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Abstract

Glutathione (GSH) is the major non-protein thiol in humans and other mammals, which is present
in millimolar concentrations within cells, but at much lower concentrations in the blood plasma.
GSH and GSH-related enzymes act both to prevent oxidative damage and to detoxify electrophiles.
Under oxidative stress, two GSH molecules become linked by a disulphide bridge to form
glutathione disulphide (GSSG). Therefore, assessment of the GSH/GSSG ratio may provide an
estimation of cellular redox metabolism. Current evidence resulting from studies in human blood,
solid tissues, and cultured cells suggests that GSH also plays a prominent role in protein redox
regulation via S-glutathionylation, i.e., the conjugation of GSH to reactive protein cysteine residues.
A number of methodologies that enable quantitative analysis of GSH/GSSG ratio and S-
glutathionylated proteins (PSSG), as well as identification and visualization of PSSG in tissue
sections or cultured cells are currently available. Here, we have considered the main methodologies
applied for GSH, GSSG and PSSG detection in biological samples. This review paper provides an
up-to-date critical overview of the application of the most relevant analytical, morphological, and
proteomics approaches to detect and analyse GSH, GSSG and PSSG in mammalian samples as well

as discusses their current limitations.
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1. Introduction

Oxidative stress was firstly defined as an imbalance between pro-oxidants and antioxidants
in favour of the former, leading to potential damage [1]. Therefore, an increased oxidation of some
cellular (macro)molecules (protein amino acidic residues, lipids, nucleic acids, carbohydrates) may
represent a mechanism of damage for the cellular functioning. Indeed, oxidative stress has been
reasonably hypothesized to be a pathogenic and/or etiological factor of several serious human
diseases, such as Alzheimer’s disease [2—4], cystic fibrosis [5,6], and end-stage renal disease [7—9].
Moreover, oxidative stress is associated with ageing [10,11] and life-style factors, such as excessive
alcohol consumption [12] and cigarette smoking [13,14]. However, there is growing evidence that
reactive oxygen species (ROS) may play a possible physiological role as redox signalling
messengers for some regulatory functions [15]. The basic mechanism for this is that ROS regulate
specific and reversible post-translation modifications (PTMs) on target protein thiols [16]. The
question is still open and deserves further investigation. In order to better evaluate the Janus face of
ROS, the study of the oxidative modifications of thiols has a central role.

Glutathione (y-glutamyl-I-cysteinylglycine, GSH) is part of a well-organized antioxidant
defence system, which constantly counteracts the increased ROS production, thus minimizing
oxidative damage to tissues and cells. In the human body, the liver is the primary organ for the de
novo synthesis of GSH and is responsible for supplying 90% of circulating GSH [17]. The GSH
concentration within hepatocytes (~10 mM) is the result of equilibrium between its synthesis and its
efflux into blood plasma. Liver GSH varies as a function of diet, time of day, and body needs [18].
Skeletal muscle and red blood cells (RBCs) cooperate with liver to the synthesis of GSH. In human
blood, most of GSH is located inside RBCs (~3 mM per RBC), since leukocytes, although they
contain 2-4 mM GSH, represent only a small volume compared to RBCs. Human RBCs possess the
enzymatic machinery to synthesize GSH and are important as biological carriers of GSH by de novo

synthesis, contributing up to 10% of whole body GSH synthesis [19] and thus providing an



important detoxifying system within the blood circulation.-A sustained export of GSH (about 21
nmol/h/ml RBCs) has been measured in human RBCs [20].

GSH is present within human/mammalian cells at millimolar concentrations (~1-2 mM in
most cells) and, along with its oxidised counterpart, glutathione disulphide (GSSG), is the most
abundant intracellular redox couple [21-23]. Its concentration varies not only depending on the cell
type, but also during cell proliferation or in cancer cells in comparison with quiescent or not
dividing cells [24,25]. The situation is somewhat different in extracellular matrices, such as human
plasma, where a substantial amount of sulfhydryl groups is present as free cysteine, whereas GSH
concentration is in the range of 2-20 uM [10]. In response to oxidative stress, two GSH molecules
are oxidized to glutathione disulphide (GSSG), which is reduced back to GSH via GSSG reductase,
at the expense of oxidation of NADPH, which in turn is re-generated via the pentose phosphate
pathway. Under physiological conditions, the GSH/GSSG ratio in the cytosol of most cells is
~100:1, or higher [26]. In contrast, in the endoplasmic reticulum, which has a more oxidizing
environment to permit oxidative protein folding, the GSH/GSSG ratio is ~3:1 [27]. The redox
steady-state of GSH and GSSG (i.e., the GSH/GSSG ratio) is crucial for normal cellular physiology
and is involved in cellular signalling processes, proliferation, differentiation, and apoptosis [28,29].
In clinical studies, the GSH/GSSG ratio is most often measured in whole blood or in isolated RBCs
based on the assumption that, although indirect, this minimally invasive type of analysis provides
valuable information on the redox metabolism of less accessible tissues and organs and of the whole
organism. A decrease in intracellular GSH concentration and/or in the GSH/GSSG ratio are often
interpreted as evidence of cellular redox imbalance and have been associated to a variety of human
diseases, amongst which diabetes mellitus, renal failure, malignancy, and neurodegenerative
diseases [26,30,31]. However, changes in the GSH/GSSG ratio are unlikely to have any causal role
for biological events; rather, they might have a diagnostic and prognostic significance, indicating

whether something is going wrong in redox metabolism [32].



During oxidative stress, a-notable amount of cellular glutathione can be reversibly bound to
the —SH group of protein cysteinyl residues (S-glutathionylation), which generates S-
glutathionylated proteins (PSSG). Most PSSG are intracellular because GSH is present at high
concentrations within cells and intracellular proteins have thiols predominantly in the reduced state
and thus are available to form mixed disulphides with GSH, likely through a protein thiolate or
sulphenate or nitro-S-cysteine formation [21,26,33]. In contrast, in extracellular proteins most thiols
form disulphide bridges or mixed disulphides with cysteines (i.e., cysteinylated proteins). PSSG
might form in response to changes in the GSH/GSSG ratio or through a thiol/disulphide exchange
between protein thiols (PSH) and GSSG, a reaction that removes GSSG, thus restoring the
physiological redox conditions. However, reactions of protein disulphide exchange with a thiol are
quite slow unless catalysed by an enzyme such as protein disulphide isomerase, which is
particularly abundant in the endoplasmic reticulum, and the ratio of GSH/GSSG remains usually
very high inside the cytosol, even during oxidative stress. Indeed, the formation of PSSG can also
occur by a variety of other mechanisms [26,33]. S-glutathionylation is reversible and may have a
dual role: protection of sensitive PSH from irreversible oxidative damage and/or regulation of
protein structure and activity [33,34]. The latter function is particularly crucial for proteins involved
in redox signalling processes, suggesting a role for S-glutathionylation in physiological signalling
[35—37]. S-glutathionylation can also serve as a means to maintain GSH inside the cell, whereas
GSH oxidized to GSSG is rapidly exported. PSSG have also been investigated as possible
biomarkers of oxidative stress in human diseases characterized by deregulation of redox
homeostasis, thereby acquiring a prognostic/diagnostic value [26,33,38]. For instance, it has been
shown that PSSG are increased in Alzheimer disease [39] and Friedreich’s ataxia [40], in non-
alcoholic fatty liver disease [41], in cardiovascular diseases such as myocardial infarction, cardiac
hypertrophy, and atherosclerosis [42], and in maintenance haemodialysis patients [43]. Differently,

sputum PSSG levels were found to be decreased in patients with asthma [44].



