 and Figure 5, have addressed such transfer reactions in vitro, mostly utilizing differences in
the absorption or circular dichroism of the holo-complexes of target and recipient proteins. In brief,
the combined in vitro data on these cluster transfer reactions can be summarized as follows: it appears
that Fe2S2 clusters can be transferred between most proteins that have the ability to ligate them,
independent of the physiological significance of these interactions and phylogenetics. The reactions are
reversible and seem to primarily follow thermodynamic constrains. So far, evidence for the requirement
of any form of catalysis has only been demonstrated for the transfer of the Fe2S2 cluster built in
the initial scaffold ISCU to the Grx5 homolog of Azotobacter vinelandii in the form of the HscA/HscB
chaperone system [131]. The rate constants, especially of the reactions regarded as physiologically
significant, are generally low, in the range of 0.1–1.7·101 M−1 s−1. Astonishingly, some of the highest rate
constants have been reported for cluster transfer reactions between proteins that cannot be considered
physiologically meaningful, e.g., from human Nfu (mitochondrial) to S. cerevisiae Grx3 (cytosolic) with
6·102 M−1 s−1 [122], or from S. cerevisiae Grx3 to Azotobacter vinelandii ISCA at ≥8.3·102 M−1 s−1 [130].
In vitro, human Grx2, a CSYC-type Grx, can transfer its cluster to Fdx1 with similar (low) rates as
CGFS-type Grx5, i.e., 1.9·101 M−1 s−1 and 3.3·101 M−1 s−1, respectively, summarized in Table 2 and
Figure 5. In vivo, however, due to its different quaternary structure, the ubiquitously expressed [77]
mitochondrial Fe2S2-Grx2a cannot compensate for the iron deficiency phenotype caused by Fe2S2-Grx5
depletion or loss, in neither zebrafish [82] nor in humans [82,109]. With respect to the role of the
BolA-like proteins, no in vitro study so far has demonstrated that these proteins are strictly required
for the transfer of FeS clusters from Grxs to any other protein or vice versa, nor that their presence
would enhance the rate constants of the transfer reaction. To date, in vitro studies have not provided
conclusive evidence on the nature of the efficiency, nor the specificity in cluster transfer reactions
observed in vivo.

3. Other Glutathione-Iron Complexes

Dinitrosyl-iron complexes (DINICs) are the derivative of nitric oxide (NO), iron, and other ligands.
They play a crucial role in stabilization, storage, and NO bio-activity [152]. The electron paramagnetic
resonance (EPR) signal at g = 2.03 is a characteristic feature of DINICs and was identified in vivo in
animal tissues and other organisms [153]. In general, DINICs are formed by the attachment of anionic
ligands to an Fe(NO)2 nucleus. One common ligand of these centers is the thiolate of glutathione (GS−).
Depending on the number of iron-nitrosyl nuclei attached to the ligand(s), both mono- and bi-nuclear
DINICs are formed [154]. Under physiological conditions, mononuclear thiol-ligated DINICs appear
to be in equilibrium with binuclear DINICs of the Roussin’s red salt thioether type [155]. FeS proteins
may be the major source of protein-bound DINICs as demonstrated in E. coli when ·NO directly reacts
with the FeS clusters [156]. ·NO may also react with superoxide (O2

−), yielding peroxynitrite (ONOO−)
that can react with proteins, inducing carbonylation and nitration [61]. In a recent study, we provided
evidence that FeS-Grx2 can inhibit ONOO− formation in cells by the reaction of its GSH co-ligated FeS
cluster with ·NO, yielding glutathionyl-DINICs [88]. Such glutathionyl-DINICs may biologically be the
most significant form. For instance, they may play an important role in protein S-nitrosylation (S-NO).

Various studies and reviews have reported the formation of S-NOs in vivo, see for
instance [157–160]. It is often described as the product of the reaction of the ·NO radical with thiol
groups. However, this reaction as such cannot take place unless one electron is removed, e.g., by a
metal/enzyme catalyst [161].

NO + R-SH→ R-S-NO + e− (1)

Glutathionyl-DINICs can release nitrosonium ions (NO+) that can react with GSH to form
GS-NO [162]. This NO+ moiety can be transferred to other thiols by a nucleophilic attack on the
electrophilic nitrogen atom of GS-NO—a process known as protein trans-nitrosylation [163].

GS-NO + R′-SH→ GSH + R′-S-NO (2)
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The thiol peroxidases peroxiredoxin 1 (Prx1) is S-nitrosylated in mammalian cells [164].
This reaction is mediated by glutathionyl-DINICs and involves the reactive peroxidatic cysteinyl
residue in the active site of Prx1. The reaction affects the reactivity of the protein and thus its enzymatic
and signaling functions [165].

DINICs complexed with glutathione may also be of interest for therapeutic applications [153].
They might serve also as ·NO donors to regulate the muscle tonus around the vasculature [152] and
have already been successfully tested as hypotensive drugs in clinical trials [166]. The stability of
DINICs can be increased through their interaction with proteins [153]. For example, cysteinyl residues
in serum albumin can modulate and prolong the vasodilating activity of glutathionyl-DINICs [152].
It is noteworthy that these DINICs do not seem to affect the cellular glutathione levels, nor cellular
proliferation [167]. They are not toxic to HeLa cells [168] and they increase the viability of fibroblasts
and rat caridiomyocytes [167,169]. Glutathionyl-DINICs were also reported to accelerate skin wound
healing, to inhibit apoptosis, and to suppress endometriosis [9,170]. In heart infarction models, treatment
reduced the size of the infarction zone and inhibited platelet aggregation [171,172]. In summary,
treatment with glutahionyl-DINICS may develop into new therapeutic strategies.

4. Conclusions and Outlook

The past decade has seen some remarkable progress in our understanding of the role of GSH
and Grxs in iron metabolism, particularly with respect to the synthesis and maturation of FeS
proteins. Promising steps have been made towards re-building functional FeS transfer and targeting
complexes in vitro. We have reached a molecular understanding of the factors that determine the
GSH-dependent oxidoreductase and FeS scaffold functions of Grxs. With the unraveling of the yeast
Grx3/4-Fra2-mediated regulation of iron homeostasis in yeast, we have been presented with the first
well-characterized physiological function of a Grx-BolA hetero-complex. However, a number of urgent
open questions remain to be answered. They include, without claiming completeness:

What is the role of GSH in the export of FeS precursors from mitochondria to the cytosolic
FeS assembly machinery? What compound is exported and what is the source of iron for cytosolic
FeS maturation?

Outside the well-established yeast Aft regulon, what are the physiological roles of the CGFS-type
Grx interactions with BolA-like proteins? Are these interactions essential for mitochondrial and/or
cytosolic FeS maturation and transfer reactions? Do (more) of these complexes function in iron sensing?

What is the mechanism of cluster transfer between Grxs and recipient proteins? What are the
factors that ensure both the specificity and efficiency of the reactions in vivo that we are apparently
missing in vitro to date?

Author Contributions: T.D., H.M.F., J.L.M., G.M., and L.C.H. wrote and revised the text. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Deutsche Forschungsgemeinschaft (LI 984/3-2, LI 984/4-1,
and GRK1947-A1. We acknowledge support for the Article Processing Charge from the DFG (German Research
Foundation, 393148499) and the Open Access Publication Fund of the University of Greifswald.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Deponte, M. The Incomplete Glutathione Puzzle: Just Guessing at Numbers and Figures?
Antioxid. Redox Signal. 2017, 27, 1130–1161. [CrossRef] [PubMed]

2. Berndt, C.; Lillig, C.H.; Flohé, L. Redox regulation by glutathione needs enzymes. Front. Pharmacol. 2014,
5, 168. [CrossRef] [PubMed]

3. Handy, D.E.; Lubos, E.; Yang, Y.; Galbraith, J.D.; Kelly, N.; Zhang, Y.Y.; Leopold, J.A.; Loscalzo, J. Glutathione
peroxidase-1 regulates mitochondrial function to modulate redox-dependent cellular responses. J. Biol. Chem.
2009, 284, 11913–11921. [CrossRef]

61



Molecules 2020, 25, 3860

4. Sakai, O.; Uchida, T.; Imai, H.; Ueta, T. Glutathione peroxidase 4 plays an important role in oxidative
homeostasis and wound repair in corneal epithelial cells. FEBS Open Bio 2016, 6, 1238–1247. [CrossRef]
[PubMed]

5. Yang, W.S.; Stockwell, B.R. Ferroptosis: Death by Lipid Peroxidation. Trends Cell Biol. 2016, 26, 165–176.
[CrossRef]

6. Cao, J.Y.; Dixon, S.J. Mechanisms of ferroptosis. Cell. Mol. Life Sci. 2016, 73, 2195–2209. [CrossRef]
7. Ingold, I.; Berndt, C.; Schmitt, S.; Doll, S.; Poschmann, G.; Buday, K.; Roveri, A.; Peng, X.; Freitas, F.P.; Seibt, T.;

et al. Selenium Utilization by GPX4 Is Required to Prevent Hydroperoxide-Induced Ferroptosis. Cell 2018,
172, 409–422. [CrossRef]

8. Kumar, C.; Igbaria, A.; D’autreaux, B.; Planson, A.G.; Junot, C.; Godat, E.; Bachhawat, A.K.;
Delaunay-Moisan, A.; Toledano, M.B. Glutathione revisited: A vital function in iron metabolism and
ancillary role in thiol-redox control. EMBO J. 2011, 30, 2044–2056. [CrossRef]

9. Berndt, C.; Lillig, C.H. Glutathione, Glutaredoxins, and Iron. Antioxid. Redox Signal. 2017, 27, 1235–1251.
[CrossRef]

10. Li, H.; Outten, C.E. Monothiol CGFS glutaredoxins and BolA-like proteins: [2Fe-2S] binding partners in iron
homeostasis. Biochemistry 2012, 51, 4377–4389. [CrossRef]

11. Gupta, M.; Outten, C.E. Iron-sulfur cluster signaling: The common thread in fungal iron regulation. Curr. Opin.
Chem. Biol. 2020, 55, 189–201. [CrossRef] [PubMed]

12. Rouhier, N.; Couturier, J.; Johnson, M.K.; Jacquot, J.-P. Glutaredoxins: Roles in iron homeostasis.
Trends Biochem. Sci. 2010, 35, 43–52. [CrossRef] [PubMed]

13. Sugiura, Y.; Tanaka, H. Iron-sulfide chelates of some sulfur-containing peptides as model complex of
non-heme iron proteins. Biochem. Biophys. Res. Commun. 1972, 46, 335–340. [CrossRef]

14. Kispal, G.; Csere, P.; Guiard, B.; Lill, R. The ABC transporter Atm1p is required for mitochondrial iron
homeostasis. FEBS Lett. 1997, 418, 346–350. [CrossRef]

15. Sipos, K.; Lange, H.; Fekete, Z.; Ullmann, P.; Lill, R.; Kispal, G. Maturation of cytosolic iron-sulfur proteins
requires glutathione. J. Biol. Chem. 2002, 277, 26944–26949. [CrossRef] [PubMed]

16. Lillig, C.H.; Berndt, C.; Vergnolle, O.; Lönn, M.E.; Hudemann, C.; Bill, E.; Holmgren, A. Characterization of
human glutaredoxin 2 as iron-sulfur protein: A possible role as redox sensor. Proc. Natl. Acad. Sci. USA
2005, 102, 8168–8173. [CrossRef]

17. Beinert, H.; Holm, R.H.; Münck, E. Iron-sulfur clusters: Nature’s modular, multipurpose structures. Science
1997, 277, 653–659. [CrossRef]

18. Johnson, D.C.; Dean, D.R.; Smith, A.D.; Johnson, M.K. Structure, function, and formation of biological
iron-sulfur clusters. Annu. Rev. Biochem. 2005, 74, 247–281. [CrossRef]

19. Lill, R.; Hoffmann, B.; Molik, S.; Pierik, A.J.; Rietzschel, N.; Stehling, O.; Uzarska, M.A.; Webert, H.;
Wilbrecht, C.; Mühlenhoff, U. The role of mitochondria in cellular iron–sulfur protein biogenesis and iron
metabolism. Biochim. Biophys. Acta BBA-Mol. Cell Res. 2012, 1823, 1491–1508. [CrossRef]

20. Gerber, J.; Neumann, K.; Prohl, C.; Mühlenhoff, U.; Lill, R. The Yeast Scaffold Proteins Isu1p and Isu2p Are
Required inside Mitochondria for Maturation of Cytosolic Fe/S Proteins. Mol. Cell. Biol. 2004, 24, 4848–4857.
[CrossRef]

21. Balk, J.; Schaedler, T.A. Iron cofactor assembly in plants. Annu. Rev. Plant Biol. 2014, 65, 125–153. [CrossRef]
[PubMed]

22. Braymer, J.J.; Lill, R. Iron-sulfur cluster biogenesis and trafficking in mitochondria. J. Biol. Chem. 2017,
292, 12754–12763. [CrossRef] [PubMed]

23. Sheftel, A.; Stehling, O.; Lill, R. Iron-sulfur proteins in health and disease. Trends Endocrinol. Metab. 2010,
21, 302–314. [CrossRef] [PubMed]

24. Sheftel, A.D.; Wilbrecht, C.; Stehling, O.; Niggemeyer, B.; Elsässer, H.P.; Mühlenhoff, U.; Lill, R. The human
mitochondrial ISCA1, ISCA2, and IBA57 proteins are required for [4Fe-4S] protein maturation. Mol. Biol. Cell
2012, 23, 1157–1166. [CrossRef] [PubMed]

25. Weiler, B.D.; Brück, M.-C.; Kothe, I.; Bill, E.; Lill, R.; Mühlenhoff, U. Mitochondrial [4Fe-4S] protein assembly
involves reductive [2Fe-2S] cluster fusion on ISCA1–ISCA2 by electron flow from ferredoxin FDX2. Proc. Natl.
Acad. Sci. USA 2020. [CrossRef] [PubMed]

62



Molecules 2020, 25, 3860

26. Sheftel, A.D.; Stehling, O.; Pierik, A.J.; Netz, D.J.; Kerscher, S.; Elsässer, H.P.; Wittig, I.; Balk, J.; Brandt, U.;
Lill, R. Human ind1, an iron-sulfur cluster assembly factor for respiratory complex I. Mol. Cell. Biol. 2009,
29, 6059–6073. [CrossRef]

27. Braymer, J.J.; Stümpfig, M.; Thelen, S.; Mühlenhoff, U.; Lill, R. Depletion of thiol reducing capacity impairs
cytosolic but not mitochondrial iron-sulfur protein assembly machineries. Biochim. Biophys. Acta Mol.-Cell Res.
2019, 1866, 240–251. [CrossRef]

28. Danielson, S.R.; Held, J.M.; Oo, M.; Riley, R.; Gibson, B.W.; Andersen, J.K. Quantitative mapping of reversible
mitochondrial Complex I cysteine oxidation in a Parkinson disease mouse model. J. Biol. Chem. 2011,
286, 7601–7608. [CrossRef]

29. Balijepalli, S.; Boyd, M.R.; Ravindranath, V. Inhibition of mitochondrial complex I by haloperidol: The role of
thiol oxidation. Neuropharmacology 1999, 38, 567–577. [CrossRef]

30. Chinta, S.J.; Andersen, J.K. Redox imbalance in Parkinson’s disease. Biochim. Biophys. Acta BBA-Gen. Subj.
2008, 1780, 1362–1367. [CrossRef]

31. Mailloux, R.J.; Willmore, W.G. S-glutathionylation reactions in mitochondrial function and disease. Front. Cell
Dev. Biol. 2014, 2, 68. [CrossRef] [PubMed]

32. Kispal, G.; Csere, P.; Prohl, C.; Lill, R. The mitochondrial proteins Atm1p and Nfs1p are essential for
biogenesis of cytosolic Fe/S proteins. EMBO J. 1999, 18, 3981–3989. [CrossRef] [PubMed]

33. Srinivasan, V.; Pierik, A.J.; Lill, R. Crystal structures of nucleotide-free and glutathione-bound mitochondrial
ABC transporter Atm1. Science 2014, 343, 1137–1140. [CrossRef] [PubMed]

34. Lill, R.; Srinivasan, V.; Mühlenhoff, U. The role of mitochondria in cytosolic-nuclear iron–sulfur protein
biogenesis and in cellular iron regulation. Curr. Opin. Microbiol. 2014, 22, 111–119. [CrossRef]

35. Schaedler, T.A.; Faust, B.; Shintre, C.A.; Carpenter, E.P.; Srinivasan, V.; van Veen, H.W.; Balk, J. Structures and
functions of mitochondrial ABC transporters. Biochem. Soc. Trans. 2015, 43, 943–951. [CrossRef]

36. Bekri, S.; Kispal, G.; Lange, H.; Fitzsimons, E.; Tolmie, J.; Lill, R.; Bishop, D.F. Human ABC7 transporter:
Gene structure and mutation causing X-linked sideroblastic anemia with ataxia with disruption of cytosolic
iron-sulfur protein maturation. Blood 2000, 96, 3256–3264. [CrossRef]

37. D’Hooghe, M.; Selleslag, D.; Mortier, G.; Van Coster, R.; Vermeersch, P.; Billiet, J.; Bekri, S. X-linked
sideroblastic anemia and ataxia: A new family with identification of a fourth ABCB7 gene mutation. Eur. J.
Paediatr. Neurol. 2012, 16, 730–735. [CrossRef]

38. Schaedler, T.A.; Thornton, J.D.; Kruse, I.; Schwarzländer, M.; Meyer, A.J.; van Veen, H.W.; Balk, J. A conserved
mitochondrial ATP-binding cassette transporter exports glutathione polysulfide for cytosolic metal cofactor
assembly. J. Biol. Chem. 2014, 289, 23264–23274. [CrossRef]

39. Li, J.; Cowan, J.A. Glutathione-coordinated [2Fe-2S] cluster: A viable physiological substrate for mitochondrial
ABCB7 transport. Chem. Commun. Camb. Engl. 2015, 51, 2253–2255. [CrossRef]

40. Pearson, S.A.; Wachnowsky, C.; Cowan, J.A. Defining the mechanism of the mitochondrial Atm1p [2Fe–2S]
cluster exporter. Metallomics 2020, 12, 902–915. [CrossRef]

41. Fidai, I.; Wachnowsky, C.; Cowan, J.A. Glutathione-complexed [2Fe-2S] clusters function in Fe-S cluster
storage and trafficking. J. Biol. Inorg. Chem. JBIC Publ. Soc. Biol. Inorg. Chem. 2016, 21, 887–901. [CrossRef]
[PubMed]

42. Lill, R. Function and biogenesis of iron-sulphur proteins. Nature 2009, 460, 831–838. [CrossRef] [PubMed]
43. Webert, H.; Freibert, S.A.; Gallo, A.; Heidenreich, T.; Linne, U.; Amlacher, S.; Hurt, E.; Mühlenhoff, U.;

Banci, L.; Lill, R. Functional reconstitution of mitochondrial Fe/S cluster synthesis on Isu1 reveals the
involvement of ferredoxin. Nat. Commun. 2014, 5, 1–12. [CrossRef] [PubMed]

44. Vernis, L.; Facca, C.; Delagoutte, E.; Soler, N.; Chanet, R.; Guiard, B.; Faye, G.; Baldacci, G. A newly identified
essential complex, Dre2-Tah18, controls mitochondria integrity and cell death after oxidative stress in yeast.
PLoS ONE 2009, 4, e4376. [CrossRef] [PubMed]

45. Netz, D.J.; Stümpfig, M.; Doré, C.; Mühlenhoff, U.; Pierik, A.J.; Lill, R. Tah18 transfers electrons to Dre2 in
cytosolic iron-sulfur protein biogenesis. Nat. Chem. Biol. 2010, 6, 758–765. [CrossRef]

46. Banci, L.; Bertini, I.; Calderone, V.; Ciofi-Baffoni, S.; Giachetti, A.; Jaiswal, D.; Mikolajczyk, M.; Piccioli, M.;
Winkelmann, J. Molecular view of an electron transfer process essential for iron–sulfur protein biogenesis.
Proc. Natl. Acad. Sci. USA 2013, 110, 7136–7141. [CrossRef]

47. Balk, J.; Pierik, A.J.; Netz, D.J.; Mühlenhoff, U.; Lill, R. The hydrogenase-like Nar1p is essential for maturation
of cytosolic and nuclear iron-sulphur proteins. EMBO J. 2004, 23, 2105–2115. [CrossRef]

63



Molecules 2020, 25, 3860

48. Balk, J.; Aguilar Netz, D.J.; Tepper, K.; Pierik, A.J.; Lill, R. The essential WD40 protein Cia1 is involved in
a late step of cytosolic and nuclear iron-sulfur protein assembly. Mol. Cell. Biol. 2005, 25, 10833–10841.
[CrossRef]

49. Song, D.; Lee, F.S. A role for IOP1 in mammalian cytosolic iron-sulfur protein biogenesis. J. Biol. Chem. 2008,
283, 9231–9238. [CrossRef]

50. Netz, D.J.; Pierik, A.J.; Stümpfig, M.; Bill, E.; Sharma, A.K.; Pallesen, L.J.; Walden, W.E.; Lill, R. A bridging
[4Fe-4S] cluster and nucleotide binding are essential for function of the Cfd1-Nbp35 complex as a scaffold in
iron-sulfur protein maturation. J. Biol. Chem. 2012, 287, 12365–12378. [CrossRef]

51. Mühlenhoff, U.; Molik, S.; Godoy, J.R.; Uzarska, M.A.; Richter, N.; Seubert, A.; Zhang, Y.; Stubbe, J.; Pierrel, F.;
Herrero, E.; et al. Cytosolic monothiol glutaredoxins function in intracellular iron sensing and trafficking via
their bound iron-sulfur cluster. Cell Metab. 2010, 12, 373–385. [CrossRef] [PubMed]

52. Haunhorst, P.; Hanschmann, E.M.; Bräutigam, L.; Stehling, O.; Hoffmann, B.; Mühlenhoff, U.; Lill, R.;
Berndt, C.; Lillig, C.H. Crucial function of vertebrate glutaredoxin 3 (PICOT) in iron homeostasis and
hemoglobin maturation. Mol. Biol. Cell 2013, 24, 1895–1903. [CrossRef] [PubMed]

53. Li, H.; Mapolelo, D.T.; Randeniya, S.; Johnson, M.K.; Outten, C.E. Human Glutaredoxin 3 Forms
[2Fe-2S]-Bridged Complexes with Human BolA2. Biochemistry 2012, 51, 1687–1696. [CrossRef] [PubMed]

54. Dhalleine, T.; Rouhier, N.; Couturier, J. Putative roles of glutaredoxin-BolA holo-heterodimers in plants.
Plant Signal. Behav. 2014, 9, e28564. [CrossRef]

55. Roret, T.; Tsan, P.; Couturier, J.; Zhang, B.; Johnson, M.K.; Rouhier, N.; Didierjean, C. Structural and
spectroscopic insights into BolA-glutaredoxin complexes. J. Biol. Chem. 2014, 289, 24588–24598. [CrossRef]

56. Banci, L.; Camponeschi, F.; Ciofi-Baffoni, S.; Muzzioli, R. Elucidating the Molecular Function of Human
BOLA2 in GRX3-Dependent Anamorsin Maturation Pathway. J. Am. Chem. Soc. 2015, 137, 16133–16143.
[CrossRef]

57. Seki, M.; Takeda, Y.; Iwai, K.; Tanaka, K. IOP1 protein is an external component of the human cytosolic
iron-sulfur cluster assembly (CIA) machinery and functions in the MMS19 protein-dependent CIA pathway.
J. Biol. Chem. 2013, 288, 16680–16689. [CrossRef]

58. Stehling, O.; Vashisht, A.A.; Mascarenhas, J.; Jonsson, Z.O.; Sharma, T.; Netz, D.J.; Pierik, A.J.;
Wohlschlegel, J.A.; Lill, R. MMS19 assembles iron-sulfur proteins required for DNA metabolism and
genomic integrity. Science 2012, 337, 195–199. [CrossRef]

59. Urzica, E.; Pierik, A.J.; Mühlenhoff, U.; Lill, R. Crucial role of conserved cysteine residues in the assembly of
two iron-sulfur clusters on the CIA protein Nar1. Biochemistry 2009, 48, 4946–4958. [CrossRef]

60. Gari, K.; León Ortiz, A.M.; Borel, V.; Flynn, H.; Skehel, J.M.; Boulton, S.J. MMS19 links cytoplasmic iron-sulfur
cluster assembly to DNA metabolism. Science 2012, 337, 243–245. [CrossRef]

61. Hanschmann, E.-M.; Godoy, J.R.; Berndt, C.; Hudemann, C.; Lillig, C.H. Thioredoxins, glutaredoxins, and
peroxiredoxins—Molecular mechanisms and health significance: From cofactors to antioxidants to redox
signaling. Antioxid. Redox Signal. 2013, 19, 1539–1605. [CrossRef] [PubMed]

62. Holmgren, A. Glutathione-dependent synthesis of deoxyribonucleotides. Characterization of the enzymatic
mechanism of Escherichia coli glutaredoxin. J. Biol. Chem. 1979, 254, 3672–3678. [PubMed]

63. Mieyal, J.J.; Gallogly, M.M.; Qanungo, S.; Sabens, E.A.; Shelton, M.D. Molecular mechanisms and clinical
implications of reversible protein S-glutathionylation. Antioxid. Redox Signal. 2008, 10, 1941–1988. [CrossRef]
[PubMed]

64. Gallogly, M.M.; Mieyal, J.J. Mechanisms of reversible protein glutathionylation in redox signaling and
oxidative stress. Curr. Opin. Pharmacol. 2007, 7, 381–391. [CrossRef]

65. Sabens Liedhegner, E.A.; Gao, X.-H.; Mieyal, J.J. Mechanisms of altered redox regulation in neurodegenerative
diseases-focus on s-glutathionylation. Antioxid. Redox Signal. 2012, 16, 543–566. [CrossRef]

66. Lillig, C.H.; Berndt, C.; Holmgren, A. Glutaredoxin systems. Biochim. Biophys. Acta 2008, 1780, 1304–1317.
[CrossRef]

67. Holmgren, A.; Johansson, C.; Berndt, C.; Lönn, M.E.; Hudemann, C.; Lillig, C.H. Thiol redox control via
thioredoxin and glutaredoxin systems. Biochem. Soc. Trans. 2005, 33, 1375–1377. [CrossRef]

68. Tamarit, J.; Belli, G.; Cabiscol, E.; Herrero, E.; Ros, J. Biochemical characterization of yeast mitochondrial
Grx5 monothiol glutaredoxin. J. Biol. Chem. 2003, 278, 25745–25751. [CrossRef]

69. Sagemark, J.; Elgán, T.H.; Bürglin, T.R.; Johansson, C.; Holmgren, A.; Berndt, K.D. Redox properties and
evolution of human glutaredoxins. Proteins 2007, 68, 879–892. [CrossRef]

64



Molecules 2020, 25, 3860

70. Gallogly, M.M.; Starke, D.W.; Leonberg, A.K.; Ospina, S.M.E.; Mieyal, J.J. Kinetic and mechanistic
characterization and versatile catalytic properties of mammalian glutaredoxin 2: Implications for intracellular
roles. Biochemistry 2008, 47, 11144–11157. [CrossRef]

71. Mesecke, N.; Spang, A.; Deponte, M.; Herrmann, J.M. A novel group of glutaredoxins in the cis-Golgi critical
for oxidative stress resistance. Mol. Biol. Cell 2008, 19, 2673–2680. [CrossRef] [PubMed]

72. Ströher, E.; Millar, A.H. The biological roles of glutaredoxins. Biochem. J. 2012, 446, 333–348. [CrossRef]
[PubMed]

73. Rodríguez-Manzaneque, M.T.; Tamarit, J.; Bellí, G.; Ros, J.; Herrero, E. Grx5 is a mitochondrial glutaredoxin
required for the activity of iron/sulfur enzymes. Mol. Biol. Cell 2002, 13, 1109–1121. [CrossRef] [PubMed]

74. Bandyopadhyay, S.; Gama, F.; Molina-Navarro, M.M.; Gualberto, J.M.; Claxton, R.; Naik, S.G.; Huynh, B.H.;
Herrero, E.; Jacquot, J.P.; Johnson, M.K.; et al. Chloroplast monothiol glutaredoxins as scaffold proteins for
the assembly and delivery of [2Fe–2S] clusters. EMBO J. 2008, 27, 1122–1133. [CrossRef]

75. Gravina, S.A.; Mieyal, J.J. Thioltransferase is a specific glutathionyl mixed disulfide oxidoreductase.
Biochemistry 1993, 32, 3368–3376. [CrossRef]

76. Zahedi Avval, F.; Holmgren, A. Molecular mechanisms of thioredoxin and glutaredoxin as hydrogen donors
for Mammalian s phase ribonucleotide reductase. J. Biol. Chem. 2009, 284, 8233–8240. [CrossRef]

77. Lönn, M.E.; Hudemann, C.; Berndt, C.; Cherkasov, V.; Capani, F.; Holmgren, A.; Lillig, C.H. Expression
Pattern of Human Glutaredoxin 2 Isoforms: Identification and Characterization of Two Testis/Cancer
Cell-Specific Isoforms. Antioxid. Redox Signal. 2008, 10, 547–558. [CrossRef]

78. Johansson, C.; Lillig, C.H.; Holmgren, A. Human Mitochondrial Glutaredoxin Reduces S-Glutathionylated
Proteins with High Affinity Accepting Electrons from Either Glutathione or Thioredoxin Reductase.
J. Biol. Chem. 2004, 279, 7537–7543. [CrossRef]

79. Lundberg, M.; Johansson, C.; Chandra, J.; Enoksson, M.; Jacobsson, G.; Ljung, J.; Johansson, M.; Holmgren, A.
Cloning and expression of a novel human glutaredoxin (Grx2) with mitochondrial and nuclear isoforms.
J. Biol. Chem. 2001, 276, 26269–26275. [CrossRef]

80. Haunhorst, P.; Berndt, C.; Eitner, S.; Godoy, J.R.; Lillig, C.H. Characterization of the human monothiol
glutaredoxin 3 (PICOT) as iron-sulfur protein. Biochem. Biophys. Res. Commun. 2010, 394, 372–376. [CrossRef]

81. Johansson, C.; Roos, A.K.; Montano, S.J.; Sengupta, R.; Filippakopoulos, P.; Guo, K.; Von Delft, F.; Holmgren, A.;
Oppermann, U.; Kavanagh, K.L. The crystal structure of human GLRX5: Iron-sulfur cluster co-ordination,
tetrameric assembly and monomer activity. Biochem. J. 2011, 433, 303–311. [CrossRef] [PubMed]

82. Camaschella, C.; Campanella, A.; De Falco, L.; Boschetto, L.; Merlini, R.; Silvestri, L.; Levi, S.; Iolascon, A.
The human counterpart of zebrafish shiraz shows sideroblastic-like microcytic anemia and iron overload.
Blood 2007, 110, 1353–1358. [CrossRef] [PubMed]

83. Feng, Y.; Zhong, N.; Rouhier, N.; Hase, T.; Kusunoki, M.; Jacquot, J.P.; Jin, C.; Xia, B. Structural insight into
poplar glutaredoxin C1 with a bridging iron-sulfur cluster at the active site. Biochemistry 2006, 45, 7998–8008.
[CrossRef] [PubMed]

84. Rouhier, N.; Unno, H.; Bandyopadhyay, S.; Masip, L.; Kim, S.K.; Hirasawa, M.; Gualberto, J.M.;
Lattard, V.; Kusunoki, M.; Knaff, D.B.; et al. Functional, structural, and spectroscopic characterization
of a glutathione-ligated [2Fe-2S] cluster in poplar glutaredoxin C1. Proc. Natl. Acad. Sci. USA 2007,
104, 7379–7384. [CrossRef]

85. Berndt, C.; Hudemann, C.; Hanschmann, E.-M.; Axelsson, R.; Holmgren, A.; Lillig, C.H. How does iron-sulfur
cluster coordination regulate the activity of human glutaredoxin 2? Antioxid. Redox Signal. 2007, 9, 151–157.
[CrossRef]

86. Johansson, C.; Kavanagh, K.L.; Gileadi, O.; Oppermann, U. Reversible sequestration of active site cysteines
in a 2Fe-2S-bridged dimer provides a mechanism for glutaredoxin 2 regulation in human mitochondria.
J. Biol. Chem. 2007, 282, 3077–3082. [CrossRef]

87. Iwema, T.; Picciocchi, A.; Traore, D.A.K.; Ferrer, J.-L.; Chauvat, F.; Jacquamet, L. Structural Basis for Delivery
of the Intact [Fe2S2] Cluster by Monothiol Glutaredoxin. Biochemistry 2009, 48, 6041–6043. [CrossRef]

88. Lepka, K.; Volbracht, K.; Bill, E.; Schneider, R.; Rios, N.; Hildebrandt, T.; Ingwersen, J.; Prozorovski, T.;
Lillig, C.H.; van Horssen, J.; et al. Iron-sulfur glutaredoxin 2 protects oligodendrocytes against damage
induced by nitric oxide release from activated microglia. Glia 2017, 65, 1521–1534. [CrossRef]

65



Molecules 2020, 25, 3860

89. Couturier, J.; Przybyla-Toscano, J.; Roret, T.; Didierjean, C.; Rouhier, N. The roles of glutaredoxins ligating
Fe–S clusters: Sensing, transfer or repair functions? Biochim. Biophys. Acta BBA-Mol. Cell Res. 2015,
1853, 1513–1527. [CrossRef]

90. Li, L.; Cheng, N.; Hirschi, K.D.; Wang, X. Structure of Arabidopsis chloroplastic monothiol glutaredoxin
AtGRXcp. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 725–732. [CrossRef]

91. Wang, L.; Li, Y.; Jacquot, J.-P.; Rouhier, N.; Xia, B. Characterization of poplar GrxS14 in different structural
forms. Protein Cell 2014, 5, 329–333. [CrossRef]

92. Trnka, D.; Engelke, A.D.; Gellert, M.; Moseler, A.; Hossain, M.F.; Lindenberg, T.T.; Pedroletti, L.; Odermatt, B.;
de Souza, J.V.; Bronowska, A.K.; et al. Molecular basis for the distinct functions of redox-active and
FeS-transfering glutaredoxins. Nat. Commun. 2020, 11, 3445. [CrossRef] [PubMed]

93. Liedgens, L.; Zimmermann, J.; Wäschenbach, L.; Geissel, F.; Laporte, H.; Gohlke, H.; Morgan, B.; Deponte, M.
Quantitative assessment of the determinant structural differences between redox-active and inactive
glutaredoxins. Nat. Commun. 2020, 11, 1725. [CrossRef] [PubMed]

94. Gladyshev, V.N.; Liu, A.; Novoselov, S.V.; Krysan, K.; Sun, Q.A.; Kryukov, V.M.; Kryukov, G.V.; Lou, M.F.
Identification and characterization of a new mammalian glutaredoxin (thioltransferase), Grx2. J. Biol. Chem.
2001, 276, 30374–30380. [CrossRef] [PubMed]

95. Beer, S.M.; Taylor, E.R.; Brown, S.E.; Dahm, C.C.; Costa, N.J.; Runswick, M.J.; Murphy, M.P. Glutaredoxin
2 catalyzes the reversible oxidation and glutathionylation of mitochondrial membrane thiol proteins:
Implications for mitochondrial redox regulation and antioxidant DEFENSE. J. Biol. Chem. 2004,
279, 47939–47951. [CrossRef]

96. Hudemann, C.; Lönn, M.E.; Godoy, J.R.; Avval, F.Z.; Capani, F.; Holmgren, A.; Lillig, C.H. Identification,
expression pattern, and characterization of mouse glutaredoxin 2 isoforms. Antioxid. Redox Signal. 2009,
11, 1–14. [CrossRef] [PubMed]

97. Scalcon, V.; Tonolo, F.; Folda, A.; Bindoli, A.; Rigobello, M.P. Dimers of glutaredoxin 2 as mitochondrial redox
sensors in selenite-induced oxidative stress. Metallomics 2019, 11, 1241–1251. [CrossRef]

98. Wu, H.; Xing, K.; Lou, M.F. Glutaredoxin 2 prevents H2O2-induced cell apoptosis by protecting complex I
activity in the mitochondria. Biochim. Biophys. Acta 2010, 1797, 1705–1715. [CrossRef]

99. Diotte, N.M.; Xiong, Y.; Gao, J.; Chua, B.H.L.; Ho, Y.-S. Attenuation of doxorubicin-induced cardiac injury by
mitochondrial glutaredoxin 2. Biochim. Biophys. Acta 2009, 1793, 427–438. [CrossRef]

100. Enoksson, M.; Fernandes, A.P.; Prast, S.; Lillig, C.H.; Holmgren, A.; Orrenius, S. Overexpression of
glutaredoxin 2 attenuates apoptosis by preventing cytochrome c release. Biochem. Biophys. Res. Commun.
2005, 327, 774–779. [CrossRef]

101. Kanaan, G.N.; Ichim, B.; Gharibeh, L.; Maharsy, W.; Patten, D.A.; Xuan, J.Y.; Reunov, A.; Marshall, P.; Veinot, J.;
Menzies, K.; et al. Glutaredoxin-2 controls cardiac mitochondrial dynamics and energetics in mice, and
protects against human cardiac pathologies. Redox Biol. 2018, 14, 509–521. [CrossRef] [PubMed]

102. Young, A.; Gardiner, D.; Kuksal, N.; Gill, R.; O’Brien, M.; Mailloux, R.J. Deletion of the Glutaredoxin-2 Gene
Protects Mice from Diet-Induced Weight Gain, Which Correlates with Increased Mitochondrial Respiration
and Proton Leaks in Skeletal Muscle. Antioxid. Redox Signal. 2019, 31, 1272–1288. [CrossRef] [PubMed]

103. Bräutigam, L.; Schütte, L.D.; Godoy, J.R.; Prozorovski, T.; Gellert, M.; Hauptmann, G.; Holmgren, A.;
Lillig, C.H.; Berndt, C. Vertebrate-specific glutaredoxin is essential for brain development. Proc. Natl. Acad.
Sci. USA 2011, 108, 20532–20537. [CrossRef] [PubMed]

104. Bräutigam, L.; Jensen, L.D.E.; Poschmann, G.; Nyström, S.; Bannenberg, S.; Dreij, K.; Lepka, K.; Prozorovski, T.;
Montano, S.J.; Aktas, O.; et al. Glutaredoxin regulates vascular development by reversible glutathionylation
of sirtuin 1. Proc. Natl. Acad. Sci. USA 2013, 110, 20057–20062. [CrossRef] [PubMed]

105. Berndt, C.; Lillig, C.H.; Holmgren, A. Thiol-based mechanisms of the thioredoxin and glutaredoxin
systems: Implications for diseases in the cardiovascular system. Am. J. Physiol. Heart Circ. Physiol. 2007,
292, H1227–H1236. [CrossRef]

106. Berndt, C.; Poschmann, G.; Stühler, K.; Holmgren, A.; Bräutigam, L. Zebrafish heart development is regulated
via glutaredoxin 2 dependent migration and survival of neural crest cells. Redox Biol. 2014, 2, 673–678.
[CrossRef]

107. Gellert, M.; Richter, E.; Mostertz, J.; Kantz, L.; Masur, K.; Hanschmann, E.M.; Ribback, S.; Kroeger, N.;
Schaeffeler, E.; Winter, S.; et al. The cytosolic isoform of glutaredoxin 2 promotes cell migration and invasion.
Biochim. Biophys. Acta BBA-Gen. Subj. 2020, 1864, 129599. [CrossRef]

66



Molecules 2020, 25, 3860

108. Schütte, L.D.; Baumeister, S.; Weis, B.; Hudemann, C.; Hanschmann, E.-M.; Lillig, C.H. Identification of
potential protein dithiol-disulfide substrates of mammalian Grx2. Biochim. Biophys. Acta 2013, 1830, 4999–5005.
[CrossRef]

109. Ye, H.; Jeong, S.Y.; Ghosh, M.C.; Kovtunovych, G.; Silvestri, L.; Ortillo, D.; Uchida, N.; Tisdale, J.;
Camaschella, C.; Rouault, T.A. Glutaredoxin 5 deficiency causes sideroblastic anemia by specifically
impairing heme biosynthesis and depleting cytosolic iron in human erythroblasts. J. Clin. Investig. 2010,
120, 1749–1761. [CrossRef]

110. Baker, P.R.; Friederich, M.W.; Swanson, M.A.; Shaikh, T.; Bhattacharya, K.; Scharer, G.H.; Aicher, J.;
Creadon-Swindell, G.; Geiger, E.; MacLean, K.N.; et al. Variant non ketotic hyperglycinemia is caused by
mutations in LIAS, BOLA3 and the novel gene GLRX5. Brain J. Neurol. 2014, 137, 366–379. [CrossRef]

111. Ciofi-Baffoni, S.; Nasta, V.; Banci, L. Protein networks in the maturation of human iron–sulfur proteins.
Metallomics 2018, 10, 49–72. [CrossRef] [PubMed]

112. Das, D.; Patra, S.; Bridwell-Rabb, J.; Barondeau, D.P. Mechanism of frataxin “bypass” in human iron-sulfur
cluster biosynthesis with implications for Friedreich’s ataxia. J. Biol. Chem. 2019, 294, 9276–9284. [CrossRef]
[PubMed]

113. Bonomi, F.; Iametti, S.; Morleo, A.; Ta, D.; Vickery, L.E. Facilitated transfer of IscU-[2Fe2S] clusters by
chaperone-mediated ligand exchange. Biochemistry 2011, 50, 9641–9650. [CrossRef] [PubMed]

114. Uzarska, M.A.; Dutkiewicz, R.; Freibert, S.-A.; Lill, R.; Mühlenhoff, U. The mitochondrial Hsp70 chaperone
Ssq1 facilitates Fe/S cluster transfer from Isu1 to Grx5 by complex formation. Mol. Biol. Cell 2013, 24, 1830–1841.
[CrossRef]

115. Olive, J.A.; Cowan, J.A. Role of the HSPA9/HSC20 chaperone pair in promoting directional human iron-sulfur
cluster exchange involving monothiol glutaredoxin 5. J. Inorg. Biochem. 2018, 184, 100–107. [CrossRef]

116. Melber, A.; Na, U.; Vashisht, A.; Weiler, B.D.; Lill, R.; Wohlschlegel, J.A.; Winge, D.R. Role of Nfu1 and Bol3
in iron-sulfur cluster transfer to mitochondrial clients. Elife 2016, 5, e15991. [CrossRef]

117. Uzarska, M.A.; Nasta, V.; Weiler, B.D.; Spantgar, F.; Ciofi-Baffoni, S.; Saviello, M.R.; Gonnelli, L.;
Mühlenhoff, U.; Banci, L.; Lill, R. Mitochondrial Bol1 and Bol3 function as assembly factors for specific
iron-sulfur proteins. Elife 2016, 5, e16673. [CrossRef]