In view of the important patho-physiological implications of GSH/GSSG ratio and PSSG
concentration, a variety of different methodologies have been developed for the detection and/or
quantification of glutathione and PSSG in cells, tissues, and body fluids. This review is an updated
overview of the applications, drawbacks, and advantages of the most relevant analytical,
morphological and proteomics approaches used to analyse GSH, GSSG and PSSG in

mammalian/human samples.

2. Measurement of GSH/GSSG ratio

Accurate analysis of the GSH/GSSG ratio in biological samples requires separate analytical
measurements for GSH and GSSG for two main reasons: i) the free thiol of GSH must be
immediately blocked to prevent any unwanted reaction (either oxidation or reduction); ii) the
concentration of cytosolic GSSG is about three order of magnitude lower than that of GSH and, in
addition, it lacks the high reactive -SH group; therefore, specific methodological procedures are
needed to detect it.

A very important pre-analytical step, frequently neglected, common for both GSH and
GSSG detection, is represented by the treatment of sample, as soon as possible after its collection,
with substances able to prevent any artificial increase and decrease in GSSG concentration [45-47].
In fact, based on previous observations and confirmed by our experimental work, once the sample is
collected the GSH/GSSG ratio can be artificially altered in both directions (i.e., increase in GSH or
in GSSG) depending on several variables. On the one hand, cellular reductases may continue to
work after sample collection, thus reducing artificially the GSSG concentration, proportionally to
the time elapsed (from seconds to minutes) until the analytical measurement [45,46,48-50]. On the
other hand, we have demonstrated that sample acidification (a pre-analytical step that is common to
almost all the procedures used to detect GSH and GSSG) per se results in an artefactual oxidation

of GSH, at a certain extent, which depends on several factors, such as the kind and dilution of



sample, type and concentration of acid [51]. We have studied this.phenomenon in blood samples,
where we observed that the binding of both the molecular oxygen and the ferrous ion to the haeme
group may be responsible for the GSH oxidation during sample acidification. In fact, the levels of
GSSG were shown to increase after acidification, mostly in arterial blood rather than in venous
blood and proportionally to the amount of O, added to de-oxygenated erythrocytes [51].
Afterwards, we observed that this methodological problem also occurs during GSH and GSSG
detection in other biological samples, such as platelets, blood plasma, cultured cells, and solid
tissues [47].

According to these observations, the main steps of GSH and GSSG analysis are: 1) sample
treatment with proper agents able to prevent both artifactual —-SH oxidation and GSSG reduction
during sample handling; 2) splitting the sample into two sub-samples and analysis of GSH in one
sample aliquot; 3) reduction of GSSG in the remaining sample aliquot and analysis of the released

GSH. These steps are described in more detail below.

2.1 Prevention of artifactual GSH thiol oxidation and GSSG reduction during sample handling

Notwithstanding the evident susceptibility of —SH groups to oxidation during sample
manipulation, this step is frequently by-passed, even by many skilled scientists worldwide. Instead,
according to our experience, this issue needs a particular attention in order to obtain an accurate
measure of the GSH/GSSG ratio. This problem may be especially relevant for analyses of the
cytosol, where this ratio is very high in favour of GSH under basal conditions (i.e., 500: 1 or even
more) and, therefore, the concentration of GSSG is quite low. Consequently, even a minimal
oxidation of GSH can induce a dramatic increase in GSSG in terms of percentage: for instance, if
only 1% of GSH oxidizes, it would result in a ~200% bias of the measured GSSG than the actual

concentration, with an unacceptable analytical accuracy [47]. However, thiol reactive agents are



frequently used only with the aim to “remove” GSH from the sample and to avoid any cross-
reaction with the “new GSH” released from GSSG during the analysis of the latter.

Some different thiol alkylating agents are routinely used to bind GSH, such as iodoacetic
acid (IAA), N-ethylmaleimide (NEM), 2-vinyl pyridine (2-VP), S-methyl methanethiosulfonate
(MMTS), which are not equivalent and, in most cases, are used with different aims [49,52]. In fact,
these reagents are often used only to remove the GSH from the sample for the GSSG analysis, and,
therefore, they are added to the aliquot of sample used for this kind of measurement (i.e., after an
indefinite delay from sample collection). However, thiol blocking must precede any sample
manipulation if the aim of the investigator is to measure the GSH/GSSG ratio, otherwise the
artifactual oxidation of GSH is not avoided.

Actually, only NEM and 2-VVP have been proposed as eligible reactants to be used to avoid
GSH artifactual oxidation. Maleimides have a double bond that binds GSH by a Michael addition
reaction. The notable advantages of NEM use are: i) the reaction is very fast at neutral or slightly
acidic pH; ii) cells are permeable to NEM; iii) NEM is also able to inhibit GSSG reductase
[49,51,53]. This means that, when NEM is added to any biological sample, it rapidly (within a few
seconds) enters the cells and efficiently masks GSH. The last advantage is fundamental, since it
avoids any artifactual reduction of GSSG to GSH during sample handling as a consequence of the

shift toward the right of the following reaction catalysed by GSSG reductase (GR):
GR

GSSG + NADPH €<= 2 GSH + NADP*

Therefore, the reaction of NEM with —SH groups is so rapid and effective that any perturbation of
the GSH/GSSG ratio is avoided. Several chemical issues should be taken into consideration when
using NEM. First of all, the reaction of thiols with NEM is reversible in the presence of other thiol
compounds at physiological pH and temperature; therefore, a possible migration of the maleimide

among different thiols may occur [54]. In addition, maleimide adducts are prone to ring-open by



hydrolysis in alkaline buffers [55]. Nevertheless, these chemical features of NEM can be faced
considering that the binding of NEM to GSH at physiological pH is very fast; therefore, the reaction
can be stopped after 1-2 minutes, whereas the measured half-lives of conversion for the texted
maleimide-thiol adducts varied from 20 to 80 hours and the hydrolysis required more than 30
minutes at pH 8.0 [54,55]. We previously evaluated the reliability of NEM use for GSH and GSSG
detection in comparison with other commonly used thiol alkylating agents and reported that both
IAA and monobromobimane react slowly with —SH groups, yielding too high values of GSSG [51].
The same was also reported for iodoacetamide [49]. Additionally, only in samples treated with
NEM before acidic deproteinization we obtained a good recovery of GSSG added to haemolysate
[51].

Conversely, 2-VP was introduced for GSSG detection by the GSH recycling method just by
virtue of its inability to inhibit GR [56]. However, this implies that other oxidoreductases occurring
in cells can work during sample manipulation, so the perturbation of the GSH/GSSG ratio cannot be
avoided. In analogy to NEM, 2-VP reacts with GSH at the double bond, but this reaction is about
500-fold slower than that of NEM [49]. Therefore, long reaction times are required for complete
reaction. In addition, cells are not permeable to 2-VP and this problem is frequently solved by
adding it to acid-treated samples. Therefore, 2-VVP cannot be so effective in preventing the acid-
induced GSH artifactual oxidation. To confirm this, it has been reported that the levels of GSSG
measured in blood by the use of 2-VVP are significantly higher than those measured by the use of
NEM in comparative experiments [57,58].

For all these reasons, NEM should be considered the most suitable alkylating agent to
protect thiol groups from oxidation [45,46,59]. Whenever possible, NEM should be added directly
in the collection tube or, alternatively, it should be used as soon as possible after sample collection.
We generally add it directly to collection tubes for blood sample analysis and to homogenization
buffers for solid tissue analysis. To prevent artifactual GSH oxidation in cultured cells, we perform

washings with PBS containing NEM before cell lysis [59,60].
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2.2 Analysis of GSH

Analysis of GSH should be performed on aliquots of samples pre-treated with NEM before
the acidification step. In these samples, the easiest way to measure GSH is to detect the GS-NEM
conjugate. As we recently reported, the conjugate can be measured by UV/vis-HPLC in
supernatants [61]. The main advantage of this method is that it does not require any further
derivatization of the sample. In fact, the conjugate is revealed by measuring the absorbance of
supernatant at 265 nm. As reported in Fig. 1, from the analysis of GS-NEM conjugate in acidified
blood samples by reversed-phase HPLC we obtained two peaks at the retention times of 4.23 and
4.97 min. Two peaks are formed because the reaction of NEM with thiols generates two
diastereomers that have different chemical and physical properties and, consequently, are resolved
as two peaks under achiral chromatographic conditions [62]. The peak at 4.23 min of retention time
was selected for quantitative analysis since it resulted to be always free from interfering reactions in

all the analysed samples.

GS-NEM

mAU
GS-NEM

NEM

1.0 1.5 20 25 30 35 40 45 50 55 60 65 7.0

min

Fig. 1. Representative chromatogram obtained from a blood sample derivatized for GSH analysis.
Blood from a healthy donor was collected in the presence of NEM. Sample was then deproteinized

and supernatant was analysed by reversed-phase HPLC at 265 nm wavelength [61]. The GS-NEM

11



separation resulted in two almost symmetrical peaks-at 4.23 and 4.97 min of retention time,

respectively, whereas the unbound NEM eluted at 5.87 min of retention time.

Alternatively, the GS-NEM conjugate can be detected by liquid chromatography/mass
spectrometry (LC/MS) separation. For example, Steghens et al. [63] used the positive electrospray
ionization (ESI) mode after chromatographic separation to this aim. More recently, a liquid
chromatography—-tandem mass spectrometry (LC—-MS/MS) method has been developed [64], by
which samples are subjected to chromatographic separation using a Hypercarb column and analysed
by MS/MS in the positive-ion mode. Notwithstanding both methods are worth to be used, in both
cases NEM is added to samples together with acid in a precipitating solution. Therefore, under these
conditions GSH auto-oxidation is not completely prevented and reductases could work until are
denatured by the acidic treatment, which can influence, at an indefinite and variable amount, the
results.

The GSH recycling assay is the most popular method to detect GSH [45]. The main
advantages of this method are that it can be performed by spectrophotometer, it is specific for GSH
and it is very sensitive. Basically, it measures total GSH (tGSH, i.e., GSH + GSSG) since the
principle of the method is based on the reaction of GSH with 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB) to form the mixed disulphide (GS-TNB) and the chromophore 5-thio-2-nitrobenzoic acid
(TNB), followed by the reduction of GS-TNB by GR and NADPH. Actually, GR also reduces the
GSSG occurring in the sample. The reaction proceeds in a cyclic way and the constant production
of TNB is measured by spectrophotometry at 412 nm wavelength. Generally, the GSH recycling
method is performed on blood samples not pre-treated with alkylating agents precisely because it
measures both GSH and GSSG and the eventual oxidation of GSH to GSSG does not influence the
results. Under several conditions (e.g., in control samples) the measurement of tGSH can be

assumed to correspond to that of GSH, since GSSG levels are about three orders of magnitude
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lower. Differently, in other kinds of samples GSSG levels must be subtracted by tGSH to obtain the
GSH values.

Quantification of intracellular GSH levels can also be made using fluorescence activated cell
sorting (FACS) [65]. FACS (and, in general, flow cytometry) methods are based on the use of
fluorescent dyes that form fluorescent conjugates with GSH via its —SH group. FACS analysis has
the advantage of not requiring the lysis of cells and, therefore, the artefactual oxidation of GSH
during sample deproteination is avoided. However, FACS analysis suffers from several other
technical problems, in particular regarding the choice of the fluorescent dye that forms adduct with
GSH (e.g., mercury orange, o-phthaldialdehyde, monochlorobimane). In fact, the specificity of
these fluorescent probes is variable, so they can possibly label other intracellular thiols, such as
PSH. Monochlorobimane can bind specifically to GSH since the reaction requires catalysis by
glutathione S-transferase. However, human glutathione S-transferase has a low affinity for
monochlorobimane; therefore, in human cells, GSH is not adequately labelled or a perturbation of
the GSH/GSSG ratio can occur. Additionally, background labelling represents a further problem,
mostly for quantification [65]. Therefore, the development of new more specific fluorescent probes
for GSH labelling in human cells is a sine qua non of reliable GSH quantification by FACS. In this
regard, the first fluorescent probe (ThiolQuant Green, TQ Green) for quantitative imaging of GSH
in live (mouse and human) cells can be conveniently used in bulk cell measurements to measure

GSH level changes by FACS [66].

2.3 Analysis of GSSG

The easiest way to measure GSSG in samples pre-treated with NEM is by the GSH
recycling method [45]. Once protected by NEM, samples can be deproteinized and then GSSG can
be measured in the supernatant. As NEM can inhibit GR at the neutral pH of the reaction, an

extraction step is needed in order to remove it from the sample. This step can be carried out either
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with dichloromethane or ether, both the solvents work fine-[45;59]. It is worth to be mentioned here
that the GSH recycling method is not easy to perform, since it is based on an enzymatic reduction
and it is not an end-point measurement. Therefore, several variables can influence the results: in
particular, the acid used to deproteinize the sample and traces of NEM, if not completely extracted.
We have analysed these problems in depth [59] and suggest to perform a two-step analysis for each
sample, which includes adding a known quantity of GSSG to the cuvette after the sample reaction
has achieved the steady state, in order to take into consideration the effect of these variables for
quantitative analysis.

As an alternative to the recycling method, GSSG can be measured by HPLC after its
reduction to GSH. In this case too, NEM should be extracted from the sample in order to avoid
interfering reactions with the released GSH. Then, GSSG is reduced to GSH. Several reducing
agents are routinely used to this aim. One class of these is represented by thiol reagents that reduce
GSSG by thiol-disulphide exchange reactions, such as dithiothreitol (DTT) and 2-mercaptoethanol.
Alternatively, phosphines can be used. The main difference between these two classes of reagents is
that the reduction reaction by thiol reagents is reversible, whereas that by phosphines is irreversible,
since it occurs by a nucleophilic attack on one of the two sulphur atoms forming a phosphonium ion
sulphur adduct, which is subsequently hydrolysed [52]. This means that thiols must be used at high
concentration and it may be necessary to remove them from the reaction mixture before sample
derivatization. In addition, reactions with thiols proceed at neutral pH, a condition where oxidation
of new generated thiols may occur. This is the reason why we generally perform reduction with
DTT in the presence of the metal chelating agent EDTA [67].

Given the expected low concentrations of GSSG, at least in control samples, the use of
fluorescent probes coupled with chromatographic separation is particularly suitable for this kind of
measurement. Monobromobimane (mBrB) is one of the most widely used molecules for this
purpose. It becomes fluorescent after reaction with thiols (Aex = 380 nm, Aem = 480 nm) [68]. We

generally use mBrB coupled with separation by reversed-phase HPLC. We do not remove excess
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DTT from the sample since the conjugate with mBrB does-notinterfere with the separation of GSH
[67]. The main problem when working with mBrB under these conditions is represented by the
formation of non-specific peaks in the chromatogram (Fig. 2) Therefore, a blank run consisting of
mBrB treated with DTT under the same conditions of the samples is necessary. Other fluorescent
probes frequently used for thiol detection are benzofurazans (e.g., 7-fluorobenzo-2-oxa-1,3-diazole-
4-sulfonate, SBDF), o-phthalaldehyde, dansyl chloride [69-71]. GSSG can be measured without the
reduction step by MS. For example, Moore et al. [64] used the LC-MS/MS method described above

for GSH analysis (section 2.2) also for GSSG detection.