118. Nasta, V.; Giachetti, A.; Ciofi-Baffoni, S.; Banci, L. Structural insights into the molecular function of human
[2Fe-2S] BOLA1-GRX5 and [2Fe-2S] BOLA3-GRX5 complexes. Biochim. Biophys. Acta Gen. Subj. 2017,
1861, 2119–2131. [CrossRef]

119. Kim, K.-D.; Chung, W.-H.; Kim, H.-J.; Lee, K.-C.; Roe, J.-H. Monothiol glutaredoxin Grx5 interacts with Fe-S
scaffold proteins Isa1 and Isa2 and supports Fe-S assembly and DNA integrity in mitochondria of fission
yeast. Biochem. Biophys. Res. Commun. 2010, 392, 467–472. [CrossRef]

120. Zinskie, J.A.; Ghosh, A.; Trainor, B.M.; Shedlovskiy, D.; Pestov, D.G.; Shcherbik, N. Iron-dependent cleavage
of ribosomal RNA during oxidative stress in the yeast Saccharomyces cerevisiae. J. Biol. Chem. 2018,
293, 14237–14248. [CrossRef]

121. Wingert, R.A.; Galloway, J.L.; Barut, B.; Foott, H.; Fraenkel, P.; Axe, J.L.; Weber, G.J.; Dooley, K.; Davidson, A.J.;
Schmidt, B.; et al. Deficiency of glutaredoxin 5 reveals Fe-S clusters are required for vertebrate haem synthesis.
Nature 2005, 436, 1035–1039. [CrossRef] [PubMed]

122. Fidai, I.; Wachnowsky, C.; Cowan, J.A. Mapping cellular Fe-S cluster uptake and exchange reactions-divergent
pathways for iron-sulfur cluster delivery to human ferredoxins. Met. Integr. Biometal. Sci. 2016, 8, 1283–1293.
[CrossRef] [PubMed]

123. Sen, S.; Hendricks, A.L.; Cowan, J.A. Cluster exchange reactivity of [2Fe-2S]-bridged heterodimeric
BOLA1-GLRX5. FEBS J. 2020. [CrossRef] [PubMed]

124. Sen, S.; Rao, B.; Wachnowsky, C.; Cowan, J.A. Cluster exchange reactivity of [2Fe-2S] cluster-bridged
complexes of BOLA3 with monothiol glutaredoxins. Met. Integr. Biometal. Sci. 2018, 10, 1282–1290.
[CrossRef]

125. Banci, L.; Ciofi-Baffoni, S.; Gajda, K.; Muzzioli, R.; Peruzzini, R.; Winkelmann, J. N-terminal domains mediate
[2Fe-2S] cluster transfer from glutaredoxin-3 to anamorsin. Nat. Chem. Biol. 2015, 11, 772–778. [CrossRef]

126. Nasta, V.; Suraci, D.; Gourdoupis, S.; Ciofi-Baffoni, S.; Banci, L. A pathway for assembling [4Fe-4S]2+ clusters
in mitochondrial iron-sulfur protein biogenesis. FEBS J. 2020, 287, 2312–2327. [CrossRef]

127. Brancaccio, D.; Gallo, A.; Piccioli, M.; Novellino, E.; Ciofi-Baffoni, S.; Banci, L. [4Fe-4S] Cluster Assembly in
Mitochondria and Its Impairment by Copper. J. Am. Chem. Soc. 2017, 139, 719–730. [CrossRef]

67



Molecules 2020, 25, 3860

128. Wachnowsky, C.; Fidai, I.; Cowan, J.A. Cytosolic iron-sulfur cluster transfer-a proposed kinetic pathway for
reconstitution of glutaredoxin 3. FEBS Lett. 2016, 590, 4531–4540. [CrossRef]

129. Wachnowsky, C.; Liu, Y.; Yoon, T.; Cowan, J.A. Regulation of human Nfu activity in Fe-S cluster
delivery-characterization of the interaction between Nfu and the HSPA9/Hsc20 chaperone complex. FEBS J.
2018, 285, 391–410. [CrossRef]

130. Mapolelo, D.T.; Zhang, B.; Randeniya, S.; Albetel, A.N.; Li, H.; Couturier, J.; Outten, C.E.; Rouhier, N.;
Johnson, M.K. Monothiol glutaredoxins and A-type proteins: Partners in Fe-S cluster trafficking. Dalton Trans.
Camb. Engl. 2003 2013, 42, 3107–3115. [CrossRef]

131. Shakamuri, P.; Zhang, B.; Johnson, M.K. Monothiol glutaredoxins function in storing and transporting
[Fe2S2] clusters assembled on IscU scaffold proteins. J. Am. Chem. Soc. 2012, 134, 15213–15216. [CrossRef]
[PubMed]

132. Moseler, A.; Aller, I.; Wagner, S.; Nietzel, T.; Przybyla-Toscano, J.; Mühlenhoff, U.; Lill, R.; Berndt, C.;
Rouhier, N.; Schwarzländer, M.; et al. The mitochondrial monothiol glutaredoxin S15 is essential for
iron-sulfur protein maturation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2015, 112, 13735–13740.
[CrossRef] [PubMed]

133. Outten, C.E.; Albetel, A.-N. Iron sensing and regulation in Saccharomyces cerevisiae: Ironing out the
mechanistic details. Curr. Opin. Microbiol. 2013, 16, 662–668. [CrossRef] [PubMed]

134. Mühlenhoff, U.; Hoffmann, B.; Richter, N.; Rietzschel, N.; Spantgar, F.; Stehling, O.; Uzarska, M.A.; Lill, R.
Compartmentalization of iron between mitochondria and the cytosol and its regulation. Eur. J. Cell Biol.
2015, 94, 292–308. [CrossRef] [PubMed]

135. Stanchi, F.; Bertocco, E.; Toppo, S.; Dioguardi, R.; Simionati, B.; Cannata, N.; Zimbello, R.; Lanfranchi, G.;
Valle, G. Characterization of 16 novel human genes showing high similarity to yeast sequences.
Yeast Chichester Engl. 2001, 18, 69–80. [CrossRef]

136. Witte, S.; Villalba, M.; Bi, K.; Liu, Y.; Isakov, N.; Altman, A. Inhibition of the c-Jun N-terminal kinase/AP-1 and
NF-kappaB pathways by PICOT, a novel protein kinase C-interacting protein with a thioredoxin homology
domain. J. Biol. Chem. 2000, 275, 1902–1909. [CrossRef]

137. Godoy, J.R.; Funke, M.; Ackermann, W.; Haunhorst, P.; Oesteritz, S.; Capani, F.; Elsässer, H.P.; Lillig, C.H. Redox
atlas of the mouse. Immunohistochemical detection of glutaredoxin-, peroxiredoxin-, and thioredoxin-family
proteins in various tissues of the laboratory mouse. Biochim. Biophys. Acta 2011, 1810, 2–92. [CrossRef]

138. Lange, H.; Mühlenhoff, U.; Denzel, M.; Kispal, G.; Lill, R. The heme synthesis defect of mutants impaired in
mitochondrial iron-sulfur protein biogenesis is caused by reversible inhibition of ferrochelatase. J. Biol. Chem.
2004, 279, 29101–29108. [CrossRef]

139. Cha, H.; Kim, J.M.; Oh, J.G.; Jeong, M.H.; Park, C.S.; Park, J.; Jeong, H.J.; Park, B.K.; Lee, Y.H.; Jeong, D.; et al.
PICOT is a critical regulator of cardiac hypertrophy and cardiomyocyte contractility. J. Mol. Cell. Cardiol.
2008, 45, 796–803. [CrossRef]

140. Jeong, D.; Cha, H.; Kim, E.; Kang, M.; Yang, D.K.; Kim, J.M.; Yoon, P.O.; Oh, J.G.; Bernecker, O.Y.; Sakata, S.
PICOT inhibits cardiac hypertrophy and enhances ventricular function and cardiomyocyte contractility.
Circ. Res. 2006, 99, 307–314. [CrossRef]

141. Steiner, R.; Vogel, H. On the kinetics of erythroid cell differentiation in fetal mice. I. Microspectrophotometric
determination of the hemoglobin content in erythroid cells during gestation. J. Cell. Physiol. 1973, 81, 323–338.
[CrossRef] [PubMed]

142. Brotherton, T.W.; Chui, D.H.; Gauldie, J.; Patterson, M. Hemoglobin ontogeny during normal mouse fetal
development. Proc. Natl. Acad. Sci. USA 1979, 76, 2853–2857. [CrossRef] [PubMed]

143. Ye, H.; Rouault, T.A. Human iron-sulfur cluster assembly, cellular iron homeostasis, and disease. Biochemistry
2010, 49, 4945–4956. [CrossRef] [PubMed]

144. Rajagopalan, B.; Francis, J.M.; Cooke, F.; Korlipara, L.P.; Blamire, A.M.; Schapira, A.H.; Madan, J.; Neubauer, S.;
Cooper, J.M. Analysis of the factors influencing the cardiac phenotype in Friedreich’s ataxia. Mov. Disord.
2010, 25, 846–852. [CrossRef]

145. Huynen, M.A.; Spronk, C.A.E.M.; Gabaldón, T.; Snel, B. Combining data from genomes, Y2H and 3D
structure indicates that BolA is a reductase interacting with a glutaredoxin. FEBS Lett. 2005, 579, 591–596.
[CrossRef]

68



Molecules 2020, 25, 3860

146. Li, H.; Mapolelo, D.T.; Dingra, N.N.; Keller, G.; Riggs-Gelasco, P.J.; Winge, D.R.; Johnson, M.K.; Outten, C.E.
Histidine 103 in Fra2 is an iron-sulfur cluster ligand in the [2Fe-2S] Fra2-Grx3 complex and is required for
in vivo iron signaling in yeast. J. Biol. Chem. 2011, 286, 867–876. [CrossRef]

147. Li, H.; Mapolelo, D.T.; Dingra, N.N.; Naik, S.G.; Lees, N.S.; Hoffman, B.M.; Riggs-Gelasco, P.J.; Huynh, B.H.;
Johnson, M.K.; Outten, C.E. The Yeast Iron Regulatory Proteins Grx3/4 and Fra2 Form Heterodimeric
Complexes Containing a [2Fe-2S] Cluster with Cysteinyl and Histidyl Ligation. Biochemistry 2009,
48, 9569–9581. [CrossRef]

148. Poor, C.B.; Wegner, S.V.; Li, H.; Dlouhy, A.C.; Schuermann, J.P.; Sanishvili, R.; Hinshaw, J.R.; Riggs-Gelasco, P.J.;
Outten, C.E.; He, C. Molecular mechanism and structure of the Saccharomyces cerevisiae iron regulator Aft2.
Proc. Natl. Acad. Sci. USA 2014, 111, 4043–4048. [CrossRef]

149. Li, H.; Outten, C.E. The conserved CDC motif in the yeast iron regulator Aft2 mediates iron–sulfur cluster
exchange and protein–protein interactions with Grx3 and Bol2. JBIC J. Biol. Inorg. Chem. 2019, 24, 809–815.
[CrossRef]

150. Encinar del Dedo, J.; Gabrielli, N.; Carmona, M.; Ayté, J.; Hidalgo, E. A Cascade of Iron-Containing Proteins
Governs the Genetic Iron Starvation Response to Promote Iron Uptake and Inhibit Iron Storage in Fission
Yeast. PLoS Genet. 2015, 11, e1005106. [CrossRef]

151. Lill, R.; Freibert, S.-A. Mechanisms of Mitochondrial Iron-Sulfur Protein Biogenesis. Annu. Rev. Biochem.
2020, 89, 471–499. [CrossRef]

152. Liu, T.; Zhang, M.; Terry, M.H.; Schroeder, H.; Wilson, S.M.; Power, G.G.; Li, Q.; Tipple, T.E.; Borchardt, D.;
Blood, A.B. Hemodynamic Effects of Glutathione-Liganded Binuclear Dinitrosyl Iron Complex: Evidence for
Nitroxyl Generation and Modulation by Plasma Albumin. Mol. Pharmacol. 2018, 93, 427–437. [CrossRef]
[PubMed]

153. Vanin, A.F. Dinitrosyl iron complexes with thiolate ligands: Physico-chemistry, biochemistry and physiology.
Nitric Oxide Biol. Chem. 2009, 21, 1–13. [CrossRef] [PubMed]

154. Borodulin, R.R.; Dereven’kov, I.A.; Burbaev, D.S.; Makarov, S.V.; Mikoyan, V.D.; Serezhenkov, V.A.;
Kubrina, L.N.; Ivanovic-Burmazovic, I.; Vanin, A.F. Redox activities of mono- and binuclear forms of
low-molecular and protein-bound dinitrosyl iron complexes with thiol-containing ligands. Nitric Oxide
Biol. Chem. 2014, 40, 100–109. [CrossRef] [PubMed]

155. Vanin, A.F. Dinitrosyl iron complexes with thiol-containing ligands as a “working form” of endogenous
nitric oxide. Nitric Oxide 2016, 54, 15–29. [CrossRef] [PubMed]

156. Landry, A.P.; Duan, X.; Huang, H.; Ding, H. Iron-sulfur proteins are the major source of protein-bound
dinitrosyl iron complexes formed in Escherichia coli cells under nitric oxide stress. Free Radic. Biol. Med.
2011, 50, 1582–1590. [CrossRef]

157. Foster, M.W.; Hess, D.T.; Stamler, J.S. Protein S-nitrosylation in health and disease: A current perspective.
Trends Mol. Med. 2009, 15, 391–404. [CrossRef]

158. Chen, S.C.; Huang, B.; Liu, Y.C.; Shyu, K.G.; Lin, P.Y.; Wang, D.L. Acute hypoxia enhances proteins’
S-nitrosylation in endothelial cells. Biochem. Biophys. Res. Commun. 2008, 377, 1274–1278. [CrossRef]

159. Murray, C.I.; Uhrigshardt, H.; O’Meally, R.N.; Cole, R.N.; Van Eyk, J.E. Identification and quantification
of S-nitrosylation by cysteine reactive tandem mass tag switch assay. Mol. Cell. Proteom. MCP 2012,
11, M111.013441. [CrossRef]

160. Qu, Z.; Greenlief, C.M.; Gu, Z. Quantitative Proteomic Approaches for Analysis of Protein S-Nitrosylation.
J. Proteome Res. 2016, 15, 1–14. [CrossRef]

161. Anand, P.; Stamler, J.S. Enzymatic mechanisms regulating protein S-nitrosylation: Implications in health and
disease. J. Mol. Med. Berl. Ger. 2012, 90, 233–244. [CrossRef] [PubMed]

162. Borodulin, R.R.; Kubrina, L.N.; Mikoyan, V.D.; Poltorakov, A.P.; Shvydkiy, V.O.; Burbaev, D.S.;
Serezhenkov, V.A.; Yakhontova, E.R.; Vanin, A.F. Dinitrosyl iron complexes with glutathione as NO
and NO+ donors. Nitric Oxide 2013, 29, 4–16. [CrossRef] [PubMed]

163. Heinrich, T.A.; da Silva, R.S.; Miranda, K.M.; Switzer, C.H.; Wink, D.A.; Fukuto, J.M. Biological nitric oxide
signalling: Chemistry and terminology. Br. J. Pharmacol. 2013, 169, 1417–1429. [CrossRef] [PubMed]

164. Martínez-Ruiz, A.; Lamas, S. Detection and proteomic identification of S-nitrosylated proteins in endothelial
cells. Arch. Biochem. Biophys. 2004, 423, 192–199. [CrossRef] [PubMed]

69



Molecules 2020, 25, 3860

165. Truzzi, D.R.; Alves, S.V.; Netto, L.E.S.; Augusto, O. The Peroxidatic Thiol of Peroxiredoxin 1 is Nitrosated by
Nitrosoglutathione but Coordinates to the Dinitrosyl Iron Complex of Glutathione. Antioxidants 2020, 9, 276.
[CrossRef]

166. Chazov, E.I.; Rodnenkov, O.V.; Zorin, A.V.; Lakomkin, V.L.; Gramovich, V.V.; Vyborov, O.N.; Dragnev, A.G.;
Timoshin, A.A.; Buryachkovskaya, L.I.; Abramov, A.A.; et al. Hypotensive effect of Oxacom® containing a
dinitrosyl iron complex with glutathione: Animal studies and clinical trials on healthy volunteers. Nitric Oxide
2012, 26, 148–156. [CrossRef]

167. Akentieva, N.P.; Sanina, N.A.; Gizatullin, A.R.; Shkondina, N.I.; Prikhodchenko, T.R.; Shram, S.I.; Zhelev, N.;
Aldoshin, S.M. Cytoprotective Effects of Dinitrosyl Iron Complexes on Viability of Human Fibroblasts and
Cardiomyocytes. Front. Pharmacol. 2019, 10, 1277. [CrossRef]

168. Giliano, N.Y.; Konevega, L.V.; Noskin, L.A.; Serezhenkov, V.A.; Poltorakov, A.P.; Vanin, A.F. Dinitrosyl
iron complexes with thiol-containing ligands and apoptosis: Studies with HeLa cell cultures. Nitric Oxide
Biol. Chem. 2011, 24, 151–159. [CrossRef]

169. Hou, J.; He, H.; Huang, S.; Qian, M.; Wang, J.; Tan, X.; Han, G.; Song, Y.; Xu, Z.; Liu, Y. A mitochondria-targeted
nitric oxide donor triggered by superoxide radical to alleviate myocardial ischemia/reperfusion injury.
Chem. Commun. 2019, 55, 1205–1208. [CrossRef]

170. Burgova, E.N.; Tkachev, N.A.; Adamyan, L.V.; Mikoyan, V.D.; Paklina, O.V.; Stepanyan, A.A.; Vanin, A.F.
Dinitrosyl iron complexes with glutathione suppress experimental endometriosis in rats. Eur. J. Pharmacol.
2014, 727, 140–147. [CrossRef]

171. Pisarenko, O.I.; Serebryakova, L.I.; Tskitishvili, O.V.; Studneva, I.M.; Vanin, A.F.; Chazov, E.I. Cardioprotective
efficacy of dinitrosyl iron complex with L-cysteine in rats in vivo. Biol. Bull. 2008, 35, 95–98. [CrossRef]

172. Mordvintsev, P.I.; Rudneva, V.G.; Vanin, A.F.; Shimkevich, L.L.; Khodorov, B.I. Inhibition of platelet
aggregation by dinitrosyl iron complexes with low molecular weight ligands. Biokhimiia Mosc. Russ. 1986,
51, 1851–1857.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

70



molecules

Article

Profiling the Concentration of Reduced and Oxidized
Glutathione in Rat Brain Using HPLC/DAD
Chromatographic System

George Jîtcă 1,2, Erzsébet Fogarasi 3,* , Bianca-Eugenia Ősz 1, Camil Eugen Vari 1 , Ibolya Fülöp 3,
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Abstract: This study aimed to develop a HPLC/DAD method in order to determine and quantify the
reduced glutathione (GSH) and oxidized glutathione (GSSG) levels in rat brain. Due to the presence
of the thiol group (-SH), GSH can interact with the Ellman′s reagent (DTNB), with which it forms a
reaction product through which the level of GSH can be quantified, using the DAD detection system.
Chromatographic separation was achieved after a derivatization process by using a mobile phase
acetonitrile (A) and phosphate buffer (20 mM, pH = 2.5) (B). The compounds of interest were detected
at 330 nm using a chromatographic C8 column. The method of determination met the validation
criteria, specified by the regulatory bodies. The applicability of the method was demonstrated in a
chronic toxicology study of central nervous system (CNS), following different treatment regimens
with haloperidol.

Keywords: oxidative stress; glutathione; brain; liquid chromatography; diode array detector

1. Introduction

Glutathione (GSH) is a tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) that exhibits
many biological roles, including the protection against reactive oxygen and nitrogen
species (ROS and RNS). Thus, the GSH antioxidant pathway is one of the most important
and well-represented components of the endogenous antioxidant system [1]. At the same
time, the cysteine residue, reactive thiol (-SH) group, present in its chemical structure, is
responsible for the antioxidant effect by neutralizing the ROS and RNS [2,3].

GSH is involved in many processes, such as defense and preservation of the organ-
ism, prevention or delay of age-related diseases onset, given the proportional increase
of free radicals with aging [4]. It is found mainly in its reduced form (GSH) because the
enzyme responsible for converting the oxidized form (GSSG) is induced by oxidative stress.
Therefore, GSH/ GSSG ratio is considered an indicator of oxidative status [5,6]. It has been
observed that the inherited enzyme defects related to GSH are very rare; in contrast, the
inbalances in GSH homeostasis associated with the increase of the oxidative stress levels in
central nervous system (CNS) are common in neurodegenerative diseases [7].

Low levels of GSH/ GSSG ratio are incriminated in the onset of diseases such as
cancers [8,9], diabetes [10], CNS disorders: Parkinson’s, Alzheimer’s disease [11–13], or
disorders that appear following psychotropic drug abuse [14]. GSH also accomplishes
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a variety of functions at cellular level, which could explain the correlation between the
depletion of this antioxidant molecule and the pathogenesis of neurodegenerative diseases.

In order to determine the concentrations of GSH, different analytical methods were
applied: spectrophotometry [15], liquid chromatography tandem mass spectrometry
(LC-MS) [16], or gas chromatography-mass spectrometry (GC-MS) [17]. Despite their
advantages in terms of preparation time or analysis speed, there are important disadvan-
tages that cannot be disregarded: lack of specificity (spectrophotometry) or high costs.

Along with malondialdehyde, which is another important marker of oxidative stress [18],
the quantification of GSH/GSSG ratio can be used in estimating the oxidative status in
multiple genetic or drug-induced diseases. To avoid the bias generated by the interaction
between Ellman’s reagent (5,5′-dithio-bis(2-nitrobenzoic) acid, DTNB) and another molecule
(cysteine), and with the attempt to obtain as close GSH and GSSG values as the real ones, this
study aims to validate a simple method of determination of GSH and GSSG levels in brain,
with applicability in preclinical studies.

The chromatographic analysis of the analytes resulting from GSH with DTNB reac-
tion (Figure 1) was performed with a high-performance liquid chromatographic (HPLC)
system coupled with a diode array detector (HPLC/DAD). The main disadvantage of
the photometric technique, frequently employed for the GSH measurement in biological
samples, is the lack of specificity, because other thiol containing molecules, such as cysteine
for example, could lead to false readings [19]. Furthermore, in photometric techniques
it is difficult to obtain a high-quality blank, since both the reagent used and the sample
can have a certain interfering color. Another disadvantage of the photometry used for
GSH measurements is the low detectability, along with a narrow limit of concentrations
that can precisely and accurately be measured. Due to these reasons, a chromatographic
technique, such as the HPLC, could solve these problems by improving the detectability
and the concentration range that can be used without further sample preparation pro-
cess (dilution for example). Furthermore, with the possibility of separating interfering
substances and the use of DAD “peak purity” test, the specificity could also be increased.
From Figure 1 it can be seen that thiol interference could not be also avoided by HPLC, if
the 2-Nitro-5-mercapto-benzoic acid (NMB) is measured as in the photometric technique.
However, by following the GSH-DTNB peak, which lacks visible light absorption but has
UV light absorption properties, a very good specificity could be attained, since even thiol
interference could be avoided by chromatographic separation.
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mercapto-benzoic acid (NMB).

Indeed, more time and higher costs could be needed for the chromatographic tech-
nique, but the significant improvement in the detectability, concentration, and the possibil-
ity to detect a GSH specific compound rather than a -SH specific compound justifies the
importance of this research.

2. Results

In this analythical method, validation parameters are represented by: linearity, selec-
tivity, accuracy, precision, lower limit of quantification (LLOQ), stability, and robustness.
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All of these parameters were verified in accordance with the guidelines presented by the
regulatory bodies (FDA 2018) [20].

2.1. Chromatographic Conditions

The chromatographic separation of GSH, after GSH derivatization, was evaluated by
using a mobile phase consisted of acetonitrile (A) and phosphate buffer (20 mM, pH = 2.5)
(B). The elution gradient is presented in Table 1. The injection volume was 50 µL and
a retention time of 6.22 ± 0.06 was obtained. The flow rate was set at 1 mL/min and
the analytes were detected at 330 nm by a DAD (range: 200–700 nm) detector using a
chromatographic column Zorbax Eclipse XDB-C8, 5 µm, 4.6 × 150 mm. The GSH-DTNB
reaction occurs at room temperature in 10 min. The reduction of GSSG occurs at 80 ◦C after
60 min of incubation in the presence of DTNB.

Table 1. Brief presentation of the mobile phase elution gradient program.

Time (min) Phosphate Buffer,
20 mM, pH = 2.5 (%) Acetonitrile (%) Flow (mL/min)

0 98 2 1
19 50 50 1

19.1 98 2 1
21 98 2 1

2.2. Linearity and LLOQ

The linearity of the method was verified using an analytical curve on seven concentra-
tion levels, evaluated in triplicates. The derivatization reaction was performed for each
level of concentration used for the analytical curve. The analytical curve for the GSH
is described by the linear equation: y = 1562x − 350.11 with a determination coefficient
r2 = 0.997 (Figure 2A), while analytical curve for GSSG is described by the linear equation:
y = 2124.4x − 1493.4, and r2 = 0.996 (Figure 2B). y represents the analyte peak area and x is
the concentration, as shown in Table 2.
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Table 2. Validation results of the analytical factors of HPLC method.

Analytical Factor GSH GSSG

LLOQ (µg/g brain) 0.50
rLLOQ (%) 97.11 98.86

LLOQrec (µg/g brain) 0.50 0.50
rLLOQrec (%) 85.47 108.78

Slope 1562 2124.4
Y-intercept −350.11 −1493.4

Determination coefficient (r2) 0.997 0.996
Analytical range (µg/g brain) 0.50–50

Retention time 6.22 ± 0.06
rLLOQ, relative lower limit of quantification; LLOQrec, recovery corrected LLOQ; rLLOQrec (%), relative
recovery-corrected LLOQ;

2.3. Selectivity

In order to verify the selectivity, three samples were injected, prepared in triplicates
according to the procedure described in Section 4.3. Sample preparation with the following
modification: DTNB without GSH, DTNB with GSH, and brain sample with GSH and
DTNB. At the retention time of the GSH-DTNB complex there are no overlapping peaks;
the peak of interest has a corresponding purity, as can be seen in Figure 3.
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2.4. Accuracy

Quality control (QC) samples at LLOQ concentration were spiked in order to deter-
mine accuracy and precision. For each QC level, five replicates were analyzed in one run
for the intra-day procedure.

Accuracy was evaluated based on GSH percentage and GSSG percentage recovered
from the matrix. Results of accuracy for the intra- and inter-day precision for GSH and
GSSG at LLOQ and QC levels are presented in Table 3.

74



Molecules 2021, 26, 6590

Table 3. Accuracy and precision of reduced glutathione (GSH) and oxidized glutathione (GSSG) in
lower limits of quantification and quality control samples.

Conc. (µg/g Brain)
Intra-Day Inter-Day

Mean RSD % Accuracy % Mean RSD % Accuracy %

GSH
0.5 0.57 1.47 113.62 0.57 1.62 113.85
15 14.27 6.73 95.15 13.28 6.56 88.54
40 45.12 7.69 112.79 45.33 7.04 113.32

GSSG
0.5 0.45 0.15 90.88 0.49 9.74 97.45
15 16.73 3.33 111.55 15.72 14.52 104.81
40 44.03 5.79 110.08 42.48 13.38 106.20

2.5. Precision

Concerning the evaluation of inter-day precision, it has been evaluated in two different
days, using five replicates for each QC level and at LLOQ concentration, respectively. The
intra- and inter-day precision results were expressed as RSD%. The results for GSH and
GSSG at LLOQ and three QC levels are presented in Table 3.

Both for intra- and inter-day analysis, the precision (RSD%) of QC samples was ≤15%
and the accuracy ranged ±15%. These results demonstrated the fact that the method is
reproducible for the determination of GSH and GSSG in rodent’s brain, considering that
accuracy and precision were found to be within acceptable limits.

2.6. Stability

The stability of the QC samples was stored at room temperature for 12 h and 24 h,
respectively, both in five replicates was assessed; brain samples were stored at−80 ◦C prior
to the analysis. For GSH samples, the analytical recovery varied between 87.18–114.78%
after 12 h and between 94.86–118.29% after 24 h at room temperature (25 ◦C). For GSSG
samples, the analytical recovery varied between 87.88–111.45% after 12 h. The results are
illustrated in Table 4.

Table 4. Stability assessment for samples stored at room temperature for 12 and 24 h, respectively.

Parameters

Stability for Samples Stored at Room Temperature

Conc. (µg/g Brain)
0.5 15 40

12 h 24 h 12 h 24 h 12 h 24 h

GSH
Mean 0.63 0.54 16.39 16.89 39.34 43.97

Rec *, % 110.04 94.86 114.78 118.29 87.18 97.44
RSD% 4.92 10.17 5.41 0.34 12.23 2.26

GSSG
Mean 0.51 - 14.71 - 87.88 -

Rec *, % 111.45 - 87.88 - 92.93 -
RSD% 0.52 - 4.27 - 8.33 -

* Recovery, average of three concentrations.

2.7. Robustness

The robustness of the method was evaluated with the performance of variations
in two important chromatographic parameters: mobile phase pH and flow rate, which
were modified throughout the analysis. All of the tests were performed at three levels of
concentration of 0.5, 15, and 40 µg/g for GSH in five replicates. Results are listed in Table 5.
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Table 5. Robustness of the method by variation of two chromatographic parameters (mobile phase
ratio and mobile phase pH value).

Conc.
(µg/g Brain) Retention Time (min) ± RSD, % Peak Purity (%) ± RSD, %

Mobile phase pH value

2.3
0.5 6.95 ± 0.06 99.25 ± 1.12
15 6.95 ± 0.05 98.03 ± 2.12
40 6.95 ± 0.04 98.16 ± 0.99

2.5
0.5 6.24 ± 0.03 96.42 ± 1.22
15 6.21 ± 0.08 99.81 ± 0.78
40 6.21 ± 0.06 99.68 ± 0.73

2.7
0.5 6.96 ± 0.04 98.16 ± 1.36
15 6.95 ± 0.03 98.98 ± 1.43
40 6.95 ± 0.09 98.64 ± 2.43

Flow (mL/min)

0.9
0.5 7.80 ± 0.02 98.37 ± 1.27
15 7.78 ± 0.10 99.17 ± 2.54
40 7.77 ± 0.09 98.98 ± 2.77

1.0
0.5 6.24 ± 0.05 99.36 ± 2.44
15 6.21 ± 0.05 98.13 ± 1.87
40 6.21 ± 0.08 99.07 ± 2.89

1.1
0.5 6.72 ± 0.06 99.15 ± 1.72
15 6.68 ± 0.03 99.67 ± 1.99
40 6.64 ± 0.03 98.17 ± 2.48

3. Discussion

Measurement of GSH in biological samples is of high importance in the study of
oxidative stress and exogenous substances or pathological conditions associated with
oxidative state [21,22].

It is well known that GSH has a low stability in the biological samples, because after
the blood or the tissue is devoided by the normal oxygen supply, reactive species are
formed, and those species could quickly oxidize the available reduced glutathione (GSH).
This process makes the measurement of GSH in biological samples a challenge. Frequently,
GSH is photometrically measured following a derivatization with the Ellman′s reagent
that forms a non-specific colored compound with the thiol groups [23]. Due to this fact,
one can be certain on measuring thiol groups, not only GSH. In our paper, we developed
an HPLC-UV method that was able to detect not the generally formed colored compound
by the thiol groups with the Ellman’s reagent, but the non-colored but UV absorbing
compound formed after this reaction.

Our method has significant advantages over the most commonly used photometric
method in the following parameters:

• specificity: using photometry we can be sure about the thiol molecule content of the
sample, not GSH in a specific way. Furthermore, photometry does not easily allow a
double blank: native color of the sample + native color of the reagents. This problem
can be achieved by column separation;

• detectability: lower limits of GSH can be detected by the use of the HPLC method;

The increased temperature leads to the reduction of oxidized glutathione (GSSG),
and reaction of the newly formed GSH with the Ellman’s reagent is possible by reacting
the brain sample with the Ellman’s reagent at room temperature and high temperature
(about 80 ◦C) to measure the GSSG content of the sample. This is an important step
in evaluating the oxidative stress level, not because the absolute value of the GSH and
GSSG is important but because of the ratio of the two components [24]. After the method
development, on a number of 40 rats we measured the native GSH and GSSG content and
the GSH/GSSG ratio.
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The performance of the analytical method (validation) was measured according to
international requirements [20]; therefore, one can consider valid any brain GSH/GSSG
evaluation made with our method.

Indeed, sample preparation in the HPLC technique is not less time consuming than
the photometric method, but is certainly less “sample consuming”. This makes room
for analysis of very low quantity samples. Furthermore, the more time needed for the
chromatographic analysis compared with the very fast and easy reading on a photometer is
well compensated by the increased specificity and detectability that we have shown during
our method validation.

GSSG does not react with Elman’s reagent directly. However, at high temperature
(80 ◦C), Elman’s reagent reduces GSSG to GSH, and then the same reaction as in the case of
GSH–Ellman’s reagent occurs. The reduction ratio of GSSG to GSH has high importance
when GSSG is desired to be measured in biological samples. Reduction ratio of GSSG to
GSH was measured after heating the samples for 60 min at 80 ◦C.

The newly analytical method, developed by our team, was succesfully applied in
detection of GSH and GSGG from rat brain samples in a pharmacological experiment
that can change the level of the oxidative stress in rodent’s brain. Average concentra-
tions of GSH and GSSG in untreated (blank) animals was 24.82 ± 1.68 µg/g brain and
6.54 ± 3.09 µg/g brain, respectively. It can be seen that the newly developed method is
able to easily and precisely quantify the concentration of the compound of interest in the
desired biological matrix.

4. Materials and Methods
4.1. Chemicals and Reagents

All chemicals and reagents used in this study were of analytical purity, being pur-
chased from different providers: acetonitrile was purchased from VWR International,
SAS, Fontenay-sous-Bois, France, anhydrous disodium phosphate (Na2HPO4), and 85%
phosphoric acid solution (H3PO4) were purchased from Merck KGaA (Darmstadt, Ger-
many). The Ellman’s reagent, trichloroacetic acid (TCA), ethylenediaminetetraacetate
(EDTA-Na2) powder, sodium chloride (NaCl) powder, phosphate buffer solution (PBS),
GSH and GSSG powders were all purchased from Sigma-Aldrich (Darmstadt, Germany).
Ultra pure water was obtained using the Milli-Q purification system (Merck Millipore
Corporation, Burlington, MA, USA).

4.2. Preparation of Solutions

For GSH stock solution (5 mg/mL) preparation, 5 mg of reduced glutathione were
dissolved in 1 mL of ultra pure water. GSSG stock solution (5 mg/mL) was obtained by
dissolving 5 mg of oxidized glutathione in 1 mL of ultra pure water.

Working solutions for GSH and GSSG at 9 levels of concentration (25, 50, 250, 500, 750,
1000, 1500, 2000, 2500 µg/mL) were obtained by succesive dillution of the stock solutions
with ultra pure water. Seven (GSH, GSSG) triplicate samples for linearity (0.5-50 µg/g) and
three QC samples were prepared (LLOQ, 15 µg/g, 40 µg/g) in five replicates.

The derivatization reaction with the Ellman’s reagent was applied individually to
each sample, after the preparation of the calibration curve solutions.

4.3. Sample Preparation

With the aim of obtaining as accurate results as possible, for optimization of sample
preparation and avoiding unnecessary prolongation of sample preparation which could
influence the final results, we applied an automated homogenization method using the
IKA Ultra-Turrax Tube [18].

Twenty Wistar male rats, weighing 400–500 g, were placed in individual plastic cages.
The animals were maintained on a 12:12 h light dark cycle and fed ad libitum. Afterwards,
the animals were decapitated under anesthesia with ketamine and xylazine in a dose
mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) in order to collect the brain
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samples. After brain samples extraction, these were immediately immersed in liquid
nitrogen and stored at −80 ◦C until analysis.

In order to analyze GSH and GSSG, brains were homogenized using IKA Ultra-Turrax
Tube Drive and then divided in equal quantities. 1g of each GSH and GSSG brain sample
was then spiked with 10 µL of working solution, and then 3 mL of PBS were added. Samples
were vortexed for 1 min, and immediately after they were centrifuged (10,000× g for 10
min). Following centrifugation, 500 µL supernatant was collected and 500 µL Ellman’s
reagent was added to the supernatant. The GSSG samples were then heated for 60 min at
80 ◦C in the TS-100S, Thermo-Shaker (BioSan, Riga, Latvia). The GSH samples were not
subjected to the heat-treatment, but instead they were left at room temperature for 10 min.

To both GSH and GSSG series of samples, 300 µL TCA 20% was added and then the
samples were centrifuged at 13,000× g for 10 min. After centrifugation, the supernatant
was collected and transferred into HPLC vials.

4.4. Determination of the Degree of Reduction of Oxidized Glutathione

Following the reaction between Ellman’s reagent and GSH, a GSH-DTNB reaction
product is obtained. Thus, the quantification of GSSG levels requires the calculation of the
difference between the total glutathione (TG) and GSH. The determination of TG can be
done by reducing GSSG to GSH.

This method presents and advantage of chemical nature from the sample preparation
point of view, because the reduction of GSSG will occur in the presence of Ellman’s reagent
at 80 ◦C, without the necessity of additional reducing compunds and preparation steps.
The validation of this reduction process required the preparation of the samples in three
different conditions:

1. Condition 1: Biological samples spiked with GSSG heated at 80 ◦C for 60 min;
2. Condition 2: Biological samples spiked with GSH heated at 80 ◦C for 60 min;
3. Condition 3 (control condition): Biological samples spiked with GSH stored at room

temperature for 10 min;

The calculated differences between the two conditions (Condition 1 and 2) reflect the
degree of GSSG reduction. The reduction degree of GSSG to GSH is presented in Table 6.

Table 6. Determination of the degree of reduction of oxidized glutathione.

Conc. (µg/g Brain) Percentage of Reduction (%) SD (+/−%)

0.5 108.79 7.80
1 90.19 6.33
5 111.10 9.72
10 113.91 10.49
15 114.60 4.64
20 112.35 9.38
35 113.35 11.29
40 103.40 7.74
50 91.66 10.31

4.5. Instrumentation

The validation of the present method was performed using a HPLC Merck system:
quaternary pump Merck Hitachi L-7100, auto sampler Merck Hitachi L-7200, column
thermostat Merck Hitachi L-7360, DAD Merck Hitachi L-7455, interface Merck Hitachi
L-7000, solvent degaser Merck Hitachi L-7612, software D-7000 HSM-Manager (Hitachi
Corporation, Westford, MA, USA)

4.6. Study Application

The method was succesfully applied in a chronic CNS toxicity study, following differ-
ent haloperidol treatment regimens, in order to demonstrate the applicabilty. The brains
were rapidly removed, frozen in liquid nitrogen, and stored at −80 ◦C. The preparation of
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the samples was performed according to the steps presented in Section 4.2 Preparation of
Solutions, and for the analysis, the discussed method was applied.

4.7. Ethical Considerations

All of the experimental procedures were in accordance with the European Directive
2010/63/UE and the study was granted the approval of the Ethics Committee of Scien-
tific Research of the George Emil Palade University of Medicine, Pharmacy, Science and
Technology of Târgu Mures, (approval no. 533/2019) and National Sanitary Veterinary and
Food Safety Authority (approval no. 42/2020).

5. Conclusions

In this article, an analytical method for quantifying the level of GSH and GSSG in
the neural matrix (brain) was validated. In this regard, the analysis was performed using
a C8 type chromatographic column and an elution gradient. Regarding the validation
parameters examined, they were found to be in accordance with the regulatory guidelines
and regulations (FDA 2018).

The developed method in this study is applicable in research studies that focus on
quantification of GSH and GSSG levels in rodent brains, as markers of oxidative stress,
with different etiologies.
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Abstract: Glutathione (GSH) is a powerful antioxidant, but its application is limited due to poor
storage stability and low bioavailability. A novel nutrient encapsulation and delivery system,
consisting of polymerized whey protein concentrate and GSH, was prepared and in vivo bioavail-
ability, antioxidant capacity and toxicity were evaluated. Polymerized whey protein concentrate
encapsulated GSH (PWPC-GSH) showed a diameter of roughly 1115 ± 7.07 nm (D50) and zeta
potential of 30.37 ± 0.75 mV. Differential scanning calorimetry (DSC) confirmed that GSH was suc-
cessfully dispersed in PWPC particles. In vivo pharmacokinetics study suggested that PWPC-GSH
displayed 2.5-times and 2.6-fold enhancement in maximum concentration (Cmax) and area under
the concentration–time curve (AUC) as compared to free GSH. Additionally, compared with plasma
of mice gavage with free GSH, significantly increased antioxidant capacity of plasma in mice with
PWPC-GSH was observed (p < 0.05). Sub-chronic toxicity evaluation indicated that no adverse
toxicological reactions related to oral administration of PWPC-GSH were observed on male and
female rats with a diet containing PWPC-GSH up to 4% (w/w). Data indicated that PWPC may be an
effective carrier for GSH to improve bioavailability and antioxidant capacity.

Keywords: polymerized whey protein; glutathione; physicochemical properties; pharmacokinet-
ics; toxicity

1. Introduction

Glutathione (γ-glutamyl-cysteinyl-glycine, GSH) is an abundant endogenous antiox-
idant composed of glutamate, glycine and cysteine and mainly exists in baker’s yeast,
wheat germ and animal liver. GSH is known to possess strong antioxidant properties as a
result of its thiol (-SH) group inherent to the cysteine residue. The thiol group is involved
in scavenging free radicals, thus protecting the integrity of the cell [1,2] and improving
the immune system [3,4]. GSH can be a substrate of glutathione peroxidase (GSH-Px) and
glutathione S-transferase (GST) [5], which have the function of detoxification [6]. GSH
deficiency may play a role in various diseases, such as immunodeficiency disease [7],
cancer [8], diabetes [9,10], cardiovascular disease [11,12], rheumatoid arthritis [13], and
neurological disorders [14]. GSH has been used in clinical practice and consumer goods
including cosmetic and function foods [15,16]. However, the poor storage stability, low
bioavailability and ongoing debate as to whether orally administered GSH is absorbed
still poses challenges for its broad clinical application. GSH is sensitive to temperature,
light and pH due to the presence of the reduced thiol group. When exposed to external
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environment, the thiol group of GSH can be oxidized into a disulfide bond, forming ox-
idizing glutathione (GSSG), which reduces the antioxidant activity. In addition, GSH is
easily degraded in intestinal tract and liver by γ-glutamyltransferase [17] and only a small
amount is known to reach portal circulation.

Whey protein, a by-product from the cheese industry, has two products available on
market, which are whey protein concentrate (WPC) and whey protein isolate (WPI). Whey
protein has high nutritional value and a complete amino acid profile, and has functions
such as anti-oxidation [18,19], regulating immunity and inhibiting pathogenic bacteria.