GSH

Fig. 2. Representative chromatogram obtained from rat liver homogenate derivatized for GSSG
analysis. Liver was homogenized and rapidly treated with NEM. GSH was measured on the
supernatant after reduction of the disulphide bridge by DTT and thiol labelling with mBrB [67].
GSH eluted at 10.05 min of retention time. A peak corresponding to cysteine (Cys) was also
observed at 4.211 min of retention time. The dotted line shows the chromatogram obtained from a

blank run.

The use of 1-fluoro-2,4-dinitrobenzene (FDNB) as derivatizing agent for both GSH and
GSSG has the advantage of allowing contemporary evaluation of both these molecules in the same

sample aliquot [72]. FDNB reacts with the amine group to produce a dinitrophenyl-derivative. In
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the original method, IAA was used to pre-treat samples, followed by derivatization with FDNB and
separation by HPLC with an anion exchange column. Detection is performed by a UV/Vis detector
set at an excitation wavelength of 355 nm [72]. We have proposed a modification of this method
making it applicable to samples treated with NEM [73]. Therefore, by this modified method, it is
possible to measure both GSH and GSSG with a single HPLC run and, at the same time, pre-treat

the sample in order to prevent artifactual oxidation of GSH.

2.4 Reference values for GSH and GSSG

By application of the above mentioned methods for measurement of GSH, GSSG and
GSH/GSSG ratio, coupled to pre-treatment of samples with NEM, we measured the levels of these
parameters in several biological samples (Table 1) [43,60,61,67,73,74]. In blood, the GSH/GSSG
ratio was quite high, about 600 in healthy people and mouse RBCs. A GSH/GSSG ratio of about
400 was measured in rat RBCs. This ratio was shown to significantly decrease in RBCs of patients
affected by end stage renal disease undergoing to haemodialysis. These values are in agreement
with the levels measured by some other research groups using NEM to protect GSH from oxidation
[46,64,75,76], whereas other research groups measured even higher GSH/GSSG values [45,63]. In
some cases, a significant alteration of the GSH/GSSG ratio between controls and diseased people
was observed. Specifically, Srivastava and Beutler measured GSH and GSSG in RBCs of people
affected by deficiency of glucose-6-phosphate dehydrogenase (G6PDH) [46]. The content of GSSG
in healthy people was 3.6 + 1.4 uM, whereas in GGPDH-deficient patients it was 10.3 + 3.0 uM.
Also the GSH/GSSG ratio resulted to be significantly lower in G6PDH-deficient people (142 vs
500) [46]. A significant decrease in the GSH/GSSG ratio was also measured in hypertensive
pregnant women and in neonatal infants affected by retinopathy of prematurity [75,76]. We also
recently found a significant decrease of GSH/GSSG ratio (661 vs 320) in maintenance

haemodialysis patients [43]. However, these values greatly differ from those measured by most of
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other research groups [see articles cited in 31,47,48] making the comparison of results very hard.
This is particularly true for GSSG analysis, the concentration of which is very low within cells and
more difficult to measure without artifactual oxidation. Analogously to what has been observed for
blood, also when studying the GSH/GSSG ratio in cultured cells we faced a similar heterogeneity
about the reference values [60].

The GSH/GSSG ratio is a promising biomarker of oxidative stress. We demonstrated that it
is very sensitive also in response to slight oxidative perturbations [48]. However, the next necessary
step, in order to increase the knowledge about its prognostic value in several human pathologies, is

to reach more agreement among researchers about methodologies and reference levels.

3. Measurement of S-glutathionylated proteins (PSSG)

As awareness of protein S-glutathionylation as a relevant mechanism of redox signalling and
a possible biomarker of oxidative stress in human diseases has grown, several different
methodologies have been developed for quantification or identification of PSSG. Some
methodologies allow the quantification of the total PSSG content in cells and tissues, other ones

allow the in situ identification of individual proteins undergoing S-glutathionylation.

3.1 Quantitative analysis of the total content of PSSG in cells and tissues

In many cases, the measurement of PSSG is carried out by detecting the released GSH, after
its cleavage from the mixed disulphide bond. Therefore, the main steps for the measurement of total
PSSG are: i) separation of proteins; ii) treatment of sample to release protein-bound GSH; iii)

detection of GSH.

3.1.1 Separation of proteins
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Sample proteins are separated by acidification/centrifugation or by gel filtration to remove
soluble GSH. The use of acids, such as trichloroacetic, perchloric, sulfosalicylic, metaphosphoric
acid, is very frequent, given the rapidity and efficacy of the procedure. However, analogously to
what we have highlighted for the measurement of the GSH/GSSG ratio (section 2.1), also for this
analysis we have to face with the methodological problems related to the artifactual oxidation of
GSH. This problem mostly manifests during the acidification step and occurs primarily when
working with cells, where the concentration of GSH is very higher (from 1 to 10 mM [21-23]) than
the concentration of PSSG, whose steady-state level is <0.1% of the total protein cysteines and <1%
of the total protein disulphide (i.e., PSSP + PSSG) value in HEK and HeLa cells, for instance [77].
In fact, we have demonstrated that artifactually high levels of PSSG can form at a variable extent in
several kinds of biological samples, such as blood, RBCs, solid tissues and cultured cells [47].
Without protecting —SH groups before sample acidification, PSSG levels in blood samples obtained
from healthy people were found to be about 100-fold higher than the real value [48]. We also
observed that the extent of this artifactual increase was influenced by several variables, such as the
type of acid used for sample deproteinization, sample dilution before deproteinization, the partial
pressure of O, bound to haemoglobin [48]. Therefore, also for this kind of analysis samples should
be treated with NEM as soon as possible after sample collection, i.e., before the deproteinization
step (as described in section 2.1 for measurement of the GSH/GSSG ratio) in order to protect the —
SH group from oxidation. Excess NEM can be then removed from samples by performing several
washings under slight acidic conditions. At the end of this procedure, we usually obtain a purified
protein pellet, ready to undergo the proper treatment for the release of protein-bound GSH.
Differently, to measure S-glutathionylated haemoglobin we prefer to separate the protein by gel-

filtration in order to remove at once excess NEM, low molecular weight thiols and disulphides [78].

3.1.2 Treatment of sample to induce release of protein-bound GSH
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Several reagents can be used to cleave the disulphide‘bridge in PSSG, some of which have
been already described in section 2.1, such as the thiol-containing reductants (DTT, 2-
mercaptoethanol) and phosphines. Another reducing agent widely used for reduction of PSSG is
sodium borohydride. In general, reduction of protein disulphides with sodium borohydride requires
strong alkaline conditions (pH 12) and high temperatures (50°C or more): such conditions can
induce foam formation. Therefore, to avoid this phenomenon octanol or hexanol should be added to
sample [49,79]. One advantage of the use of sodium borohydride is that it can be easily removed by
acidification of sample [80]. However, at the elevated pH value used to reduce the disulphide bridge
some side-reactions may also occur, such as peptide bond cleavage. We generally use a solution of
DTT/EDTA at neutral pH to reduce PSSG and do not remove DTT from sample because we avoid
any interfering reaction by analysing samples by HPLC: in fact, DTT has a different retention time
than that of GSH. Therefore, according to our experience, DTT is the eligible reducing agent to

induce release of GSH from PSSG.