Whey protein can be used as carrier of delivery systems due to different mechanisms.
Whey protein belongs to the lipocalin protein family and can be used to carry hydrophobic
compounds such as polyphenols [20,21] mainly by hydrophobic forces. Whey protein has
excellent emulsification properties and can be used to carry fat-soluble substances such as
oil [22,23] and vitamins [24–26]. Polymerized whey protein has high viscosity and can be
used to carry bioactive substances such as 3,3′-diindolylmethane [27] and probiotics [28].

Whey protein consists of a group of globular proteins including β-lactoglobulin, α-
lactalbumin, and bovine serum albumin, which are sensitive to heat treatment. When
heated, its spatial structure changes, resulting in the exposure of thiol and hydrophobic
groups and the subsequent formation of polymerized whey protein via disulfide bond
interconnections and hydrophobic interactions [29].

In this study, polymerized whey protein concentrate (PWPC), induced by thermal
treatment of whey protein concentrate, was used to construct a new encapsulate and
delivery system for GSH. To this end, physicochemical properties of the developed system
were characterized followed by evaluation of bioavailability and sub-chronic toxicity.

2. Results and Discussion
2.1. Physicochemical and Structural Properties of the PWPC-GSH System

PWPC-GSH system was prepared with advantages of simplicity, mildness, and organic
solvent-free in comparison with other carriers based on poly isobutylcyanoacrylate [30],
Eudragit RS 100/cyclodextrin [31] and montmorillonite [32]. As shown in Figure 1A,
PWPC exhibited bimodal pattern with two peaks at 594 nm and 4580 nm with a wide
particle size distribution (span of 9.22), consistent with previous research [33]. Combination
with GSH (287.83 ± 6.18 nm) slightly increased particle size (D50) from 1085 ± 35.35 to
1115 ± 7.07 nm with decreased span from 9.22 ± 0.22 to 6.86 ± 0.19. Zeta potential
for PWPC-GSH was found to be 30.37 ± 0.75 mV (Figure 1B). The high surface charge
endowed the PWPC-GSH system high stability since strong electrostatic repulsion between
molecules prevents polymerization, precipitation, and flocculation [34]. In addition, the
positive surface charge of PWPC-GSH would favor absorption in vivo since cell membranes
carries negative charges [35]. PWPC-GSH system displayed shear-thinning behavior in
range of 1–300 s−1 (Figure 1C), indicating that interaction between droplets was weakened
at higher shear rate [36].

A DSC thermogram of GSH demonstrated an exothermic peak at 198 ◦C and disappear-
ance of this melting peak in the PWPC-GSH system, implying that GSH was molecularly
dispersed in PWPC particles (Figure 2A) [37]. FTIR spectra analysis (Figure 2B) showed
that PWPC displayed an amide I (C=O vibration) spectrum peak at 1654.39 cm−1 and red
shift occurred after binding with GSH, indicating that PWPC was structurally changed and
intermolecular hydrogen bonds formed. This PWPC-GSH system exhibited morphology
of vermicular aggregates with its majority at a size of roughly 200 nm, with some larger
aggregates measuring upwards of approximately 400 nm (Figure 2C).

2.2. In Vivo Pharmacokinetic and Antioxidant Activity of PWPC-GSH

Whey protein has been widely studied as an effective means of nutrient delivery due
to its resistance to digestion by pepsin [38], its non-toxic nature, widely available sources
and broad biocompatibility. Pharmacokinetic studies of the PWPC-GSH delivery system
and free GSH were conducted and plasma GSH concentration–time profiles for all groups
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are shown in Figure 3A. GSH concentration was observed to be the highest in the plasma
of PWPC-GSH group, followed by free GSH, PWPC, and the control group. The higher
value in the plasma of mice gavage with PWPC-GSH than that of free GSH group may be
due to the protection effect of highly viscous PWPC [39,40] by embedding GSH inside and
preventing damage to gastrointestinal enzymes and an acidic environment. These results
were consistent with previous studies that the bioavailability of quercetin and vitamin D
were improved through whey protein encapsulating [41,42].
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Pharmacokinetic parameters were calculated as shown in inset of Figure 3A. Com-
pared with free GSH (maximum concentration (Cmax) of 7.37 mg/L and area under the
concentration–time curve (AUC) of 19.23 h ×mg/L), higher Cmax (19.41 mg/L) and AUC
(48.63 h×mg/L) values were observed, indicating a higher rate and degree of GSH absorp-
tion into the blood circulation in mice after administration with PWP-GSH. The 2.5-fold and
2.6-fold higher Cmax and AUC in the PWPC-GSH group suggested that the PWPC-GSH
delivery system can improve the in vivo bioavailability of GSH effectively vs. GSH in its
pure form on its own. Whey protein also appears to possess a protective effect on GSH as a
carrier during absorption into intestinal tract which may due to the resistance to digestion
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by pepsin. In addition to delivery of the GSH itself, the whey protein supplementation
may have also contributed to the increase in GSH levels in vivo [43,44] by virtue of the
abundance of cysteine residue inherent to whey protein, which has the capability to pro-
mote biosynthesis of GSH as a rate-limiting amino acid [45]. The lower time to maximum
concentration (Tmax) (1 h) occurred in the PWPC-GSH group in comparison with that in
free GSH (2 h), indicating less time was required to reach the maximum concentration after
administration. The plasma concentration of GSH in the GSH group reached its maximum
levels after 1.5 to 2 h which echoed data reported in the early literature relative to orally
administered free GSH [46].

Total antioxidative capacity of samples at different time points was measured using
an assay kit and the results are shown in Figure 3B. Antioxidant capacity of plasma in mice
gavage with PWPC-GSH was significantly higher than that of free GSH through the whole
period (p < 0.05). The first reason for the increased antioxidant capacity of plasma after
gavage of PWPC-GSH in mice was that GSH concentration in plasma was improved using
PWPC as a delivery carrier. The second reason may be due to the antioxidant properties of
whey protein [19,47] [48]. As shown in Figure 3B, the plasma antioxidant capacity of mice
after gavage with PWPC was also slightly improved to a degree that may or may not be
consistent with an additive effect.
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Figure 3. (A) GSH concentration (µM) in plasma of mice after oral administration of normal saline (control), PWPC, GSH,
and PWPC-GSH. (B) In vivo antioxidant activity of plasma of mice after oral administration of normal saline (control),
PWPC, GSH, and PWPC-GSH measured by an assay kit (ABTS method). In Figure 3B, completely different letter between
samples at the same timepoint means significant difference (p < 0.05).

2.3. Toxicity Evaluation of PWPC-GSH System
2.3.1. Clinical Observations, Body Weight, and Food Consumption

During the experiment, there was no observed adverse effects in the experimental
groups compared with the control groups. Body weight of all rats increased gradually as
the treatment period progressed (Figure 4A). There was no statistically significant difference
in body weight between female groups (p < 0.05). For male groups, from 16 days, the
weight of rats in 1% male group was significantly different from that of the control (p < 0.05).
However, the body weight changes were observed only in male groups and there was no
does-dependent effect, so it was interpreted as having no toxicological significance. During
the study, the weight of rats in the experimental groups was comparable to that of rats in
the control groups.
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PWPC-GSH powder, respectively.
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Results for food consumption of rats for 28 days are shown in Figure 4B. There was
no PWPC-GSH-related toxicity effect observed in experimental groups although there was
some significant difference between experimental groups and control groups at some time
points. In female rats, there was a statistically significant difference in food consumption
of the 0.5% and 4% groups and the control group on the 8th day (p < 0.05). However,
this phenomenon was only observed in one time point and later returned to normal.
Similar phenomenon was also observed in the experiment of Bauter et al. [49], and it was
interpreted as having no toxicological relevance and no side effects. In contrast, no change
in the food consumption was observed in the male groups.

2.3.2. Hematology

Results of the hematology in all groups were shown in Table S1 (supplementary
materials). Some statistically significant differences occurred between control and treatment
groups (p < 0.05).

In 0.5% and 4% groups, the values of mean platelet volume (WPV) were lower than
that of the control group. In the 0.5% group, the lymphocyte (LYM) was significantly
different from that of the control group (p < 0.05). However, all changes were observed
only in male rats. In females, compared with the control, red blood cells (RBC) in the 1%
group showed a significantly higher value (p < 0.05). This change may be caused by a lack
of water and should not be considered as test-substance related. Hemoglobin (HGB) in 1%
and 4% female groups was significantly higher than that in the control group (p < 0.05).
On routine blood tests, there were no toxic reactions associated with taking PWPC-GSH.
Although there were significant differences between some of the data and the control group,
they were within the historical reference range [50]. These differences can only be observed
in one sex, and there is no dose–effect relationship. Therefore, it is considered that this
may be due to environmental temperature, placement time and other factors, which cause
slight differences.

2.3.3. Serum Biochemistry

Results of serum biochemistry for rats in all groups are shown in Table S2 (supplemen-
tary materials). Compared to the control group, the 4% male group displayed significantly
lower mean values of albumin (ALB) (33.01 ± 1.34 g/L, p < 0.05); the changes in ALB value
correlate with liver function The values of amylase (AMY), calcium (Ca) and glucose (GLU)
were different from those of the control group. Amylase hydrolyzes starch and sugars are
originally digested from polysaccharide compounds in foods. The decrease in amylase
occurred in diabetes mellitus and severe liver disease. Further examination of rat liver
tissue sections showed that there was no lesion in rat liver tissue. The slight decrease in the
value of Glu was caused by fasting and starvation in the mice, while the low value of Ca
was not clinically significant. These values were comparable to the control and within the
bounds of historical data [51]. Compared with the control group, the alanine aminotrans-
ferase (ALT) and aminotransferase (AST) values were significantly lower in experimental
groups (p < 0.05). Previous studies showed that the increased ALT and AST values had
clinical significance, while the decreased values may be due to the benefits of PWPC-GSH
in inhibiting liver injury [52,53], so it was regarded as not toxicologically relevant; in fact,
this finding further illustrates the positive impact GSH has on liver function and protection.

Amylase (AMY) and GLU in the 1% and 4% female groups were significantly lower
than those in the control group (p < 0.05) and the inorganic phosphorus (IP) level in
the 0.5%, 1% and 4% female groups was significantly higher than that of the control
group (p < 0.05). Amylase hydrolyzes starch and sugars were originally digested from
polysaccharide compounds in foods. The decrease in amylase occurred in diabetes mellitus
and severe liver disease. Further examination of rat liver tissue sections showed that there
was no lesion in rat liver tissue. A slight decrease in Glu is usually caused by starvation.
High IP values have no clinical significance. For males and females, the creatine kinase
(CK) values in the control groups were not within the reference range; the difference was
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due to instrumental error. The difference in CK was interpreted as having no toxicological
significance if there was no associated microscopic change in the heart.

In blood biochemical tests, although there were significant differences in some data
compared with the control group, there was no correlation between these changes in the
organism and the dose of chemical exposure, so the effect was considered to be independent
of the exposure [49].

2.3.4. Relative Organ Weights and Histopathology

Relative organ weight can reflect the nutritional status and damage of the animal
internal organs. As shown in Table 1, male rats of experiment groups showed significantly
lower final body weights than the control group (p < 0.05). In male rats, compared with
the control group, there was no significant difference in the relative organ weight of rats in
all groups except liver and kidney in the 4% group (p < 0.05). There was no evidence of
liver and kidney lesions in the hematological analysis. Further observation of the liver and
kidney by necropsy and histopathological tests confirmed that there was no damage or
lesion in the liver and kidney. For female rats, the 4% group showed significantly lower
final body weight (p < 0.05). There was no significant difference in relative organ weights
between female rats in the experiment groups and the control group (p < 0.05).

Table 1. Relative organ weights for male rat.

0% 0.5% 1% 4%

Body weight M 296.8 ± 11.47 272.78 ± 10.28 ** 261 ± 12.59 ** 275 ± 18.70 *
F 203.80 ± 10.14 205.20 ± 16.01 199.70 ± 11.93 192.10 ± 8.77 *

Brain
M 5.35 ± 0.85 5.90 ± 2.11 6.45 ± 0.63 * 6.67 ± 0.67 *
F 7.14 ± 1.40 8.52 ± 0.86 8.22 ± 1.02 8.65 ± 0.84

Thymus M 2.58 ± 0.60 3.01 ± 0.42 2.37 ± 0.38 2.66 ± 0.47
F 3.36 ± 0.46 3.31 ± 0.38 3.40 ± 0.52 3.31 ± 0.44

Heart
M 3.80 ± 0.30 4.03 ± 0.50 3.92 ± 0.28 3.89 ± 0.28
F 4.10±0.01 3.99 ± 0.26 4.26 ± 0.37 4.08 ± 0.31

Lung M 4.74 ± 0.38 5.31 ± 1.08 4.98 ± 0.52 4.78 ± 0.31
F 5.44 ± 0.55 5.09 ± 0.39 5.19 ± 0.35 5.13 ± 0.33

Liver
M 39.00 ± 4.33 37.22 ± 4.83 36.62 ± 2.96 34.92 ± 2.83 *
F 35.76 ± 2.74 38.28 ± 7.27 34.54 ± 2.14 36.08 ± 1.55

Spleen M 2.79 ± 0.92 2.78 ± 0.72 2.47 ± 0.35 2.79 ± 0.39
F 2.51 ± 0.32 2.56 ± 0.40 2.32 ± 0.34 2.57 ± 0.21

Kidney M 9.16 ± 0.70 9.32 ± 0.39 9.38 ± 0.38 9.66 ± 0.51 *
F 8.83 ± 0.46 8.54 ± 1.53 8.70 ± 0.31 9.47 ± 0.51

Bladder
M 0.28 ± 0.04 0.31 ± 0.07 0.32 ± 0.05 0.29 ± 0.07
F 0.35 ± 0.03 0.36 ± 0.07 0.35 ± 0.04 0.35 ± 0.06

Testes M 6.796 ± 1.79 8.62 ± 1.05 8.25 ± 0.23 8.67 ± 0.76
Epididymis M 0.57 ± 0.11 0.48 ± 0.15 0.58 ± 0.09 0.59 ± 0.05

Seminal Vesicle M 1.95 ± 0.58 1.47 ± 0.42 1.11 ± 0.68 1.59 ± 0.50
Ovary F 0.71 ± 023 1.65 ± 0.28 0.54 ± 0.16 0.56 ± 0.14
Uterus F 2.11 ± 0.62 1.98 ± 0.62 1.75 ± 0.65 1.99 ± 0.98

Note: * means the significant level is 0.05, ** means significant level is 0.01 compared with the control group. The values 0%, 0.5%, 2% and
4% represent daily intake of 0% (w/w, control), 0.5% (w/w, low dose), 1% (w/w, medium dose) and 4% (w/w, high dose) of freeze-dried
PWPC-GSH powder; M and F represent male and female rats, respectively.

At autopsy, no treatment-related gross pathological changes were observed in any
group of rats treated with PWPC-GSH, so histopathological examinations were performed
on animals in the control and high-dose groups of both sexes. As shown in Figure 5,
histopathological findings observed consisted of degeneration of some pyramidal cells in
the brain and the c; local slight dilatation of myocardial fiber tract space; focal inflammatory
cell infiltration in the liver; renal tubular epithelial cell edema; slight degeneration of the
testicular tubules. These lesions are very mild and mostly spontaneous in animals used in
the experiment [43,49]. Therefore, these results were independent of the use of PWPC-GSH
which could be observed in the age and strain of the rats used in this study.
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Figure 5. Microscopic examination results of organs for rats in the control and 4% groups. The values
0%, 4% represent daily intake of 0% (w/w, control), 4% (w/w, high dose) of freeze-dried PWPC-GSH
powder. M and F represent male and female rats, respectively. For pictures of brain, black arrows
represent vascular endothelium, yellow arrows represent the nucleus, red arrow are neurons and
blue arrow are pyramidal cells. For picture of heart, black arrow represents the gap of cardiac muscle
fiber bundle. For picture of liver, black arrows represent prototype vacuoles with regular shapes and
yellow arrow represent red blood cells. For picture of testes, black arrows represent sperm cells.

3. Materials and Methods
3.1. Materials

Whey protein concentrate (WPC) was provided by Fonterra Co-operative Group
(Auckland, New Zealand). GSH at purity of 98.7% was obtained from Kyowa Hakko
Bio Co., Ltd (Tokyo, Japan). The GSH powder was stored in the dark to avoid oxidation.
A reduced glutathione assay kit (A006-2-1), total antioxidative capacity measurement
kit (ABTS method) (A015-2-1) were purchased from Nanjing Jiancheng bioengineering
institute (Nanjing, China). Pentobarbital sodium, formalin and absolute ethanol were
provided by Beijing chemical Works (Beijing, China).
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3.2. Preparation of Polymerized Whey Protein Concentrate Based GSH Delivery System

The preparation of polymerized whey protein concentrate (PWPC) solution was
performed according to Khan’s method [54]. WPC solution (8%, w/v) was prepared by
dissolving whey protein concentrate powder in deionized water. The stock solution was
stored at 4 ◦C overnight for complete hydration. WPC solution was returned to ambient
temperature and the pH was adjusted to 7 followed by thermal treatment at 80 ◦C for
15 min in a water bath. PWPC solution was obtained by cooling heated WPC solution in
mixed water–ice quickly to room temperature (25 ± 1 ◦C). PWPC-GSH was obtained by
mixing PWPC solution with GSH powder at a weight ratio of 1:1.25 and then stirring for
30 min for complete interaction.

3.3. Characterization of PWPC-GSH Delivery System
3.3.1. Particle Size and Zeta Potential Measurement

The PWPC and PWPC-GSH solutions were slowly added into sample pool until
shading was 10–15% and the particle size was measured using Mastersizer 3000 (Malvern
Instruments Ltd., Worcestershire, UK). Zeta potential was determined using a Malvern
Nano Zetasizer (Malvern Instruments Ltd., Worcestershire, UK).

3.3.2. Flow Behavior Measurement

Flow behavior of suspensions was measured by a Haake Mars 40 Rheometer (Thermo
Scientific, Waltham, MA, USA) equipped with a parallel plate which is 60 mm in diameter
and 0.1 mm in thickness. The measurement gap width was set at 1000 µm and shear rates
ranged from 0.1 to 300 s−1.

3.3.3. Differential Scanning Calorimetry (DSC) Measurement

Thermal characteristics of samples were analyzed using Differential Scanning Calorime-
ter (DSC3, Mettler Toledo, Switzerland). Sample suspensions were pre-frozen overnight at
−80 ◦C and then dried at 4 ◦C and 0.3 MPa for 24 h. A small amount of sample (3 mg) was
placed and sealed in an aluminum plate with empty pan taken as the control. Calorimetric
measurement was performed with the temperature increased from 20 to 220 ◦C at a heating
rate of 10 ◦C/min.

3.3.4. Fourier Transform Infrared Spectrometry (FT-IR) Measurement

FT-IR spectra of freeze-dried samples were recorded using a Fourier Infrared Spec-
trometer (NICOLET IS10, Thermo Scientific, Waltham, MA, USA) in the wavelength range
of 500–4500 cm−1.

3.3.5. Transmission Electron Microscopy (TEM) Measurement

Appropriate amount of dispersion diluted to 0.02 mg/mL was dropped onto copper
grid and the excess sample was removed with filter paper. Uranyl acetate solution (2%, w/v)
was added and staining were kept for about 15 s. After drying at room temperature for
60 min, micromorphology photos were taken using a Transmission Electron Microscopy
(H-7650, HITACHI, Tokyo, Japan) at 100 kV with magnification of 12,000.

3.4. Animal Care

Institute of Cancer Research (ICR) mice (male, 3 weeks, 18–22 g) and Sprague Dawley
(SD) rats (male and female, 3 weeks) at Specific Pathogen Free (SPF) grade were provided
by Beijing HFK Bioscience Co., Ltd. (Beijing, China). All animals were housed in plastic
animal cages in a ventilated room. The room was maintained at 20–26 ◦C and 40–60%
relative humidity with a 12-h light/dark cycle. Water and commercial laboratory complete
food were available ad libitum. They were acclimated to the environment for 7 days before
the experiment.

89



Molecules 2021, 26, 1824

3.5. In Vivo Pharmacokinetic Study and Antioxidant Activity Analysis

Blood samples of mice were collected after oral administration of normal saline (con-
trol), PWPC, GSH, and PWPC-GSH solutions by gavage at several time points (0, 15 min,
30 min, 1 h, 2 h, and 4 h) in each group of 6 mice. According to the previous study [32], the
dose of PWPC-GSH was adjusted to an equivalent amount of 100 mg/kg of GSH. Blood
samples (about 0.5 mL) were collected in 1.5-mL centrifugal tubes with 30 µL heparin
solution by removing one eye of the mice. Plasma samples were obtained by centrifu-
gation of blood at 6000 rpm for 2 min at room temperature and GSH concentration was
determined by an assay kit. Pharmacokinetic parameters including maximum concentra-
tion (Cmax), time to maximum concentration (Tmax), area under the concentration–time
curve (AUC), half-life (T1/2), and mean residence time (MRT) were estimated by DAS 2.0
(BioGuider Co., Shanghai, China). Antioxidant activity of plasma was also determined
using the total antioxidative capacity (T-AOC) measurement kit (ABTS method). The total
antioxidant capacity of Trolox was determined by using Trolox as the standard, and the
antioxidant Capacity of the sample can be expressed by Trolox-equivalent Antioxidant
Capacity (TEAC).

3.6. Sub-Chronic Toxicity Evaluation
3.6.1. Experimental Design

In the 28-day subchronic toxicity test, 80 Sprague Dawley (SD) rats (40 males and
40 females) with a body weight of about 75g were divided into 4 groups (10 rats/sex/group).
Animals were given a formulated diet containing freeze dried PWPC-GSH powder in daily
dose of 0% (w/w, control), 0.5% (w/w, low dose), 1% (w/w, medium dose), and 4% (w/w,
high dose) which corresponds to 0.25%, 0.5% and 2% percentage for GSH. The PWPC-GSH-
containing diets were manufactured by Beijing HFK Bioscience Co., Ltd. (Beijing, China).

3.6.2. Clinical Examination, Body Weight, and Food Consumption

Coat condition, skin, mucous membranes, secretions, excretions, autonomic nervous
system activity, changes in gait, and posture of each rat were observed each day throughout
the study. Body weights at interval of 4 days were weighed and recorded. Food intake
measured and expressed as mean food consumption (expressed as g/rat/day) was calcu-
lated for the corresponding intervals. Final weights (fasting) were recorded prior to the
scheduled autopsy for calculating the relative weight of organs.

3.6.3. Clinical Pathology

At termination, all the animals were fasted for 12 h, but were free to drink water. Rats
were anesthetized with 2% sodium pentobarbital solution of 0.2 mL/100 g weight [55].
Hematological and serum chemistry examination was performed by cardiac blood collec-
tion. In hematology analysis, ethylenediamine tetraacetic acid dipotassium salt (EDTA-2K)
was used as an anticoagulant and was performed using the Exigo Animal Hematology
Analyzer (Exigo-EOS, Sweden).In the serum chemistry examination, the blood samples
were centrifuged at room temperature at 10,000 rpm for 3 min to obtain serum, and the
serum chemical analysis was performed on an automatic biochemical analyzer (SMT-120V,
Chengdu, China).

3.6.4. Organ Weights and Histopathology

At termination, all rats were anaesthetized by pentobarbital sodium. Then, a com-
plete gross pathology examination was conducted by visual inspection. In the process of
necropsy, the brain, heart, lung, liver, spleen, kidney and bladder of all animals were taken,
and the reproductive organs including ovaries and uterus of female rats were taken, and
the testis, epididymis and seminal vesicle of male rats were taken. All organs were removed
and weighed. The organ coefficient was calculated by the ratio of organ weight to body
weight, expressed as %. Tissue sections from these organs were fixed with 10% buffered
formaldehyde except testes were fixed in Bouin solution, embedded in paraffin, sectioned
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at 2–5 µm, mounted on glass microscope slides, stained with standard hematoxylin–eosin
and examined using light microscopy. All histopathology procedures were carried out in
the College of Animal Science and Veterinary Medicine, Jilin University.

3.7. Statistical Analysis

The significance differences of quantitative data between control and experimental
groups were calculated using Version SPSS 20 (SPSS Inc., Chicago, IL, USA). The data were
expressed as means± standard deviation. Levene’s test was used to conduct homogeneous
analysis of the data. When the data were homogeneous, the LSD method was used for
further analysis; when the data were heterogeneous, Dunnett’s test was used for analysis.
All statistical tests were performed at the p < 0.05 and p < 0.01 levels of significance.

4. Conclusions

In this study, a novel polymerized whey protein concentrate-based glutathione oral
delivery system with high stability was successfully developed resulting in greater delivery
efficiency as evidenced by in vivo pharmacokinetic data and antioxidant activity analysis.
Oral administration of PWPC-GSH in diet concentration up to 4% (w/w) for 28 days had
no adverse effects on male and female rats. All results suggested that thermal treatment
induced polymerized whey protein concentrate represents a viable, effective potential
delivery system with the ability to enhance oral bioavailability of GSH.

Supplementary Materials: The following are available online: Table S1: Hematology of rats in
28-day toxicity study, Table S2: Serum biochemistry of rats in 28-day toxicity study
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Abstract: Sulodexide (SDX), a purified glycosaminoglycan mixture used to treat vascular diseases,
has been reported to exert endothelial protective effects against ischemic injury. However, the
mechanisms underlying these effects remain to be fully elucidated. The emerging evidence indicated
that a relatively high intracellular concentration of reduced glutathione (GSH) and a maintenance of
the redox environment participate in the endothelial cell survival during ischemia. Therefore, the aim
of the present study was to examine the hypothesis that SDX alleviates oxygen–glucose deprivation
(OGD)-induced human umbilical endothelial cells’ (HUVECs) injury, which serves as the in vitro
model of ischemia, by affecting the redox state of the GSH: glutathione disulfide (GSSG) pool. The
cellular GSH, GSSG and total glutathione (tGSH) concentrations were measured by colorimetric
method and the redox potential (∆Eh) of the GSSG/2GSH couple was calculated, using the Nernst
equation. Furthermore, the levels of the glutamate–cysteine ligase catalytic subunit (GCLc) and the
glutathione synthetase (GSS) proteins, a key enzyme for de novo GSH synthesis, were determined
using enzyme-linked immunoassay (ELISA). We demonstrated that the SDX treatment in OGD
conditions significantly elevated the intracellular GSH, enhanced the GSH:GSSG ratio, shifting the
redox potential to a more pro-reducing status. Furthermore, SDX increased the levels of both GCLc
and GSS. The results show that SDX protects the human endothelial cells against ischemic stress by
affecting the GSH levels and cellular redox state. These changes suggest that the reduction in the
ischemia-induced vascular endothelial cell injury through repressing apoptosis and oxidative stress
associated with SDX treatment may be due to an increase in GSH synthesis and modulation of the
GSH redox system.

Keywords: sulodexide; endothelial cells; ischemia; apoptosis; oxidative stress; GSH; GSSG; GCLc;
GSS; redox potential

1. Introduction

Ischemia (oxygen and nutrient deficiency) plays a crucial role in the pathogenesis of
cardiovascular diseases, including myocardial ischemia, ischemic stroke, and chronic or
acute limb ischemia [1,2]. The vascular endothelium is the first site of ischemic injury. Mul-
tiple mechanisms can lead dysfunction already during ischemia to endothelial dysfunction
and damage, e.g., the depletion of energy stores, disturbances in protein synthesis, increase
in pro-inflammatory mediators, induction of adhesion molecules, and the modulation of
ion channels and gap junction proteins [3].

One of the undesired consequences of ischemia is an increased potential for oxidative
damage of cellular macromolecules, such as DNA, proteins, and lipids by reactive oxygen
species (ROS). The major sources of intracellular ROS are mitochondrial electron transport,
arachidonic acid pathway and activities of cellular oxidases [4]. The oxidative stress
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generating from the excessive ROS production and decreased availability of antioxidants,
such as glutathione, contributes to the loss of endothelial barrier function, glycocalyx
degradation, apoptosis, and vascular injury [5,6]. Thus, a possible therapeutic target for
endothelial protection is the enhancement of the endogenous antioxidant defense system.

Glutathione is a tripeptide (γ-L-glutamyl-L-cysteinyl-glycine) that serves as a major
endogenous non-enzymatic antioxidant against the oxidative stress and endothelial dys-
function caused by ischemia [7]. Moreover, glutathione deficiency is known to contribute
to the apoptosis of ischemic endothelial cells [8]. Glutathione exists in two forms, reduced
(GSH) and oxidized (GSSG). GSH is involved in the neutralization of ROS, being reduced
by oxidation to GSSG. The GSH:GSSG ratio is a critical determinant of the cellular redox
status [9]. Meanwhile, the redox potential (∆Eh) of the GSSG/2GSH couple, quantitatively
calculated according to the Nernst equation, is considered as a major redox buffer in the
cells. Furthermore, it is currently believed that the redox state of the GSSG/2GSH couple
may an indicator of the biological state of the cells, including apoptosis or necrosis [10].

GSH is synthesized de novo from precursor amino acids (glutamate, cysteine, and
glycine) in a two-step ATP-dependent enzymatic process catalyzed by glutamate–cysteine
ligase (GCL) and glutathione synthase (GSS). GCL catalyzes the rate-limiting reaction
between glutamate and cysteine, whose product is γ-glutamylcysteine (γGC). Then, GSS
links γGC to glycine to form GSH molecule [11]. GCL consists of catalytic (GCLc) and
modifier (GCLm) subunits. GCLc exhibits all of the catalytic activity of the enzyme,
whereas GCLm is enzymatically inactive but regulates the binding activity of GCLc to its
substrates [12].

GSH is also synthesized via the salvage pathway, which either involves the reduction
in GSSG by glutathione reductase or uses precursors formed from the hydrolysis of GSH or
its conjugates by γ-glutamyltranspeptidase at the surface of the cell membrane transported
back into cells as amino acids or dipeptides [13].

Decreased GSH levels and GSH:GSSG ratio were reported in many ischemic vascular
diseases and may reflect a common pathophysiological mechanism [7]. Therefore, the
search for suitable therapeutic agents to improve the GSH content and GSH–redox balance
could be an effective means of treating ischemic injury.

SDX is a mixture of glycosaminoglycans (GAGs), purified from porcine mucosa con-
sisting of 80% low-molecular weight heparin and 20% dermatan sulfate [14]. SDX possesses
a wide range of pharmacological properties, such as antithrombotic, profibrinolytic, and
lipid-lowering activity [15]. This drug is used in clinical practice for the treatment of
chronic venous and arterial diseases [14,16]. Recently, SDX was associated with an improve-
ment in the therapy for venous leg ulcers [17], deep vein thrombosis [18], cerebrovascular
disorders [15], proteinuria, and cardiovascular disease in diabetes [17,19].

In vitro and in vivo studies have shown that SDX exerts anti-inflammatory [20], an-
tioxidant [21], immunomodulatory [22], anti-proliferative [23], antiproteolytic [24], and
vasculo-protective features [25].

The studies on the endothelial protective effect of SDX obtained the desired results.
For example, SDX was reported to maintain or restore the integrity of the glycocalyx, a
gel-like layer covering the luminal surface of vascular endothelium, possibly by providing
precursors of endothelial GAGs [26]. SDX also alleviated the endothelial dysfunction in
streptozotocin-induced diabetes in rats, by reducing the number of the circulating endothe-
lial cells and improving the endothelium-dependent relaxation in the small arteries [27].
Furthermore, SDX has been shown to exert potent anti-senescent and anti-inflammatory
effects in both venous [28], and arterial endothelial cells [29].

Several studies have shown that the antioxidant properties of SDX underlie many
other bioactivities of this drug [30–33]. However, only a few studies have investigated the
molecular mechanism of SDX against ischemic damage [34–39]. We previously described
that SDX induces GSH-related genes in ischemic endothelial cells [37], but the direct
contribution of GSH to the protective effects of SDX has yet to be established.
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In this study, we investigated the ability of SDX to prevent apoptosis and oxidative
stress in the human umbilical vein endothelial cells (HUVECs) induced by oxygen–glucose
deprivation (OGD), a commonly used model of simulated ischemia in vitro, by affecting
the intracellular tGSH, GSH, and GSSG concentrations, as well as the redox state of the
GSH:GSSG pool. Furthermore, the levels of the GCLc and GSS proteins, the key enzymes
for de novo GSH synthesis, were determined.

2. Results
2.1. Effect of SDX on Apoptosis

As shown in Figure 1A (upper panel), after 6 h of simulated ischemia, many of the
endothelial cells detached from each other and exhibited cytoplasmic shrinkage. However,
the SDX treatment in OGD suppressed the morphological changes of the HUVECs, and
increased the number of surviving cells. These results were further confirmed by analysis
of the apoptotic features, such as changes in nuclear morphology using Hoechst 33342. The
Hoechst 33342 fluorochrome is used to detect the compacted state of chromatin. As shown
in Figure 1A (middle panel), the control cells exhibited uniformly dispersed chromatin.
However, the cells exposed to OGD for 6 h showed the typical features of apoptosis
(chromatin condensation, nuclear shrinkage, and apoptotic bodies formation). Moreover,
we found that the SDX treatment significantly inhibited the OGD-induced apoptotic nuclear
damages.

As quantified in Figure 1B, AI was strongly increased after 6 h of OGD (median 29%,
range 15–42) compared to the Control group (median 1.98%, range 1–7.6). A statistically
significant decrease in AI was detected when the ischemic HUVECs were treated with SDX
(median 13%, range 6–18).

2.2. Effect of SDX on Intracellular ROS Accumulation

To analyze whether the antiapoptotic action of SDX is associated with a decrease
in ROS level, the HUVECs were incubated with the cell-permeable dye, CellROX Green
Reagent, which exhibits green fluorescence and binds to nuclear DNA only upon oxidation.
The fluorescence microscopy of the normoxic cells showed a weak punctate green fluores-
cence pattern, indicating basal mitochondrial ROS production (Figure 1A, lower panel).
After 6 h of OGD, the staining pattern changed to bright nuclear fluorescence, showing the
oxidation of CellROX Green Reagent and the binding of the oxidized dye to nuclear DNA.
The co-incubation of the OGD-treated cells with SDX efficiently suppressed the bright
nuclear fluorescence, indicating inhibition of the ROS accumulation.

As shown in Figure 1C, the intensity of the CellROX green fluorescence was dramati-
cally increased in the OGD group (median 64.90, range 48.44–82.70) compared with the
Control group (median 24.64, range 13.40–31.03). After treatment with SDX in OGD, the
ROS-stimulated oxidation of the CellROX Green Reagent was significantly lower (median
38.44, range 33.45–44) compared to the OGD group.

Importantly, the decreased production of the ROS correlates with a reduction in the
endothelial cell apoptosis, with the highest levels observed in the OGD + SDX group
(Figure 1D, R2 = 0.63 and p < 0.001).

2.3. Effect of SDX on Intracellular GSH Content, GSH:GSSG Ratio and Redox Potential

To confirm that SDX may exert antioxidant and endothelial protective effects by
ameliorating the glutathione-dependent redox imbalance caused by ischemic injury, the
concentrations of tGSH, GSH, and GSSG, the GSH:GSSG ratio, and the changes in the redox
potential ∆Eh of the GSSG/2GSH couple were determined.

Our data indicate that the intracellular tGSH concentrations gradually decreased in
response to 1, 3, and 6 h of OGD (median 17.01 nmol/mg protein, range 13.17–18.71;
median 10.29 nmol/mg protein, range 8.9–11.61; median 2.6 nmol/mg protein, range
1.14–3.56, respectively) compared to the Control group (median 23.26 nmol/mg protein,
range 17.78–25.4).
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Figure 1. SDX cytoprotective effects against oxidative damage induced by OGD in human endothe-
lial cells. HUVECs were treated for 6 h in OGD in the absence or presence of SDX (0.5 LRU/mL). (A) 
Microscopic observations. Morphology was visualized and photographed under an inverted phase 
contrast microscope (original magnification ×200). Apoptotic cells were identified by Hoechst 33342 
staining and intracellular ROS production was observed using CellROX Green Reagent. The images 
were examined under a fluorescence microscope (original magnification ×200). Control: normal con-
ditions; OGD: cells exposed to simulated ischemia in vitro only; OGD + SDX: cells exposed to sim-
ulated ischemia in vitro and treated with SDX. Apoptotic index (B) and quantification of CellROX 
green fluorescence intensity (C) in each corresponding group (n = 12). Data in panels (B,C) are box-
plots representing the median and quartiles with the upper and lower limits. Significant results are 
marked with asterisks (*** p < 0.001); (D) Correlation between apoptotic index and ROS production. 
Apoptotic index and ROS generation were determined as described in panel (A). Pearson’s correla-
tion coefficient R2 = 0.63 was calculated from the linear regression analysis between apoptotic index 
and CellROX green fluorescence intensity. Control group. [·] is the oulier. 

  

Figure 1. SDX cytoprotective effects against oxidative damage induced by OGD in human endothelial
cells. HUVECs were treated for 6 h in OGD in the absence or presence of SDX (0.5 LRU/mL).
(A) Microscopic observations. Morphology was visualized and photographed under an inverted
phase contrast microscope (original magnification ×200). Apoptotic cells were identified by Hoechst
33342 staining and intracellular ROS production was observed using CellROX Green Reagent. The
images were examined under a fluorescence microscope (original magnification ×200). Control:
normal conditions; OGD: cells exposed to simulated ischemia in vitro only; OGD + SDX: cells
exposed to simulated ischemia in vitro and treated with SDX. Apoptotic index (B) and quantification
of CellROX green fluorescence intensity (C) in each corresponding group (n = 12). Data in panels
(B,C) are box-plots representing the median and quartiles with the upper and lower limits. Significant
results are marked with asterisks (*** p < 0.001); (D) Correlation between apoptotic index and
ROS production. Apoptotic index and ROS generation were determined as described in panel (A).
Pearson’s correlation coefficient R2 = 0.63 was calculated from the linear regression analysis between
apoptotic index and CellROX green fluorescence intensity. Control group. [·] is the oulier.

As shown in Figure 2A, the SDX treatment for 1 and 3 h in OGD significantly ele-
vated the intracellular tGSH (median 29.12 nmol/mg protein, range 26.96–33.64; median

97



Molecules 2022, 27, 5465

30.26 nmol/mg protein, range 27.44–32.69, respectively). Compared with the Control group,
the intracellular tGSH of the HUVECs treated with SDX in OGD for 6 h decreased signifi-
cantly (median 9.3 nmol/mg protein, range 6.33–9.69). Compared with the 6 h OGD-treated
cells, the intracellular tGSH was significantly increased after the SDX treatment.
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Figure 2. Time-dependent effects of SDX on the intracellular GSH level and redox state in human
endothelial cells subjected to OGD. HUVECs were treated for 1, 3, or 6 h in OGD in the absence
or presence of SDX (0.5 LRU/mL). The intracellular concentrations of total glutathione (tGSH) (A),
reduced glutathione (GSH), and oxidized glutathione (GSSG) (B) were measured by colorimetric
assay (n = 4–6). The tGSH, GSH, and GSSG levels were normalized to total protein concentrations and
expressed as nmol/mg protein. The GSH:GSSH ratio (C) and the GSH redox potential (∆Eh) (D) for
each incubation period were calculated. CTRL: normal conditions; OGD: cells exposed to simulated
ischemia in vitro only; OGD + SDX: cells exposed to simulated ischemia in vitro and treated with SDX.
Data in panel (A) are box-plots representing the median and quartiles with the upper and lower limits.
Each point in panel (B) and bar graphs in panels (C,D) represent mean ± standard deviation (SD).
In panels (A–D), the asterisks indicate the statistically significant differences (* p < 0.05; ** p < 0.01;
*** p < 0.001). In panel B, statistically significant differences between OGD groups and OGD + SDX
groups are marked with red asterisks (*), while black asterisks (*) are used to mark the differences
between the test groups and Control group. [·] is the oulier.
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We further separately determined the effect of SDX on the GSH and GSSG concentra-
tions. The results presented in Figure 2B show a significant gradual decrease in the GSH
levels from 21.26 ± 2.69 nmol/mg protein in the control cells to 14.9 ± 2.13, 8.42 ± 0.54,
and 2.67 ± 0.04 nmol/mg protein after 1, 3, and 6 h of OGD exposure, respectively. The
GSSG levels, which were much lower than the GSH levels at baseline (0.87± 0.56 nmol/mg
protein), increased to 1.77 ± 0.42 and 1.59 ± 0.8 nmol/mg protein after 1 and 3 h of
OGD, respectively; and then decreased to 0.16 ± 0.7 nmol/mg protein after 6 h. It was
observed that treatment with SDX for 1 and 3 h in OGD resulted in a significant increase
in the intracellular GSH concentrations (26.22 ± 1.63 and 27.72 ± 0.83 nmol/mg protein,
respectively). After 6 h treatment with SDX and OGD, the intracellular GSH level was sig-
nificantly reduced (6.88 ± 0.73 nmol/mg protein) compared with the untreated HUVECs,
but remained higher than in the corresponding OGD group. In addition, the treatment
of the HUVECs with SDX for 1 and 3 h in OGD significantly increased the GSSG content
(3.68 ± 0.56 and 2.54 ± 0.58 nmol/mg protein, respectively). The exposure of the cells
to SDX for 6 h did not significantly affect the GSSG level, compared to the Control and
corresponding OGD group (Figure 2B). The intracellular glutathione-redox balance was
expressed as the GSH:GSSG ratio (Figure 2C). A higher GSH:GSSG ratio could make the
endothelial cells more resistant to oxidative stress and compensate for the decrease in the
GSH levels [10,40]. The intracellular GSH:GSSG ratio after 1, 3, and 6 h of OGD exposure
was found to be significantly lower (5.98 ± 0.29; 4.69 ± 1.24; and 4.54 ± 1.42, respectively)
than in the control cells (19.48 ± 3.52). The redox balance shifts toward a more reducing
state in the ischemic HUVECs treated with SDX for 3 or 6 h (12.27 ± 1.47; 10.74 ± 1.74,
respectively). However, there was no significant difference in the GSH:GSSH ratio between
the SDX-treated and non-treated groups after 1 h of OGD (7.78 ± 1.78 vs. 5.98 ± 0.29) due
to an increase in the intracellular GSSG level (Figure 2B,C).

Furthermore, the redox potential was determined according to the Nernst equation
(Figure 2D) [41]. It was well known that an increase in the ∆Eh of the GSSG/2GSH couple
can lead to apoptosis, and the antioxidants that decrease the ∆Eh have antiapoptotic
properties [10,42]. It was shown that ∆Eh was increased in the cells exposed to OGD for 1,
3, or 6 h (−188 ± 12; −165 ± 5; and −127 ± 10 mV, respectively) compared to the control
(−237 ± 5 mV). Moreover, the treatment of the cells with SDX for 1, 3, and 6 h resulted
in a significant decrease in ∆Eh (−216 ± 10; −232 ± 5; and −211 ± 19 mV, respectively)
compared with the corresponding OGD groups without SDX.