3.1.3 Detection of released GSH

The released GSH can be measured by one of the methods described in the sections
dedicated to GSH and GSSG analysis (i.e., sections 2.2 and 2.3). As commented previously, given
the expected low basal levels of PSSG, the most suitable technique to detect the released GSH is its
labelling with fluorescent probes (such as mBrB, o-phthalaldehyde), followed by chromatographic
separation. By the use of mBrB coupled to reversed-phase HPLC, we could detect the content of
PSSG in RBC cytosol and membranes, platelets, blood plasma, cultured cells, and solid tissues.
Nevertheless, other methods can be used to measure PSSG at low level. For example, HPLC-
coupled to ESI-MS can be applied to detect S-glutathionylated haemoglobin [81]. In that case, the
levels of normal (unmodified) and S-glutathionylated haemoglobin B-chain were obtained by

monitoring the +18 (880-8 and 897-8 m/z, respectively) and +19 (834-5 and 850-6 m/z,
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respectively) charge states. We wish to emphasize that these ‘methods make it possible to detect the

total content of PSSG, but they do not enable the identification of specific PSSG.

3.1.4 Levels of PSSG in some biological fluids

By using HPLC and fluorescent labelling with mBrB, we measured 50 to 500-fold lower
levels of S-glutathionylated haemoglobin in healthy people (0.013 £ 0.003 nmol/mg haemoglobin)
than other research groups [see 31,43,48 and citations therein], but in agreement with those found
by Gladwin et al. [81]. We also found that levels of S-glutathionylated haemoglobin increase
significantly in haemodialysis patients [43]. We think that the main reason for this discrepancy
about levels of S-glutathionylated haemoglobin in healthy humans is due to the fact that we were
the first to protect the —SH group of GSH from oxidation by masking it with NEM. We measured
similar levels of S-glutathionylated haemoglobin in rat and mouse blood samples [78,82]. PSSG
values in RBC membranes of both healthy people and rats were even lower (0.736 + 0.159 nmol/g
haemoglobin and 0.682 + 0.259 nmol/g haemoglobin, respectively) [78]. The values of PSSG in
other biological fluids and cultured cells measured in our laboratory are reported in Table 2. PSSG
levels resulted to be very low under basal conditions in all samples analysed. This observation is in
agreement with results obtained by Hansen et al. [77], who found very low levels of PSSG also in
HEK and HeLa cells, with values of a factor of 1,000 below the value of total protein disulphides
(i.e., PSSP + PSSG). Analogously, very low levels of PSSG (i.e., 57 = 42 nmol/mg protein) were
measured in rat liver by means of LC-MS/MS [83], whereas we observed a significant increase in
PSSG levels in the organs from aged animals [67]. The reference levels for PSSG in human plasma
are widely accepted [84]. It should also be underlined that, although extracellular fluids like blood
plasma, unlike most intracellular compartments, are characterized by the prevalence of the oxidized
than the reduced forms of thiol/disulphide pools, the major extracellular low molecular weight

thiol/disulphide redox couple is cysteine/cystine [85]; therefore, plasma PSSG levels are quite low.
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3.2 Methodologies for identification of PSSG-in cells and tissues

The total amount of PSSG in cells or tissues, measured by one of the methods described in
section 3.1, may be an index of oxidative stress. However, identification of specific PSSG, both
under physiological and pathophysiological conditions, requires more specific methodologies
(Table 3).

The original biotin-switch technigue developed to study protein S-nitrosylation [86] also can
be adapted to study protein S-glutathionylation, by changing the specific reducing agent ascorbate
with a recombinant glutaredoxin system. Affinity purification of biotin-maleimide-tagged proteins
and proteomic analysis allows characterization of cellular PSSG (also denoted as

“glutathionylome”) [87].

3.2.1 Radiolabelling of GSH

A direct methodology for the identification of PSSG within cells is based on the use of
radio-labelled GSH [88]. Cells are pre-incubated with cycloheximide to block protein synthesis,
incubated with [*°S]-cysteine to radio-label GSH, exposed to oxidative stress or a glutathionylating
agent (e.g., diamide). After removal of free radio-labelled GSH, radio-labelled PSSG are detected
and quantified by autoradiography. When coupled with two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) separation and MS, the site of S-glutathionylation can be identified.
The main advantages of this methodology are that it is sensitive, efficient, and robust and can be
used under various oxidative stress conditions. The main disadvantages are that it requires the use
of cycloheximide and, therefore, perturbs cell physiology and does not permit discrimination
between PSSG and S-cysteinylated proteins. However, in eukaryotic organisms/cells, S-
cysteinylation occurs rarely within cells (where GSH is by far the most abundant low molecular
weight thiol), whereas it occurs more frequently in extracellular compartments, such as human

plasma [10,89,90] and it is a general mechanism for protein thiol protection after oxidative stress in
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Gram-pasitive bacteria, which lack' GSH (with the exception of a few strains [35,91]). Moreover,
radiolabel tagging — for instance, according to the very reliable procedure published by Hill and
colleagues [88] — followed by immunoprecipitation with anti-GSH antibodies (see below) could be
used to purify PSSG for further analysis by ESI-MS or matrix assisted laser desorption ionization-
time-of-flight mass spectrometry (MALDI-TOF MS) and aid in identifying the specific cysteines

modified.

3.2.2 Conventional proteomic methodologies with anti-GSH antibodies

Both the burst of improvements in proteomic methodologies and the commercial availability
of antibodies that specifically reacts with glutathione bound to proteins (for an exhaustive list of the
commercially available anti-GSH antibodies see [92]) allow researchers to detect S-
glutathionylation at protein level in cells or tissues without pre-treatments with radiolabelled GSH
precursors or tagged GSH analogues, thus making experimental conditions more close to
physiological ones. Western blotting with anti-GSH antibodies can be performed after one-
dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (1D SDS-PAGE) 93—-97]
or 2D-PAGE separation, in the absence of reducing agents. However, the number of proteins
susceptible to S-glutathionylation is small compared with the whole intracellular proteome. The
lability/reversibility of the protein-glutathione bond is also a problem, which accentuates the
previous one. Moreover, these methodologies may suffer from sensitivity; therefore, only highly
abundant PSSG are detected.

In 1D SDS-PAGE analysis, the thiol alkylating reagent NEM is added to both the
lysis/lhomogenization buffer and the Laemmli sample buffer to block all free thiols [98]. It is also
critical that NEM be present during the blocking step of a Western blotting procedure, after transfer
of the proteins to polyvinylidene fluoride (PVDF) or nitrocellulose membranes. This step increases
the detection of PSSG several-fold by preventing the reduction of GSH adducts by PSH in the milk

or albumin Cys34. For this, NEM is added to the blocking buffer. The anti-GSH antibody is then
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diluted in PBS-Tween20 and incubated-overnight at 4°C. An example of PSSG detection using this

methodology is shown in Fig. 3 [93].
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Fig. 3. S-glutathionylation of cytoskeletal proteins in human platelets. Human platelets were
challenged with (B) 0.2, (C) 0.4, and (D) 0.75 mM diamide for 60 min. Cytoskeletal proteins were
analysed by SDS-PAGE (12% gel) run under either reducing (+DTT) or non-reducing (-DTT)
conditions. Samples under non-reducing conditions were then blotted to P\VDF membrane and
probed with anti-GSH antibody (right strip in each panel). Data are representative of three
independent experiments. (A): CP, platelet cytoskeletal proteins; MP, bovine cardiac myofibrillar
proteins. Western blot probed with anti-GSH antibody shows that there are no S-glutathionylated
cytoskeletal proteins in unstressed (control) platelets [CP (-DTT)]. Reprinted by permission of

Elsevier from ref. [93] with slight modifications.