2.4. Effect of SDX on GCLc and GSS Protein Levels

We next measured the GCLc and GSS protein levels as a surrogate for their enzymatic
activity in the ischemic HUVECs treated with SDX at different time points (Figure 3). Some
of the studies have found a correlation between the protein contents and enzyme activity
levels of GCL and GSS [43,44].

In this study, we revealed that the GCLc protein levels were significantly increased in
the cells exposed to 1, 3, and 6 h of OGD alone (median 20.00 ng/mL, range 18.17–20.38;
median 17.4 ng/mL, range 15.15–17.67; median 9.37 ng/mL, range 7.86–10.72, respectively)
compared to the Control group (median 3.45 ng/mL, range 2.67–4.95). Moreover, the
treatment of cells with SDX for 1 and 3 h in OGD resulted in a dramatic increase in the
GCLc protein levels (median 35.76 ng/mL, range 30.24–40.84; median 40.37 ng/mL, range
36.9–42.7, respectively) (Figure 3A).

The treatment of the ischemic HUVECs with or without SDX resulted in similar
GSS concentration profiles. The GSS concentrations were found to be increased in cells
treated with OGD alone for 1, 3 or 6 h (median 17.32 ng/mL, range 14.98–18.48; median
15.06 ng/mL, range 11.13–16.32; median 8.08 ng/mL, range 6.05–10.48, respectively) com-
pared to control (median 3.27 ng/mL, range 2.97–4.29). The protein levels of GSS were
significantly increased after 1 and 3 h of incubation with SDX in OGD (median 33.26 ng/mL,
range 24.7–38.12; median 37.34 ng/mL, range 36.37–40.25, respectively) (Figure 3B).
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Figure 3. Time-dependent effects of SDX on the protein levels of GCLc and GSS in human endothelial
cells subjected to OGD. HUVECs were treated with OGD for 1, 3, or 6 h in the absence or presence
of SDX (0.5 LRU/mL). Quantitative analysis of GCLc (A) and GSS (B) levels in cell lysates was
performed by ELISA (n = 4). The GCLc and GSS protein concentrations (ng/mL) were normalized
to total lysate protein. CTRL: normal conditions; OGD: cells exposed only to simulated ischemia
in vitro; OGD + SDX: cells exposed to simulated ischemia in vitro and treated with SDX. Data in
panels (A,B) are box-plots representing the median and quartiles with the upper and lower limits.
Significant results are marked with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001); (C) Correlation
between GCLc and GSS protein levels. Pearson’s correlation coefficient R2 = 0.97 was calculated from
the linear regression analysis between concentrations of GCLc and GSS in cell lysates obtained from
ELISA. [·] is the oulier.

Moreover, GCLc and GSS proteins showed a very high correlation with each other
(Figure 3C, R2 = 0.97, and p < 0.001). This is likely due to the fact that both of the enzymes
are coordinately regulated and the experimental conditions that induce the catalytic subunit
of GCL also induce the GSS expression [45,46].

3. Discussion

The main findings of the present study were as follows: (i) the reduced ROS pro-
duction in the SDX-treated HUVECs under OGD conditions was strongly correlated with
attenuation of apoptosis; (ii) the GSH:GSSG ratios were increased by SDX primarily due to
the increase in the GSH concentrations; (iii) the redox potentials (∆Eh) of the GSSG/2GSH
couple became more negative during SDX treatment, reflecting a pro-reducing shift; (iv)
increases in the intracellular GCLc and GSS levels by SDX appear leading to a rapid de
novo GSH synthesis, resulting in a prolonged and maintained antioxidant effect (Figure 4).

The oxidative stress and redox imbalance with low intracellular levels of GSH play a
crucial role in the pathophysiology of ischemic vascular diseases [7].

Determining the time-dependent changes of the GSH concentrations and the GSH:GSSG
ratios is very important, since GSH maintains the reduced redox state required for endothe-
lial cell survival under ischemic conditions [47]. The decreased GSH levels, or the oxidation
state of the GSSG/2GSH redox system measured as a decrease in the GSH:GSSG ratio, or
an increase in the reduction potential calculated from the Nernst equation have been associ-
ated with apoptosis [10]. A parallel increase in the ROS production was also implicated in
the apoptosis of vascular endothelium in response to ischemia [48]. In contrast, an increase
in the GSH levels, GSH:GSSG ratio, and the resulting decrease in the redox potential of
the GSSG/2GSH, coupled with a decrease in ROS production, were associated with the
inhibition of apoptosis [10,40]. Therefore, the antioxidants regulating the glutathione redox
status through the positive influence on the GSH amount and the GSH:GSSG ratio are
thought to be effective in protecting the endothelium from ischemic damage.
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SDX has been found to have distinct endothelial protective properties against ischemia
due to its direct and indirect antioxidant actions, but it is not clear whether GSH plays
a role in these effects [34,49]. We have previously described that SDX can protect the
endothelial cells from ischemic injury via the nuclear factor-erythroid-2-related factor
(Nrf2)/antioxidant response element (ARE) signaling pathway. Moreover, we have shown
that SDX induces the rapid accumulation of Nrf2 in the nuclei of the OGD-stimulated
HUVECs, leading to increased expression of the GSH-related genes [36,37].

In the present study, the SDX-associated decrease in endothelial apoptosis appears
to be dependent on antioxidant activity, as suggested by the strong positive correlation
between ROS and apoptotic cell death, indicating that a decrease in the ROS production
led to a significant reduction in apoptosis (Figure 1). SDX was studied in the context of
endothelial cell protection under oxidative stress, and the available data are consistent
with our findings. A study by Połubińska et al. [50] showed that SDX was able to protect
the HUVECs from oxidative stress induced by serum samples obtained from patients
with peripheral vascular disease. In addition, another piece of research showed that SDX
protected the human retinal endothelial cells (HRECs) from oxidative damage in an in vitro
model of diabetic retinopathy [51]. It has been suggested that the underlying anti-oxidative
mechanisms of SDX may involve the reduction in the pro-inflammatory cytokine expression
and upregulation of superoxide dismutase activity [14]. Furthermore, SDX has been shown
to inhibit apoptosis via a direct inhibition of caspase-3 [35].

This study demonstrated that the SDX treatment significantly increased the tGSH
levels in the first 3 h of OGD, as also evidenced by an increase in the GSH and GSSG
concentrations in the HUVECs (Figure 2A,B). The intracellular GSH level is maintained
by de novo synthesis and the salvage pathways. In our experiment, the induction of
GSH synthesis by SDX was not accompanied by a concomitant decrease in the GSSG
concentrations (Figure 2B). This confirms that the increase in GSH levels after SDX treatment
is mediated by de novo synthesis pathway.

The observed changes in the GSH:GSSG ratio indicate that the SDX treatment is
associated with a pro-reducing shift in HUVEC exposed to OGD (Figure 2C), as well as
an anti-apoptotic and antioxidant effect (Figure 1). The most proximate cause for these
increases in the intracellular GSH:GSSG ratios appears to be the significant increase in GSH
concentrations, as SDX also slightly increased the GSSG levels. It is worth highlighting that
our results of a basal GSH:GSSG ratio (20:1 in the Control group) are in agreement with
the study performed by Shrestha et al. [52] on vena cava endothelial cells (VCECs). Since
the venous endothelial cells have a lower GSH:GSSG ratio than the arteries (30:1), they are
more sensitive to oxidative stress [52,53].
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A temporal relationship between a significant decrease in the cellular GSH and
GSH:GSSG ratio and the onset of apoptotic cell death was demonstrated [54]. The evidence
suggests that an early loss of the GSH:GSSG balance associated with a more oxidized GSH
redox potential precedes the ROS-induced activation of the mitochondrial apoptotic path-
way [8]. It was also shown that the disruption of de novo GSH synthesis with L-buthionine
(S,R)-sulfoximine (BSO) activates the proapoptotic c-Jun N-terminal kinase (JNK), which
plays a key role in the ischemia-induced apoptosis of the vascular endothelial cells [55].
Furthermore, a decreased GSH:GSSG associated with oxidizing conditions is responsible
for formation of the S-glutathiolated proteins by a thiol/disulfide exchange mechanism
between a SH group of protein and GSSG. The S-glutathiolation of proteins involved in
both the receptor-mediated extrinsic and mitochondria-mediated intrinsic pathways of
apoptosis is well known [8]. This process is observed under various pathological con-
ditions within the cardiovascular system, including hypoxia/ischemia [56]. Thus, the
anti-apoptotic effect of SDX appears to be mediated by significantly increased GSH levels
and higher GSH:GSSG ratios.

Additionally, the shift in the GSH:GSSG ratios induced by SDX treatment in OGD
appears to alter the redox state of the HUVECs toward a more negative potential (Figure 2D).
This suggests that SDX induces a pro-reducing redox potential which may be due to an
increased intracellular GSH concentration. Therefore, we next quantified the levels of
GCLc and GSS, key enzymes for GSH biosynthesis. The ELISA results show that there are
significant differences in the levels of GCLc and GSS between the groups treated without
or with SDX after 1 and 3 h of OGD. This also supports our hypothesis that a strong
SDX-induced increase in the levels of both the GCLc and GSS proteins may lead to the
rapid production of GSH and a pro-reducing shift in the GSSG/2GSH couple, resulting in
a prolonged and sustained antioxidant effect (Figures 1 and 3).

However, the increase in the endothelial GCLc and GSS protein levels was also ob-
served in the HUVECs exposed to OGD alone compared to the control (Figure 3). At the
same time, OGD alone significantly decreased the intracellular GSH (Figure 2). Both GCLc
and GSS are inducible enzymes. The mechanisms underlying the ischemia-associated
upregulation of GCLc and GSS proteins are unknown. Other researchers have also reported
that oxidative stress or glutathione deficiency upregulates the expression of the proteins
involved in GSH synthesis [57,58]. Moreover, the study by Krejsa et al. [59], performed
on Jurkat cells, reported that the rapid activation of GCL after the H2O2 treatment was
inversely proportional to the relative intracellular GSH content. Thus, our findings may
support the idea that the upregulation of GCLc and GSS is likely an early adaptive re-
sponse of the endothelial cells to the oxidative stress that occurs during an ischemic insult.
Although the antioxidant system shows some compensatory adaptation to the ischemic
conditions, the ability of the ischemic HUVECs non-treated with SDX to respond positively
to ODG stress is impaired. In addition, the tissue GSH concentrations reflect not only
intracellular accumulation, but also its efflux from the cells. The decreased GSH levels
in response to ischemia may be associated with a cross-membrane export, mediated by
multidrug resistance proteins (MRPs) [60]. Both GSH and GSSG are known to transport sub-
strates for MRPs. The ability of MRPs to actively efflux the endogenous GSH has significant
implications for ischemic vascular diseases [61]. It was shown that an increased expression
of various MRP isoforms leads to decreased GSH concentrations in the endothelial cells, an
alternation of redox status, and accelerated apoptosis [62,63]. Moreover, GSH depletion
as such was recognized as a major contributor to the redox balance changes associated
with apoptotic cell death [64]. Importantly, the MRPs’ expression at the mRNA and protein
levels and their transporter activities were observed in the HUVECs [65]. In view of the
above, we cannot exclude the possibility that the endothelial protective mechanisms of
SDX may involve some inhibitory effects on the efflux of cellular GSH. This will be the
subject of our further research.

In summary, our study shows for the first time that SDX at a clinically relevant
concentration (0.5 LRU/mL) and duration of action [20] significantly affects the glutathione
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levels, increases the GSH:GSSG ratio, and increases the intracellular redox environment
rate of reduction under cell-damaging ischemic conditions. Furthermore, the marked and
potent induction of GCLc and GSS in response to SDX may confer an increased ability to
rapidly synthesize GSH in the ischemic endothelial cells.

4. Materials and Methods
4.1. Cell Culture

The HUVECs were cultured as previously described [36]. In brief, the HUVEC cell line
purchased from Clonetics (Lonza, Verviers, Belgium) was cultured in 75 cm2 tissue culture
flasks (CytoOne; USA Scientific, Ocala, FL, USA) at 1 × 104 cells/flask in endothelial basal
medium (EGM-2; Clonetics) with EGM-2 BulletKit (Clonetics) at 37 ◦C in a humidified
atmosphere of 5% CO2 and 95% air. The medium was replaced every 3 days and the cells
were subcultured after reaching around 90% confluence. The cells at passages three to five
were used in the experiments.

4.2. In Vitro Model of Simulated Ischemia

In vitro ischemia was induced in the HUVECs by OGD as previously described [36].
Briefly, the culture medium (EGM-2 with EGM-BulletKit) was removed and the HUVECs
were rinsed twice with glucose-free Dulbecco’s Modified Eagle’s Medium (DMEM, no
glucose; Thermo Fisher Scientific, Waltham, MA, USA), previously equilibrated in a hypoxic
chamber (Galaxy 48 R incubator; Eppendorf/Galaxy Corporation, Enfield, CT, USA),
supplemented with 3% O2, 5% CO2, and 92% N2 at 37 ◦C. For simulated ischemia in vitro,
the confluent cells in DMEM without glucose were transferred to a hypoxic chamber
flooded with 92% N2, 5% CO, and 3% O2 and incubated at 37 ◦C. The control cells in
standard EGM-2 supplemented with EGM-2 BulletKit (normoxia) were not treated with
OGD.

4.3. Drug Administration and Experimental Groups

The SDX (Vessel Due F, 300 LRU/mL) was purchased from Alfasigma S.p.A. (Bologna,
Italy). The HUVECs were treated with 0.5 LRU/mL SDX during OGD. The concentration
of SDX was based on the literature data [20]. The drug was added directly to the ischemic
medium of the OGD, and the samples were harvested immediately after OGD. The cell
cultures exposed only to simulated ischemia in vitro (OGD groups) were maintained in a
hypoxic chamber for the same time as the cells treated with SDX during OGD.

Firstly, the HUVECs (5× 104) were plated in 35-mm dishes and treated with or without
SDX for 6 h in OGD to determine the effect of SDX on apoptosis and ROS accumulation.
The cells were randomly divided into three groups: Control group; OGD group; and OGD
+ SDX group.

Then, the HUVECs were treated with SDX for 1, 3, or 6 h in OGD to determine the
effect of SDX on total GSH (tGSH), GSH, GSSG, GCLc and GSS. For the GCLc and GSS
protein assays, the cells were seeded at 1 × 104/well on 24-well plates, and for GSH and
GSSG measurement, the cells were cultured in 35-mm dishes at a density of 5 × 104/dish.
The cells were randomly assigned to the following experimental groups: Control group;
and six groups of cells treated without/with SDX in accordance with OGD exposure time
of 1, 3, and 6 h.

4.4. Apoptosis Assay

To detect the apoptotic cells, nuclear staining was performed with Hoechst 33342
(Sigma-Aldrich, St. Louis, MO, USA). The cells were rinsed with phosphate-buffered saline
(PBS) and fixed with a 4% formaldehyde (in PBS) for 20 min at room temperature. After
fixation, the cells were washed twice with PBS and stained with Hoechst 33342 (5 µg/mL)
for 5 min in dark. The stained cells were washed three times with PBS and examined with
a fluorescent microscope (Nikon TS-100 F, Nikon, Tokyo, Japan). The apoptotic cells were
distinguished from the viable cells by condensed chromatin and shrunken nuclei, and by
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the higher intensity of blue fluorescence of the nuclei. The data were presented as apoptotic
index (AI) defined as the percentage of apoptotic cells, according to the equation:

AI (%) = (number of apoptotic cells/ total number of cells) × 100 (1)

The images were acquired from 12 randomly selected fields from three culture dishes
in each group. The post-image acquisition analysis was performed using ImageJ software
(1.48v, NIH, Bethesda, MD, USA, http://imagej.nih.gov.ij/).

4.5. Detection of Intracellular ROS

The intracellular ROS were analyzed by using the fluorogenic CellROX® Green
Reagent (Life Technologies, Molecular Probes, Eugene, OR, USA), according to the man-
ufacturer’s instructions. After treatment, CellROX® Green Reagent (5 µM) was added to
the cells and incubated at 37 ◦C for 30 min. The CellROX® then was removed and the cells
were rinsed three times with PBS. The cells were fixed in 4% formaldehyde (in PBS) for
20 min in the dark before detection. The microscopic images of 12 randomly selected fields
from three culture dishes in each group were acquired using the Nikon TS-100 F fluores-
cence microscope equipped with a Nikon DS Ri1-U2 camera and NIS-BR imaging software
version 4.6.0 (Nikon, Tokyo, Japan). The intensities of the fluorescent signals were analyzed
and quantified by using ImageJ software (1.48v, NIH, USA; http://imagej.nih.gov.ij/).

4.6. Measurement of GSH

The total, reduced, and oxidized GSH levels were determined using a Glutathione
Colorimetric Detection Kit (InvitrogenTM, Life Technologies Co., Frederick, MD, USA),
according to the manufacturer’s instructions. Briefly, after treatment with/without SDX for
1, 3, or 6 h in OGD, the HUVECs were washed once with PBS and immediately precipitated
in ice-cold 5% (w/v) 5-sulfo-salicylic acid (SSA, Sigma-Aldrich, St. Louis, MO, USA). The
cells were then scraped and transferred to microcentrifuge tubes. The cell extracts were
centrifuged at 14,000 rpm for 10 min at 4 ◦C. The supernatants were used for subsequent
determination of total GSH and GSSG, and the remaining pellets were dissolved in RIPA
lysis buffer (Sigma-Aldrich, St. Louis, MO, USA), plus 0.1 M NaOH for the determination
of the total protein content.

To measure GSSG, the samples were treated with 2-vinylpirydine (2VP, Sigma-Aldrich,
St. Louis, MO, USA). The analysis was performed according to the assay kit’s instruc-
tions, and the absorbance was read at 405 nm in a microplate reader (Multiskan Ascent,
Labsystems, Helsinki, Finland). The total GSH (tGSH) and GSSG concentrations were
determined using the standard curve specific to each run. The amount of reduced GSH was
obtained by subtracting GSSG from tGSH. The results were normalized to the total protein
concentrations in the samples and expressed as nmol/mg protein. The ratio of GSH:GSSG
was used to monitor the intracellular glutathione–redox balance [41].

4.7. Redox Potential Calculations

The redox potential (∆Eh) of the GSSG/2GSH couple in the HUVECs was calculated
from the GSH and GSSG concentrations, using the Nernst equation:

∆Eh = E0 + RT/nF ln [GSSG]/[GSH]2 (2)

where E0 is the standard potential for the redox couple; R is the gas constant; T is the
absolute temperature; n is the number of electron transferred (n = 2); and F is Faraday’s
constant. The E0 value for the GSH/GSSG couple at pH = 7.4 is −264 mV [41].

4.8. Determination of Protein Content

The protein content was determined using Bradford Reagent (Sigma-Aldrich, St. Louis,
MO, USA) with bovine serum albumin (≥98%) (Sigma-Aldrich, St. Louis, MO, USA) as
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standard. The absorbance was measured at 595 nm using a microplate reader (Multiskan
Ascent, Labsystems, Helsinki, Finland).

4.9. Enzyme Linked Immunosorbent Assay (ELISA)

The quantitative determinations of the GCLc and GSS proteins were performed in
cell culture lysates, using the Human GCLC (glutamate–cysteine ligase catalytic subunit)
ELISA Kit and the Human GSS (Glutathione synthetase) ELISA Kit (Wuhan Fine Biological
Technology Co., Ltd., Wuhan, China), according to the manufacturer’s instructions. The
optical density (O.D.) values at 450 nm were read in a microplate reader (Multiskan Ascent;
Labsystems, Helsinki, Finland). The GCLc and GSS protein concentrations in ng/mL were
normalized to the total lysate protein to account for the differences in cell numbers.

4.10. Statistical Analysis

All of the statistical analyzes were performed using R version 4.2.1 software (https://
www.r-project.org/). The normality and homogeneity of variance were tested with Shapiro–
Wilk and Levene tests, respectively. The statistically significant differences (p < 0.05) were
determined by analysis of variance (one-way ANOVA) followed by subsequent Tukey and
Games–Howell multiple range tests as post-hoc analysis. The associations between the
GCLc and GSS concentration, and between the apoptotic index and the CellRox fluorescence
intensity were evaluated using Pearson’s r correlation coefficients.
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Reduces the Inflammatory Reaction and Senescence of Endothelial Cells in Conditions Involving Chronic Venous Disease. Int.
Angiol. 2016, 35, 140–147. [PubMed]
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Abstract: The potential of nanomaterials use is huge, especially in fields such as medicine or industry.
Due to widespread use of nanomaterials, their cytotoxicity and involvement in cellular pathways
ought to be evaluated in detail. Nanomaterials can induce the production of a number of substances
in cells, including reactive oxygen species (ROS), participating in physiological and pathological
cellular processes. These highly reactive substances include: superoxide, singlet oxygen, hydroxyl
radical, and hydrogen peroxide. For overall assessment, there are a number of fluorescent probes in
particular that are very specific and selective for given ROS. In addition, due to the involvement of
ROS in a number of cellular signaling pathways, understanding the principle of ROS production
induced by nanomaterials is very important. For defense, the cells have a number of reparative and
especially antioxidant mechanisms. One of the most potent antioxidants is a tripeptide glutathione.
Thus, the glutathione depletion can be a characteristic manifestation of harmful effects caused by
the prooxidative-acting of nanomaterials in cells. For these reasons, here we would like to provide a
review on the current knowledge of ROS-mediated cellular nanotoxicity manifesting as glutathione
depletion, including an overview of approaches for the detection of ROS levels in cells.

Keywords: reactive oxygen species; oxidative stress; glutathione; nanotoxicity; cell injury; fluorescence
probes

1. Introduction

Molecular oxygen (O2) has a significant effect on numerous chemical reactions and
biological processes. O2 reductions are one of the most critical electrocatalytic reactions
that function in electrochemical energy conversion [1]. Free radicals contain an unpaired
electron mostly bound to oxygen atoms. Conversely, the group of compounds named
reactive oxygen species (ROS) also contains molecules without an unpaired electron, e.g.,
hydrogen peroxide [2,3]. Thus, the group of ROS also contains oxygen free radicals such as
superoxide or hydroxyl, alkoxyl, peroxyl, and nitroxyl radicals [4,5]. The production of
ROS is commonly linked with mitochondria, where the electrons are transferred through
the respiratory chain to O2 forming water [6,7]. Mitochondrial ROS production depends on
many factors such as the membrane potential of mitochondria [8], concentration of mito-
chondrial respiratory substrates, or a type of cells [9]. Mitochondria are the most important
sources of superoxide and hydrogen peroxide in mammalian cells. The production of these
ROS occurs mainly on the mitochondrial respiratory complex I and III [7,10]. In addition
to mitochondrial complexes, ROS is also produced in mammalian cells by the participa-
tion of other enzymes such as flavoproteins [11] and other enzymes involved in nutrient
metabolism [12]. As ROS plays important roles in the regulation of cell death processes,
i.e., apoptosis [13] or necrosis [14–16], their pathological roles have been identified in a
number of diseases including cancer and other age-related degenerative processes [17,18].
Given their deleterious effects, ROS production is usually finely tuned by ROS-scavenging
systems [9].
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Nanomaterials (NMs) exhibit great potential for use in the biomedical, optical, and
electronic fields [19–23]. However, nanomaterials have been considered as potentially
toxic due to their unique properties. They have extremely high surface-to-volume ratios,
making them very reactive and catalytically active [24]. Their toxic potential in cells is
also supported by their small size, enabling them to easily penetrate cell membranes [25].
TiO2 is one of the most commonly used nanomaterials in the chemical industry (e.g.,
cosmetics and pigments) [26]. In addition to white lead properties, TiO2 can be very active
in photocatalytic reactions with organic compounds, providing the formation of ROS
including •OH, O2

•−, H2O2 [27]. In addition to TiO2, other nanomaterials of different
chemical compositions can produce ROS. The overview of NMs capable of ROS production
is summarized in Table 1 including the lifetime.

Table 1. Overview of nanomaterials capable of ROS production [28].

Nanomaterial Produced ROS ROS Half-Life

ZnO [29], SiO2 [29], TiO2 [30],
CuO [31], Ag NPs [32] Superoxide O2

•− 10−6 s

ZnO [33], TiO2 [34], CuO [35] Hydroxyl
radical

•OH 10−10 s

Polystyrene NPs [36], Au NPs [37],
TiO2 [38], ZnO [39], Ag NPs [40]

Hydrogen
peroxide H2O2 Stable (x.s, min)

TiO2 [41], Ag NPs [42], FeO [43] Singlet oxygen 1O2 10−6 s

Nanomaterials or nanoparticles (NPs) can expose transition metals on their surface,
which can generate ROS through Fenton or Haber-Weiss reactions [44]. During these
reactions, hydrogen peroxide is reduced in the presence of transition metals (Fe2+, Cu+)
to form a highly active and toxic hydroxyl radical. Thus, the role of nanomaterials in
ROS-mediated cell damage is significant and ROS production induced by NMs can lead
to the modulation of various intracellular pathways, e.g., NF-κB, caspases, MAPK, etc.,
involving the activation of cell death processes [45,46].

In this study, we aimed to provide a recent and detailed view on ROS production
induced by nanomaterials. The importance of our review can be also supported by the
role of increased ROS levels that can lead to glutathione depletion and to the activation of
cellular signaling pathways, resulting in changes in cellular metabolism, cell damage, or
even in cell death.

2. Reactive Oxygen Species
2.1. Superoxide

Superoxide radical is formed during enzymatic and non-enzymatic reactions in biolog-
ical systems [1,47]. In atoms and molecules, paired electrons occur usually as antiparallel,
which strongly limits the oxidation properties of O2. After one-electron reduction of molec-
ular oxygen, the superoxide radical (O2

•−) forms. This reaction is thermodynamically very
unfavorable and the interaction of O2 with another paramagnetic center is important for
overcoming spin restriction [48]. Although the reactivity of O2

•− is mild, the crucial role of
superoxide is that it enables the formation of other ROS (Figure 1), playing important roles
in the pathology of various diseases.

Superoxide radical (O2
•−) is formed mainly in mitochondria and its reactivity with

biomolecules is relatively low. Superoxide can be produced after the reaction of molecular
oxygen with divalent metals catalyzing a single-electron reduction under their simultane-
ous oxidation (equation 1).

O2 + Fe2+ → O.−
2 + Fe3+ (1)
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spective, all these electron transport systems could transfer the electrons directly to O2 to 
form O2●−. However, there are only two major sites of the respiratory chain where ROS 
can be generated, i.e., at Complexes I and III [59,60]. 

In Complex I, a reaction occurs between O2 and the reduced form of the flavinmono-
nucleotide (FMN), leading to production of O2●−. The amount of reduced FMN depends 
on the NADH/NAD+ ratio [61]. In Complex III, two specific binding sites for coenzyme 
Q10 are known, i.e., Qi and Qo. Superoxide production is located in Qo. When antimycin 
A is added as an inhibitor of the Qi site, O2●− production increases [62], while the addition 
of a myxothiazole inhibitor for the Qo site decreases ROS production [63]. Under physio-
logical conditions, the production of ROS in Complex III depends on the ∆Ψ. The rate of 
O2●− formation may increase exponentially with increasing ∆Ψ. This directly correlates 
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Another formation can be catalyzed by enzymes including xanthine oxidase, lipoxy-
genase, or cyclooxygenase [49]. The superoxide radical may exist in two possible forms:
either in the form of O2

•− at physiological pH or as a hydroperoxyl radical (HO2
•) at

low pH levels [50]. Hydroperoxyl radical penetrates better through phospholipid bilayers
compared to the charged form O2

•− [28,51]. The superoxide radical may react with another
superoxide radical to form hydrogen peroxide and O2 (equation 2). The reaction is cat-
alyzed by the enzyme superoxide dismutase (SOD) [52,53]. A product of the dismutation
reaction is H2O2 which becomes an important factor in the formation of the most reactive
ROS, i.e., hydroxyl radical (•OH) [54].

O2 + O.−
2 + 2H2O Cu, Zn, Mn−SOD→ H2O2 + O2 (2)

The mitochondrial electron transport chain (ETC) has been attributed to the role
as the main ROS generator in cells. When transporting electrons, some of the electrons
from the ETC can reduce molecular oxygen to O2

•− [55]. The resulting O2
•− is rapidly

dismissed by mitochondrial superoxide dismutase (Mn-SOD) forming H2O2 [56]. Mito-
chondrial ETC consists of several electron transporters (flavoproteins, proteins containing
iron and sulfur, ubiquinone, and cytochromes) with redox potentials ranging from −0.200
to +0.600 V [57,58]. According to the respective redox potentials, the individual electron
carriers are arranged in individual complexes of the respiratory chain I–IV. Electrons that
are transported into the respiratory chain as reducing equivalents of NADH or FADH2
enter the ETC through mitochondrial Complexes I and II. Then, the electrons are trans-
ferred through ETC to Complex IV which reduces O2 to H2O. From the thermodynamical
perspective, all these electron transport systems could transfer the electrons directly to O2
to form O2

•−. However, there are only two major sites of the respiratory chain where ROS
can be generated, i.e., at Complexes I and III [59,60].

In Complex I, a reaction occurs between O2 and the reduced form of the flavinmononu-
cleotide (FMN), leading to production of O2

•−. The amount of reduced FMN depends on
the NADH/NAD+ ratio [61]. In Complex III, two specific binding sites for coenzyme Q10
are known, i.e., Qi and Qo. Superoxide production is located in Qo. When antimycin A is
added as an inhibitor of the Qi site, O2

•− production increases [62], while the addition of a
myxothiazole inhibitor for the Qo site decreases ROS production [63]. Under physiological
conditions, the production of ROS in Complex III depends on the ∆Ψ. The rate of O2

•−

formation may increase exponentially with increasing ∆Ψ. This directly correlates with the
fact that due to ∆Ψ fluctuations, the transport of electrons from heme bL to heme bH slows
down, which then increases superoxide generation [64].

2.1.1. Role of Superoxide in Nanomaterial Toxicity

Damage to mitochondria and subsequent ROS leakage is a commonly accepted
mechanism of nanoparticles toxicity. Damaged mitochondria release O2

•− into the inter-
membrane space which can ultimately damage the cell [65]. Across different types of
nanomaterials, their involvement in the ROS generation can be found. Far more often
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than in size, their possible cytotoxic effects are chemically dependent. Despite the similar
size and crystal shape of ZnO NPs and SiO2 NPs, higher toxicity of ZnO NPs is observed,
where cell viability is reduced and O2

•− generation is reduced, due to which glutathione
(GSH) depletion occurs [29]. TiO2 nanoparticles generate O2

•− [30] both in solution and in
cells, and intracellular O2

•− reduces the expression of histone deacetylase 9 (HDAC9), an
epigenetic modifier [66]. Cellular internalization of TiO2 NPs has been shown to activate
macrophages and neutrophils contributing to the production of O2

•− by the NADPH
oxidase [67]. Oxidative stress induced by excessive O2

•− production is an important mech-
anism of the CuO NPs toxicity [31]. CuO NPs can enter HepG2 cells, where they are capable
of inducing cellular toxicity by generating O2

•− leading to GSH depletion [68]. Activation
of mitogen-activated protein kinases (MAPKs) and redox-sensitive transcription factors
was demonstrated, suggesting that MAPK pathways and redox-sensitive transcription
factors could be major factors of CuO NPs toxicity [69].

Analysis of mouse fibroblasts and human hepatocytes revealed that an increase in
ROS levels induced by Ag NPs is accompanied by a reduction of mitochondrial membrane
potential, release of cytochrome c into the cytosol, JNK activation, and translocation of
Bax to mitochondria [32]. After exposure to Ag nanoparticles, GSH depletion occurs in
liver cells, which is directly related to ROS production [70]. Ag NPs appear to induce DNA
damage through a mechanism involving ROS production.

2.1.2. Methods for the Detection of Superoxide
MitoSox

Hydroethidium (HE) is a selective O2
•− detection probe (Figure 2) that reacts very

rapidly to changes in O2
•− concentration, forming a red fluorescent product with

2-hydroxyethidium cation (2-OH-E+). Hydroethidine is a reduced form of ethidium that
can be oxidized to ethidium in cells. The resulting ethidium intercalates nucleic acids and
significantly increases its fluorescence, emitted at 610 nm (excitation = 535 nm) [23,71].
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Figure 2. Detection of superoxide using MitoSox fluorescent probe. Abbreviation: O2
•− = superoxide.

A new hydroethidine analog was synthesized for the purposes of O2
•− detection,

which is produced in mitochondria. This analog carries a charged triphenylphosphonium
residue (Mito-HE; Mito-Sox Red). As the phosphonium residue is positively charged
and surrounded by three lipophilic phenyl groups, it penetrates very easily through cell
membranes, mainly through the inner mitochondrial membrane [72]. After they cross
the cell membranes, they accumulate in mitochondria depending on the negative ∆Ψ [73].
Importantly, redistribution of MitoSox from mitochondria is dependent on decreasing
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∆Ψ based on various stimuli, which may not be ROS. For this reason, the use of MitoSox
is a semi-quantitative test. Very important is the fact that MitoSox is transferred from
mitochondria to the cytoplasm. Here, the supply of nucleic acids is higher and the in-
creasing fluorescence is independent to mitochondrial ROS production, which may distort
the results of individual measurements. The formation of MitoSox oxidation products in
mitochondria may result in changes of values, which may reduce the passage of other Mi-
toSox molecules into the mitochondria and generally affect measurements due to decreased
MitoSox and ROS concentrations that are not produced by breathing chain breakage. The
fluorescent product emits radiation at 580 nm with excitation at 540 nm [74–76].

1,3–Diphenylisobenzofuran

The 1,3-diphenylisobenzofuran (DPBF) probe is a molecule that, when incorporated
into liposome phospholipids, acquires fluorescent properties. It is used for the detection of
O2
•− and 1O2. After reaction with oxygen radicals, it produces a decrease of fluorescence,

thus the fluorescence rates correlate inversely with increasing concentrations of O2
•− and

1O2 [77,78]. The reaction of DPBF with ROS such as singlet oxygen, hydroxyl, alkoxy
and alkyl peroxy radicals gives 1,2-dibenzoylbenzene. In contrast, only reaction with
H2O2 produces 9-hydroxyanthracen-10-(9H)-one. This product can be detected using
fluorescence spectroscopy, NMR spectroscopy, or HPLC [79].

2.2. Hydroxyl Radical

The hydroxyl radical is a neutral form of the hydroxide ion. It belongs among the
most reactive ROS because it can react with a variety of organic and inorganic compounds
including DNA, proteins, and lipids, resulting in serious cell damage. The hydroxyl radical
may be formed as a product of the Fenton or Haber–Weiss reaction [80–83].

The Fenton reaction is based on the reaction between H2O2 and Fe2+. Iron is an
essential component of many proteins involved in the transport or metabolism of oxygen
due to its ability to undergo cyclic oxidation and reduction. Iron has to be present for the
ongoing synthesis of iron-containing proteins. As such, it can directly lead to the formation
of free radicals, which can cause cellular damage of large extent. The reaction of Fe2+ with
H2O2 produces an oxidized form of iron (Fe3+), as well as •OH and OH− (Equation (3)).

Fe2+ + H2O2 → Fe3+ [
H2O−2

]
→ OH− + •OH (3)

O.−
2 + H2O2 → O2 + OH− + •OH (4)

Another possible reaction to form •OH is the Haber–Weiss reaction. In this reaction,
less reactive O2

•− and H2O2 react with each other (Equation (4)). As in the case of the
Fenton reaction, very toxic •OH is formed. Very unfavorable thermodynamic conditions
are applied to this reaction, in which the rate constant in the aqueous solution is close to
zero. The presence of a transition metal catalyst is required to ensure the reaction. The iron
atom serves as the catalyst. Both reactions produce highly reactive •OH, which ultimately
severely damages cells [84–87]. The Fenton reaction can be used to induce apoptosis in
cancer cells, where •OH is formed on a copper ion [88,89].

2.2.1. Role of Hydroxyl Radical in Nanomaterial Toxicity

TiO2 and ZnO NPs are widely used in cosmetics and industry [22]. Under the influence
of UV radiation, ZnO NPs generate reactive oxygen species such as •OH or H2O2, causing
GSH depletion [33,90]. The rate of •OH generation and the total photocatalytic activity
depends on the physical properties of the nanomaterial used, e.g., TiO2 NPs [34]. Cu
NPs play an important role as a cofactor in a number of enzymes such as cytochrome c
oxidase [91]. However, they exhibit significant toxicity and can induce ROS production,
including largely reactive •OH. Copper can catalyze electron transfer (Cu2+ and Cu+). This
can give rise to O2

•− reduction to H2O2 in cells, leading to GSH depletion [35]. Other
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particles that induce •OH production include Fe3O4 [92], silica nanoparticle [93], and silver
nanoparticles [94].

2.2.2. Methods for the Detection of Hydroxyl Radical

Terephthalic acid (TA) can be hydroxylated in presence of •OH to give the highly
fluorescent product 2-hydroxy-TA [95]. TA has a configuration of two carboxylate anion
(COO−) side groups attached to a six-carbon ring at positions 1 and 4 to form a structurally
symmetrical compound. Reaction of •OH with any of the four unsubstituted carbons will
form only one hydroxylated product, 2-hydroxy-TA (2-OH-TA). TA is non-fluorescent,
whereas 2-OH-TA is highly fluorescent. Neither TA nor 2-OH-TA is present in tissues
physiologically. In addition, none of them is known to be involved in cellular functions,
thus they exhibit no cellular toxicity [96].

Fluorogenic spin probes can be used to detect •OH. Their signal can be detected
both fluorometrically and using EPR spectroscopy. The rhodamine nitroxide probe is a
non-fluorescent substance reacting quantitatively with •OH (Ex/Em = 560/588 nm) [97].

The HKOH-1 probe was designed for better uptake and longer retention in cells. The
HKOH-1 probe has excellent sensitivity, selectivity, and extremely rapid turn-on response
toward •OH in live cells in both confocal imaging and flow cytometry experiments [98].

2.3. Singlet Oxygen

Singlet oxygen (1O2), the highest energy state of molecular oxygen, has been exten-
sively studied to oxidize toxic persistent organic contaminants [99]. Singlet oxygen is a
highly reactive form of oxygen. It is produced during photochemical reactions or even
physiologically in the respiratory chain of mitochondria. In excitation, molecular oxygen is
excited to the first state (1∆g) and then to the higher excited state (1∑g). In the first excited
state, O2 has two counter-spin electrons in a π orbital, while in the second excited state, O2
has one counter-spin electron in two π orbitals [100,101]. The first excited state is highly
reactive. 1∆g 1O2 is also produced physiologically, e.g., in the activation of neutrophils and
macrophages [102,103]. It is a highly potent oxidizing agent that can cause fatal damage of
DNA [104] or cell death [105,106].

Singlet oxygen reacts with several biological molecules including DNA, RNA, lipids,
sterols, and especially proteins [107]. Amino acid residues of proteins can react with 1O2
by direct chemical reaction or physical quenching. Physical quenching causes de-excitation
of the singlet state of oxygen proved in proteins through the interaction with tryptophan
residues [108].

2.3.1. Role of Singlet Oxygen in Nanomaterial Toxicity

Reactive oxygen species are formed by the reaction of photoinduced binding electrons
with oxygen molecules. After the release of photoinduced electrons, valence band holes are
formed on the surface of TiO2 NPs that cannot oxidize water [109]. Another type of ROS that
occurs during photocatalytic reactions on the surface of TiO2 NPs is 1O2 (Figure 3) [41]. Nano-
materials that can induce singlet oxygen production also include Ag NPs [42]. Nanomaterials-
bound generation of 1O2 can be also used in the treatment of tumors [43]. An activatable
system has been developed that enables tumor-specific 1O2 generation, based on a Fenton-like
reaction between linoleic acid hydroperoxide (LAHP), tethered on FeO NPs and Fe2+ ions
released from FeO NPs under acidic pH conditions [43]. After increased production of 1O2 in
cells, the intracellular concentration of GSH decreases [110–112].

2.3.2. Methods for the Detection of Singlet Oxygen

The DPAX-1 fluorescent probe (9-[2-(3-carboxy-9,10-diphenyl)-anthryl]-6-hydroxy-3H-
xanthen-3-one) has been used to detect 1O2 forming endoperoxide as a reaction product.
The probe is based on 9,10-diphenylanthracene (DPA), conjugated to fluorescein. The high
quantum yield and wavelength of the excitation radiation are suitable for biological appli-
cations [113]. The DMAX 9-[2-(3-carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-
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one has been also used to detect 1O2. The DMAX probe reacts much more specifically and
faster with 1O2 compared to the DPAX-1 probe [114].
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Other approach for singlet oxygen detection are amino-functionalized nanoparti-
cles covalently linked to Singlet Oxygen Sensor Green® (SOSG) which is an anthracene-
fluorescein dye. The fluorescence of the SOSG molecule is inhibited by photoinduced
intramolecular electron transfer. When anthracene is endoperoxidized in the presence of
1O2, the electron transfer is blocked and fluorescein self-fluorescence is restored [115].

2.4. Hydrogen Peroxide

Hydrogen peroxide is formed directly through SOD-catalyzed dismutation from
superoxide [116]. It belongs among ROS but it is not a free radical. The relatively long
lifespan and size of H2O2 allows it to pass through cell membranes to different parts of
the cell, which facilitates signaling reactions [117]. It causes cell damage at concentrations
higher than 100 nM. Concentration of H2O2 in the range of 1–10 nM acts physiologically in
the process of redox signaling [116]. It does not cause direct DNA damage but DNA damage
is ensured due to •OH presence, which arises from H2O2 in the presence of transition
metal ions [118]. Enzymes eliminating H2O2 include catalase, glutathione peroxidase, and
peroxiredoxins [119].

In peroxisomes, the main metabolic process producing H2O2 is the β-oxidation of
fatty acids through acyl-CoA-oxidase. Other enzymes involved in the formation of ROS
include urate oxidase [120], D-aspartate oxidase [121], or xanthine oxidase [28].