A very reliable 2D-PAGE method has been developed by Hill and colleagues [88]. Cells or
tissues can be lysed or homogenized in low salt buffer containing Triton X-100 or NP-40 and NEM.
The proteins can then be loaded on immobilized pH gradient (IPG) strips and electrofocused using
standard protocols. If the sample to be analysed by 2D-PAGE contains too much salt, a clean-up
step may be required. Before the second dimension, IPG strips must be equilibrated in equilibration

buffer containing NEM. To obtain peptides for MALDI-TOF MS, protein spots that were
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immunoreactive with anti-GSH anttbodies are excised from parallel Sypro Ruby-stained gels and
digested with trypsin using the method described by West and colleagues [99]. For example, redox
proteomics studies targeting PSSG have been performed by Butterfield’s research group on the
inferior parietal lobule of patients suffering from Alzheimer’s disease compared with control
subjects [39]. As shown in Fig. 4, this study revealed the increased S-glutathionylation of
deoxyhaemoglobin, a-crystallin B, glyceralde-3-phosphate dehydrogenase, and a-enolase in
individuals with Alzheimer's disease; the last two proteins were also shown to have reduced activity
in the diseased inferior parietal lobule [39].

It is important to note that, in total protein extracts, the anti-GSH antibody only detects a
few abundant proteins. Hence, the anti-GSH antibodies currently commercially available do not
appear to be appropriate for large-scale detection of PSSG by conventional proteomic approaches,
which suffer from a common limitation of proteomic methods, where the presence of high-
abundance proteins make the identification of low-abundance ones very difficult. However,
immunoprecipitation followed by immunoblotting with anti-GSH antibodies can enhance detection

[96,100].
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Control Blot
-

Fig. 4. The proteins from Alzheimer’s disease patients (inferior parietal lobule) and age-matched
controls were separated by 2D-PAGE. The gels were then stained with Sypro Ruby stain. An
example control and Alzheimer’s disease gel are displayed at the bottom. 2D Western blots
demonstrate the immunochemical detection of PSSG. An example age-matched controls and
Alzheimer’s disease blot are presented at the top. Labelled protein spots are proteins identified in
this study. Reprinted by permission of John Wiley and Sons from ref. [39] with slight

modifications.

3.2.3 Chemoselective probe-based labelling methodologies
Development of chemoselective probes has enabled new, direct labelling methods to the

analysis of thiol redox chemistry, including protein S-glutathionylation [101]. Several biotinyl
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analogues of GSH or GSSG have been developed to bypass limitations of radiolabelling and
conventional proteomics methods based on anti-GSH antibodies [88,102—105]. In the biotinylation
methodology, cells or tissues are incubated with biotinylated GSSG, which is membrane permeable
and traverses the cell [103]. The biotinylated GSSG reacts via thiol-disulphide exchange with PSH
that are prone to S-glutathionylation when the level of GSSG markedly increases (as during
oxidative stress) to form PSSG-biotin adducts, which can be detected by Western blotting with
streptavidin or by other avidin-based techniques. An excellent protocol has been published by Hill
and colleagues [88]. PSSG-biotin adducts can be affinity purified on streptavidin columns and
identified by nano LC-MS/MS [104,106]. Sites of S-glutathionylation can be identified after
digestion of biotinylated proteins with trypsin, peptide affinity purification and analysis by tandem
mass spectrometry (nano LC-MS/MS) [104,106]. PSSG-biotin adducts can also be localized within
cells by fluorescence microscopy [103]. In addition, a methodology based on membrane-permeable
biotinylated GSH ethyl ester has also been reported [105]. Tagging GSH with biotin enable
detection of purified PSSG through avidin-conjugated agarose beads followed by immunoblotting
with anti-biotin antibodies or avidin-based affinity chromatography. Biotinylated GSH ethyl ester,
like biotinylated-GSSG, can be used to extract and analyse intracellular PSSG by
immunoprecipitation and MS. The primary advantages of using biotinylated GSH ethy! ester over
biotinylated GSSG include its increased cell permeability and its use for detecting S-
glutathionylation due not only to increased GSSG, but also to increased S-oxidation and S-
nitrosylation [88].

Albeit biotinyl analogues of GSH or GSSG have been successfully applied to several
biological systems to identify PSSG or S-glutathionylation sites, they too have some limitations. In
particular, biotin steric hindrance may limit access to some Cys residues undergoing S-
glutathionylation. Therefore, to bypass such limitations, a selective and versatile approach has been
developed to detect S-glutathionylation by metabolically tagging intracellular GSH with small

clickable functionality [107]. This approach relies on the use of a mutant of GSH synthetase, which
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efficiently and selectively catalyses coupling-of azido-Alain-place of Gly to yGlu-Cys to form
GSH. Cells were transfected with the GSH synthetase mutant and incubated with azido-Ala, thereby
generating the azide-containing glutathione derivative, yGlu-Cys-azido-Ala. Following cell
exposure to oxidizing conditions (0.1 - 1 mM H,O; for 15 min), clickable glutathione was
conjugated to proteins undergoing S-glutathionylation in cells, which allowed for selective and
sensitive detection of PSSG by Western blotting or fluorescence after click reaction (a Cu(l)-
catalysed azide-alkyne cycloaddition, CUAAC) with biotin-alkyne or rhodamine-alkyne,
respectively. In the first case, cell lysates were subjected to a click reaction with biotin-alkyne and
probed with streptavidin-peroxidase. Alternatively, the click reaction with rhodamine-alkyne
provided similar results while facilitating in-gel fluorescence detection. yGlu-Cys-azido-Ala
coupled with biotin-alkyne or fluorophore-alkyne (e.g., Alexa-Fluor 647-alkyne) can also be used
for chemoselective purification or cellular imaging of PSSG, respectively [107]. This clickable
glutathione approach has recently been used for detection and identification of protein S-
glutathionylation in human embryonic kidney (HEK) 293 cells in response to glucose starvation
[108]. The same authors have recently increased the chemical tools for labelling GSH and detecting
protein S-glutathionylation by using tetrazine-alkene chemistry for biosynthesis of clickable
glutathione and analysis of protein S-glutathionylation [109]. They show that allyl-Gly and allyl-Ser
can be efficiently used for the biosynthesis of clickable glutathione containing allyl-Gly (allyl-
glutathione) or allyl-Ser (allyl-O-glutathione) in cells expressing GSH synthetase mutant. Both
alkene-containing GSH analogues can be the chemical probes for detecting S-glutathionylation
under ROS-inducing conditions in cells. The subsequent reaction of a small terminal alkene in allyl-
glutathione (which has the smallest size of the alkene group and, therefore, may be less interfering
with intracellular GSH function) with tetrazine-fluorophore or tetrazine-biotin allows for

enrichment and identification of PSSG [109].
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A further novel method with an alkynyl-containing-GSH analogue based on click reaction
has been designed to enrich S-glutathionylated peptides in order to profile the glutathionylomes of

E. coli and Drosophila by LC-MS/MS analysis [110].

3.2.4 Highly sensitive proteomic methodologies

Recently, Mullen and colleagues described a “redox arrays” methodology based on
incorporation of biotinylated GSH into proteins to identify proteins undergoing S-glutathionylation
and have applied it to the secretome and the proteome of human monocytic THP-1 leukaemia cells
[111]. Comparison of the redox array with conventional proteomic methods showed that the redox
array is much more sensitive, and can be performed using more than 100-fold less protein than is
required for methods based on MS [111].