2.4.1. Role of Hydrogen Peroxide in Nanomaterial Toxicity

Most nanomaterials that induce the production of O2
•− also induce the produc-

tion of H2O2. In a study [36], colorectal cancer cells were exposed to polystyrene NPs
(20 and 40 nm) with two surfactants (amino and carboxylic acid). After the exposure of
cells to polystyrene NPs, a decrease in cell viability was observed and the induction of
the apoptosis process was reduced by decreased H2O2 production by catalase. In another
study [37], the authors observed a decrease in intracellular GSH concentration after the
exposure of cells to 8 nm Au NPs. Subsequently, it was found that there was a decrease
in mitochondrial membrane potential (∆Ψ) and cell apoptosis deepened after 48 h of in-
cubation of cells with Au NPs. Then, a decreased mitochondrial GSH concentration and
increased H2O2 production were observed. Other nanomaterials capable of induction of
H2O2 formation are e.g., TiO2 NPs [38], ZnO NPs [39], and Ag NPs [40].
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2.4.2. Methods for the Detection of Hydrogen Peroxide
2′,7′-Dichlorodihydrofluorescein

The 2′,7′-dichlorodihydrofluorescein (DCFH) probe is a specific indicator of the pres-
ence of H2O2. The diacetate form of DCFH (DCFH-DA) has been used to detect ROS in
cells due to its ability to penetrate cell membranes. Two acetate groups are hydrolyzed by
intracellular esterases after DCFH-DA transfer into cells. Then, the presence of peroxidases
is important for the oxidation of DCFH by H2O2. Other agents capable of oxidizing DCFH
include hematin or cytochrome c [122,123] which may increase the fluorescence of the
probe without any H2O2 production [124]. DCFH can be also oxidized with H2O2 in the
presence of Fe2+ but this is most likely due to the formation of •OH. In contrast, O2

•−

is unable to oxidize the DCFH probe [125]. In the presence of visible light or ultraviolet
radiation, a DCF photoreduction can occur (Figure 4). The fluorescent product exhibits
fluorescence at 522 nm (excitation at 498 nm).
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DCFH-DA = 2′,7′-dichlorodihydrofluorescein diacetate; DCFH = 2′,7′-dichlorodihydrofluorescein;
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The oxidation of the probe produces a semichinone radical (DCF•−) that, when reacted
with O2, gives rise to O2

•−. Dismutation of O2
•− produces H2O2 that then artificially

increases the oxidation of DCFH. The oxidation of DCFH results in the formation of a
fluorescent product DCF exhibiting strong fluorescence. However, this reaction can increase
the fluorescence intensity of the DCF product and give false-positive results [126–128].
In the case of the measurement of ROS production in tested nanomaterials, the form of
DCFH-DA has been mostly used in ZnO2 NMs [33,129–132] and TiO2 NMs [133–136].

Amplex Red

Amplex Red (N-acetyl-3,7-dihydroxyphenoxazine) is a non-fluorescent molecule that
can be specifically oxidized by H2O2 in the presence of horseradish peroxidase (HRP) to
the highly fluorescent resorufin product (Figure 5), EX/EM 563/587 nm [137]. At excessive
H2O2 concentrations, the fluorescent product resorufin can be further oxidized to non-
fluorescent resazurin [138]. Amplex Red reacts with H2O2 stoichiometrically. It can also
be used for the detection of O2

•− in a mixture with SOD converting O2
•− to H2O2. The

background fluorescence during the measurement is very low and the fluorescent product
is very stable. These features increase the sensitivity of the measurement. Significant loss
of fluorescence may be due to the oxidation of resorufin to the non-fluorescent resazurin
product that can be catalyzed by HRP [139,140].
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HyPer Ratiometric Sensor

The H2O2 concentration can be measured using the expression of a HyPer genetically
encoded ratio sensor. HyPer consists of the bacterial H2O2-sensitive transcription factor
OxyR, fused to the circular fluorescent protein YFP. Cysteine oxidation of the OxyR moiety
induces a conformational change that results in an increase in YFP fluorescence intensity
excited at 500 nm and a decrease in YFP emission excited at 420 nm. This reversible change
can monitor the intracellular concentration of H2O2 [141].

Pentafluorobenzenesulfonyl Fluoresceins

Perhydrolysis of acyl resorufins is a reaction that acts as a fluorescent indicator for
the determination of H2O2. This method is based on deprotection rather than oxidation,
which enables the fluorescence of resorufin and fluorescein. The selectivity of this method
for H2O2 detection is higher compared to DCFH. For the above reasons, pentafluoroben-
zenesulfonyl fluoresceins have been proposed as selective fluorescent probes for H2O2
detection. Importantly, sulfonates are more stable to hydrolysis than esters. Fluoresceins
have high fluorescence yields and the pentafluorobenzene ring increases the reactivity of
sulfonates with H2O2 [142].

Europium Ion

The method is based on the binding of Eu3+-tetracycline [Eu (tc)] linked to propane-
sulfonic acid (MOPS) in an aqueous solution to H2O2. After binding, a strongly fluorescent
complex ([Eu (hp) (tc)]) is formed (λEX/EM = 390-405 /616 nm). The increase in fluorescence
is up to 15x after H2O2 binding and it is strongly dependent on the pH value. The increase
in fluorescence is most pronounced at the physiological pH environment. The fluorescence
of the probe [Eu (tc)] is not affected by ammonium, chloride, sulphate, or nitrate ions.
However, citrate and phosphate can interfere with the assay [143].

Homovanilic Acid

Recently, homovanillic acid (3-methoxy-4-hydroxyphenylacetic acid) has been in-
creasingly used instead of scopoletin for H2O2 detection in mitochondria. In contrast
to the fluorescent scopoletin indicating the presence of H2O2 by a fluorescence decrease,
homovanillic acid becomes a fluorescent through H2O2-induced oxidation in the presence
of HRP [144]. The product of this reaction is a highly fluorescent dimer 2,2′-dihydroxy-3,3′-
dimethoxydiphenyl-5,5′-diacetic acid [145]. In the following Table 2, an overview of all
described fluorescent probes for ROS detection are summarized.
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Table 2. Overview of fluorescent probes for the detection of ROS [79,95,97,98,114,115,137,141–143,145].

Type of ROS Fluorescent Probe Excitation/Emission
Wavelengths

Superoxide MitoSox 535/610 nm
1,3–diphenylisobenzofuran 410/455 nm

Hydroxyl radical
Terephthalic acid 310/420 nm

Rhodamine nitroxide 560/588 nm
HKOH-1 500/520 nm

Singlet oxygen
DPAX-1 495/515 nm
DMAX 495/515 nm

Singlet Oxygen Sensor Green® 504/525 nm

Hydrogen peroxide

2′,7′-dichlorodihydrofluorescein 498/522 nm
Amplex Red 563/587 nm

HyPer ratiometric sensor 485/516 nm
Pentafluorobenzenesulfonyl fluoresceins 485/530 nm

Europium ion 400/616 nm
Homovanilic acid 312/420 nm

3. Role of Reactive Oxygen Species Induced by Nanoparticles in Cell Signaling

Nanomaterials are capable of interfering with cell signaling pathways. Recently, three
main pathways participating in the apoptosis process have been identified (Figure 6). The
first pathway is the direct NMs occupation of the FADD receptor. The second pathway is
the modulation of the function of mitochondria in the presence of NMs and the third is the
localization of NMs pacting in the endoplasmic reticulum. All of these pathways converge
upon caspase activation, thereby the mitochondria produce higher levels of ROS, increase
production of Bid protein, and activate Bax or Bak1 proteins, which can ultimately lead to
organelle damage, DNA cleavage, and cell death [146].
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The dynamic and rapid nature of ROS signaling is the result of ROS production and
removal. The balance between the production and removal of ROS is balanced due to their
interaction. This causes rapid changes in ROS levels [147]. ROS play an important role
in activating many cellular proteins and factors, e.g., NF-κB, MAPK, Keap1-Nrf2-ARE, or
PI3K-Akt [148,149].

The NF-κB family is a family of transcriptional proteins consisting of five members,
i.e., NF-κB1, NF-κB2, RelA, RelB, and c-Rel [150]. The activation of the transcription factor
NF-κB involves signal-dependent degradation of phosphorylated inhibitors such as IκBα.
The mechanism of NF-κB activation by H2O2 [151] or O2

•− [152] is different from the
activation in the presence of cytokines or mitogens. Serines 32 and 36 play a key role in the
activation of NF-κB by cytokines, while tyrosine residues 42 and serine/threonine in the
PEST domain of the IκBα protein play a key role in the activation by H2O2 [153]. H2O2
activates IκBα kinase without subsequent serine phosphorylation of IκBα. In contrast,
H2O2, similar to TNF, induces serine phosphorylation of the p65 subunit of NF-kB, leading
to its nuclear translocation [154]. Nanoparticles participate directly in the activation of the
factor NF-κB through increased ROS production which was confirmed by the translocation
of the high-mobility group box 1 (HMGB1) protein from the nucleus to the cytoplasm
observed in cells after exposure to silica nanoparticles [155]. Subsequently, HMGB1 binds
to the TLR4 receptor; this complex regulates the expression of the myeloid differentiation
factor and activates the NF-κB-signaling pathway.

In eukaryotic cells, signaling by MAPK kinases is very important. Various MAPK
pathways can be activated by different stimuli. Ultimately, activated MAPK pathways
coordinate gene transcription activation, acting in the regulation of protein synthesis, cell
cycle, cell death, and cell differentiation [156]. The MAPK cascade is composed of three
distinct signaling modules, i.e., the c-Jun N-terminal kinase cascade, the p38 MAPK cascade,
and the extracellular signal-regulated kinase ERK [157]. Several cellular stimuli activating
ROS production can also activate MAPK activation itself [158]. For instance, MAPK kinases
can be activated by H2O2 [159]. MAPK activation occurs by activating growth factor
receptors in several cell types [160]. Another mechanism of MAPK activation by ROS is
the inactivation of the MKP protein by its oxidation [161]. The physiological FEM protein
keeps the MAPK signaling pathway inactive. In addition to the activation of MAPK, the
JNK pathway is also activated during the oxidation of the FEM protein [162]. A number
of studies have demonstrated the activation of a variety of kinases by ROS, including
ASK1 [163], MEKK1 [164], c-Src [165], and EGFR [166]. These activated kinases ultimately
can activate the MAPK cascade [167]. Cerium oxide particles have been shown to activate
ROS production and to reduce SOD and glutathione peroxidase activities. This results in
increased phosphorylation levels of p38 MAPK as well as ERK1/2 and JNK [168]. The
nanoparticles that can damage cells through p38 MAPK activation are silica NPs [169,170],
polystyrene NPs [171], and TiO2 NPs [172]. Conversely, the exposure to Au [173] and iron
oxide [174] NPs causes the osteogenetic differentiation through the activation of relevant
genes by p38 MAPK.

The tumor suppressor protein p53 induces apoptotic cell death in response to onco-
genic stress. Malignant progression is dependent on the loss of p53 function by mutations
in the TP53 gene itself or defects in signaling pathways. Phosphorylation of p53 regulates
the ability to activate the expression of apoptotic target genes [175]. Overexpression of p53
transactivates a number of p53 genes. Many of these genes encode redox active proteins in-
cluding enzymes (quinone oxidoreductase and proline oxidase) generating ROS. Ultimately,
this regulation of ROS production leads to oxidative stress that can induce apoptosis [176].
Increasing the intracellular concentration of ROS leads to the activation of the p38 protein,
which increases the expression and transcriptional activity of p53 [177]. The p53 protein
transcriptionally activates the PUMA gene encoding two proteins, PUMA-α and PUMA-β,
of similar activity. These proteins bind to Bcl-2 and integrate into the mitochondria, where
they induce the release of cytochrome c [178–180].
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Last but not least, ROS activate the JNK kinase pathway, which plays an important role
in the apoptosis process [4,181]. During intracellular ROS production, there is a permanent
activation of JNK [182]. This is due to the inactivation of MAPK phosphatases (FEM) by
oxidation of their catalytic cysteine in the presence of intracellularly accumulated H2O2.
Expression of catalytically inactive FEMs prolongs JNK activation [183].

4. Current Trends in the Evaluation of Nanotoxicity In Vitro

The number of studies focusing on nanotoxicity testing has been growing very rapidly
in the last two decades. The cause of that can be also found in the perpetual production of
new nanomaterials for its following use in industry or medicine. Conversely, especially in
medicine, nanomaterials raise some concerns regarding their cytotoxicity or biocompatibil-
ity. Thus, a number of scientific projects have been assessing the toxicity of the selected
nanomaterials and creating the risk management framework for the use of nanomaterials
in medical applications [184].

Recent studies on nanotoxicity have been using basic assays for the evaluation of
cell function changes, e.g., cell viability, membrane integrity, and enzyme activities mea-
surements. To estimate the oxidative status in cells, the levels of antioxidants can be
measured using a number of methods. In addition to the most frequently used methods,
other approaches have been used to characterize the cellular nanotoxicity recently. These
methods include scanning electron microscopy [185], liquid cell transmission electron
microscopy [186], atomic force microscopy [187], and hyperspectral and laser confocal
microscopy applied to cell-nanoparticles interactions [185]. All these microscopic methods
are very sensitive and specific, which allows for a very detailed description of the function
state of the cells after nanomaterials treatment. To understand the toxicity of nanomaterials,
we need to develop new and innovative methods that will provide us with information
about the changes in the intracellular environment after exposure to nanomaterials. In
addition, there is a need to develop methods that are fast, robust, and combine several
biological tests. In contrast to conventional assays using lipophilic fluorescent probes
detecting ROS levels, a nanoelectrode has been developed to study the toxicity of magnetic
nanoparticles. The nanoelectrode is composed of individual platinum nanoelectrodes with
a cavity at the tip. It is part of an upright microscope and is used to measure intracellular
ROS [188].

A further topic of interest in nanotoxicity testing is the use of newly developed rele-
vant biological models. In comparison to two-dimensional (2D) cultured cell lines, those
new biogical models ought to provide accurate predictions of nanomaterials effects in vivo.
Thus, some new scientific studies described the use of pulmonary fibrosis models [189], or-
gan on-chip technology bridging the differences between 2D in vitro and three-dimensional
(3D) in vivo models from skin, the lung, and the liver [190,191], or on-chip placenta mod-
els [192]. Despite advanced organ on-chip models, a number of concerns have to be solved
to ensure the comparability to living systems in obtained outcomes [193].

5. Conclusions

Currently, nanotechnology is considered to be one of the most attractive research topics
due to its huge application potential and commercial impact. Due to the large number
of newly manufactured nanomaterials, it is necessary to evaluate their possible cytotoxic
effects in men. At present, there is a large request to investigate thee potential acute and
chronic effects of nanomaterials especially in vitro in cells. Those studies can provide a
mechanistic view on nanomaterial cellular acting. However, the use of proper and relevant
bioanalytical methods for evaluating the nanomaterials effects in cells is necessary.

In this study, we aimed to provide a recent and detailed view on ROS production
induced by nanomaterials, especially considering the metalic nanoparticles. In cells, the
nanotoxicity can be mediated by a number of substances including ROS. Depending
on the composition and shape of a nanomaterial, a variety of ROS can be formed in
cells, i.e., O2

•−, 1O2, •OH, and H2O2. Thus, the importance of the present review can
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be recognized in the mechanistic description of a relation of nanomaterials of different
chemical compositions and ROS production. We provided the current knowledge of ROS-
mediated cellular nanotoxicity together with the possibilities of ROS detection in cells using
specific fluorescent probes. In addition, we summarized the detailed description of the
relationship between nanomaterials-mediated ROS production and glutathione depletion.
Altogether, the prooxidative action of nanomaterials can ultimately lead to the activation
of cellular signaling pathways, causing a change in cellular metabolism, cell damage, or
even cell death.
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Department of Pharmaceutical Technology and Biochemistry, Faculty of Chemistry,
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Abstract: The effectiveness of many anticancer drugs depends on the creation of specific metabolites
that may alter their therapeutic or toxic properties. One significant route of biotransformation is
a conjugation of electrophilic compounds with reduced glutathione, which can be non-enzymatic
and/or catalyzed by glutathione-dependent enzymes. Glutathione usually combines with anticancer
drugs and/or their metabolites to form more polar and water-soluble glutathione S-conjugates, readily
excreted outside the body. In this regard, glutathione plays a role in detoxification, decreasing the
likelihood that a xenobiotic will react with cellular targets. However, some drugs once transformed
into thioethers are more active or toxic than the parent compound. Thus, glutathione conjugation may
also lead to pharmacological or toxicological effects through bioactivation reactions. My purpose here
is to provide a broad overview of the mechanisms of glutathione-mediated conjugation of anticancer
drugs. Additionally, I discuss the biological importance of glutathione conjugation to anticancer
drug detoxification and bioactivation pathways. I also consider the potential role of glutathione in
the metabolism of unsymmetrical bisacridines, a novel prosperous class of anticancer compounds
developed in our laboratory. The knowledge on glutathione-mediated conjugation of anticancer
drugs presented in this review may be noteworthy for improving cancer therapy and preventing
drug resistance in cancers.

Keywords: anticancer drugs; glutathione; mechanisms of glutathione conjugation reaction; detoxification;
bioactivation

1. Introduction: The Place of Glutathione in Drug Metabolism

Living organisms are continuously and unavoidably exposed to xenobiotics, including
anticancer drugs. Many of these compounds are lipophilic in nature, and the body can
only expel them through chemical modifications, known as biotransformations. Generally,
these occur by mechanisms conveniently categorized as phase I and phase II metabolic
transformations, which act in a tightly integrated manner [1,2]. Phase I metabolism alters
the chemical structure of the drug by ‘functionalization reactions’ which introduce a polar
functional group onto the molecule. Thus, phase I reactions are usually oxidation, reduc-
tion, dealkylation, epoxidation, oxidative deamination reactions, etc., which are primarily
catalyzed by enzymes of the cytochrome P450 (P450; E.C. 1.14.-.-.) superfamily [1,3]. These
reactions typically result in metabolites that are more water-soluble than the parent com-
pounds and still retain some of their pharmacological activity [4]. Phase II metabolism
generally serves as a detoxifying step in the metabolism of drugs and other xenobiotics and
involves ‘conjugation reactions’ that couple the drug and/or its phase I metabolite molecule
with an activated conjugating molecule. Conjugation usually renders the compound phar-
macologically inert, more polar, and water soluble, so it can easily be excreted out of the
body. The most prevalent phase II metabolic pathways include glucuronidation, sulfation,
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and glutathione conjugation [1,5]. The concept of two phases can also be extended to phase
III, which is the excretion of the resulting phase II metabolites (conjugates) [6].

Although metabolic transformations aim to inactivate drugs, some chemical mod-
ifications, both in phase I and II metabolism, may also lead to the formation of highly
reactive species, i.e., reactive drug metabolites, which are more pharmacologically active
and/or toxic in comparison to the original compound [4,7]. Therefore, early knowledge
about pharmacological and/or toxicological effects of metabolites of drug candidates is
extremely desired for assessing their bioavailability, activity, and safety profiles in humans.
In this regard, much attention is also paid to understanding the mechanisms of reactive
metabolite generation.

This work is focused on the conjugation reaction of xenobiotics with the reduced
tripeptide glutathione (GSH = L-γ-glutamyl-L-cysteinyl-glycine), which is a significant
route of drug elimination in phase II metabolism in many species [8]. GSH conjugation
reaction may be non-enzymatic (i.e., chemical), but it is significantly accelerated by various
GSH-dependent enzymes [9,10], mainly a family of GSH S-transferase (GST; E.C. 2.5.1.18)
enzymes [11]. A number of anticancer therapeutics are known to undergo GSH conjuga-
tion reaction [12–17]. GSH can combine with electrophilic anticancer drugs and/or their
phase I metabolites to form less toxic compounds than parent compounds and more polar,
water-soluble GSH S-conjugates (thioethers). Further, GSH S-conjugates are substrates
for transporters (phase III) involved in the biliary and renal excretion, which facilitates
their clearance from the body [18]. Thus, GSH plays a role in detoxification, decreasing
the likelihood that a xenobiotic will react with molecular and cellular targets. This may
affect the efficacy and interactions of a variety of anticancer interventions. Moreover, nu-
merous studies support the view that, in some cases, GSH conjugation may also play an
important role in bioactivation reactions as it is able to generate GSH S-conjugates that
are more active than the original parent xenobiotic [18–20]. If these reactive metabolites
interact with critical cellular macromolecules (i.e., proteins, nucleic acids), toxicity can be
ensued. By participating in the formation of toxic metabolites of some anticancer drugs,
GSH may also affect the cellular uptake of other agents. For this reason, knowledge of
these interactions may be useful in designing combination therapy for neoplastic diseases.

Given this background, the study on GSH conjugation is a crucial factor for the deter-
mination of drug therapeutic efficacy and potential toxicity. Depending on the structure
and physico-chemical properties of the substrate, the conjugation reaction may proceed
according to various mechanisms. In this review, I discuss some of them in the context of
anticancer drugs. In addition, I also indicate the potential significance of GSH conjugation
in the detoxification and bioactivation of clinically important anticancer drugs.

To continue the search for potential anticancer drugs, a completely novel class of
acridine derivatives of extraordinary structures, unsymmetrical bisacridines (UAs), has
been synthesized and developed by our research group [21,22]. They were characterized
with respect to their physico-chemical properties [23] and the role of phase I and phase
II metabolic transformations in their action [24,25]. UAs exhibited high cytotoxic activity
against a lot of cancer cell lines and high anticancer efficacy against several types of
human cancer xenografts in nude mice [26]. These are mainly cancers that are extremely
resistant to chemotherapy and are usually characterized by increased activity of various
GST isoenzymes relative to normal tissues. Preliminary studies with rat liver microsomal
and cytosolic subfractions showed the ability of C-2028 (9-{N-[(imidazo [4,5,1-de]-acridin-
6-on-5-yl)aminopropyl]-N-methylaminopropylamino}-1′-nitroacridine, a representative
UA) to GST-mediated and/or direct GSH conjugation [25]. This finding may suggest
an important role of detoxifying transformations in UA metabolism, the consequences
of which for the anticancer and/or toxic activities of the compounds are not yet well
understood. Herein, I would like to present some considerations on this issue and indicate
the likely mechanism of UA-GSH S-conjugate formation.
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2. Glutathione
2.1. Glutathione Structure as a Determinant of Its Biological Functions

Glutathione is the predominant intracellular thiol-containing tripeptide found in all
animal tissues, plants, fungi, and some microorganisms [27,28]. Under physiological
conditions, it is mainly present in the cytoplasm in the reduced form (GSH), which is
also the biologically active form. GSH is less easily oxidized than its precursors, cysteine
and γ-glutamylcysteine; the fully oxidized form with a disulfide between two identical
GSH molecules (GSSG) represents less than 1% of the total GSH pool in the cell [29].
GSH concentration in human cells typically ranges from 0.1 to 10 mmol/L, being most
focused in the liver (up to 10 mmol/L), spleen, kidney, lens, erythrocytes, and leuko-
cytes [30,31], wherein its depletion and/or altered level are associated with various diseases,
including cancer, cardiovascular, inflammatory, immune, metabolic, and neurodegenerative
diseases [32]. Maintaining optimal GSH:GSSG ratios in the cell is critical to survival; hence,
tight regulation of this system is imperative [33].

The characteristic structural features of the GSH molecule (Figure 1) determine its
many diverse biological functions. In contrast to an α-peptide linkage usually found in a
number of endogenous peptides, the L-glutamic acid (Glu) and L-cysteine (Cys) of GSH
are joined by an unusual γ-peptide linkage [28]. Such a bond promotes GSH resistance
to hydrolysis by most intracellular aminopeptidases as well as provides for specificity in
other GSH-enzyme interactions [34]. In turn, the activity of the high electron-donating
sulfhydryl (thiol, -SH) group of Cys residue supports the reducing properties of GSH
by way of a thiol-exchange system (-SH to -S-S-), enabling the participation of GSH in
intracellular antioxidative and detoxifying reactions [35]. The reactivity of -SH is due
to the thiolate anion (S−), the relative concentration of which is regulated by the acidity
of thiol (pKa = 9.2). At physiological pH, for every 100 GSH molecules in the -SH state,
approximately 3.7 are in a thiolate form [36]. Due to the polarizability of the sulfur atom,
GSH is a strong ‘soft’ nucleophile, and unlike other phase II enzyme cofactors such as uri-
dine 5′-diphosphoglucuronic acid (UDPGA) and 3′-phosphoadenosine-5′-phosphosulfate
(PAPS), it easily reacts with various ‘soft’ electrophiles [10], which may also be anticancer
drugs. Net-negative charge of cysteinyl residue and overall GSH hydrophilicity greatly
increase the aqueous solubility of the lipophilic moieties with which it becomes conjugated.
GSH S-conjugates usually achieve a molecular weight higher than 300–500 g/mol (average
molecular weight of GSH = 307.3235 g/mol) and are thus preferentially secreted via the
biliary system. Then, the final cysteinyl conjugates are reabsorbed into the liver, from where
they travel to the kidney for acetylation and excretion as a mercapturic acid [37].
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2.2. Biological Functions of Glutathione

Reduced GSH has been adopted through evolution to perform multiple significant
cellular functions in living organisms. It is responsible for the correct thiol–disulfide balance
and the associated oxidation-reduction potential of cells [38]. The biologically important
role of GSH is related to the possibility of regeneration of the -SH moieties of proteins, which
counteracts the effects of oxidative reactions, inactivating cell proteins [39]. This compound
is also involved in the reduction of ribonucleotides to deoxyribonucleotides, i.e., it has a
direct impact on DNA biosynthesis and the related proliferation process [8]. Moreover, it
mediates in the synthesis of proteins and in amino acid transport [40]. Further, GSH serves
as a reservoir and transporter of cysteine [41], a regulator of calcium ion homeostasis [42],
a versatile cofactor for many cytoplasmic enzymes [8], and it is a link in the mitochondrial
mechanism to cell death [43].

In addition to the functions mentioned, GSH is an important component of the system
that detoxifies both electrophilic xenobiotics and metabolically produced free radicals,
i.e., reactive oxygen species (ROS), by the formation of GSH S-conjugates. Thus, it plays
a central role in the protection of cells against a variety of exogenous and endogenous
potentially harmful compounds [28,44]. The reactions to form GSH S-conjugates may be
non-enzymatic, although they are greatly accelerated by GSH-dependent enzymes such
as GSTs [11]. Hence, the effectiveness of the detoxification pathway depends upon the
intracellular concentration of GSH, the presence of GSTs of appropriate specificity, and/or
the capacity of the cell for rapid resynthesis of GSH [45]. Conjugation reactions of GSH
with electrophilic compounds to GSH S-conjugates occur mainly in the liver, which exports
GSH and has the highest GST activity [28]. Although by conjugation with GSH many
compounds are rendered less toxic than the original parent xenobiotic, it has also been
reported that some drugs, including those with anticancer activity, become more reactive
following this reaction. Thus, GSH conjugation may also play an important role in drug
bioactivation processes [18–20].

Overall, GSH acts in catalysis, metabolism, and transport. As knowledge about
this tripeptide grows, it becomes more obvious that the GSH status is a highly sensitive
indicator of cell functionality and viability. Moreover, although all GSH activities are
important in the maintenance of normal cell homeostasis in living organisms, these can
also constitute an advantage for cancer cells, allowing disease progression and resistance
to therapy.

2.3. Outline of the Regulation of Glutathione Levels in the Cell

Adequate intracellular GSH levels (and therefore the GSH:GSSG ratio) need to be
carefully maintained in the cell. These are altered in biosynthesis, biodegradation, and
consumption processes [44,46], which are presented schematically in Figure 2.
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The nucleophilic conjugation of GSH with a wide spectrum of electrophiles (conju-
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the cells have been shown to work as a system in the detoxification of xenobiotics, includ-
ing anticancer drugs. The major components of this system include GSH, GSH-related 
enzymes (mainly GSTs), and GSH S-conjugate export pumps (GS-X pumps) [50]. Some 
researchers assume the further metabolism and/or excretion of GSH-labeled substances 
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Figure 2. Comprehensive scheme of biosynthesis, biodegradation, and the most important reac-
tions that reduced glutathione (GSH) may undergo in mammalian cells (scheme based on [47]).
ADP = adenosine 5′-(trihydrogen diphosphate); ATP = adenosine 5′-(tetrahydrogen triphosphate);
CGDP = cysteinylglycine dipeptidase; Cys = cysteine; Cys-Gly = cysteinylglycine; Glu = glu-
tamic acid; Gly = glycine; GPx = GSH peroxidase; GR = GSH reductase; GS = GSH synthetase;
GSSG = glutathione (oxidized form); GST = GSH S-transferase; H+ = positively charged hydrogen
ion; H2O = water; H2O2 = hydrogen peroxide; NADPH/NADP+ = β-nicotinamide adenine dinu-
cleotide 2′-phosphate, reduced/oxidized form, respectively; γ-GCS = γ-glutamylcysteine synthetase;
γ-Glu-Cys = γ-glutamylcysteine; γ-GT = γ-glutamyl transferase.

GSH biosynthesis, GSH biodegradation, and the recycling of component amino acids
occur in the γ-glutamyl cycle, also known as the Meister cycle [48]. Briefly, GSH is syn-
thesized intracellularly de novo from three precursor amino acids: L-glutamic acid (Glu),
L-cysteine (Cys), and glycine (Gly). This requires the consecutive action of two enzymes,
γ-glutamylcysteine synthetase (γ-GCS) and GSH synthetase (GS) (biosynthesis pathway
in Figure 2). The bioavailability of Cys is rate-limiting for the synthesis of GSH [49].
GSH breakdown is initiated by the action of γ-glutamyl transferase (γ-GT), an enzyme
attached to the external surface of certain cell membranes [30]. γ-GT transfers a Glu to other
amino acids releasing cysteinylglycine (Cys-Gly), which in turn can be broken down by a
cysteinylglycine dipeptidase (CGDP) to produce Cys and Gly [44] (biodegradation pathway
in Figure 2). Reactions leading to a decrease in GSH levels in cells are also reactions with
ROS and electrophilic compounds formed from xenobiotics that are considered to be toxic
to the cell. In a recycling pathway GSH peroxidase (GPx), in concert with catalase and
superoxide dismutase, detoxifies ROS such as hydrogen peroxide (H2O2) with GSH acting
as an electron donor in the reduction reaction, producing GSSG as an end product. Within
cells, GSH is regenerated from GSSG by GSH reductase (GR) in a process that requires
reduced β-nicotinamide adenine dinucleotide 2′-phosphate (NADPH) [8].

The nucleophilic conjugation of GSH with a wide spectrum of electrophiles (conjuga-
tion pathway in Figure 2) and transport of the corresponding GSH S-conjugates out of the
cells have been shown to work as a system in the detoxification of xenobiotics, including
anticancer drugs. The major components of this system include GSH, GSH-related enzymes
(mainly GSTs), and GSH S-conjugate export pumps (GS-X pumps) [50]. Some researchers
assume the further metabolism and/or excretion of GSH-labeled substances as phase III
metabolic reactions (Figure 3). At the cell surface, the catabolism of GSH S-conjugate
is initiated by the membrane-bound γ-GT, which removes (extracellularly) the GSH γ-
glutamyl moiety and transfers it to appropriate acceptors. The resulting cysteinylglycine
S-conjugate is further converted by cysteinylglycine dipeptidase (CGDP) to remove the
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glycyl group and produce the cysteine S-conjugate. Then, this compound re-enters the cell
via various transport proteins where cytosolic N-acetyltransferases (NATs) create a mercap-
turic acid derivative of the xenobiotic (S-substituted N-acetyl-L-cysteine conjugate) [51,52].
The final product of the above reactions is generally non-toxic, more polar, and more water-
soluble than the parent compound, and can be readily excreted outside the body through
bile or urine [52]. Although, the presented mercapturic acid pathway and trafficking of
mercapturic acid derivatives may vary with different compounds and species [18], GSH
conjugation represents a cell-protective process through detoxification mechanism.
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teine S-conjugate. Acetyl-CoA = acetyl coenzyme A; CGDP = cysteinylglycine dipeptidase;
CoASH = coenzyme A; Glu = glutamic acid; Gly = glycine; H2O = water; NAT = N-acetyltransferase;
NH4

+ = ammonium ion; γ-GT = γ-glutamyl transferase.

Alternatively, in recent years, it has been documented that the formation of glu-
tathione S- and cysteine S-conjugates may be bioactivation events as the intermediate
metabolites are toxic (i.e., cytotoxic, genotoxic, or mutagenic) [53,54]. For example, instead
of intracellular acetylation, some cysteine S-conjugates (which usually contain a strong
electron-withdrawing group attached to the sulfur atom) may be converted through β-
elimination by cysteine S-conjugate β-lyases (present in the cytosol and mitochondria) to
pyruvate, ammonium ion (NH4

+), and an unstable and highly reactive thiol (RS−) [52,55].
This constitutes a bioactivation pathway. The sulfur-containing fragment further released in
this process is presumably a sulfenic acid (RS-OH). Recent studies suggest that the coupling
of enzymes of the mercapturic acid pathway to cysteine S-conjugate β-lyases may be more
common in nature and more widespread in the metabolism of electrophilic xenobiotics
than previously realized [18]. However, before addressing these aspects in the context
of anticancer drugs, it is important to know the major mechanisms of their conjugation
with GSH.

3. Overview of Mechanisms of Glutathione Conjugation of Anticancer Drugs

As previously stated, the important part of the GSH molecule in terms of its chemical
activity is the nucleophilic sulfhydryl (thiol, -SH) group of the cysteine residue. Generally,
as illustrated in Figure 4, conjugation with GSH involves attachment of the xenobiotic
molecule or its phase I metabolite (assigned as R-X) with this group to form the GSH
S-conjugate (assigned as R-SG). In fact, the reactive nucleophilic species is the thiolate
anion of GSH (GS−), whose concentrations at physiological pH are approximately 1% of
GSH concentration (pKa of GSH = 9.2) [38]. Due to the low electronegativity and high
polarizability of the sulfur atom, GSH acts as a ‘soft’ nucleophile and, as such, can be
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used to sense the reactivity of ‘soft’ electrophiles (i.e., compounds that contain an acceptor
atom with high polarizability, low electronegativity, and often unshared p or d valence
electrons) [51]. Xenobiotics that are conjugated with GSH are either very electrophilic right
away or are metabolized to electrophilic compounds. Some reactions of the tripeptide GSH
with cellular electrophiles have spontaneous rates which vary considerably depending on
the reactivity of the electrophile, and frequently, but not always, are catalyzed by various
GST isoenzymes [34]. However, non-enzymatic reactions are usually much slower than
those catalyzed by GSTs.
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the glutathione S-conjugate (R-SG). The reaction may be catalyzed by the enzyme glutathione S-
transferase (GST).

There are several main mechanisms of GSH conjugation involved in detoxification
and the potential bioactivation of anticancer drugs. Common GSH conjugation reactions
are nucleophilic substitutions (including replacement of halogen atom or group of atoms
with GSH molecule, the opening of the strained oxirane ring), nucleophilic displacement
from saturated and aromatic carbon atoms, or nucleophilic addition to a polarized double
or triple bond (Michael addition). The term ‘GSH S-conjugate’ usually refers to the product
of the attack of GSH on an electrophilic carbon atom; however, GSH may also react with
electrophilic oxygen, nitrogen, and sulfur atoms [56]. Below, I discuss certain mechanisms
of these reactions for the selected known anticancer drugs.

3.1. Nucleophilic Substitution

Substitution reactions, which involve the reaction of a nucleophile with an electrophile,
are prevalent in physiological and metabolic processes, in the action of some drugs, and in
the chemical synthesis of nearly all drugs [57]. Thus, nucleophilic substitution is also the
basic and the most widespread mechanism of GSH conjugation of electrophilic compounds.
It is observed in several families of anticancer drugs, including alkyl, allylic, benzylic, and
aryl halides, nitrogen mustard derivatives, or platinum complexes [33]. Electrophiles are
positively charged or have a polarized bond with a partial positive character. Electrophiles
capable of undergoing substitution reactions have a leaving group—a species that can
accept and stabilize the pair of electrons that make up the bond being broken [57].

A common type of nucleophilic substitution reaction is the bimolecular nucleophilic
substitution reaction, or SN2 reaction for short, where one atom or functional group is
replaced with an electronegative GSH molecule (the frame in Figure 5). In this case, bond
formation and bond breaking occur simultaneously and the leaving group tends to be a
weaker base than the nucleophile. Halide ions, such as I−, Br−, and Cl−, are very good
leaving groups and thus give fast reactions [58].
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3.1.1. Halogen Atom as a Leaving Group

The SN2 reaction mechanism of alkyl halide with GSH can be illustrated by the conju-
gation of 3-bromopyruvic acid (3-BrPA) with GSH (Figure 5A). 3-BrPA is the brominated
derivative of pyruvic acid with proven anticancer activity against many different cancers
in children and adults [59,60]. Like other α-bromoketones, it is widely known as a strong
alkylating agent with a high affinity for protein binding as well as an antimetabolite [17].
Moreover, being an inhibitor of key glycolysis enzymes, including hexokinase II [61] and
glyceraldehyde 3-phosphate dehydrogenase [62], 3-BrPA inhibits the growth of neoplastic
cells that perform aerobic glycolysis known as the ‘Warburg effect’ [63]. Additionally, it
also selectively blocks mitochondrial oxidative phosphorylation, angiogenesis, and energy
production in cancer cells [63,64].
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(CBL) [65]. The frame shows the general scheme of the GSH conjugation reaction. Predicted bioactive
sites of GSH conjugation for anticancer drugs were obtained by XenoSite Reactivity Predictor available
at https://swami.wustl.edu/xenosite/p/reactivity (accessed on 18 May 2022).

Based on a chemical view, the thiolate anion of GSH (GS−) easily attacks the carbon
atom to which the bromine atom is attached. This reaction occurs because of the imbalance
of the electron density between the carbon and halogen since it is a polar covalent bond.
The more electronegative bromine atom pulls the electron density, thus making the carbon
partially positively charged (an electrophilic center) and susceptible to a nucleophilic GS−

attack [66]. A bromine atom built into the structure of the 3-BrPA molecule is a good leaving
group because the negatively charged bromine atom (bromide) is stable enough to exist
on its own when it leaves the molecule. Hence, the conjugation to GSH does not require
any prior metabolic activation of the parent compound. 3-BrPA was reported to form GSH
S-conjugate both under GST catalysis and also in an enzyme-free system. Further, it is
eliminated through the mercapturic acid synthesis pathway where it is excreted from the
cell by ATP-binding cassette transporter proteins [17,67].

Another example of a similar SN2 reaction is the GSH conjugation of chlorambucil
(CBL; the brand name: Leukeran) (Figure 5B). CBL is an alkylating agent approved for
use in various malignant and non-malignant neoplasms, such as chronic lymphocytic
leukemia [68], lymphosarcoma [69], and giant follicular lymphoma [70]. In the presence of
GSH, CBL behaves as an efficient substrate for GSTA1-1 and GSTP1-1 isoenzymes [65,71].
As with the 3-BrPA, the formation of the corresponding GSH S-conjugate undergoes without
prior CBL activation as the negatively charged chlorine atom (chloride) is a good enough
leaving group. Moreover, kinetic data suggest that the rate-limiting of the catalytic reaction
between CBL and GSH is the reaction product release [65].
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3.1.2. Tensioned Ring-Opening Reaction

The next type of GSH conjugation mechanism is the attachment of the thiolate anion
(GS–) to the epoxide, four-membered lactone, or three-membered aziridine resulting in ring-
opening (Figure 6). Such reactions take place quite easily because the rings are composed
of three or four carbon atoms which are highly tensed and their energy is quite high.
Additionally, such a process will be easier, if the tensed system includes a heteroatom,
because it will inductively decrease the electron density on adjacent carbon atoms [72,73].
Under basic conditions, ring-opening occurs by an SN2 mechanism, and the less substituted
carbon is the site of GS– nucleophilic attack. The described transformation can take place
stereoselectively, depending on the GST isoenzyme that catalyzes a reaction.
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Formation of GSH S-conjugate, accompanied by the aziridine ring-opening, takes
place, e.g., in the case of cyclophosphamide and thiotepa. Cyclophosphamide (CP; the
brand name: Cytoxan) belongs to the alkylating agent and nitrogen mustard family of
medications [74,75]. Its mechanism of action, quite similar to that of chlorambucil, relies on
interfering with the duplication of DNA and RNA synthesis [76]. It is a chemotherapeutic
approved to treat malignant lymphomas, neuroblastoma, multiple myeloma, leukemias,
ovarian, breast, and many other cancers [77]. Such a wide spectrum of clinical uses makes
it an essential component of numerous combination chemotherapeutic regimens. Moreover,
CP is also used to suppress the immune system [78].

A prerequisite for conjugation with GSH is the presence of a reactive electrophilic
metabolite(s). Unlike 3-BrPA and CBL, CP must undergo previous metabolic activation
by hepatic microsomal mixed-function oxidases (i.e., P450s, mainly 2B6, 2C8, and 2C9)
(Figure 7) [79,80]. The generally accepted mechanism for the generation of active metabo-
lites of CP involves oxidation to the primary 4-hydroxycyclophosphamide (4-OH-CP)
metabolite, which stays in tautomeric equilibrium with the ring-opened aldophosphamide
(APA). Then, non-enzymatic cleavage of APA results in the formation of two toxic species—
phosphoramide mustard (PAM) and acrolein. PAM is believed to unfold cell toxicity by
DNA alkylation [81] while acrolein is held to be responsible for some aspects of host
toxicity, such as hemorrhagic cystitis [82]. Therefore, GSH conjugation can result in the
formation of three types of GSH S-conjugates, i.e., 4-monoglutathionyl CP (4-GSCP) (1),
mono- (2) and diglutathionyl PAMs (3) [13,83]. The formation of 4-GSCP was found to be
reversible, and by APA hydrolysis, PAM was formed. Thus, 4-GSCP can be considered a
stable reservoir for the generation of PAM that subsequently undergoes two consecutive
GSH conjugations. The reaction with nucleophilic GSH was established to proceed through
the positively charged and highly polarized aziridinium ion (aziridinium intermediate)
that can be opened in both the enzyme-catalyzed and the chemical reactions. On the
other hand, the second GSH conjugation reaction was shown to occur through the direct
displacement of chloride [13]. The 4-GSCP formation reaction can be catalyzed by various
GSTs isoenzymes, whereas GST1A-1 has the greatest effect on the rate of monoglutathionyl
PAM formation. Melphalan, mechlorethamine, ifosfamide, carmustine, lomustine, and
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nimustine are examples of other anticancer-active nitrogen mustard derivatives that react
with GSH in a manner similar to that described for CP [13,80].
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ure 8) through which the drug probably induces crosslinks with DNA, interfering with 
DNA replication and cell division [87]. The major metabolite formed from thiotepa during 
P450-catalyzed transformation (i.e., desulfuration reaction) is N,N′,N″-triethy-
lenephosphoramide (tepa) [88]. In turn, when reacting with GSH, the tensioned ring of 
thiotepa containing a nitrogen atom as a heteroatom is opened, leading to the formation 
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Figure 7. Scheme of cyclophosphamide (CP) activation and drug reaction with GSH [74]. Possible
GSH S-conjugates: 1: 4-monoglutathionyl cyclophosphamide, 2: monoglutathionyl phosphoramide
mustard, 3: diglutathionyl phosphoramide mustard. 4-OH-CP = 4-hydroxycyclophosphamide;
APA = aldophosphamide; PAM = phosphoramide mustard; P450 = cytochrome P450. Predicted
bioactive sites of GSH conjugation for anticancer drug were obtained by XenoSite Reactivity Predictor
available at https://swami.wustl.edu/xenosite/p/reactivity (accessed on 18 May 2022).