A highly sensitive proteomic methodology for quantification and identification of PSSG in
mouse liver has recently been described [112]. This methodology combines high-accuracy
proteomics with isobaric tandem mass tags (TMTSs) to provide precise, extensive coverage of PSSG.
This method is based on the specificity of glutaredoxin-1 (Grx1) to deglutathionylate PSSG. A
previous publication demonstrated Grx-mediated selective reduction of PSSG in combination with
isobaric tags for relative and absolute quantification (iTraq) to identify the S-glutathionylated
cysteine residues in a cell culture system under stress conditions [113]. More recently, a highly
sensitive proteomic methodology for identification of PSSG in monocytes and macrophages has
been described [114], which involves a novel enrichment technique based on iodoacetamide
conjugated to desthiobiotin labelling, followed by HPLC-ESI-MS/MS, to identify and quantify
PSSG. This methodology allowed researchers who developed the method to identify over 130
PSSG in lysates of macrophages isolated from dyslipidaemic and mildly hyperglycaemic
atherosclerosis-prone mice, an animal model of metabolic stress and human chronic inflammatory

disease [114].
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MS is an ideal platform- for analysing PTMs of-proteins because it provides a detailed
characterization at molecular level. Among different MS strategies, top-down approach is a method
that allows to preserve the in vivo PTMs because it is able to analyse intact proteins rather than
investigating peptides produced by in vitro proteolysis [115,116]. Protein S-glutathionylation is a
relatively new PTM occurring on mouse histone H3 [117,118]. Following a top-down strategy,
intact histones purified from mouse (strain C57BL/6J) brains were recently analysed without
enzymatic digestion and applying a workflow that uses Informed-Proteomics for data analysis and
visualization from raw data files [119]. This multistep software package employs ProMex for intact
mass deconvolution, MSPath-Finder as search engine, and LcMsSpectator as a data visualization
tool. The application of top-down LC-MS approach followed by Informed-Proteomics data analysis
led to the identification of multiple major histone proteoforms. Among them, a protein mass shift of
+305 Da was observed and matched with histone H3 S-glutathionylation [119]. Considering that
histone H3 S-glutathionylation is elevated in proliferating and cancer cells, it was previously
suggested that it could regulate chromosomal structure by modulating nucleosome stability
[117,118]. In addition, histone S-glutathionylation could also represent the redox sensor by which
chromatin can sense and modulate its accessibility in response to cellular and tissue redox status as
suggested by its description in a highly differentiated and not proliferating tissue such as the brain
[120]. This example highlights the power of high-resolution MS for identifying unknown protein
PTMs in top-down MS experiments although, at present, it is not yet an available approach in most

research laboratories.

3.2.5 Visualization of PSSG in tissue sections or in cultured cells

The methodologies mentioned above allow the quantification and identification of single
PSSG, but they provide no insight into the PSSG location in tissues or cells. By
immunohistochemistry with anti-GSH antibody, Sparaco and colleagues showed constitutive

protein S-glutathionylation in paraffin-embedded sections of normal human cerebellum, spinal cord,
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and frontal cortex [94]. Anti-GSH antibodies showed a faint immunoreactivity uniformly
distributed throughout the molecular layer of the cerebellum, the grey matter of the spinal cord, and
all cortical layers of the frontal cortex. The degree of immunocytochemical staining was clear in
neurons, mild in oligodendrocytes, and weaker in astrocytes [94]. By immunohistochemistry with
anti-GSH antibody, PSSG were also detected in Friedreich's ataxia, an autosomal recessive disorder
caused by mutations in the gene encoding frataxin [121]. In particular, in the cervical sections of
spinal cord derived from autopsies of individuals with Friedreich's ataxia, immunostaining with
anti-GSH antibodies was significantly stronger than in control sections, suggesting a significant
increase in PSSG amount in all grey matter neurons, particularly in motor neurons of the anterior
horns (Fig. 5), as well as in the axonal spinal tracts (mostly in posterior white columns,
spinocerebellar and corticospinal tracts). These findings suggest the occurrence of oxidative stress
in the spinal cord of patients with Friedreich's ataxia as a consequence of reduced frataxin

expression [121].

Control

Fasciculus
gracilis

Motor neurons Posteromarginal

Fig. 5. Immunostaining of cervical sections of spinal cord from a control and two patients with
Friedreich's ataxia localizing PSSG. The patients show a strong immunoreactivity for PSSG,

suggesting an increase of protein S-glutathionylation in cells and fibres of fasciculus gracilis (B, C),
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posteromarginal nucleus (E, F), and anterior horns/(H, ). The images are representative of all the
patients tested. Scale bar: 50 um. Reprinted by permission of Elsevier from ref. [121] with slight
modifications. To see this illustration in colour, the reader is referred to the web version of this

article at https://www.journals.elsevier.com/free-radical-biology-and-medicine/

Anti-GSH antibodies allow researchers to detect PSSG also in cultured cells and
intracellular compartments by indirect immunofluorescence techniques. Undoubtedly, the location
and distribution of a protein are key aspects to understanding its physiological function and its role
in biological processes. Moreover, the ability to visualize the compartmentalization of PSSG in
cells will represent an additional tool to study protein S-glutathionylation in physiological/normal
conditions and in diseases. For example, by indirect immunofluorescence with anti-GSH antibodies,
constitutively PSSG have been shown to co-localize with the nuclear lamina, endoplasmic
reticulum, and cytoskeleton in primary human dermal fibroblasts from skin biopsies from normal
subjects [122]. To better characterize the distribution of PSSG, the authors used specific markers for
microfilaments, microtubules, and intermediate filaments (vimentin). The results displayed a strong
co-localization between PSSG and cytoskeleton components. As shown in Fig. 6, PSSG overlapped
with microfilaments in correspondence to stress fibres, microtubules exhibited a complete overlap
in all distribution points, whereas intermediate filaments showed co-localization with PSSG only in
central and perinuclear areas. An efficient protocol for indirect immunofluorescence that permits
the detection of PSSG localization in intracellular compartments using anti-GSH antibodies has

been recently published by Piemonte and colleagues [123].
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Fig. 6. Immunofluorescence analysis of the cytoskeleton S-glutathionylation in human primary
dermal fibroblasts. Anti-GSH antibodies (primary antibody) (A) and phalloidin (B) double staining
showed a codistribution (C) at stress fibres (arrows in A and B), with a significant colocalization
pattern as visualized by their colocalization mask (D). Double immunolabelling of PSSG (E) in
association with microtubules (F) exhibited a complete overlap degree between PSSG and
microtubules (yellow signal in G) in all distribution points (colocalization mask in H). PSSG (1) and
intermediate vimentin filaments (J) showed a partial codistribution, particularly in central and
perinuclear areas (K), as pointed out by their colocalization mask (L). Scale bar, 40 um. Reprinted
by permission of Taylor & Francis from ref. [102] with slight modifications. To see this illustration
in colour, the reader is referred to the web version of this article at

https://www.journals.elsevier.com/free-radical-biology-and-medicine/
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A very reliable methodology for-visualization of protein S-glutathionylation in situ in cells
or tissues utilizes the catalytic specificity of Grx1 [124,125], which carries out de-glutathionylation
reaction (i.e., the detachment of GSH from PSSG) [33]. In this reaction, the N-terminal Cys of Grx1
undergoes a thiol disulphide exchange with the PSSG, which results in reduction of the protein thiol
and a glutathionylated intermediate of Grx1 (Grx1-SSG). Grx1-SSG, in turn, is reduced by GSH,
giving rise to GSSG, which can be reduced via GR [126]. Under physiological conditions, where
the GSH/GSSG ratio is high, the action of Grx1 is to de-glutathionylate PSSG, while under
oxidative stress conditions, where the GSH/GSSG ratio is low, Grx1 can also catalyse S-
glutathionylation reactions [127]. Briefly, the first step in this methodology is to deparaffinize tissue
sections, followed by rehydration using a graded series of alcohol. Sections are next permeabilized
with Triton X-100 in the presence of NEM. After washes in PBS, sections are then incubated with
PSSG derivatization buffer containing recombinant Grx1, GSH, NADPH, and GR, in order to
decompose the PSSG bond, leading to a newly formed thiol group. The latter is then labelled with
biotinylated NEM. Patterns of PSSG can subsequently be visualized by detection of the biotin
moiety with fluorophore-conjugated streptavidin reagents or anti-biotin antibodies by confocal
microscopy [125]. It is important to note that the use of confocal microscopy is critical for optimal
detection of PSSG over potential background signals and to detect hidden PSSG that could not be
revealed using wide field fluorescence [124]. Using Grx1-catalysed cysteine derivatization and
confocal microscopy, Aesif and colleagues demonstrated changes in S-glutathionylation patterns in

mice models of lung disease [128].