Thiotepa (N,N′,N′′-triethylenethiophosphoramide; the brand name: Tepadina) also
acts as an alkylating agent [84]. Being active against a wide variety of cancers, it is
commonly used in combination with other chemotherapeutic agents to treat ovarian
cancer, bladder cancer, and breast cancer [85,86]. Chemically, it is an organophospho-
rus compound containing a four-coordinated phosphorus atom and three aziridine moi-
eties (Figure 8) through which the drug probably induces crosslinks with DNA, inter-
fering with DNA replication and cell division [87]. The major metabolite formed from
thiotepa during P450-catalyzed transformation (i.e., desulfuration reaction) is N,N′,N′′-
triethylenephosphoramide (tepa) [88]. In turn, when reacting with GSH, the tensioned ring
of thiotepa containing a nitrogen atom as a heteroatom is opened, leading to the forma-
tion of mono- (1) and diglutathionyl thiotepa (2). In the metabolic pathway of thiotepa,
2-aminoethyl GSH (3), which is the product of the direct GSH conjugation of aziridine, was
also characterized. The results confirmed that only thiotepa but not its monoglutathionyl
S-conjugate is a substrate for GSTs (mainly A1-1 and P1-1 isoenzymes). Moreover, the non-
enzymatic reaction of the aziridinium moieties of thiotepa with GSH is strongly dependent
on the pH, and the yield of the reaction is greatest at low pH [89].
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(accessed on 18 May 2022).

3.1.3. Glutathione Conjugation with an Atom Different from a Carbon Atom

GSH conjugation can also take place at an atom different from a carbon atom. Such a
mechanism was described, e.g., for cisplatin (cis-diamminedichloroplatinum (II), cis-DDP).
It is the most successful drug in the family of platinum-based anticancer compounds [90]
and is extremely effective against a wide range of human solid neoplasms, including breast,
testicular, and ovarian cancers [91–93]. The generally recognized mode of action of this
non-organic drug is by binding to DNA (via cross-linking) and inhibiting its replication,
which ultimately results in the death of the fastest proliferating cancer cells [94]. After cis-
DDP enters the cell, there is a rapid replacement of one or both chloride ligands by water
molecules (Figure 9) [52,95,96]. The resulting new platinum (II) aqua species are potent elec-
trophiles and are thus predicted to readily react with a number of nucleophilic biological tar-
gets with the loss of the bound water molecules. Indeed, besides DNA, cisplatin is known to
efficiently bind sulfur-containing proteins, which also perform a transport role for the drug,
or various nucleophilic compounds, including thiols (e.g., GSH, N-acetylcysteine) [97,98].
Protein binding is related to the occurrence of drug resistance and toxic effects [99], which
will be discussed further in this work. Ishikawa and Ali-Osman [100] first reported the
formation of a diglutathionyl platinum conjugate in L1210 leukemia cells. Nagar et al. [101]
found cisplatin-GSH S-conjugate in Rattus norvegicus and proposed the structure of the
GSH-conjugated metabolite based on mass spectrometry.

There are several other platinum-based anticancer compounds such as carboplatin,
picoplatin, and oxaliplatin, heavily applied in chemotherapy regimens [90], that conjugate
to GSH in a similar manner to cisplatin [102,103]. No significant differences in their
mechanism of action but several differences in effectiveness are observed. Some platinum
derivatives are more tolerated by the human body than cisplatin [104].
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3.1.4. Aromatic Nucleophilic Substitution

Although aromatic rings are usually nucleophilic, some aromatic GST substrates can
undergo nucleophilic aromatic substitution (SNAr). In short, the aromatic ring is then not
the attacking species but must be electron-poor (electrophilic). This is due to the negative in-
ductive and mesomeric effects of its substituents. The rate-determining step of the reaction
is an attack of the aromatic ring by the nucleophile, which disrupts aromaticity. The position
in which the nucleophile attacks is defined by where the leaving group is, not by electronic
and steric factors (i.e., no mix of ortho- and para- products as with electrophilic aromatic
substitution) [57,58]. A typical illustration of the SNAr reaction may be the substitution
of GSH to 1-chloro-2,4-dinitrobenzene (CDNB), a model substrate for a GST conjugation
activity [105]. The generally accepted mechanism of GS-DNB conjugate formation involves
an addition-elimination sequence with a short-lived non-aromatic complex intermediate,
the so-called Meisenheimer complex [106,107]. Among anticancer drugs, the SNAr reaction
is characteristic of GSH conjugation of PABA/NO. It was shown that this O2-aryl diazeni-
umdiolate produces anticancer effects comparable with cisplatin in a human ovarian cancer
model grown in SCID mice and is also potent against the proliferation of the OVCAR-3 cell
line [107–109]. GSH addition, selectively catalyzed by GST, proceeds with the formation of
a Meisenheimer intermediate (Figure 10). PABA/NO was designed as a prodrug as the
diazeniumdiolate ion leaving group subsequently spontaneously releases two moles of
nitric oxide (NO) at physiological pH [108–111]. Therefore, within the GST-overexpressing
cancer cells, the intracellular GSH is irreversibly consumed, and the NO generated this
way could contribute to cancer therapy by inhibiting DNA synthesis, forming toxic reactive
nitrogen/oxygen intermediates and inhibiting enzymes capable of preventing or repairing
cellular damage [107].
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Referring to the unsymmetrical bisacridines (UAs) studied in our group, the S-
conjugate formation between GSH and UA derivative most likely occurs also according to
the classical SNAr mechanism. The general proposed mechanism of enzymatic GSH conju-
gation for a representative UA, compound C-2028, is shown in Figure 11. In the first step,
GST-mediated deprotonation of the GSH molecule to the thiolate anion (GS−) should take
place. We assume that the electronegative nitrogen atom of the amino (-NH-) functional
group (electron-withdrawing group) decreases the electron density in the entire acridine
ring and thus helps to stabilize a negatively charged intermediate, i.e., Meisenheimer
complex [58], formed after the nucleophile attack. As a result, the nitro group may be easily
removed from this transition state in the form of nitrite anion (NO2

−) [112,113]. We pro-
vided evidence that the reaction did not require prior reduction of the nitro group, which
would explain the observed lack of P450 involvement in the process [25]. Moreover, the
results of our studies also indicated that 1-nitroacridine did not give any enzymatic GSH S-
conjugate, while in the case of 1-nitro-9-aminoacridine and 1-nitro-9-methylaminoacridine,
such products were detected (unpublished data). Thus, the presence of nitrogen atom from
the amino group may be crucial in the GSH conjugation mechanism. Neither the structures
of the proposed intermediate nor the GSH S-conjugate have been finally confirmed yet.
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unsymmetrical bisacridine derivative [25]. Predicted bioactive sites of GSH conjugation for anticancer
agent were obtained by XenoSite Reactivity Predictor available at https://swami.wustl.edu/xenosite/
p/reactivity (accessed on 18 May 2022).

3.2. Nucleophilic Addition (Michael Addition)

Some reactions leading to the formation of GSH S-conjugates occur through Michael
addition (or conjugate addition). Such a mechanism applies to α,β-unsaturated compounds
(the so-called Michael acceptors) characterized by having carbon–carbon double (C=C) or
carbon–carbon triple (C≡C) bonds with a strongly electron-withdrawing substituent(s)
(e.g., a carbonyl, carboxyl, or nitro group) (Figure 12) [114]. This results in a polarizable
electron density at the π bond, where the β-carbon atom (β-C) is positively polarized and
becomes the preferred site of an attack of a soft nucleophile (Michael donor), e.g., the thiol
group of cysteine in GSH. Although many of them can form thioethers non-enzymatically,
GST-catalyzed Michael addition is much faster [10,115]. Compounds possessing Michael
acceptor units feature a broad spectrum of bioactivity. They are considered to be particularly
reactive and are thus capable of bonding with biological macromolecules [116].
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Mitoxantrone (MTX; the brand name: Novantrone), a synthetic anthraquinone anti-
neoplastic agent, is an example of a compound that undergoes GSH conjugation by Michael
addition. MTX is a potent type II topoisomerase inhibitor that disrupts DNA synthesis
and DNA repair in both healthy cells and cancer cells by intercalation between DNA
bases [117]. It is commonly applied in the treatment of breast [118] and prostate [119]
cancers, lymphomas [120], and leukemias, primarily acute myeloid leukemia [121], with
excellent efficacy.

In the case of MTX, at least two GSH conjugation pathways were identified (Figure 13).
MTX is known to resist reductive enzymatic activation but is subject to facile oxidative
enzymatic action [122]. The development of GSH-dependent resistance provides further
evidence that the oxidative activation may be a relevant mode of drug action. The in vivo
and in vitro studies of Mewes et al. [122] performed using minipigs, cultured rat hepato-
cytes, and human HepG2 hepatoma cells, respectively, revealed the formation of a major
monoglutathionyl MTX (1) and its various degradation products. The ability of MTX to
react with GSH enables the formation of an MTX quinone derivative by two-electron oxida-
tion of the parent drug, which is in the form of a hydroquinone. Additionally, there are also
data confirming the possibility of the formation of another MTX-GSH S-conjugate (2) [117].
Following the MTX enzymatic oxidation process within the aromatic ring containing
polyamine side chains, the intramolecular Michael addition occurs. Presumably, the mech-
anism of this GSH conjugation reaction takes place via a labile iminium ion intermediate
which activates the aromatic ring towards the attack of the external cellular nucleophile
(e.g., GSH, DNA).

Another example of a Michael addition-type reaction is infigratinib (INF, NVP-BGJ398).
It is a novel small-molecule chemotherapeutic drug used for first-line treatment of advanced
or metastatic cholangiocarcinoma (bile duct cancer). It was discovered that INF inhibits
human fibroblast growth factor receptors (FGFRs), which are a family of receptor tyrosine
kinases that may be upregulated in different cancer cell types [123]. For this reason, it is an
investigational drug under development for the treatment of patients with various FGFR-
driven diseases [124,125]. Al-Shakliah et al. [126] detected at least three GSH S-conjugate
metabolites of INF using liquid chromatography ion trap mass spectrometry (LC-ITMS).
As shown in Figure 14, the halogenated benzene ring of the INF structure undergoes
metabolic bioactivation sequentially by dechlorination, O-demethylation, and oxidation to
form the reactive 1,4-benzoquinone intermediate that is attacked by GSH [126,127].

The next example is helenalin, a natural sesquiterpene lactone present in a large
number of species mostly from the Asteraceae family, which has a variety of observed effects
in vitro, including anti-inflammatory and anticancer activities [128–130]. As the compound
structure contains reactive Michael acceptor systems (i.e., α,β-unsaturated ketone moiety
and α,β-unsaturated lactone moiety), it is able to easily react with GSH [131]. The 2β-
mono- (1) and 2,13β-diglutathionyl (2) conjugates of helenalin were shown to be formed
by spontaneous Michael addition at physiological pH (Figure 15A). Interestingly, these
were found to inhibit GST from horse liver, while free helenalin showed no inhibitory
activity [132].
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Mitomycin C (MTC) is a natural cytostatic antibiotic used as a chemotherapeutic agent
by virtue of its anticancer activity. The mechanism of drug action is typical for that based
on DNA alkylation [134,135]. Importantly, MTC requires previous activation via enzymatic
reduction (bioreductive activation) to exert its biological effects. One-electron reduction
steps to the corresponding semiquinone and then to hydroquinone initiates a cascade of
consecutive reactions (i.e., spontaneous elimination of methanol from hydroquinone, elimi-
nation of the carbamate group, opening of the aziridine ring) that gives an unstable iminium
intermediate which reacts with GSH through a Michael-type reaction [133,136] (Figure 15B).
MTC was shown to form both mono- and diglutathionyl conjugates. It was also found
that GSH itself did not reduce MTC, and unreduced drug did not form conjugates with
GSH [137].

A few more examples of Michael acceptor-containing anticancer therapeutics metabo-
lizing through GSH conjugation are afatinib, ibrutinib, and neratinib (Figure 16) [138,139].
They are all inhibitors of various tyrosine kinases and use their own Michael acceptor moi-
ety for irreversible binding to a free cysteine residue of the targeted protein. In recent years,
such a targeted covalent modification of regulatory proteins by Michael acceptors became
recognized as a promising approach to drug discovery [140]. It can be expected that GSH
plays an integral role in the clearance of these electrophilic drugs. Shibata and Chiba [138]
showed that both afatinib and neratinib undergo extensive conjugation with GSH in buffer
and cytosolic subfraction deriving from liver and kidney tissues, whereas ibrutinib has
exhibited much lower degree of GSH/GST-dependent conjugation [138]. These findings
may be helpful in optimizing pharmacokinetics in humans during the development stage
of other targeted covalent inhibitors.
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4. Possible Biological Consequences of Glutathione Conjugation of Anticancer Drugs

It is widely recognized that GSH conjugation of xenobiotics and conversion of thioethers
to mercapturic acids is a biochemical defense of organisms against potentially harmful
compounds [18]. In general, as a result of the detoxification process, many substances lose
their toxic properties—completely or partially. However, in special cases, a diversion of this
pathway (e.g., by the action of cysteine S-conjugate β-lyase) may lead to the bioactivation
of some anticancer drugs rather than to detoxification [19,52], which means increasing
their toxicity. Therefore, we can talk about the two directions of GSH conjugation of
anticancer drugs, the possible consequences of which may be cancer treatment, resistance,
or development. In this chapter, I would like to address this topic.

4.1. Glutathione Conjugation as a Detoxification Reaction

The importance of GSH conjugation in the detoxification of a drug depends on the
extent to which it is metabolized to reactive intermediates [34]. The reaction can be non-
enzymatic (i.e., chemical) or enzyme-catalyzed, with GSTs playing the greatest role. The
first is assumed to be particularly effective when soft and strong electrophiles are generated.
In turn, the conjugation of soft but weak electrophiles (or hard electrophiles) requires
enzymatic intervention to bring about effective GSH conjugation [10]. In order to deal
with the wide variety of potential substrates, a multiplicity of GSTs exists—each tissue has
its own collection, and each isoenzyme has a different substrate specificity. In humans,
the highest cytosolic GST activity level is present in the liver, followed by the kidneys,
lungs, and intestines [52,141]. There are many reports demonstrating that structurally
different anticancer drugs form GSH S-conjugates through a GST-catalyzed process which
are then degraded and removed from the body [18,51]. On the one hand, the GSH-related
detoxification pathway reduces the drug reactivity and prevents further damage to the
cellular macromolecules that could be caused by electrophilic metabolites and/or ROS. In
some cases, conjugation with GSH can lead to the formation of up to 60% of the biliary
metabolites [34]. The effectiveness of the detoxification pathway may depend on the
intracellular concentration of GSH, the presence of GST of appropriate specificity, and/or
the capacity of the cell for rapid resynthesis of GSH [45]. However, it should be remembered
that the enhanced non-enzymatic GSH conjugation or overexpression of genes encoding
particular GSTs in many cancers, relative to surrounding healthy tissues, were found to
contribute to increased detoxification of anticancer drugs and, hence, to the development
of drug resistance [50,142–145]. This frequently leads to a drop in the therapeutic effect of
the chemotherapeutic and consequently to the decrease in its effectiveness during cancer
therapy [141].

Cancer drug resistance is one of the problems usually associated with treatment with
alkylating drugs [146–148]. For example, the detoxification of 3-bromopyruvic acid appears
to be confirmed by a reduction in cancer cell viability due to a depletion in GSH levels
in cells [67,149]. For chlorambucil, an inverse relationship was found between the GSH
concentration and/or the GST activity and the number of DNA cross-links formed [150,151].
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There are studies showing that both GSH levels and the presence of GSTs, and especially
GSTA1-1, can influence the concentration of aziridinium intermediate formed from the
cyclophosphamide and the toxicity of the compound [152]. GST-catalyzed GSH conjugation
of thiotepa might be an important factor in the development of drug resistance since
the overexpression of GSTP1-1, and to a lesser extent, GSTA1-1, is observed in cancer
cells [89,153]. To overcome drug resistance, it is suggested that the moderate decline in
the GSH level and/or GST activity would be a very effective approach for increasing the
sensitivity of cancer cells to chemotherapy [147,154].

At this point, the phenomenon of ferroptosis should be mentioned. It is described as
an intracellular iron-dependent and lipid peroxidation-driven regulated cell death pathway,
which is different from other cell necrosis, apoptosis, and autophagy in morphology,
biochemistry, and genetics [155]. Extensive studies suggest that ferroptosis correlates with
cancer therapy resistance, and inducing ferroptosis has been demonstrated to reverse
drug resistance [156]. Ferroptosis can be induced by agents causing the depletion of
GSH (a cofactor of selenium-dependent GSH peroxidase 4 (GPx4)) or direct inhibition
of GPx4 [155–158]. Thus, marked GSH consumption by electrophilic compounds may
result in a reduction of GPx4 in drug-resistant cells, which provides new opportunities
for cancer therapy. On the other hand, ferroptosis can be also involved in hepatotoxicity
due to GSH depletion caused by drug overdose. For example, at nontoxic doses, the
metabolite of acetaminophen (a drug used to treat pain and fever) is efficiently detoxified
by GSH, forming an acetaminophen-GSH S-conjugate via Michael addition. However,
when overdosed, it can cause potentially fatal hepatic centrilobular necrosis [159].

4.2. Glutathione Conjugation as a Bioactivation Reaction

In addition to its ‘classic’ function in anticancer drug detoxification, GSH together
with enzymes of the GST family may be also involved in bioactivation reactions. In this
case, the product of the initial conjugation is still reactive or even more reactive than the
parent compound, and cellular macromolecules, within either cancer or normal cells of
the host, become the main targets for their attack [19]. Different authors have reported
some interesting findings on this topic [52,54,115,160,161]. Among the anticancer drugs,
it is worth mentioning the examples of conjugates that are activated through (i) cysteine
S-conjugate β-lyase, (ii) direct-acting GSH S-conjugates, (iii) conjugates that are activated
through redox cycling, and (iv) conjugates that release the original reactive parent com-
pound, i.e., GSH S-conjugates as targeted anticancer prodrugs [18,19]. These may be either
toxic or pharmacologically active for the cells in which they were produced [52].

The effectiveness of high-dose cis-DDP therapy is limited due to its side effects in
the form of nephrotoxicity, ototoxicity, and neurotoxicity [162,163]. Damage of renal cells
has been proven to be the result of cysteine S-conjugate β-lyase activity, which undergoes
overexpression in this organ [164]. Figure 17 shows the activation pathway of cis-DDP
to nephrotoxic species, which follows the mercapturic acid synthesis pathway, i.e., the
conversion of cis-DDP to its GSH S-conjugate (Pt-GSH), and then to cysteine S-conjugate
(Pt-Cys), the highly reactive and cytotoxic thiol version of cisplatin [18,52]. Cysteine S-
conjugate β-lyase converts a drug intermediate into a thiol-reactive metabolite containing a
Pt-SH (or Pt-S−) moiety that binds at thiophilic centers of mitochondrial proteins present
in renal proximal tubule cells [164].

Further, there is strong evidence that GSH participates in the formation of a toxic
metabolite of busulfan (the brand name: Busulfex) [18,19]. It is a cell-cycle non-specific
bifunctional alkylating anticancer agent in the class of alkyl sulfonates. The drug is used in
pediatrics and adults in combination with cyclophosphamide or fludarabine/clofarabine as a
conditioning agent prior to bone marrow transplantation, especially in chronic myelogenous
leukemia and other leukemias, lymphomas, and myeloproliferative disorders [165–167].
Toxicity related to busulfan treatment may include interstitial pulmonary fibrosis (the so-
called ‘busulfan lung’), hyperpigmentation, seizures, hepatic (veno-occlusive disease)
or sinusoidal obstruction syndrome [168]. It is believed that the above toxic effects
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are due to busulfan irreversible GSH conjugation catalyzed mainly by GSTA1-1 isoen-
zyme [169,170]. As a result of this reaction, presented in Figure 18, a positively charged
product, glutathionyl-tetrahydrothiophene (GS-TH+), is formed. This ion is not suffi-
ciently electrophilic to alkylate macromolecules, so it is then converted to γ-glutamyl-
dehydroalanyl-glycine (EdAG) and the oxidation product of tetrahydrothiophene (THT)
during β-elimination reaction. EdAG, which is an α,β-unsaturated dehydroalanyl analog
of GSH, is considered to be a source of toxicity due to its chemical reactivity. Subsequently,
it condenses with another GSH molecule via a Michael addition reaction to produce an
oxidized lanthionine thioether (GSG). Unlike GSSG, GSG does not undergo reduction and
reacts with protein thiol groups, resulting in the formation of irreversibly glutathionylated
proteins. Irreversible glutathionylation has important implications for the mechanism of
busulfan toxicity as it can lead to the loss of function of many proteins that are normally
regulated by the reversible GSH conjugation reaction [171].
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ing an acetaminophen-GSH S-conjugate via Michael addition. However, when overdosed, 
it can cause potentially fatal hepatic centrilobular necrosis [159]. 
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The effectiveness of high-dose cis-DDP therapy is limited due to its side effects in the 
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overexpression in this organ [164]. Figure 17 shows the activation pathway of cis-DDP to 
nephrotoxic species, which follows the mercapturic acid synthesis pathway, i.e., the con-
version of cis-DDP to its GSH S-conjugate (Pt-GSH), and then to cysteine S-conjugate (Pt-
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gate β-lyase converts a drug intermediate into a thiol-reactive metabolite containing a Pt-
SH (or Pt-S−) moiety that binds at thiophilic centers of mitochondrial proteins present in 
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Figure 17. Cisplatin (cis-DDP) bioactivation through GSH S-conjugate (Pt-GSH) and cysteine S-
conjugate (Pt-Cys) formation [18,52]. cis-DDP = cisplatin; GSH = glutathione; GST = glutathione
S-transferase; γ-GT = γ-glutamyl transferase; Pt = platinum (II) aqua species.
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tions [172]. They are often designed to improve the bioavailability of active drugs by in-
creasing their amount in targeted cells and reducing off-target effects. A well-known ex-
ample of a prodrug activated by GSH conjugation is azathioprine (brand name: Imuran). 
It is a methyl-nitroimidazole derivative of 6-mercaptopurine (6-MP) whose action of dis-
rupting the formation of RNA and DNA in the cells assigns it to the purine analog and 
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Drug precursors are pharmacologically inactive molecules in vitro that are converted
into their active parent drugs in vivo after chemical modifications and/or enzymatic re-
actions [172]. They are often designed to improve the bioavailability of active drugs by
increasing their amount in targeted cells and reducing off-target effects. A well-known
example of a prodrug activated by GSH conjugation is azathioprine (brand name: Imuran).
It is a methyl-nitroimidazole derivative of 6-mercaptopurine (6-MP) whose action of dis-
rupting the formation of RNA and DNA in the cells assigns it to the purine analog and
antimetabolite family of anticancer chemotherapeutics [173]. Enzymatic GSH conjugation
of azathioprine, with the highest reaction efficiency observed for GSTA2-2, converts it into
6-MP and various methyl-nitroimidazole derivatives (Figure 19A) [174]. Released 6-MP
incorporates into replicating nucleic acids, leading to an arrest of the de novo purine biosyn-
thetic pathway [160,175]. In turn, GS-imidazole conjugate is believed to be the major route
of azathioprine toxicity, especially hepatotoxicity, due to the high consumption of GSH,
which is normally present in abundance in hepatocytes [176]. To sum up, the involvement
of GSH in the metabolism of azathioprine is important for the toxification of the drug as
well as the modulation of the therapeutic and toxic effects of the resulting 6-MP.

The category of targeted anticancer prodrugs also includes diarylsulfonylureas.
A representative compound of this class, sulofenur (LY-186641) shows therapeutic effi-
cacy against a wide variety of cancers [177,178]; however, it causes hemolytic anemia and
methemoglobinemia at dose-limiting toxicities [179,180]. The anticancer and toxicological
mechanism(s) of action of the drug is not well understood, but unlike other antineoplas-
tic agents, sulofenur does not interfere with DNA, RNA, or protein synthesis, or with
polynucleotide function. It undergoes metabolic transformation to form p-chlorophenyl
isocyanate (CPIC), which could carbamoylate biological macromolecules directly or in-
teract with GSH to give GSH S-conjugate (S-(N-p-chlorophenylcarbamoyl) GSH, SCPG)
(Figure 19B) [181]. The resulting intermediate metabolite is further biotransformed via
the mercapturic acid synthesis pathway to the corresponding N-acetylcysteine conjugate
[N-acetyl-S-(p-chlorophenylcarbamoyl) cysteine, NACC], which expresses selective anti-
cancer activity comparable to that observed for parent compound and has low toxicity [182].
The produced S-conjugates of GSH and cysteine are susceptible to thiol group exchange
reactions and can therefore act as carbamoylating compounds for cellular macromolecules.
Structural analogs of sulofenur have been studied and undergo similar metabolic pathways,
which makes them promising anticancer drugs.
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4.3. Anticancer Unsymmetrical Bisacridine Derivatives—Possible Biological Consequences of
Glutathione Conjugation

The formation of GSH S-conjugate indicates the generation of reactive electrophilic
metabolite(s) from a drug candidate that can bind to macromolecules of biological impor-
tance. When conjugation reaction is catalyzed by GST, the enzyme is a prime target for the
attack. We predict that in vivo-formed GSH-conjugated metabolites of anticancer-active
UAs (i.a., C-2028) would (i) lower the concentration of the nitroaromatic compound and its
nitro group reduction derivatives, decreasing the overall toxicity of the chemotherapeutic
agent (detoxification pathway) or (ii) serve as UA latent species (bioactivation pathway).
This has not been fully recognized yet. Therefore, future works should focus on determin-
ing whether GSH S-conjugates of UAs exhibit any specific biological activity related to the
toxicity and/or anticancer effects of these agents. Our preliminary studies revealed that the
depletion of cellular GSH by buthionine sulfoximine (a specific inhibitor of γ-GCS) [183]
or inhibition of GST activity by ethacrynic acid [184] decreased the sensitivity of Du-145
human prostate and H460 human lung cancer cell lines to C-2028, albeit to an extent depen-
dent on the cell line (unpublished data). In line with these results, we can speculate on the
GSH conjugation of UA as a bioactivation reaction.

One group of prodrugs may be molecules whose enzymatic activation occurs
through a GSH-conjugate intermediate [185]. Compounds as NO donors, such as
PABA/NO, are an important example. The presence of an easily reducible nitro group
in the UA molecule suggests such an opportunity also among these potential anticancer
drugs. Thus, the reduction of the nitro group may be a potential route of UA toxicity. In
fact, UAs as NO-releasing agents would be able to induce differentiation and cell death
in a variety of cancer cells through GSH consumption, DNA synthesis inhibition, and
the inhibition of enzymes involved in the defense against cell damage. In this respect,
the combination of UA molecules with the conventional anticancer treatment could be
particularly effective.

5. Concluding Remarks

In this work, the main mechanisms and the role of GSH conjugation in the bi-
ological action of several diverse anticancer chemotherapeutics have been discussed.
The knowledge in these fields collected above was summarized in Table 1. The reac-
tivity towards the thiol group of GSH (nucleophile) was predicted for most compounds
(electrophiles) using the GSH model in the Xenosite Reactivity Predictor available at
https://swami.wustl.edu/xenosite/p/reactivity (accessed on 18 May 2022), and these
results matched the practical results found in the literature. The structure and physico-
chemical properties of the substrate specify the type of GSH conjugation reaction and its
subsequent consequences. Examples presented here clearly show that GSH/GST-mediated
conjugation of anticancer drugs may represent a pathway for drug detoxification, cancer
drug resistance, treatment, or therapy development. Thus, the GSH status of cancer or
normal cells, the substrate selectivity of the GST, and the chemical properties of the GSH
S-conjugate formed are among the strong determinants of the effectiveness and/or toxicity
of the therapy. In conclusion, the knowledge about GSH conjugation of any anticancer
drug may be exploited for the design and development of new anticancer drugs with
better pharmacokinetic properties and lower overall toxicity, targeting specific cancers and
avoiding the mechanisms of cancer cell resistance.
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Table 1. Overview of the mechanisms and the role of GSH conjugation of anticancer drugs discussed
in this work.

Anticancer Drug Type of GSH Conjugation Mechanism The Crucial Role of GSH
Conjugation in Drug Response

azathioprine SN2/substitution of imidazole bioactivation

3-bromopyruvic acid SN2/substitution of halide detoxification

busulfan Michael addition bioactivation (toxification)

chlorambucil SN2/substitution of halide detoxification

cisplatin SN2/conjugation with an atom different from a carbon atom bioacivation (toxification)

cyclophosphamide SN2/tensioned ring-opening and substitution of halide detoxification

helenalin Michael addition detoxification

infigratinib Michael addition detoxification

mitomycin C Michael addition detoxification

mitoxantrone Michael addition detoxification

PABA/NO SNAr bioactivation

sulofenur Michael addition bioactivation

thiotepa SN2/tensioned ring-opening detoxification

unsymmetrical bisacridine SNAr (supposed) ND

ND = not detected; SN2 = bimolecular nucleophilic substitution reaction; SNAr = aromatic nucleophilic substitution.
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Poland) for her valuable comments on the manuscript.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

3-BrPA, 3-bromopyruvic acid; 6-MP, 6-mercaptopurine; C-2028, 9-{N-[(imidazo [4,5,1-de]-
acridin-6-on-5-yl)aminopropyl]-N-methylaminopropylamino}-1′-nitroacridine; CBL, chlorambucil;
cis-DDP, cisplatin; CP, cyclophosphamide; Cys, L-cysteine; Glu, L-glutamic acid; Gly, glycine;
GSH, L-γ-glutamyl-L-cysteinyl-glycine, glutathione (reduced form); GSSG, glutathione disulfide (oxi-
dized form); GST, glutathione S-transferase; INF, infigratinib; MTC, mitomycin C; MTX, mitoxantrone;
NO, nitric oxide; P450, cytochrome P450; ROS, reactive oxygen species; SN2, bimolecular nucleophilic
substitution reaction; SNAr, aromatic nucleophilic substitution; UA, unsymmetrical bisacridine.

References
1. Kumar, G.N.; Surapaneni, S. Role of drug metabolism in drug discovery and development. Med. Res. Rev. 2001, 21, 397–411.

[CrossRef] [PubMed]
2. Bachmann, K. Chapter 8—Drug Metabolism. In Pharmacology: Principles and Practise, 1st ed.; Hacker, M., Messer, W.,

Bachmann, K., Eds.; Academic Press: San Diego, CA, USA, 2009; pp. 131–173. [CrossRef]
3. Penner, N.; Woodward, C.; Prakash, C. Drug Metabolizing Enzymes and Biotransformation Reactions. In ADME-Enabling

Technologies in Drug Design and Development, 1st ed.; Zhang, D., Surapaneni, S., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2012; pp. 545–565.

4. Baillie, T.A. Cytochrome P450 and Other Enzymes in Drug Discovery and Development. In Drug Metabolizing Enzymes, 1st ed.;
Lee, J., Obach, R.S., Fisher, M.B., Eds.; CRC Press, LLC: Boca Raton, FL, USA, 2003; pp. 147–154. [CrossRef]

150



Molecules 2022, 27, 5252
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Abstract: Cyclophosphamide is one of the most potent and reliable anti-cancer and
immunosuppressive drugs. In our study, 33 individuals with different autoimmune diseases
were treated with cyclophosphamide according to standard protocols. The responses to the treatments
were determined by measuring the alteration of several typical parameters characterizing the
given autoimmune diseases over time. We concluded that about 45% of the patients responded
to the treatment. Patients were genotyped for polymorphisms of the CYP3A4, CYP2B6, GSTM1,
GSTT1, and GSTP1 genes and disease remission cases were compared to the individual polymorphic
genotypes. It was found that the GSTP1 I105V allelic variation significantly associated with the
cyclophosphamide treatment-dependent disease-remissions. At the same time the GSH content
of the erythrocytes in the patients with I105V allelic variation did not change. It appears that the
individuals carrying the Ile105Val SNP in at least one copy had a significantly higher response rate
to the treatment. Since this variant of GSTP1 can be characterized by lower conjugation capacity
that results in an elongated and higher therapeutic dose of cyclophosphamide, our data suggest
that the decreased activity of this variant of GSTP1 can be in the background of the more effective
disease treatment.

Keywords: cyclophosphamide; autoimmune diseases; glutathione; glutathione-S-transferase;
polymorphism

1. Introduction

Cyclophosphamide (CYC) is a highly efficient anti-cancer drug and immunosuppressive agent.
It was first synthesized in the late 1950s and became one of the best characterized and most widely
administered drugs [1]. Cyclophosphamide and its derivatives are strong alkylating agents inducing
the formation of monofunctional guanine-N7 adducts and interstrand guanine–guanine crosslinks
inside the DNA [2]. The extensive alkylation may lead to DNA damage and consequently to the death
of frequently proliferating cells.
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CYC is a prodrug, which is activated by biotransformation phase I enzymes. Seventy to eighty
percent of the administered CYC is transformed to 4-hydroxycyclophosphamide by hepatic cytochrome
P450 (CYP) enzymes (Figure 1). Several CYP isoenzymes are involved in the 4-hydroxilation of
CYC in humans, including CYP3A4 and CYP2B6. The latter displays the highest 4-hydroxilase
activity [3–5]. 4-hydroxycyclophosphamide is not cytotoxic and readily diffuses into cells [5].
Under physiological conditions, 4-hydroxycyclophosphamide exists in equilibrium with its aldehyde
tautomer, aldophosphamide (Figure 1). Aldophosphamide either breaks up spontaneously into two
bioactive toxic compounds such as phosphoramide mustard and acrolein or gets oxidized enzymatically
by aldehyde dehydrogenases resulting in inactive, non-toxic carboxyphosphamide (Figure 1).
Phosphoramide mustard, which is a bi-functional DNA alkylating agent, is the therapeutically
active metabolite, while acrolein is a highly reactive aldehyde and enhances the cytotoxic effect of
cyclophosphamide by depleting the cellular glutathione pool [5–7].
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Figure 1. Metabolism of cyclophosphamide. Activation is shown vertically, while inactivation
pathways are depicted horizontally. Cyclophosphamide (CYC) is administered as a prodrug and is
hydroxylated by hepatic CYPs to form 4-hydroxycyclophosphamide (4-OH-CYC). 4-OH-CYC exists in
equilibrium with its tautomer, aldophosphamide, which can break up spontaneously to result in the
therapeutically active, cytotoxic phosphoramide mustard and acrolein. 4-OH-CYC can be oxidized by
alcohol dehydrogenase (ADH) resulting in nontoxic 4-keto-CYC or can be conjugated with glutathione
by GSTs to form 4-glutathionyl-CYC. Aldophosphamide can be oxidized by aldehyde dehydrogenases
(ALDH) resulting in inactive carboxyphosphamide, while phosphoramide mustard can be detoxified
by conjugating it with glutathione. Furthermore, as a minor pathway, direct detoxification of CYC is
also possible by converting it to 2-Dechloroethylcyclophosphamide.
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Biotransformation Phase II enzymes, such as glutathione-S-transferases (GST), catalyse the
neutralization of active intermediaries of CYC by conjugation with glutathione, resulting in
4-glutathionylcyclophosphamide or diglutathionylphosphoramide mustard. The isoforms GSTM1,
GSTP1, and GSTT1 are only involved in the production of 4-glutathionylcyclophosphamide
(Figure 1) [4,7,8].

Although direct detoxification of CYC is also possible, less than 5% of the administered CYC is
eliminated this way. The direct detoxification is catalysed by CYP3A4 and CYP3A5 and results in the
formation of 2-dechloroethylcyclophosphamide via side chain oxidation [5].

The level of the bioactive phosphoramide mustard is determined by the rate of enzymatic activation
and detoxification of CYC and its metabolites. The enzymes involved in CYC metabolism are known to
be highly polymorphic and have alleles with decreased or missing activity [4,7]. Thus, genetic differences
may be responsible for the earlier observed large interindividual variations in both efficacy and toxicity
of CYC treatment [4,7,9]. For example, deletions in GSTM1, GSTT1 and some single nucleotide
polymorphism of GSTP1 result in reduced detoxification rate of 4-hydroxycyclophosphamide,
which may lead to a prolonged exposure to activated CYC and to the possibility of increased
response. On the other hand, the prolonged exposure may increase the occurrence of adverse drug
reactions [7,8]. Thus, in our study the connection between the genotype of the patients and the response
to the CYC treatment in a series of chronic autoimmune diseases was investigated.

2. Results and Discussion

2.1. Patient Characteristics and Cyclophosphamide Treatment

Thirty-three patients diagnosed with various auto-immune diseases were involved in our study
(Table 1). Twenty-nine of the 33 (87.9%) CYC treated patients were female and all the patients were
Caucasian (Table 1). Since the vast majority of autoimmune patients are female, the female/male ratio
of our study group is in concordance with the ratio in the scientific literature [10]. Their average age
was 51 ± 15 years. The patients were treated one to eight times (mean ± SD: 3.03 ± 2.44) with CYC,
and they received various doses of CYC occasionally (0.50 to 1.60 g, mean ± SD: 1.18 ± 0.31 g) in each
pulse, 3.66 ± 3.42 g cumulative dose altogether. Upon CYC treatment, remission of the diseases was
observed in 14 cases (42.42%).

2.2. Allele Frequencies

Allele-specific PCR discrimination method was used to genotype the study group. Homozygous
wild type (WT), homozygous variant, and heterozygous allelic variations could be distinguished in the
investigated (CYP2B6, CYP3A4 and GSTP1 genes) single nucleotide polymorphisms (SNPs). GSTM1
and GSTT1 deletion variants could only be detected in homozygous form. In concert with earlier
studies [4,11], no variant alleles could be found in the investigated CYP3A4 SNPs (Table 2). In contrast,
in the cases of CYP2B6, Q172H, and K262R wild type, heterozygous and homozygous variant patients
could also be found in our study group (Table 2). The allelic frequencies of Q172H and K262R were 11%
and 33% respectively. Earlier studies found similar frequencies both for K262R and Q172H [4,12–14].
Allelic frequencies of the investigated GST genes were quite diverse, both variant and wild type alleles
were abundant in all three cases (Table 2). Their frequencies were similar to those found in Caucasians
in earlier studies (Table A1) [4,7,15,16].

160



Molecules 2020, 25, 1542

Table 1. Patient characteristics at baseline and outcome of the CYC treatment. Thirty-three patients
diagnosed with various autoimmune diseases were included in the study. Data in square brackets
represent the range of the given trait in the study population.

Clinical characteristics (n = 33)

Sex, n 29 female/ 4 male
Ethnic origin, Caucasian, [%] (n) 100.00 (33)

Age at sample collection, mean ± SD 50.81 ± 15.24 [24–82]
Treatment

Cumulative dose of CYC, mean ± SD [g] 3.66 ± 3.42 [0.5–12.6]
CYC pulses, mean ± SD 3.03 ± 2.44 [1–8]

Response to CYC treatment, [%] (n) 42.42% (14)
Biological characteristics

Erythrocyte sedimentation rate, mean ± SD [mm/h] 26.84 ± 17.17 [4–67]
C-reactive protein, mean ± SD [mg/L] 8.43 ± 7.14 [1.15–34.12]

Diseases

ANCA-associated vasculitis, [%] (n) 18.18 (6)
Large vessel vasculitis, [%] (n) 3.03 (1)

Systemic sclerosis, [%] (n) 27.27 (9)
Interstitial lung disease, [%] (n) 12.12 (4)

Systemic lupus erythematosus, [%] (n) 21.21 (7)
Retroperitoneal fibrosis, [%] (n) 6.06 (2)

Dermatomyositis, [%] (n) 6.06 (2)
Sarcoidosis, [%] (n) 6.06 (2)

Table 2. Association between response to CYC treatment and CYP3A4, CYP2B6, GSTM1, GSTP1,
and GSTT1 polymorphisms. Significant association was only found between GSTP1 (I105V) variant
and response to CYC treatment (p < 0.05).

. WT Responders/All
Carriers [n], (%)

Heterozygous
Variant

Responders/All
Carriers [n], (%)

Homozygous
Variant

Responders/All
Carriers [n], (%)

p

CYP3A4*2 (S222P) 14/33 (42.42%) — — N/A
CYP3A4*1B
(-289A->G) 14/33 (42.42%) — — N/A

CYP3A4*3
(M445T) 14/33 (42.42%) — — N/A

CYP2B6 (Q172H) 12/27 (44.44%) 2/5 (40%) 0/1 (0%) 0.62
CYP2B6 (K262R) 4/14 (28.57%) 9/16 (56.25%) 1/3 (33%) 0.12

GSTM1 (deletion) 7/16 (43.75%) N/A 1 7/17 (41.17%) 0.88
GSTP1 (I105V) 3/14 (21.42%) 8/13 (61.53%) 3/6 (50%) 0.03 *

GSTT1 (deletion) 9/24 (37.5%) N/A 1 4/8 (50%) 0.41
1 GSTM1 and GSTT1 deletion variants could only be detected in homozygous form. * The presented p value is from
a post-hoc analysis assuming a dominant genetic model.

Alleles without genetic variability (CYP3A4 -289A->G, CYP3A4 S222P, CYP3A4 M445T) were not
investigated further in our study. Regarding the polymorph alleles of the CYP2B6 (Q172H or K262R),
GSTM1 and GSTT1 genes, the genetic polymorphisms could not be associated with the response to
CYC treatment (Table 2). In the cases of CYP2B6, Q172H, and K262R SNPs, the heterozygous and wild
type patients were compared, since there was a low number of homozygous variant patients.

The GSTP1 I105V allelic variation was associated with the CYC treatment dependent on disease
remissions (Table 2). It appears that the individuals carrying the Ile105Val SNP in at least one copy
had a significantly higher response rate. Since GSTP1 is active only in its homodimer form [17,18], in
heterozygous patients only one fourth of the enzymes are expected to have full activity. On the basis
of this consideration and the low number of patients homozygous for the variant GSTP1 allele, the
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groups of homozygote variant and heterozygous patients were combined and compared to the wild
type, as it was also done in earlier works [7,19–22].

GSTP1 plays a major role in 4-hydoxycyclophosphamide conjugation with about 1.9 mM of KM

and 35.1 nmol/min/mg protein of Vmax values [8]. The latter high value underlines the importance
of GSTP1 in CYC detoxification. Since the variant isoform of GSTP1 can be characterized by lower
conjugation capacity [23–25] that results in an elongated and higher therapeutic dose of CYC, our data
suggest that the decreased activity of the variant GSTP1 can be in the background of the higher
response rate. Necessarily, the limited number of patients we could involve in the study and the
facts that they were all diagnosed with autoimmune diseases and most of them were women might
distort the allele frequencies and our results. However, our findings are in concert with earlier works.
Several studies reported association between GSTP1 I105V polymorphism and increased response
to cyclophosphamide-based therapies in breast and other cancer patients [24,26]. The effects of the
variant allele included improved overall survival and decreased rate of relapse for both heterozygous
and homozygous variant patients [24,26–30]. Due to its lower detoxification capacity, the I105V
polymorphism may also have negative effects. Zhong et al. [31] reported increased risk of myelotoxicity
and gastrointestinal toxicity in patients with systemic lupus erythematosus carrying at least one copy
of the variant allele when they are treated with CYC. Another study reported that, carrying at least one
allele of I105V results in a significantly increased risk of developing therapy-related acute myeloid
leukemia after cytotoxic chemotherapy [32]. At the same time, there are studies that did not find any
effect of I105V polymorphism on the CYC therapy, or the polymorphism showed a nonsignificant
trend toward a lower probability of achieving global remission [4,7]. It seems that ethnicity differences
and study group sizes also influence the results regarding the effect of GSTP1 I105V [26].

2.3. Blood Glutathione Levels

Blood samples were taken from each patient right before and 8 h after the first CYC treatment then
before and after the CYC treatment when its dose was adjusted to determine the possible glutathione
(GSH) level fluctuations. The latter is presented in the manuscript, but significant differences could
not be observed between the GSH levels of the two samples (data not shown). The GSH level of
both the plasma and the erythrocytes was measured. As it was expected on the base of the earlier
observations [33–35], the GSH concentration in the erythrocytes was much higher than in the plasma
(Table 3). No significant changes in GSH levels from both sources was found due to CYC treatment by
using Wilcoxon matched pairs test (Table 3).

Table 3. Plasma and erythrocyte glutathione content of 33 patients before and 8 h after cyclophosphamide
treatment. No significant changes in glutathione levels have been observed.

All Patients p * WT for GSTP1 GSTP1 I105V
Carriers p **

Plasma GSH content
before treatment,

mean ± SD
[µM] 0.47 ± 0.56

0.68
— — —

Plasma GSH content 8
h after treatment,

mean ± SD
[µM] 0.64 ± 0.82 — — —

Erythrocyte GSH
content before

treatment, mean ± SD

[µmol/L red
blood cells] 2285.50 ± 1822.34

0.73
2172.56 ± 1519.79 2271.03 ± 2069.04 0.90

Erythrocyte GSH
content 8 h after

treatment, mean ± SD

[µmol/L red
blood cells] 2472.80 ± 2235.55 2334.50 ± 2076.64 2853.45 ± 2421.49 1.00

* The p-value presented is from comparing the plasma and erythrocyte GSH contents of all patients before and 8 h
after CYC treatment. ** The p-value presented is from comparing the erythrocyte GSH content of WT and GSTP1
I105V carrier patients before and 8 h after CYC treatment.

It has been found earlier, that almost exclusively the P1 isoform of GST can be found in the
erythrocytes [36]. Since GSH levels were high enough in most of the erythrocyte samples, it is expected
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that GSH was not a limiting factor for the conjugation. In general, 2200 µmol/(L red blood cells) of GSH
concentration could be measured in the erythrocytes, and the KM for GSH of the human erythrocyte
GST was around 110 µM [37]. It should be noted that there is no measurable GST activity in the plasma,
and the erythrocytes are considered to be the main carriers of 4-hydroxycylophosphamide [5,37–40].
On the basis of these considerations, we have compared the erythrocyte GSH levels of patients carrying
the variant GSTP1 I105V allele in at least one copy to the wild type patients (Table 3). We found no
significant differences between these groups, which suggests that this polymorphism does not affect
the erythrocyte GSH levels. Thus, our results for erythrocyte glutathione content further support our
hypothesis, that the decreased catalytic activity of the variant GSTP1 enzyme (both heterozygous and
homozygous variant) can be responsible for the increased response rate to therapeutic CYC.

2.4. Other Parameters

Further characteristic parameters of the patients responding and not responding to CYC treatment
were compared (Table 4). Blood samples taken a couple days before CYC treatment were investigated.
While there were no significant differences, some tendencies could be found. The samples from
responding individuals could be characterized by lower erythrocyte sedimentation rates and lower
C-reactive protein levels than those from non-responding patients. Interestingly, we also found some
non-significant trends (p = 0.10) indicating that lower dosage cyclophosphamide treatment might have
resulted in slightly higher disease remission rates. These phenomena should be investigated in a larger
population. We have also compared the ages of the successfully and unsuccessfully treated groups,
but no significant difference has been found.

Table 4. Comparison of variables of patients responding and not responding to CYC treatment. The data
of 33 patients were analyzed. No significant differences between the responding and non-responding
populations were observed.

Responder, Mean ± SD Non-responder, Mean ± SD p

Age 49.21 ± 19.06 52.05 ± 11.93 0.54
Erythrocyte sedimentation rate, [mm/h] 21.28 ± 13.28 31.16 ± 18.90 0.15

C-reactive protein, [mg/L] 5.05 ± 3.34 10.70 ± 8.48 0.08
Cumulative dose of CYC [g] 2.87 ± 3.12 4.47 ± 3.57 0.10

3. Patients and Methods

3.1. Cyclophosphamide Treatment

Patients diagnosed with large vessel vasculitis (LVV), antineutrophil cytoplasmic antibody
associated vasculitis (AAV), dermatomyositis (DM), systemic sclerosis (SSc), systemic lupus
erythematosus (SLE), retroperitoneal fibrosis (RF), interstitial lung disease (ILD) or sarcoidosis and
treated with CYC were chosen to take part in our study. The ethnicity of all patients was Caucasian.

CYC treatments were carried out according to the standard medical protocols of the given diseases.
A patient was defined as a responder if remission of the symptoms was clearly observed and further
biological therapies were not necessary to apply. In the case of the response, the treatment was
continued by per os administration of synthetic disease-modifying antirheumatic drugs (DMARDs).

This survey was conducted in compliance with the protocol of Good Clinical Practices and
Declaration of Helsinki principles and was carried out with the approval of the Ethics Committee
of the Medical Research Council, Research and Ethics Committee (TUKEB; GLUTCYC-1-2016).
All participants gave a written informed consent.

3.2. DNA Sample Preparation

Buccal cells were collected by rubbing the inner surface of the cheek’s epithelium with sterile
cotton swab sticks for about 30 s. The buns were separated by cutting the stick with scissors and placed
in sterile microcentrifuge tubes containing 0.5 mL lysis buffer (0.1 M NaCl, 0.01M Tris-HCl, 0.5% SDS,
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0.2 mg/mL proteinase K, pH 8). The collected samples were incubated for 12 h at 56 ◦C, and the cotton
swabs were removed after the incubation period. One-hundred-and-sixty-seven microliters of 6 M
NaCl solution was added to the lysates, followed by centrifugation at 17,000× g, for 10 min (room
temperature). The supernatants were transferred into new tubes and supplemented with 690 µL of
chilled (−20 ◦C) isopropyl alcohol. After an incubation at −20 ◦C for 2 h, the samples were centrifuged
at 20,000× g, 4 ◦C for 20 min and the supernatants were carefully removed. The DNA pellets were
washed with −20 ◦C 70% (v/v) ethanol, and centrifuged (20,000× g, 4 ◦C, 20 min) again. After removal
of the supernatants, the pellets were dried and dissolved in 50 µL TE buffer (5 mM Tris, 0.5 mM EDTA,
pH 8). The DNA concentrations were measured with Nanodrop Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and the samples were stored at −80 ◦C until use.

3.3. PCR

The analysis of CYP and GST polymorphisms was carried out by a standard, three-step polymerase
chain reactions (PCR) followed by agarose gel electrophoresis. Allele variations of CYP3A4 (CYP3A4*1B
(-289A->G), CYP3A4*2 (S222P), CYP3A4*3 (M445T)), CYP2B6 (Q172H & K262R), and GSTP1 (I105V)
were investigated. GSTM1 and GSTT1 null mutations were also analysed. The nucleotide sequences of
the primers and the used annealing temperatures are listed in Table A2.

3.4. Determination of Blood Glutathione Content

Venous blood samples were collected into EDTA-VACUETTE tubes (Greiner, Kremsmünster,
Austria) right before and 8 h after CYC treatment. Blood samples were immediately centrifuged for
separating the erythrocyte and plasma fractions (at 3000× g for 5 min, at room temperature). 0.5 mL
10% (w/v) 5-sulphosalycilic acid (SSA, Sigma-Aldrich, St. Louis, MO, USA) solutions were mixed to the
same volume of both fractions. The samples were stored at −80 ◦C for no more than 2 days.

Before the derivatization of the glutathione (GSH) content of the samples with the fluorescent dye
monochlorobimane, the frozen samples were thawed, centrifuged (17,000× g, 5 min, room temperature)
and 100 µL of the supernatants were transferred into new tubes. Triethanolamine was added to the
samples at a final concentration of 400 mM to adjust the pH to being slightly alkaline. The GSH
content of the samples was conjugated immediately by monochlorobimane (1 mM) in the presence
of glutathione-S-transferase enzyme (100 mU/mL). The reaction was carried out in the dark at room
temperature for 15 min and stopped with the addition of trichloroacetic acid at a final concentration
of 10% (w/v) [41,42]. The samples were centrifuged at 16,000× g, at 4 ◦C for 10 min to pellet the
precipitated proteins. Fifty microliters of the supernatant was loaded into a Waters 2690 HPLC for
separation equipped with a Waters 2475 fluorescent detector set to 395 nm excitation and 477 nm
emission wavelengths. Samples and standards were separated on a Teknokroma Nucleosil 100C-18
(Teknokroma Analítica, Barcelona, Spain), 5 µm, 250 × 4.6 mm column. The separation was carried
out with a 32.5 min protocol employing the linear gradient of 0.25% (v/v) aqueous acetic acid/sodium
acetate buffer pH 3.5 as Solvent A and methanol as Solvent B: 0–17.5 min 18% Solvent B/ 82% Solvent
A; 17.5–20 min linear gradient to 100% Solvent B; 20–27.5 min Solvent B; 27.5–28 min linear gradient to
18% Solvent B/ 82% Solvent A; 28 to 32.5 min 18% Solvent B/ 82% Solvent A with 1 mL/min permanent
flow rate. Standards were prepared from reduced glutathione dissolved in 5% SSA [0–20 µM], and their
glutathione content (similarly to the samples) was conjugated with monochlorobimane. Based on our
standards, the retention time of glutathione conjugated by monochorobimane was 8.5 min [42].

3.5. Statistical Analysis

For the primary data analysis, Chi-square test was used to compare response rates between
genotype groups (categorical variables). If the observed frequency in a cell of the contingency table
was <5, then Fisher’s exact test was used. On reviewing our results, we conducted a post-hoc analysis
assuming a dominant genetic effect in the case of GSTP1 I105V [7,19–22]. Therefore, heterozygous and
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homozygous variant patients were combined and compared to wild type patients using Fisher’s exact
test. The p-value presented for GSTP1 I105V in Table 2 came from this post-hoc analysis.

The non-parametric Mann-Whitney and Wilcoxon matched pairs tests were used to compare
continuous variables. Mann-Whitney test was used to analyse the erythrocyte GSH with GSTP1
genotype as grouping variable; age; erythrocyte sedimentation rate; C-reactive protein and cumulative
dose of CYC. For comparing blood glutathione levels before and 8 h after CYC treatment, Wilcoxon
matched pairs test was used. Statistical analyses were performed by StatSoft STATISTICATM 10
(StatSoft, Tulsa, OK, USA, 2010).

4. Conclusions

CYC treatment is one of the most common and reliable possibilities for suppressing the symptoms
of autoimmune diseases. Unfortunately, high interindividual variations in treatment efficacy and
response have been observed. One of the factors influencing the response to the treatment can be the
genetic background of the patients. In our study, we focused on the bioactivation and elimination of
CYC. The relations of the CYC treatment response and various biotransformation-dependent factors
such as CYP and GST enzyme polymorphisms and GSH levels of the blood were investigated.

On one hand, a clear association between GSTP1 genetic polymorphism and CYC treatment
response was found. Significantly higher response rate to CYC treatment could be observed in
individuals carrying one or two copies of the gene of the less active variant GSTP1 (I105V) isoenzyme.
Since GSTP1 is the main GST isotype in the erythrocytes, it is not surprising that the weakened first
detoxification reaction may result in a higher amount of 4-hydroxycyclophospahmide transported into
the proliferating cells, that can enhance its cytostatic effect.

On the other hand, no significant blood GSH depletion could be observed upon CYC treatment.
This observation suggests that GSH level was not a limiting factor for the biotransformation. According
to these findings, it seems that CYC treatment has little effect on the glutathione pool in the erythrocytes.
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Appendix A

Table A1. Allele frequency of GSTP1 I105V in various populations.

Study Population Ancestry GSTP1 I105V Frequency [%] Ref.

Tanzanian 16
[43]South African Venda 12

Zimbabwean 21
Gambian 53 [44]

Dutch 53 [4]
French 46 [7]
Serbian 61 * [45]
Turkish 29 ** [46]

Han Chinese 20.5 [31]
Bangladeshi 29 [26]

Delhi 32 [47]

* % of the study group carrying at least on copy of the variant allele; ** % of the studied haplotypes has I105V.
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Table A2. Primers, annealing temperatures and polymerization length used for genotyping.

Genetic Variations Reverse and Forward Primers (5′-3′) Ann. Temp. (◦C) Polymerization
Length (sec) Product Length

CYP3A4*1B
(-289A->G)

GGAAACAGGCGTGGAAACAC
and

CCTTTGAGTTCATATTCTATGAGGTATGAT
or

CCTTTGAGTTCATATTCTATGAGGTATGAC

59 30 416 bp

CYP3A4*2 (S222P)

TTTGATTTTTTGGATCCATTCTTTCACT
or

TTTGATTTTTTGGATCCATTCTTTCACC
and

CAATGCCCTAATCTCTTTGCCT

58 60 867 bp

CYP3A4*3
(M445T)

ACCCAGAAACTGCATTGGTAT
or

ACCCAGAAACTGCATTGGTAC
and

TGGGCCTAATTGATTCTTTGGC

60 20 237 bp

CYP2B6 (Q172H)

CAGTGCTGAGCCTGGTGTAT
and

ATGATGTTGGCGGTAATGCAC
or

ATGATGTTGGCGGTAATGCAA

54 60 931 bp

CYP2B6 (K262R)

GGCGGTCTGATCTGGAAAGT
and

GGTAGGTGTCGATGAGGTTCT
or

GGTAGGTGTCGATGAGGTTCC

60 60 859 bp

GSTP1 (I105V)

GGACCTCCGCTGCAAATCCA
or

GGACCTCCGCTGCAAATCCG
and

ACATAGTCATCCTTGCCCGC

60 60 928 bp

GSTM1 del
GAACTCCCTGAAAAGCTAAAGC

and
GTTGGGCTCAAATATACGGTGG

57 20 219 bp [48]

GSTT1 del
TTCCTTACTGGTCCTCACATCTC

and
TCACCGGATCATGGCCAGCA

60.8 30 480 bp [49]
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Abstract: Several biological effects of chalcones have been reported to be associated with their
thiol reactivity. In vivo, the reactions can result in the formation of small-molecule or protein thiol
adducts. Both types of reactions can play a role in the biological effects of this class of compounds.
Progress of the reaction of 4-methyl- and 4-methoxychalcone with glutathione and N-acetylcysteine
was studied by the HPLC-UV-VIS method. The reactions were conducted under three different
pH conditions. HPLC-MS measurements confirmed the structure of the formed adducts. The
chalcones reacted with both thiols under all incubation conditions. The initial rate and composition
of the equilibrium mixtures depended on the ratio of the deprotonated form of the thiols. In the
reaction of 4-methoxychalcone with N-acetylcysteine under strongly basic conditions, transformation
of the kinetic adduct into the thermodynamically more stable one was observed. Addition of S-
protonated N-acetylcysteine onto the polar double bonds of the chalcones showed different degrees
of diastereoselectivity. Both chalcones showed a Michael-type addition reaction with the ionized
and non-ionized forms of the investigated thiols. The initial reactivity of the chalcones and the
equilibrium composition of the incubates showed a positive correlation with the degree of ionization
of the thiols. Conversions showed systematic differences under each set of conditions. The observed
differences can hint at the difference in reported biological actions of 4-methyl- and 4-methoxy-
substituted chalcones.

Keywords: chalcone; glutathione; cysteine; thiols; Michael addition; diastereoselective addition

1. Introduction

Chalcones (Figure 1) are intermediary compounds of the biosynthetic pathway of a
large and widespread group of plant constituents known collectively as flavonoids [1].
Several compounds display in vitro cytotoxic (cell growth inhibitor) activity toward cul-
tured tumor cells among the naturally occurring chalcones and their synthetic analogues.
Chalcones are also effective as cell proliferation inhibitors and as antitumor-promoting,
anti-inflammatory, and chemopreventive agents [2–5]. Their activity is the result of either
covalent or noncovalent interactions [2]. Covalent interactions are mainly based on the
Michael acceptor activity of the α,β-unsaturated carbonyl system or the radical-scavenging
or reductive potential of the compounds [6–8]. Several biological effects (e.g., NQO1
inducer [9], anti-inflammatory [10], GST P1-1 inhibitory [11]) of chalcones have been associ-
ated with their Michael-type reactivity toward protein thiols or reduced glutathione (GSH).
It was suggested that the lower GSH depletion potential of chalcones with strong electron
donor substituents (e.g., dimethylamino) on the B ring could be the consequence of the
lower Michael-type reactivity of the derivatives toward GSH [12]. In contrast, higher reac-
tivity toward GSH and other thiols was parallel with the higher NQO1-inducing potential
of the investigated chalcones [13].
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In our present study, reactions of two chalcones with different 4-substitutions (4-
CH3 (1) and 4-OCH3 (2)) with two cellular thiols (GSH and NAC) were investigated to
get information about (a) how the pH of the reaction medium affects the reactivity and
stereochemical outcome of the reactions and (b) how the thiol reactivity of the compounds
is related to their biological activities. Since thiol reactivity can be the molecular basis
of modulation of the function of thiol switches [14] and the biological effects of covalent
modifiers [15], the thiol reactivity of different chalcones is of interest in understanding
their biological activities. Glutathione is an endogenous thiol, whose thiol reactivity plays
an important role in maintaining redox homeostasis and protecting cellular nucleophilic
sites of proteins from harmful electrophiles [16]. NAC is an exogenous thiol; however, it
is one of the precursors of GSH biosynthesis, possesses mucolytic action, and is used as
an antidote in paracetamol intoxication [17]. Considering their different pKa values [18],
the two compounds are also perfect models for reactivity screening of compounds with
surface protein thiols with different molecular surroundings [19].

The selected substituents have different electron-donating capacities, which results in
different reactivities and biological activities. For example, the tumor promotion inhibitory
effect of 4-methyl-4′-hydroxychalcone is about twice as high as that of the 4-methoxy
analogue [20]. Comparison of the in vitro cytotoxicity of 1 and 2 toward five different
cancer cells showed that the 4-methyl derivative (1) is more effective toward most of the
tested cell lines [21]. Furthermore, multiple regression analysis showed that cytotoxicity
of a series of chalcones toward murine and human cancer cells increases as the Hammett
sigma (σ) values of the substituent elevates [22]. In contrast, among the cyclic analogues
(n = 5, 6, and 7) of the two chalcones, the methoxy-substituted (2) cyclic derivatives showed
much higher in vitro cancer cell cytotoxicity than those of 1 [23]. Furthermore, the seven-
membered analogues of 1 and 2 showed different in vitro effects on the cell cycle of Jurkat
T cells [24].

The Michael reaction refers to the addition of a nucleophile (Michael donor) to an
activated α,β-unsaturated carbonyl compound (Michael acceptor), and it is typically base-
catalyzed. Among the most commonly studied nucleophiles, one finds hydroxide ions
(OH−), water, and amines; a more limited number of investigations have been reported
with thiolate ions (ArS−, RS−), oxide ions (ArO−, RO−), and cyanide ions (CN−). The reac-
tions can also be categorized based on the charge of the nucleophilic reactants, which could
be (a) negatively charged (e.g., OH−, RS−, CN−) or (b) neutral (e.g., amines, thiols). Both
kinds of nucleophiles can be added onto protonated or non-protonated α,β-unsaturated
enones. Since the experimental pKb value of (E)-chalcone was reported to be −5.00 [25],
only additions onto the non-protonated chalcones were taken into consideration. The gen-
eral mechanisms of the addition of deprotonated (path A) and neutral (path B) nucleophiles
onto non-protonated chalcones are shown in Figure 2.
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Figure 2. General mechanisms of the addition reaction of nucleophiles onto the activated double bonds of chalcones.

As shown in Figure 2, the primary adduct of the addition reactions either possesses
a negative charge (path A) or has a zwitterion structure (path B). The second step of the
reactions is an acid–base process, which can occur in an intermolecular or—in the case of
the zwitterion intermediates—an intramolecular manner [26].

Previously, we reported the synthesis and reactions of two 4′-hydroxychalcones and
their bis-methyleneamino (Mannich) derivatives. It was found that the Mannich derivatives
showed significantly increased reactivity [27] and diastereoselectivity [28] in comparison
to the respective non-Mannich derivatives when the reactions were conducted under acidic
(about pH 3) conditions.

We investigated the reactions under three conditions with different pH: (a) pH 8.0/8.53,
(b) pH 6.3/6.8, and (c) pH 3.2/3.7. The first pH values indicate the pH of the aqueous
solution of the thiols before starting the incubations. The second pH values indicate the
virtual pH of the incubation mixtures, which contained 75.5% v/v methanol (MeOH). The
basic pH was selected because such conditions mimic the GST-catalyzed reactions; the
ionization of the GSH thiol moiety increases due to its interaction with the basic imidazole
N atom in the active site of the enzyme [29]. The slightly acidic conditions resemble the
slightly acidic pH of the cancer cells [30]. The stronger acid conditions were selected
to compare the reactivity of the protonated (neutral) and the ionized forms of the thiol
functions of the two compounds. The pKa of the thiol group of GSH and NAC was reported
to be 8.83 and 9.52, respectively [18]. Accordingly, the thiol function of both compounds
exists exclusively in the protonated (neutral) form under such acidic conditions. The
stereoselectivity of the reactions was monitored by comparing the HPLC peak areas of the
respective chalcone–GSH and chalcone–NAC adducts.

The reactions are reported to be reversible, accordingly resulting in the formation of
an equilibrium mixture. To qualitatively characterize the progress of the addition processes,
the composition of the incubation mixtures was analyzed at the 15, 45, 75, 105, 135, 165,
195, 225, 255, 285, and 315 min time points by HPLC-UV-VIS.
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2. Results
2.1. Reactions under Basic (pH 8.0/8.5) Conditions

Initially, we investigated the reactions of the two chalcones under basic conditions.
Considering the pKa values of GSH (8.83) and NAC (9.52), about 31.9% of the GSH
molecules and 8.7% of the NAC molecules existed under pH 8.5 conditions (the virtual
pH of the incubates) in the more reactive thiolate form. By the end of the investigated
period (315 min), the initial area of the HPLC peak corresponding to the parent compounds
1 and 2 reduced to 3.7% and 7.9%, respectively (Table 1). While the compounds were
incubated with NAC, the respective figures were 5.2% and 9.8% (Table 2). Progress curve
changes in the chromatographic peak areas of the starting chalcones (1 and 2) as a function
of the incubation time of the reactions indicated that the compositions reflect those of the
equilibrium in each case (Figures 3 and 4).
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Figure 3. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone–GSH
incubations at pH 8.0/8.5.
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Figure 4. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone–NAC
incubations at pH 8.0/8.5.

As a result of the addition reactions, a new chiral center was formed. Considering
the inherent chirality of the two thiols, the formation of two diastereomeric adducts was
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expected. However, using our HPLC conditions, the 1-GSH and 2-GSH conjugates were
not separated (Table 1).

In the case of NAC incubations, the formed 1-NAC and 2-NAC adducts were only
partially separated. Based on the integration of the two overlapping peaks, the ratio of
the two diastereomeric adducts (NAC–1 and NAC–2) showed a different (1.7–1.2 times)
excess of the less polar diastereomers (Table 2). The structure of the parent chalcones (1
and 2) as well as their GSH and NAC conjugates was verified by HPLC-MS (Table S1 and
Figures S10–S15).

Table 1. Retention times (tR) 1 and integrated peak areas (A) of the investigated chalcones (1 and 2) and their GSH adducts 2.

pH 3 Compound
tR

(E)-
Chalcone

Area Ratio 4

A315/A0

tR
(Z)-

Chalcone

Area
(Z)-

Chalcone

tR
GSH–1

Area
GSH–1

tR
GSH–2

Area
GSH–2

3.2 1 16.4 0.81 16.2 <100 13.8 4245 N/D 5 -

3.2 2 15.9 0.96 15.7 <100 11.9 3352 N/D 5 -

6.3 1 16.3 0.09 16.0 <100 13.2 16,571 N/D 5 -

6.3 2 15.8 0.21 15.5 <100 11.3 17,160 N/D 5 -

8 1 16.3 0.04 16.1 6 <100 13.3 17,419 N/D 5 -

8 2 15.7 0.08 15.5 <100 11.0 20,387 N/D 5 -
1 Retention times in minutes; 2 data refer to the average of two independent measurements at the 315 min time point; 3 pH value of the
aqueous thiol solution; 4 ratio of peak areas measured at 0 and 315 min; 5 not detectable; 6 only detectable at the 15, 45, 75, 135, and 165 min
time points.

Table 2. Retention times (tr) 1 and integrated peak areas (A) of the investigated chalcones (1 and 2) and their NAC adducts 2.

pH 3 Compound
tR

(E)-
Chalcone

Area Ratio 4

A315/A0

tR
(Z)-

Chalcone

Area (Z)-
Chalcone

tR
NAC–1

Area
NAC–1

tR
NAC–2

Area
NAC–2

3.2 1 16.3 0.89 16.1 <100 15.2 1260 15.3 2173

3.2 2 15.8 0.98 15.5 <100 14.1 1156 14.2 1507

6.3 1 16.3 0.24 16.0 <100 15.1 4906 15.2 6457

6.3 2 15.8 0.47 15.5 <100 14.1 4712 14.2 5422

8 1 16.2 0.05 16.0 <100 15.1 6167 15.2 8875

8 2 15.7 0.10 15.5 <100 14.1 7167 14.2 8975
1 Retention times in minutes; 2 data refer to the average of two independent measurements at the 315 min time point; 3 pH value of the
aqueous thiol solution; 4 ratio of peak areas measured at 0 and 315 min.

The progress curves of the formation of the diastereomeric NAC adducts—based on
the integrated HPLC peak areas (AUCs)—are shown in Figures 5 and 6. As shown, the
formation of the 1-NAC diastereomers is increased in the first 45 min and remained the
same over the time of incubation. In the case of the 2-NAC diastereomers, rapid formation
of the kinetic product (NAC–1) was observed in the first 15 min. After that, however, the
NAC–1 isomer of 2 was transisomerized to the thermodynamic product (NAC–2), reaching
the equilibrium composition by the 105 min time point (Figures 5 and 6).
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Figure 5. Change in the chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone–
NAC incubations at pH 8.0/8.5.
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Figure 6. Change in the chromatographic peak area of adduct 2 of chalcones 1 and 2 in the chalcone–
NAC incubations at pH 8.0/8.5.

Further to the above data, it is worth mentioning that during the incubations with
GSH and NAC, small new peaks appeared in the chromatograms with a somewhat shorter
retention time than that of unreacted 1 and 2 (Tables 1 and 2). Based on our previous
results [31], the new peaks were supposed to be those of the respective (Z) diastereomers.
Since such isomerization could not be observed in the incubations performed without the
thiols, the formation of the (Z) isomer can be considered due to the retro-Michael reaction.
To identify the structure of the expected (Z) diastereomers, light-initiated isomerization of
1 and 2 was performed. Based on the result of the light-initiated isomerization experiment,
the formed compounds were identified as the respective (Z) isomers (Figures S16 and S17).

2.2. Reactions under Slightly Acidic (pH 6.3/6.8) Conditions

Reactions under slightly acidic conditions mimic the cellular milieu of cancer cells [30].
Under these experimental conditions (pH 6.8), about 0.9% of GSH and 0.2% of NAC
molecules exist in the more reactive thiolate form. The progress of the reactions under such
conditions was more restricted than that observed at pH 8.0/8.5. In the GSH incubations,
the initial area of the parent compounds 1 and 2 was reduced to 9.4% and 21.4%, respec-
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tively, by the end of the investigated period (Table 1). The respective figures for the NAC
incubations were 24.4% and 46.8% (Table 2).

Progression curves of the reactions (Figures 7 and 8) indicated that the percentage
figures represent compositions close to equilibrium. Similar to the results obtained under
pH 8.0/8.5 conditions, the formation of a small amount of (Z) isomers was detected in the
incubation mixtures.
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Figure 7. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone–GSH
incubations at pH 6.3/6.8.
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Figure 8. Change in the chromatographic peak area of chalcones 1 and 2 in the chalcone–NAC
incubations at pH 6.3/6.8.

Progression curves of the formation of the chalcone–GSH and chalcone–NAC adducts
showed two parallel concave curves with finite limits (Figures S1–S4).

2.3. Reactions under Acidic (pH 3.2/3.7) Conditions

Reactions under stronger acidic conditions proceeded to a much lower extent than
those under the above two conditions. Under stronger acidic conditions, the thiol function
of both GSH and NAC exists exclusively in protonated (neutral) form. Although protonated
thiols can act as nucleophilic reagents, their reactivity is much lower than that of their
deprotonated (negatively charged) counterparts [32].
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Only a small amount of adducts were detected in each case in the chalcone–GSH/NAC
incubates (Table 2). The chromatographic peak area values of the (Z) isomers were similar
to those in the respective incubates at pH 8.0/8.5 and pH 6.3/6.8 (Tables 1 and 2).

Progression curves of the reaction of chalcones with GSH showed a linear downhill
shape (Figure S5). A similar linear reduction in the chromatographic peak areas was
observed in the NAC incubations (Figure S6).

Over the whole incubation period, the chromatographic peak areas of the chalcone–
GSH (Figure S7) and chalcone–NAC diastereomers continuously increased (Figures S8
and S9).

3. Discussion

Our experiments demonstrated that both GSH and NAC react with the investigated
chalcones under acidic (pH 3.2/3.7, pH 6.3/6.8) and basic (pH 8.0/8.5) conditions. How-
ever, the rate of the initial reactions and the composition of the equilibrium mixtures were
affected by the nature of the reactants and the pH of the incubation mixtures.

Analysis of the effect of the 4-substituents under basic (pH 8.0/8.5) or slightly acidic
(pH 6.3/6.8) conditions showed 4-methyl-substituted 1 to display higher initial reactivity.
13C NMR shifts, indicating the electron density around the particular nucleus of the beta-C
atom of 1 (144.9 ppm) and 2 (144.6 ppm), were reported to be similar [33]. The observed
difference in the reactivity of chalcones 1 and 2 can be explained by the stability of the
thiol adducts. An early work of Humphlett et al. demonstrated that the activity of the α-
hydrogen atom of the adduct, the resonance stabilization of the enone formed by cleavage,
and the anionic stability of the thiolate ion are the determining factors of the reverse
process. The authors found the α-keto and β-phenyl substitutions as determining factors
in the effective reverse reactions [34]. Since the 4-methoxy substitution can more effectively
increase the electron density on the carbon–carbon double bond, and the formed chalcone
is resonance stabilized, the elimination process is more effective in the case of 2 than 1.
Similar conclusions were made by d’Oliveira et al. while investigating a few chalcones and
their rigid quinolone analogues [35].

The retro-thia-Michael reactions can result in the formation of the respective (Z)
isomers as well. Therefore, to obtain authentic reference (Z) isomers, the stereochemically
homogeneous (E) isomers (1 and 2) were submitted with light-initiated isomerization, as
published before [30]. As a result, HPLC-MS data agreed with the respective (Z) isomers
(Figures S16 and S17).

Comparison of the pKa values of GSH (8.83) and NAC (9.52) thiols, and the respective
conversions of the starting chalcones (Tables 1 and 2), showed that the higher the pKa of
the thiol, the lower the conversion of the chalcones in the case of both derivatives at each
investigated pH. This observation reflects the importance of acidity (Ka) of the thiol group
that regulates the relative amount of RS− concerning RSH, hence the equilibrium.

HPLC analysis of the reactions of 1 and 2 with NAC showed a different (1.7–1.2 times)
excess of the less polar diastereomer (Table 2). The observed diastereoselectivity was
affected by both the nature of the 4-substituent and the pH. Thus, at each different pH
value, it was the methyl-substituted 1 that showed higher diastereoselectivity. In contrast,
in the case of both chalcones, diastereoselectivity decreased with the increase in the pH.
HPLC-UV-Vis chromatograms of the chalcone 1-NAC incubations at pH 8.0/8.3, pH
6.3/6.8, and pH 3.2/3.7 (315 min time point) are shown in Figures S18–S20, respectively.
The corresponding HPLC-UV-Vis chromatograms of the chalcone 2-NAC incubations are
shown in Figures S21–S23.

These observations give additional indirect support to the formation of a six-membered,
hydrogen-bond-stabilized cyclic intermediate in the reactions of chalcones with the proto-
nated form of thiols. The formation of such a cyclic intermediate was suggested earlier in
the reaction of GSH with the bis-Mannich derivatives of 4′-hydroxychalcones [27]. Accord-
ing to our previous explanation, the protonated thiol attacks the planar enone moiety from

177
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the Re-side, resulting in a six-membered intermediate with a pseudoequatorial position of
the bulky aryl ring (Figure 9).
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Michael-type thiol reactivity of chalcones and related compounds is frequently asso-
ciated with biological activities [6–11,36]. In contrast, several examples demonstrate that
non-covalent interactions of chalcones with cellular macromolecules can play an important
role in the biological effects of the compounds [37]. In a QSAR study, Katsori et al. found
the clog P parameter to play an important part in the QSAR relationships. The authors
found the electronic effects are comparatively unimportant in the anticancer effect of the
investigated chalcones [38]. Comparison of the spontaneous thiol reactivities of the two
chalcones under pH 8.0/8.5 and pH 6.3/6.8 conditions toward GSH and NAC showed
some characteristic differences. Conversion of 1 with both GSH and NAC was higher than
2 under all investigated conditions (Tables 1 and 2). The experimental log P of 2 and 3 has
been reported to be 4.12 and 3.67, respectively [39]. Thus, it is reasonable to suppose that
both the thiol reactivity and the lipophilic properties contributed to the reported biological
effects of the investigated compounds and their cyclic analogues.

4. Materials and Methods
4.1. Chemicals and Reagents

Chalcones 1 and 2 were synthesized, as reported before [40]. Their purity was tested
by TLC and HPLC-UV-VIS. Reduced L-glutathione and N-acetyl L-cysteine were obtained
from Sigma-Aldrich (Budapest, Hungary). The methanol CHROMASOLV gradient for
HPLC was obtained from Honeywell (Hungary). Trifluoroacetic acid HiperSolve CHRO-
MANORM was obtained from VWR (Budapest, Hungary) and formic acid from Fischer
Chemicals. Deionized water for use in HPLC and HPLC-MS measurements was purified
by Millipore Direct-QTM at the Institute of Pharmaceutical Chemistry (University of Pécs).
Mobile phases used for HPLC measurements were degassed by an ultrasonic water bath
before use.

4.2. Preparation of Solutions

To evaluate the reactivity of the investigated chalcones and their analogues with thiols,
reduced glutathione (GSH) and N-acetylcysteine (NAC) solutions were prepared as follows:
Each solution was prepared at three different pH values (3.2, 6.3, and 8.0). The pH was
set using 1M NaOH solution. (a) Solutions of GSH and NAC were prepared in water to
a final volume of 1.5 cm3 with a concentration of 2.0 × 10−1 mol·L−1 (0.3 mmol thiol).
(b) Chalcone solutions were freshly prepared before incubation to a 4.6 cm3 volume of
HPLC-grade methanol with a concentration of 6.5 × 10−3 mol·L−1 (0.03 mmol chalcone).
(c) The GSH/NAC and chalcone solutions were pre-incubated in a 37 ◦C water bath for
15 min in the dark. Then, the solutions were mixed, resulting in a mixture of the thiol and
the chalcone in a molar ratio of 10:1. The mixture was kept in the dark in a temperature-
controlled (37 ◦C) water bath for a total duration of 315 min. To monitor the reaction by
RP-HPLC, samples were taken at time points of 15, 45, 75, 105, 135, 165, 195, 225, 255, 285,
and 315 min.

To evaluate the initial (0 min) peak area of chalcones 1 and 2, 4.6 cm3 methanolic
solution of each was prepared as above (method (b)), and the solutions were diluted with
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1.5 mL of aqueous solution with the respective pH before analysis. Before mixing, the
solutions were pre-incubated at 37 ◦C for 30 min.

To compare the products of the previously proven light-initiated E/Z isomerization of
the parent compounds [26] with those of the non-light (retro-Michael addition)-initiated
isomerization, solutions of chalcones 1 and 2 were prepared by method (b), and the
solutions were subjected to unscattered laboratory light for 1 week. The solutions were
analyzed by HPLC-UV-VIS and HPLC-MS.

4.3. RP-HPLC-UV-VIS Measurements

The measurements were performed on an Agilent 1100 HPLC system coupled with a
UV–VIS detector. The wavelength was set at 260 nm. The separation of the components was
carried out in a reversed-phase chromatographic system. A Zobrax Eclipse XBD-C8 column
(150 mm × 4.6 mm, particle size 5 µm; Agilent Technologies, Waldbronn, Germany) was
used. The injection volume was 10 µL. During the time of the measurement, the column
oven was set at room temperature (25 ◦C). Data were recorded and evaluated by the
use of Agilent Chem Station (B.03.01). Gradient elution was performed at a flow rate of
1.2 mL/min; the mobile phase consisted of (A) water and 0.1% trifluoroacetic acid and (B)
methanol and 0.1% trifluoroacetic acid. The gradient profile was as follows: an isocratic
period of 8 min of 40% mobile phase B, followed by a linear increase to 60% in 4 min, a
second linear gradient to 90% in 3 min, and a 5 min isocratic period of 90%. The column
was then equilibrated to the initial conditions with a 2 min linear gradient to 40%, followed
by 3 min of the isocratic period.

4.4. HPLC-MS Measurements

HPLC ESI-MS analyses were performed on an Ultimate 3000 liquid chromatograph
(Dionex, Sunnyvale, CA, USA) coupled with a Thermo Q Exactive Focus quadrupole-
Orbitrap hybrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The
scan monitored m/z values ranging from 100 to 1000 Da. Data acquisition was carried out
using Q Exactive Focus 2.1 and Xcalibur 4.2 software (Thermo Fisher Scientific). Analysis
of compounds and adducts was performed in HESI positive and negative ionization modes
with the following parameters: spray voltage, 3500 V; vaporizer temperature, 300 ◦C;
capillary temperature, 350 ◦C; spray and auxiliary gas flows, 30 and 10 arbitrary units,
respectively; resolution, 35,000 at 200 m/z; and fragmentation, 20 eV.

HPLC separation was performed on an Accucore C18 column (150 mm × 2.1 mm,
particle size 2.6 µm), and an Accucore C18 guard column (5 mm × 2.1 mm, particle size
2.6 µm) was also used. The injection volume was 5 µL; the flow rate was set to 0.4 mL/min.
Data analysis and evaluations were performed using Xcalibur 4.2 and FreeStyle 1.7 software.
A binary gradient of eluents was used, consisting of mobile phases A and B.

The parameters of the gradient in chalcones were (A) water and 0.1% formic acid and
(B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic elution
for 1 min to 20% eluent B, continued by a linear gradient to 100% in 9 min, followed by an
isocratic plateau for 2 min. Then, the column was equilibrated back to 20% in 0.5 min and
continued isocratically for 2.5 min. The sampler was at room temperature, and the column
oven was kept at 40 ◦C.

The parameters of the gradient in the case of adducts were (A) water and 0.1% formic
acid and (B) methanol and 0.1% formic acid. The gradient elution was as follows: isocratic
elution for 1 min to 10% eluent B, continued by a linear gradient to 95% in 13 min, followed
by an isocratic plateau for 3 min. Finally, the column was equilibrated back to 10% in
0.1 min and continued isocratically for 2.9 min. The sampler was at room temperature,
and the column oven was kept at 40 ◦C. The diode array detector was also set at 260 nm
wavelength alongside MS analysis.
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5. Conclusions

The present work aimed to investigate the thiol reactivity of two 4-substituted chalcone
derivatives (1 and 2) with different experimental log-P-values. HPLC-UV-VIS and HPLC-
MS investigations of spontaneous reactions of the two chalcones at three different pH
values revealed that the compounds have similar reactivities. Furthermore, comparison
of the composition of the equilibrium mixtures revealed the importance of the electronic
effect of the 4-substituent on the stability of the enolate intermediates.

HPLC analysis of the incubation mixtures of 1 and 2 with NAC demonstrated different
stereochemistry of the addition of the protonated and non-protonated thiol nucleophile
onto the enone moiety. The results provided further support for the dominant conformation-
derived diastereoselective addition of the protonated thiols onto the chalcones’ polar
carbon–carbon double bond.

We could not find a direct correlation of the thiol reactivities and the previously
published biological (cancer cell cytotoxic) effects of chalcones 1 and 2. It is reasonable to
suppose that both thiol reactivities and lipophilic properties contributed to the reported
biological effects of the investigated compounds and their cyclic analogues.

Supplementary Materials: The following are available: Table S1. Mass spectrometry data; Figure S1.
Change in the chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone–GSH
incubations at pH 8.0/8.5. Figure S2. Change in the chromatographic peak area of adduct 1 of
chalcones 1 and 2 in the chalcone–GSH incubations at pH 6.3/6.8. Figure S3. Change in the
chromatographic peak area of adduct 1 of chalcones 1 and 2 in the chalcone–NAC incubations
at pH 6.3/6.8. Figure S4. Change in the chromatographic peak area of adduct 2 of chalcones 1
and 2 in the chalcone–NAC incubations at pH 6.3/6.8. Figure S5. Change in the chromatographic
peak area of chalcones 1 and 2 in the chalcone–GSH incubations at pH 3.2/3.7. Figure S6. Change
in the chromatographic peak area of chalcones 1 and 2 in the chalcone–NAC incubations at pH
3.2/3.7. Figure S7. Change in the chromatographic peak area of adduct 1 of chalcones 1 and 2
in the chalcone–GSH incubations at pH 3.2/3.7. Figure S8. Change in the chromatographic peak
area of adduct 1 of chalcones 1 and 2 in the chalcone–NAC incubations at pH 3.2/3.7. Figure S9.
Change in the chromatographic peak area of adduct 2 of chalcones 1 and 2 in the chalcone–NAC
incubations at pH 3.2/3.7. Figure S10. High-resolution, positive-mode HESI MS spectrum of
chalcone 1. Figure S11. High-resolution, positive-mode HESI MS spectrum of chalcone 2. Figure S12.
High-resolution, positive-mode HESI MS spectrum of chalcone 1–GSH conjugate. Figure S13. High-
resolution, negative-mode HESI MS spectrum of chalcone 1–NAC conjugate. Figure S14. High-
resolution, positive-mode HESI MS spectrum of chalcone 2–GSH conjugate. Figure S15. High-
resolution, negative-mode HESI MS spectrum of chalcone 2–NAC conjugate. Figure S16. HPLC-UV-
VIS spectrum of (E)(tR 16.354 min)/(Z)(tr 16.128 min) isomeric mixture of chalcone 1. Figure S17.
HPLC-UV-VIS spectrum of (E)(tR 15.607 min)/(Z)(tr 15.855 min) isomeric mixture of chalcone 2.
Figure S18. HPLC-UV-VIS chromatogram of pH 8.0/8.5 incubation (315 min time point) of chalcone
1 and NAC. Figure S19. HPLC-UV-VIS chromatogram of pH 6.3/6.8 incubation (315 min time
point) of chalcone 1 and NAC. Figure S20. HPLC-UV-VIS chromatogram of pH 3.2/3.7 incubation
(315 min time point) of chalcone 1 and NAC. Figure S21. HPLC-UV-VIS chromatogram of pH 8.0/8.5
incubation (315 min time point) of chalcone 2 and NAC. Figure S22. HPLC-UV-VIS chromatogram
of pH 6.3/6.8 incubation (315 min time point) of chalcone 2 and NAC. Figure S23. HPLC-UV-VIS
chromatogram of pH 3.2/3.7 incubation (315 min time point) of chalcone 2 and NAC.
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Abstract: Angiotensin-converting enzyme (ACE) inhibitors are one of the most active classes for
cardiovascular diseases and hypertension treatment. In this regard, developing active and non-toxic
ACE inhibitors is still a continuous challenge. Furthermore, the literature survey shows that oxidative
stress plays a significant role in the development of hypertension. Herein, glutathione’s molecular
structure and supramolecular arrangements are evaluated as a potential ACE inhibitor. The tripeptide
molecular modeling by density functional theory, the electronic structure by the frontier molecular
orbitals, and the molecular electrostatic potential map to understand the biochemical processes
inside the cell were analyzed. The supramolecular arrangements were studied by Hirshfeld surfaces,
quantum theory of atoms in molecules, and natural bond orbital analyses. They showed distinct
patterns of intermolecular interactions in each polymorph, as well as distinct stabilizations of these.
Additionally, the molecular docking study presented the interactions between the active site residues
of the ACE and glutathione via seven hydrogen bonds. The pharmacophore design indicated that the
hydrogen bond acceptors are necessary for the interaction of this ligand with the binding site. The results
provide useful information for the development of GSH analogs with higher ACE inhibitor activity.

Keywords: glutathione; supramolecular arrangement; M06-2X/6-311++G(d,p); DFT; molecular
docking; angiotensin-converting enzyme

1. Introduction

Cardiovascular disease (CD) is still the leading cause of mortality worldwide [1].
It is one of the costliest diseases for governments and healthcare systems (up to USD
320 billion/year) [2]. In 2019, according to a report from the World Health Organization
(WHO), 17.9 million people died from CD, including clinical disorders of the heart and
blood vessels [3]. There are several risk factors for CD, such as high blood pressure,
diabetes mellitus, smoking, dyslipidemia, and being overweight/obesity [4,5]. Regard-
ing increased blood pressure, its physiopathology is multifactorial and based on salt
intake, obesity/insulin resistance, the influence of the sympathetic nervous system, and
the renin–angiotensin–aldosterone system [6]. Among these factors, the renin–angiotensin–
aldosterone system exerts a controlling function on blood pressure and hypertension via
the synthesis of angiotensin II (a potent vasoconstrictor) [7] catalyzed by the angiotensin-
converting enzyme (ACE, EC 3.4.15.1) [8]. ACE inhibitors comprise the first line of
medicines employed in hypertension therapy, heart failure, myocardial infarction, and
diabetic nephropathy [9].
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The history of the development of inhibitors of the enzyme started in the 1960s when
Rocha e Silva recognized that the effect of bradykinin (an important vasodilator peptide in
controlling blood pressure) could be boosted by some peptides (BFP) found in the venom of
a Brazilian snake, Bothrops jararaca [10]. Later, it was recognized that these peptides could
inhibit the enzyme (named kininase II at that time) that can reduce the vasodilation effect of
bradykinin. Further research clarified that the molecular basis of the enzymatic inhibition
of bradykinin inactivation is the same as that in the formation of angiotensin II from the
inactive angiotensin I. Currently, the enzyme catalyzing these reactions is called ACE [11].
Based on these observations, a series of compounds have been synthesized [12] and isolated
from natural sources [13,14] that showed an effective inhibitory action on the enzyme [9].
Today, ACE inhibitors are widely used to manage hypertension [15]. Captopril, enalapril,
and lisinopril are commercially available antihypertensive drugs to treat hypertension.
However, their use presents some adverse effects, for instance, first-dose hypotension,
hyperkalemia, renal dysfunction, angioedema, and cough [16,17].

In this regard, there is a great interest in developing new ACE inhibitors that present
lower adverse effects compared to these clinically used antihypertensive drugs. As selected
examples, some candidates are evaluated and described in the literature, such as the analogs
of lisinopril [18], thymosin alpha-1 (Thα1) peptide [19], gonadotropin-releasing hormone
(GnRH) [20], C-domain-specific phosphinic inhibitor, RXPA380 [21], and glucosides derived
from eugenol [22]. Some of these studies also reported the characterization and modeling
by molecular docking of the interaction between the candidates and the active site residues
of the ACE.

Furthermore, the literature survey indicated that oxidative stress is frequently associ-
ated with high blood pressure [23]. Based on these clinical observations, several compounds
with antioxidant capacity (among them GSH) were tested as potential ACE inhibitors. Such
compounds (similar to captopril, a registered ACE inhibitor with thiol functionality) could
act as dual-acting antihypertensive agents. In vitro inhibitory studies showed GSH to have
ACE inhibitory activity falling into the µM range [23,24]. For example, the Ki constants
for GSH and lisinopril against an angiotensin-converting enzyme purified from human
plasma were determined as 11.7 µM and 0.662 nM, respectively [23].

Glutathione is a tripeptide composed of glutamine, cysteine, and glycine, which plays a
pivotal role as a biological antioxidant [25,26]. Moreover, it is widely applied in the cosmetic,
food, and pharmaceutical industries [27], as described in the European Pharmacopoeia [28].
In this regard, the supramolecular arrangements of GSH polymorphs (GSHA and GSHB)
and molecular modeling by density functional theory (DFT) were compared to verify the
conformations of the lowest energies in the system. The electronic structure by the frontier
molecular orbitals and the molecular electrostatic potential (MEP) map were carried out
to understand the molecular contact regions and predict the regions of electrophilic and
radical attacks during the biochemical processes. In addition, the hydrogen bonds on
supramolecular arrangements were studied by Hirshfeld surfaces (HS), quantum theory
of atoms in molecules (QTAIM), and natural bonding orbital (NBO) analyses. Finally, in
silico analysis validated the co-crystallized ligand (lisinopril, a commercial ACE inhibitor)
with the angiotensin-converting enzyme via redocking analysis. To evaluate the GSH ACE
inhibitor, the same model employed in the lisinopril redocking was also used for the GSH
in the ACE.

2. Results and Discussion
2.1. Solid State Analysis

The crystal structure of the GSH is a ubiquitous thiol-containing tripeptide (L-γ-
glutamyl-L-cysteinylglycine) that exists in its zwitterionic form. This structure is also
reflected in the IR spectrum of the compounds recorded in KBr. Above the 3000 cm−1

regions, several associated OH, NH, NH2, and NH3
+ (3346, 3249, and 3126) bands can

be seen. A band at 2524 cm−1 can be associated with the cysteine thiol (SH) group. The
1713 cm−1 band corresponds to the νC=O band of the protonated carboxyl groups, while

184



Molecules 2022, 27, 7958

the strong bands at 1537 and 1385 cm−1 are related to the asymmetric and symmetric
stretches, respectively, of the deprotonated CO2

– group [29].
The low molecular weight sulfur (thiols) present in GSH are easily oxidized and can

be regenerated rapidly; these characteristics allow them to play an essential role in cell
biology, such as protecting cells via an antioxidant process [30]. The polymorphism has
been observed only under ambient pressure conditions, revealing that their polymorphs
crystallize in the orthorhombic space group P212121. The differences in the geometry,
crystal data, and structure refinement details for GSHA and GSHB are summarized in
Table 1. The ORTEP diagrams of the GSHA and GSHB can be found in Figure 1, as well as
the overlap of these polymorphs.

Table 1. Crystallographic data and structure refinement parameters for GSHA and GSHB.

Crystallographic Data GSHA GSHB

Empirical formula C10H17N3O6S C10H17N3O6S
Formula weight 307.33 307.33
Crystal system orthorhombic orthorhombic

Space group P212121 P212121
a (Å) 5.2748(2) 5.6131(11)
b (Å) 8.3459(3) 8.720(2)
c (Å) 25.496(3) 27.940(5)
α (◦) 90 90
β (◦) 90 90
γ (◦) 90 90

Volume (Å3) 1122.39(14) 1367.6(5)
Z 4 4

ρcalc (g/cm3) 1.819 1.492
µ (mm−1) 0.077 0.146

F(000) 648.0 648.0
Crystal size/mm3 0.2 × 0.2 × 0.1 0.19 × 0.14 × 0.11

Radiation synchrotron (λ = 0.47670) synchrotron (λ = 0.5636)
2Θ range for data collection/◦ 3.444 to 34.714 2.312 to 55.978

Index ranges
−6 ≤ h ≤ 6
−10 ≤ k ≤ 10
−14 ≤ l ≤ 14

−9 ≤ h ≤ 9
−14 ≤ k ≤ 14
−46 ≤ l ≤ 44

Reflections collected 5512 36,183
Goodness of fit on F2 1.115 1.268

Final R indexes [all data] R1 = 0.0483, wR2 = 0.0449 R1 = 0.0340, wR2 = 0.0780
Largest diff. peak/hole (eÅ−3) 0.24/−0.29 0.50/−0.53

Flack parameter −0.2(3) −0.01(4)

The results obtained for the GSH conformer molecular geometries were compared to
the crystallographic model through the mean absolute deviation percentage formula,

MADP =
100
n

n

∑
i=1

∣∣∣∣
χDFT − χXRD

χXRD

∣∣∣∣, (1)

where χDFT and χXRD indicate the theoretical and experimental bond length or angle,
respectively. The exchange and correlation functional M06-2X captures medium-range
electronic correlation and can satisfactorily describe scattering interactions such as non-
covalent interactions [31,32]. Other functionals were tested, such as the hybrid functional
B3LYP, the highly parameterized empirical functional M06-HF [31], and the double-hybrid
functional B2-PLYP [33]. However, the MAPD values showed that the functional M06-2X
can satisfactorily describe scattering interactions, such as non-covalent interactions [31].
The graph presented in Figure 2 shows the results of the MAPD values obtained for the
different levels of theory for GSH.
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The MAPD values obtained for bond lengths and angles, at the M06-2X/6-311++G(d,p)
level of theory, were 1.994 and 1.530%, respectively, where the Pearson correlation coef-
ficients were 0.9790 and 0.9816. Figure 3 presents the graphs comparing the geometric
properties obtained experimentally and theoretically. Regarding the lengths, stretching
of the N2–C4, N3–C8, O1–C5, O6–C10, and C10–C9 and the compression of the N1–C1 and
O2–C5 bonds were observed. In the GSH crystal, the molecules are found in the zwitteri-
onic form, observed in the glutamic acid portion. In this structure, the O1–C5 and O2–C5
bonds have similar lengths (1.24 and 1.25 Å, respectively), making clear the resonant effect
stabilizing the zwitterion conjugate base. However, theoretical calculations show that the
isolated proton remains connected to the O1 atom, stretching the O1–C5 bond by 6.4% and
compressing the O2–C5 bond by 4.9%.
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Figure 3. Comparison graphs of the geometric parameters’ bond length and angle, obtained by XRD
and the M06-2X/6-311++G(d,p) level of theory for the glutathione.

The transit of the proton from the primary amino group to the conjugate base also
compresses the N1–C1 bond by 2.8%, leaving the electron pair of the N atom free to resonate
along the bond. The calculations also showed that the N2–C4 and N3–C8 peptide bonds
are stretched by 3.2 and 3.5% in the free form of the molecule. Finally, the O6–C10 bond of
the glycine portion is stretched by 2.6% in the isolated form of the molecule. This effect is
explained by the strong O6–H· · ·O3 interaction in the crystalline state, causing the proton
to approach the O6 atom, stretching O6–C10.

The zwitterionic form of GSH is predominant in the crystalline state. However,
thermodynamic calculations (Table 2) showed that, when it is kept isolated, the lowest
energy state for the molecule is the neutral form, and 134.03 kcal/mol is more stable than
the ionized form. In addition, all thermodynamic parameters (internal energy, enthalpy,
free energy, entropy, etc.) calculated for both forms resulted in values lower than their
ionized state, except in the case of entropy, which is 18.47 cal/mol·K higher for the neutral
form. A relaxed scan calculation was carried out to verify the change in the total energy of
the molecular system in which the proton starts from the N1 atom, bound at 1.0 Å, towards
the O1 atom. From the scan plot shown in Figure 4, it is possible to verify that the system’s
total energy decays as H+ approaches the conjugated carbonyl base.
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Table 2. Glutathione thermochemical properties obtained at the M06-2X/6-311++G(d,p) level
of theory.

Thermochemical Property Neutral Zwitterion Diff *

Electronic Energy (kcal/mol) −881,611.16 −881,477.12 −134.03
Zero-Point Energy (kcal/mol) −881,430.11 −881,287.93 −142.18

Internal Energy (kcal/mol) −881,419.18 −881,280.20 −138.98
Enthalpy (kcal/mol) −881,418.59 −881,279.61 −138.98

Free Energy (kcal/mol) −881,458.22 −881,313.73 −144.48
Entropy (cal/molK) 132.92 114.45 18,47

Heat Capacity (cal/molK) 69.59 50.57 -
Polarizability (a.u.) 174.96 162.49 -

Dipole Moment (Debye) 6.46 13.45 -

∗ Di f f = εn − εz, where εn is the thermochemical property of the neutral form and εz is the ionized form.
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Figure 4. Plot showing the total energy derived from a relaxed potential energy surface sweep for the
proton transition to the neutral and ionized forms of GSH, varying the distance N1· · ·H by 1.0 Å in
0.1 Å increments.

Deviations greater than 2.0% also occurred in the bond angles. In the carboxyl group
of the glutamic acid portion, a 4.3% increase in the O2–C5–C1 angle and a 2.3% decrease in
the O1–C5–O2 angle were observed; the angles formed by C1 were also increased by the
proton transition in the molecular structure (3.2% in N1–C1–C2 and 3.4% in N1–C1–C5). On
the other hand, the C5–C1–C2 angle decreased by 5.2%. However, the distinction between
the molecular structures of GSH in both polymorphs lies in the torsion of the tripeptide’s
carboxyl group of the glycine portion. The overlap of the peptide bond, O4=C8–N3–C9,
showed that the dihedral angles are −6.93◦ and 1.23◦, respectively, in GSHA and GSHB,
and the –COOH groups are at 73.63◦ and 77◦.51◦ out of the plane of the peptide bond in
the respective polymorphs. Figure 5 shows the overlapping of the molecular structures
of GSHA and GSHB, starting from this dihedral, where the RMS was 0.0292 Å. Torsions
in the other portions of the molecule were also observed. Namely, the dihedral angle of
C8–C6–C7–S (cysteine portion) is −66.29◦ and −58.05◦, respectively, while the dihedral
angle of the glutamic acid portion is 145.94◦ and 112.44◦.
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Figure 5. Torsion of the carboxyl group, -COOH, of the glycine portion in the glutathione molecule,
and the overlapping of their molecular structures from the peptide bond that joins the glycine chain
to the cysteine chain.

2.2. Molecular Modeling Analysis

The frontier molecular orbitals, HOMO and LUMO, are represented in Figure 6, and
their values are shown in Table 3. These orbitals resulted in a very high energy gap
(242.6 kcal/mol), calculated by GAP = ELUMO − EHOMO, and indicating the high kinetic
stability of the GSH molecule. Its antioxidant power is related to protection against reactive
oxygen species and electrophilic species produced in cellular oxidative processes; therefore,
the values found for the energies of the frontier orbitals agree with this statement, indicating
that the GSH molecule is a reductant (EHOMO < 0), but not an oxidant (ELUMO > 0). HOMO
has a lone pair and pure p orbital characteristics, whose occupancy is 1.85558e. LUMO, on
the other hand, is an σ∗ antibonding orbital located on the longitudinal axis of the C10–O5
bond, formed by the contribution of 65.02% of the C10 atom sp1.86 and 34.98% of the O5
atom sp1.37; it has an occupancy of 0.01811e.
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The sulfhydryl group (–SH) of the cysteine portion is highly polarizable, characterizing
it as a good nucleophile [34,35]. The σ bonding orbital of the S-H bond has an occupancy
of 1.99027e and is formed by the contribution of 57.66% of the sp5.61d0.04 orbital of S and
42.34% of the s orbital of H (Figure 7a). The lone pair form the η1 bonding orbitals (sp0,47),
with an occupancy of 1.98974e (Figure 7b), and η2 bonding orbital (p), with an occupancy
of 1.95353e (Figure 7c). The calculated energies of these orbitals were −406.650, −460.529,
and −213.606 kcal/mol, explaining the process of oxidation of GSH to glutathione disul-
fide through the activity of the glutathione oxidase enzyme, glutathione peroxidase, and
glutathione reductase.
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Table 3. Reactivity indices for the glutathione obtained at the M06-2X/6-311++G(d,p) level of theory.

Descriptors (kcal/mol)

EHOMO −212.678
ELUMO 29.969
GAP 242.647

Ionization Energy (I) 212.678
Electronic Affinity (A) −29.969
Electronegativity (χ) 91.355

Chemical Potential (µ) −91.355
Chemical Hardness (η) 242.647
Chemical Softness (σ) 0.004

Electrophilicity Index (ω) 17.197
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From the energies of the HOMO and LUMO, the chemical reactivity descriptors of the
GSH were determined as the potential chemical,

µ =

(
∂E
∂N

)

υ

= − I + A
2

= −χ, (2)

chemical hardness

η =
1
2

(
∂2E
∂N2

)

υ

=
I − A

2
, (3)

and the global electrophilicity index,

ω =
µ2

2η
(4)

where E is the energy of the system, N is the number of electrons, υ is the external potential
generated by nuclei, I ≈ −EHOMO is the ionization potential, and A ≈ −ELUMO is the
electron affinity. The high values found for the energy gap, as well as η, indicate that the
GSH molecule is kinetically stable, having a low electron affinity and high electron transfer
power during chemical processes.

Compared to other organic compounds, the results show that the GSH molecule has
a nucleophilic character (ω < 0.93 a.u.) [36]. Oxygen atoms of the carboxyl groups and
the carbonyl groups of GSH have a high charge density, showing the behavior of a Lewis
base. This can be seen by the red color on the electronic isodensity surface of the MEP map
represented in Figure 8. On the other hand, regions of lower charge density appear in blue
and show the behavior of a Lewis acid.
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To determine the local electrophilicity, the Fukui function [37,38] was used to predict
the regions of nucleophilic,

f+ =

[
∂ρ(r)
∂N

]+

υ(r)
, (5)

electrophilic,

f− =

[
∂ρ(r)
∂N

]−

υ(r)
, (6)

and radical attacks,

f 0 =

[
∂ρ(r)
∂N

]0

υ(r)
. (7)

Radical reactions caused by pathological processes, by the administration of oxidizing
drugs, or even by physical activities can cause oxidative transformations of phospholipids,
proteins, and deoxyribonucleic acid (DNA) in cell membranes. According to Fukui index
calculations, the O1 and O2 atoms of the carboxyl group and the N1 atom of the amine
group in the glutamic acid portion (Figure 9a) are favorable to the capture of free radicals
produced in these processes, which explains the antioxidant character of GSH. Furthermore,
the S atom in the cysteine portion can also undergo radical attacks resulting in the oxidized
form of GSH, glutathione disulfide (GSSG), by the intervention of the enzymes glutathione
oxidase or glutathione peroxidase. The calculations of the Fukui indices also indicated that
GSH has active sites favorable to electrophilic attacks, identified by the isosurface regions
in Figure 9b. All the oxygen and nitrogen atoms along the GSH molecule favor this type of
attack. This can be explained by the mesomeric effect caused by the delocalized electrons
of the carboxyl and amide groups in the tripeptide molecule. In addition, C atoms are
favorable to electrophilic attacks, resulting from the inductive effect caused by the presence
of O and N atoms, which reduces the charge density in the carbon chain skeleton.
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2.3. Supramolecular Arrangement

The molecular topology of the crystals by HS mapped with dnorm helps us to un-
derstand better the crystallographic forces driving the molecular arrangement and the
interactions reported in Table 4. The contacts that are shorter than the sum of the van
der Waals radii are represented by the red spots on a predominantly blue surface [39].
The crystal packing of GSHA is stabilized by the bifurcated intermolecular interactions S–
H· · ·O1 and S–H· · ·O2 observed in the cysteine portion, involving the thiol group forming
a motif [40] R2

1(4), and, for GSHB, S–H· · ·O1 was observed forming a motif C1
1(11) and

the intermolecular interactions N1–H· · ·O2 [C1
1(5)] and N2–H· · ·O2 [C1

1(8)]; these contacts
form bifurcates in each compound. The red convex area above the glutamic acid correlates
with the hydrogen bond interactions N1–H· · ·O4 [C1

1(5)] and N1–H· · ·O1 [C1
1(5)]. Fur-

thermore, the interactions O6–H· · ·O3 [C1
1(10)] and N3–H· · ·O5 [C1

1(5)] involve part of
the glycine. The presence of weak non-classical H-bond interactions is also evident in the
GSHA, which is C2–H· · ·O4 [C1

1(8)] and, for GSHB, C3–H· · ·O2 [C1
1(6)].

The fingerprint plots (Figure 10) allow us to analyze the differences in the intermolecu-
lar patterns of the contacts and quantitatively evaluate the contributions among atoms [41].
The contacts involving H· · ·O accumulated a percentage of 50% and are viewed as a distinct
pair of spikes, evidence that the H-bonds are dominant in the crystalline environment [42].
The H· · ·H contacts, close to 34%, with a decrease of 0.8% for GSHB, contribute to the
overall crystal packing. In contrast, the proportion of S· · ·H increased from 6.3% for GSHA
to 9.6% for GSHB. In addition, weak C· · ·H contacts decreased from 3% in GSHA to 2% in
GSHB, indicating that the GSHA forms more H-bonds than GSHB.

The topological parameters for the intermolecular interactions in the molecular ar-
rangements of the GSH polymorphs are presented in Table 4, and the molecular graphs
are represented in Figure 11. In QTAIM, the observable properties of the molecular sys-
tem are contained in electron density ρ(r), in which the Laplacian electron density, ∇2ρ,
determines the depletions or peaks of the electron charge concentration between nuclear
attractors, indicating the location of bond critical points (BCPs) [43–45]. In other words,
∇2ρ corresponds to the concentration of the electronic charge in the intranuclear region of
two attractors. If the electron density is accumulated in the intranuclear region, its value
is negative in the BCP, and the interaction is shared so that the attractors are covalently
attached. On the other hand, if ∇2ρ > 0, the electron density is concentrated in the at-
tractors, a closed-shell interaction in which the attractors are linked by weak interactions.
The low values of the electron density (ρ < 0.1) and the positive Laplacian found on the
BCP indicate closed-shell interactions [43–46]. Furthermore, when the values for the ratio
|v|/G < 1.0 and the total energies are very low, h(r) ≈ 0, this indicates the intermolecular
interactions in the supramolecular arrangement of GSH are of low intensity, configuring
hydrogen bonding. In the O6–H· · ·O3 and N1–H· · ·O2 interactions, the values found for
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the ratio |v|/G = 1.0, with h < 0; however, these values do not indicate that the hydrogen
bonds in these interactions have any covalent character, as the values of h(r) are minimal.
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Table 4. Hydrogen bond geometry and topological parameters by QTAIM obtained for GSHA and
GSHB glutathione molecular interactions.

D–H· · ·A D–H
(Å)

H· · ·A
(Å)

D· · ·A
(Å)

D–H· · ·A
(◦)

ρBCP
(a)

(a.u.)
∇2ρBCP

(b)

(a.u.)
G(r) (c)

(a.u.)
v(r) (d)

(a.u.)
h(r) (e)

(a.u.)
|v(r)|
G(r)

GSHA

S–H· · ·O1
I 1.2000 2.5900 3.691(5) 152 0.0175 0.0655 0.0140 −0.0116 0.0024 0.8

S–H· · ·O2
I 1.2000 2.1500 3.261(8) 153′ 0.0174 0.0660 0.0140 −0.0115 0.0025 0.8

O6–H· · ·O3
II 0.8300 1.6600 2.465(4) 164 0.0469 0.2126 0.0543 −0.0554 −0.0011 1.0

N1–H· · ·O1
III 0.8900 1.8200 2.669(10) 157′ 0.0134 0.0512 0.0110 −0.0091 0.0018 0.8

N1–H· · ·O2
II 0.8900 2.2900 2.947(4) 130 0.0302 0.1483 0.0331 −0.0291 0.0040 0.9

N1–H· · ·O4
IV 0.8900 2.4800 3.122(6) 130 0.0085 0.0319 0.0067 −0.0055 0.0012 0.8

N2–H· · ·O2
II 0.8600 1.9900 2.675(7) 136′ 0.0244 0.1175 0.0251 −0.0208 0.0043 0.8

N3–H· · ·O5
V 0.8600 2.0700 2.672(8) 127′ 0.0214 0.1034 0.0216 −0.0173 0.0043 0.8

C2–H· · ·O4
IV 0.9700 2.4200 3.097(5) 127 0.0116 0.0416 0.0089 −0.0075 0.0015 0.8

GSHB

S–H· · ·O1
VII 1.3400 2.1800 3.4603(8) 158 0.0154 0.0538 0.0114 −0.0094 0.0020 0.8

N1–H· · ·O4
VIII 1.0200 1.8400 2.8034(6) 155 0.0310 0.1209 0.0285 −0.0267 0.0018 0.9

N1–H· · ·O1
IX 1.0200 1.9600 2.8383(7) 142′ 0.0222 0.0956 0.0208 −0.0177 0.0031 0.9

N1–H· · ·O2
II 1.0200 1.7200 2.6959(6) 158′ 0.0438 0,1527 0.0407 −0.0431 −0.0025 1.1

N2–H· · ·O2
II 1.0100 1.9600 2.8984(7) 154 0.0222 0.0993 0.0214 −0.0179 0.0035 0.8

N3–H· · ·O5
X 1.0100 2.0000 2.8712(7) 144′ 0.0214 0.0924 0.0199 −0.0166 0.0032 0.8

O6–H· · ·O3
XI 0.9600 1.6400 2.5987(6) 172 0.0495 0.1628 0.0463 −0.0519 −0.0056 1.1

C3–H· · ·O2
II 1.0900 2.5200 3.3842(8) 135 0.0098 0.0297 0.0068 −0.0062 0.0006 0.9

Symmetry codes: (I) 3
2 + x, 3

2 − y, 1− z (V) 2 − x, − 1
2 + y, 1

2 − z (IX) 1
2 + x, 3

2 − y, −z
(II) 1 + x, y, z (VI) −1 + x, y, z (X) 2− x, 1

2 + y, 1
2 − z

(III) 1
2 + x, 1

2 − y, 1 − z (VII) 1 + x, −1 + y, z (XI) 1− x, − 1
2 + y, 1

2 − z
(IV)−1 + x, −1 + y, z (VIII) x, 1 + y, z

Topological Properties:
(a) Total electronic

density on BCP

(c) Lagrangian Kinetic
energy

(e) Total energy density
(b) Laplacian of electron

density on BCP

(d) Potential energy
density
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Closed-shell interactions are weak compared to shared interactions. The analysis of the
NBO calculations showed that the hydrogen bonds in the supramolecular arrangements of
GSH are stabilized by the hyperconjugation of lone pairs (Lewis type) with σ∗ antibonding
orbitals (non-Lewis type) of the interacting region of the neighboring molecule at higher
energies. The most significant results of the NBO calculations are found in Tables S1 and S2
(Supplementary Materials). They show that the higher hyperconjugation energies stabilize
the molecules in the GSHB polymorph more than in the GSHA polymorph. As an example,
we cite the interactions that are commonly found in both polymorphs with high E(2)

energies. The O6–H· · ·O3 interaction is stabilized by the hyperconjugation of the lone pairs
of the O3 atom with the σ∗ antibonding orbitals of the O6–H bond, ηx(O3)→ σ∗(O6 −H) ,
x = 1; 2. The hyperconjugation of the η1(O3) orbital (occupancy 1.98e, sp0.7 hybrid) resulted
in energy equal to 8.52 kcal/mol in GSHA and 7.80 kcal/mol in GSHB (ratio 1.1:1); on the
other hand, the hyperconjugation of the η2(O3) orbital (occupancy 1.88, pure p) resulted
in energy equal to 9.45 kcal/mol in GSHA and 22.01 kcal/mol in GSHB (ratio 1:2.3). This
means that the O6–H· · ·O3 interaction is more cohesive in the GSHB polymorph. Two other
essential interactions in both polymorphs were N2–H· · ·O2 and N3–H· · ·O5. The first is
stabilized by the hyperconjugation of the two lone pairs of O2, η1 (occupancy 1.98e, sp0.6

hybrid) and η2 (occupancy 1.89e, pure p) with the σ∗ antibonding orbital of the N2–H bond
in GSHA, with energies of 2.01 and 2.93 kcal/mol, but only by the lone pair η2 (occupancy
1.96e, pure p) in GSHB, with an energy of 6.80 kcal/mol. In the N3–H· · ·O5 interaction,
only the η2 lone pair of O5 (occupancy 1.86e, pure p) contributes to its stabilization in
GSHA, while the two lone pairs of O5, η1 (occupancy 1.97e, hybrid sp0.7) and η2 (occupancy
1.87e, pure p) hyperconjugate with the σ∗ antibonding orbital of the N3–H bond in GSHB;
however, both energies in this polymorph further stabilize the interaction.

2.4. Molecular Docking Analysis

The ACE (EC 3.4.15.1), a Zn metalloproteinase, plays an essential role in cardiovas-
cular function by converting the decapeptide angiotensin I to angiotensin II (vasopressor
octapeptide). There are two isoforms of ACE (somatic and testis) that are transcribed
from the same gene in a tissue-specific manner [47]. The somatic form consists of two
homologous domains (N and C domain), each containing an active site with a conserved
zinc-binding motif. Despite the high sequence similarity between the two domains, they
differ in substrate and inhibitor specificity and their activation by chloride ions [48]. The C
domain seems to be the dominant angiotensin-converting site [47]. Docking calculations
indicate that lisinopril had the higher affinity for ACE_C. [48]. Recently, the binding activity
of several peptides with ACE inhibitory activity was modeled by in silico approaches, such
as the quantitative structure–activity relationship (QSAR) and molecular docking. The
methods provide details illuminating the interaction mechanism between the receptor and
the ligands [48–52].

In the present work, using redocking analysis, molecular docking was validated for
a co-crystallized ligand (lisinopril, a commercial ACE inhibitor) with the ACE. The same
model employed in redocking lisinopril was also used for GSH. Seven of the ten poses
presented RMSD values less than 2.0 Å. As shown in Figure 12, the residues involved in
the interaction and the types of non-bonding interactions involved between the studied
complexes were Gln281, Ala353, Ala354, Ala 356, Tyr520, Tyr523, His387, and Phe512
(Conventional hydrogen bond, Unfavorable Acceptor–Acceptor, Pi-Sulfur, van der Waals).
Some compounds of the herbal species Cucurbita pelo L. presented potential interaction in
silico with the ACE, and the His353 also interacted by a hydrogen bond. Thus, it seems that
His353 represents a critical interaction point. The number and the distances of hydrogen
bonds play an essential role in the potential biological interaction between the ligand and
the binding site. According to Figure 13, the hydrogen bond distances ranged from 1.91 to
2.60 Å [53,54].
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Furthermore, the same carboxyl group interacting with Gln281 also appears in the
pharmacophore model (Figures 12c and 14). GSH is a well-known endogenous antioxi-
dant [55,56]. This substance is synthesized in the liver and is involved in various organic
processes such as antioxidant defense, metabolism, and regulation. Moreover, after drug
treatment, GSH reduces oxidative stress in the heart of diabetic rabbits and also has a
protective effect in mice from sepsis by inhibiting the inflammation process [57,58]. Thus,
GSH may have protective cardiovascular effects associated with its antioxidant properties,
which could provide vascular protection. Furthermore, GSH presents a potential impact on
antihypertension, and its antioxidant properties can reduce vascular damage [59].

196



Molecules 2022, 27, 7958

Molecules 2022, 27, x FOR PEER REVIEW 15 of 21 
 

 

 
 

(a) (c) 

 
(b) 

Figure 12. Crystal structure of lisinopril complexed with lisinopril (a); 2D (b) and 3D (c) forms of 
interaction between glutathione with the ACE binding site (pose 1; PDB ID: 1O86). 

 
Figure 13. 3D representation of distance interactions of the glutathione and angiotensin-converting
enzyme binding site.

Molecules 2022, 27, x FOR PEER REVIEW 16 of 21 
 

 

Figure 13. 3D representation of distance interactions of the glutathione and angiotensin-converting 
enzyme binding site. 

Furthermore, the same carboxyl group interacting with Gln281 also appears in the 
pharmacophore model (Figures 12c and 14). GSH is a well-known endogenous antioxi-
dant [55,56]. This substance is synthesized in the liver and is involved in various organic 
processes such as antioxidant defense, metabolism, and regulation. Moreover, after drug 
treatment, GSH reduces oxidative stress in the heart of diabetic rabbits and also has a 
protective effect in mice from sepsis by inhibiting the inflammation process [57,58]. Thus, 
GSH may have protective cardiovascular effects associated with its antioxidant proper-
ties, which could provide vascular protection. Furthermore, GSH presents a potential im-
pact on antihypertension, and its antioxidant properties can reduce vascular damage [59]. 

 
Figure 14. Spatial fitting of glutathione to the angiotensin-converting enzyme (ACE) antagonist 
pharmacophore. Hydrogen-bond acceptors and negative pharmacophore features are represented 
in red and gray, respectively. 

In addition, when oxidative stress creates vascular damage by promoting cell 
growth, extracellular matrix protein deposition, endothelial dysfunction, and increased 
vascular tone, these features contribute to the vascular phenotype in hypertension [60]. In 
the study performed by Bessa, S. S. and colleagues (2009), it was observed that in hyper-
tensives, both systolic and diastolic pressures were negatively correlated with glutathione 
S-transferase in Egyptian patients [61]. Beyond oxidative stress, our results suggest that 
glutathione might interact with some regulatory points in the cardiovascular system, such 
as the angiotensin-converting enzyme, playing an essential role in blood pressure regula-
tion. 

3. Computational Procedures 
3.1. Computational Methods 

The crystallographic information files of GSHA and GSHB were obtained from the 
Cambridge Crystallographic Data Centre (CCDC) [62] under codes 762195 and 1500579, 
respectively. Theoretical calculations were carried out for both conformations [63] using 
the highly parameterized empirical exchange–correlation functional M06-2X [31], com-
bined with the triple-𝜁 basis set 6-311++G(d,p), in gas phase, implemented in the Gauss-
ian16 [64] software package. Frontier molecular orbitals (FMOs) [63], the highest occupied 
molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO) were 
calculated and the chemical reactivity and kinetic stability of both molecules were ob-
tained. To verify the electronic charge distribution on the GSH molecular surface, the MEP 
[65] map was obtained through electrostatic potential 𝑉(𝐫) [66], 

Figure 14. Spatial fitting of glutathione to the angiotensin-converting enzyme (ACE) antagonist
pharmacophore. Hydrogen-bond acceptors and negative pharmacophore features are represented in
red and gray, respectively.

In addition, when oxidative stress creates vascular damage by promoting cell growth,
extracellular matrix protein deposition, endothelial dysfunction, and increased vascular
tone, these features contribute to the vascular phenotype in hypertension [60]. In the study
performed by Bessa, S. S. and colleagues (2009), it was observed that in hypertensives, both
systolic and diastolic pressures were negatively correlated with glutathione S-transferase
in Egyptian patients [61]. Beyond oxidative stress, our results suggest that glutathione
might interact with some regulatory points in the cardiovascular system, such as the
angiotensin-converting enzyme, playing an essential role in blood pressure regulation.

3. Computational Procedures
3.1. Computational Methods

The crystallographic information files of GSHA and GSHB were obtained from the
Cambridge Crystallographic Data Centre (CCDC) [62] under codes 762195 and 1500579,
respectively. Theoretical calculations were carried out for both conformations [63] using the
highly parameterized empirical exchange–correlation functional M06-2X [31], combined
with the triple-ζ basis set 6-311++G(d,p), in gas phase, implemented in the Gaussian16 [64]
software package. Frontier molecular orbitals (FMOs) [63], the highest occupied molecular
orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO) were calculated
and the chemical reactivity and kinetic stability of both molecules were obtained. To verify
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the electronic charge distribution on the GSH molecular surface, the MEP [65] map was
obtained through electrostatic potential V(r) [66],

V(r) = ∑
α

Zα

|rα − r| −
∫

ρ(r′)
|r′ − r|dr′, (8)

where Zα is the charge of nuclei α at point rα and ρ(r′) is the charge density at the point
r’. This function has been used for predicting nucleophilic and electrophilic regions and is
valuable in studying intermolecular interactions. To predict the local electrophilicity, we
used the Fukui function [67]

f (r) =
[

∂ρ(r)
∂N

]

v
, (9)

where N is the number of electrons present in the system and the constant term v in the
partial derivative is external potential. Fukui indices have been widely used to predict the
reactive sites of organic molecules, so the function values are higher in these regions than
in regions with no reactivity. All calculations were carried out by DFT, implemented in the
Gaussian 16 [64] software package at the M06-2X/6-311++G(d,p) level of theory in the gas
phase, and the results were obtained by the GaussView 6 [68] software.

3.2. Supramolecular Arrangement

HS analysis using the CrystalExplorer program [69] was employed to study the
intermolecular interactions [39]. The normalized distance (dnorm) is constructed by the
distance from the surface to the nearest nucleus inside the surface (di) and outside the
surface (de), the distance from the surface to the nearest inner atom, and the van der Waals
radii of the internal and external atoms (rvdW

i and rvdW
e ) [39],

dnorm =
di − rvdW

i

rvdW
i

+
de − rvdW

e
rvdW

e
(10)

In addition, an analysis of intermolecular contacts and their contributions to the
packaging of crystals, based on the combination of de vs. di plots, generate fingerprints,
which summarize the percentage contribution to the nature and type of intermolecular
interaction present in the molecule [41]. The topological parameters of GSH molecular
systems were obtained by the QTAIM [43] by Multiwfn software [70], and the stabilities of
the interaction were verified by NBO [71] calculations; a second-order perturbation theory
formula provides the hyperconjugation energies:

E(2)
i→j∗ = −nσ

< σi

∣∣∣F̂
∣∣∣σ∗j > 2

ε j∗ − εi
= −nσ

F2
ij

ε j∗ − εi
, (11)

where < σ
∣∣F
∣∣σ >2 or F2

ij is the Fock matrix element between the natural bond orbitals i
and j; εσ∗ is the energy of the antibonding orbital σ∗ and εσ is the energy of the bonding
orbital σ; and nσ stands for the population occupation of the σ donor orbital. Theoretical
calculations were carried out at the M06-2X/6-311G++(d,p) level of theory, in which the
atom positions were fixed in their crystallographic positions.

3.3. Molecular Docking Analysis

ACE (PDB ID: 1O86) was downloaded from Protein Data Bank (https://www.rcsb.org;
accessed on 12 September 2022) for molecular docking simulations. The enzyme was
prepared by adding hydrogen atoms, and water molecules were removed. Next, the GSH
molecule was saved in mol2 format. After that, the binding site of the macromolecule was
selected, and the grid box was determined (X, Y, and Z coordinates). The downloaded file
was saved in PDB format before being subjected to GOLD Suite 5.7.0 (Mark Thompson
and Planaria Software LLC) [72,73] to locate the binding site and determine the binding
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affinity. Biovia Discovery Studio 3.5 software was employed to obtain the 2D interaction
figures, and PyMOL Molecular Graphics System 2.0 was used to obtain the 3D interaction
images. Redocking with the co-crystallized ligand (lisinopril) was carried out to validate
the models obtained. The CHEMPLP score function was used.

3.4. Pharmacophore Design

Binding DB (https://www.bindingdb.org/bind/index.jsp; accessed on 7 September
2022) was used to identify the compounds with antagonist activity against the ACE. The
five molecules with the lowest half-maximal inhibitory concentration (IC50) were selected
to obtain pharmacophore models. PharmaGist web server [73,74] (https://bioinfo3d.
cs.tau.ac.il/PharmaGist/; accessed on 10 September 2022) was employed to obtain the
3D pharmacophore model from the set of ACE antagonists and GSH. The algorithm
determines potential pharmacophores and selects the highest-scoring ones. The suggested
pharmacophore hits were determined after the spatial alignment of the GSH with the
five EGFR antagonists. Pharmacophore analysis was used to search the possible critical
features of ACE antagonists responsible for the interaction of the binding site. Hydrogen
bond acceptors, donors, hydrophobic groups, and aromatic rings were selected to generate
the pharmacophore models. A minimum of three to a maximum of six elements was
considered. The following weights were used as default in the program (3.0 for aromatic
rings, 1.0 for charges, 1.5 for hydrogen bond donors or acceptors, and 0.3 for hydrophobic
groups). The images were generated in Biovia Discovery Studio 3.5

4. Conclusions

A comparison of the crystalline structures of GSH showed that the torsion of the
carboxyl group in the glycine portion did not change the crystalline characteristics of
the polymorphs, so they are in the same space group. Furthermore, the theoretical cal-
culations showed that, when kept isolated, the molecule tends to remain in the neutral
form, while in the crystalline environment, the zwitterionic form is predominant. The
calculations also proved the antioxidant power of GSH by the frontier molecular orbitals
and showed the regions where electrophilic and radical attacks occur in chemical processes.
In supramolecular arrangements, some variations were observed in the contacts that form
the intermolecular interactions, so they are more stabilized in GSHB compared to GSHA.
In addition, the molecular docking analysis showed interactions between the active site
residues of the ACE and glutathione through seven hydrogens. Moreover, these hydrogen
bond acceptors are essential for binding the GSH with the ACE. The observed results
suggest that glutathione analogs would be attractive dual-acting (antioxidant plus ACE
inhibitor) antihypertensive agents and provide useful information for developing GSH
analogs with higher ACE inhibitor activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227958/s1, Table S1: Second-order perturbation
theory analysis in NBO basis obtained at M06-2X/6-311++G(d,p) level of theory for the GSHA
polymorph; Table S2: Second-order perturbation theory analysis in NBO basis obtained at M06-2X/6-
311++G(d,p) level of theory for the GSHB polymorph.
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