3.2.6 Measurement of GSH, GSSG and PSSG in different intracellular compartments

The analysis of GSH and its oxidized forms in the different intracellular compartments
represents a further challenge for researchers due to their artificial auto-oxidation and/or export
from a specific compartment during the manipulation of sample for fractionation. Methods have

been progressively improved to overcome these problems. In particular, the use of fluorescent
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probes has been applied to measure redox potential in living cells:In addition, redox Western blot
techniques utilizing specific constructs to target accumulation of proteins in different subcellular
compartments have been developed and other ones are being developed. It is remarkable that, by
the use of these new techniques, both qualitative information on the thiol distribution and the GSH
redox potentials can be acquired, whereas the exact quantification is still far to be obtained. Some
examples of measurements performed in different intracellular compartments and related problems
are reported below. As a general concern, total cellular concentrations of GSH and its redox forms
are considered to correspond to the cytosolic content. One exception is represented by hepatocytes,
where mitochondria are 15% of cell volume. Here, it is considered that 15% of total GSH is in
mitochondria [129].

In mitochondria, glutathione is considered to be predominant in the reduced form, with the
ratio GSH:GSSG being greater than 100:1 and also proteins are in the reduced thiol state [130].
However, mitochondria seem not to possess GSSG transporters [131], although ABC transporters
of mitochondria (ATM) from model organisms Arabidopsis thaliana (ATM3) and Saccharomyces
cerevisiae (Atm1) were recently shown to transport radiolabelled GSSG [132]. Therefore, under
oxidative stress conditions, GSSG could accumulate here and also promote the formation of PSSG.
Interestingly, it was demonstrated that quantification of both GSH and GSSG in mitochondria
greatly differs depending on the method used for isolation (differential centrifugation combined
with discontinuous Percoll density gradient centrifugation being currently the most used) [133]. In
this work, both GSH and GSSG were measured by HPLC with electrochemical detection and, in
experiments where rat mitochondria were isolated by differential centrifugation, the GSH:GSSG
ratio for liver mitochondria was 38:1. Immunoblotting and LC/MS/MS were used to detect and
identify PSSG: ATP synthase and succinyl-CoA transferase were found to be S-glutathionylated in
rat brain mitochondria [133]. HPLC with electrochemical detection was also used in another study
to quantify GSH and GSSG in mitochondria separated by differential centrifugation from

lymphoblastoid cell lines derived from autistic children. In these cells, the GSH: GSSG ratio was
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only 11:6 and reflected the ten-fold lower GSH level in mitochondria relative to the whole-cell
extracts [134]. Therefore, it is evident that an agreement about the GSH/GSSG ratio in
mitochondria still lacks.

The analysis of GSH and its oxidized forms in the nucleus gave contradictory results too,
because of the lack of standardization during sample manipulation. By the use of
monochlorobimane and glutathione S-transferase as GSH markers in primary cultured rat
hepatocytes, it was suggested that the nuclear GSH is about three times more concentrated than the
cytosolic one [135]. However, because of the permeability due to nuclear pores, it was suggested
that analysis of GSH should require a non-aqueous cell fractionation. Under these experimental
conditions, the total glutathione (GSH+GSSG) content in the nucleus of rat hepatocytes was found
to be similar to that of cytosol [136]. In another work, where nuclei from HelLa cells were isolated
by a silicon oil layer, GSH concentration was found to be about 6 mM [137]. Whereas data on
GSSG levels in the nucleus are still poorly investigated, there is some information about the nuclear
concentration of PSSG. For example, in human colonic epithelial (HT-29) cells the nuclear PSSG
content, quantified by HPLC with fluorescence detection, was measured to be about 0.5 nmol/mg
protein, with the concentration in cytosol being about 1.5 nmol/mg protein [138]. The study of the
GSH content in the nucleus is also influenced by the different phases of the cell cycle. In fact, cells
that are preparing to divide have high nuclear GSH levels [139], whereas confluent cells do not
show any difference in GSH levels between the cytoplasm and the nucleus as shown by triple
staining (5-chloromethylfluorescein diacetate -Hoechst-propidium iodide or 5-
chloromethylfluorescein diacetate -Hoechst-MitoTraker) in association with confocal microscopy
analysis in 3T3 fibroblasts used as cellular model [139]. Data for GSH are expressed as the ratio
between cytosol and the nucleus; therefore, no information is available about its concentration.
Nuclear PSSG were also detected by Western blot and their abundance varied in accordance with
GSH levels [139]. These data are relevant since may explain the apparent discrepancies in the GSH

distribution previously reported [135—136].
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For several years it was accepted that the endoplasmic reticulum (ER) was more oxidizing
than other intracellular compartments in order to ensue protein processing. However, there is recent
evidence that ex vivo thiol oxidation can occur during microsomal isolation, which may have
influenced the results. By applying a new method able to prevent such artefactual thiol oxidation
and fluorometric HPLC determination, the ER GSH/GSSG ratio was found to be significantly
higher than it was assessed before [140]. Specifically, the GSH/GSSG ratio in ER from rat liver
microsomes was about 4. It is to note that IAA was used to preserve the GSH redox state.
According to our previous observations about the different efficacy of different thiol masking
agents in preventing thiol oxidation, we can infer that this ratio may be actually even higher. The
same authors also measured less than 5% of total GSH bound to proteins (PSSG).

Lysosomes too are considered to be relatively oxidized in comparison with other subcellular
organelles. This observation was obtained by treating PC3 cells with a redox sensitive variant of
Aequorea victoria green fluorescent protein (GFP), consisting in rhodamine GFP (roGFP1). It has
two cysteine residues on either side of its chromophore and is pH-insensitive. The fluorescence
excitation maxima at 400 and 490 nm vary depending on the presence or absence of a disulphide
bond between these cysteines. By the binding of roGFP1 to various endocytic compartment marker
proteins, it was estimated that the endocytic pathway compartments are at least as oxidizing as —240
mV, compared with a much more reducing value of —318 mV for the mitochondria [141]. Research
on specific thiol probes for detection of thiols in lysosomes is in progress. For example, a novel
ruthenium(l1) complex, Ru-2, has recently been developed, which contains a morpholine moiety
driving Ru-2 molecules into lysosomes [142]. The specific intracellular localization of Ru-2 was
confirmed by lysosome co-localization imaging of HeLa cells, where the Ru-2-loaded cells were
further stained with LysoTracker Green, a commercially available lysosome-specific fluorescent
indicator. However, its use for quantification has not been proven yet and, especially, Ru-2 showed

high selectivity and sensitivity for the detection not only of GSH but also of cysteine and
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homocysteine under physiological conditions; therefore, it-does not allow the assessment of GSH
redox state.

Redox-sensitive yellow and green fluorescent protein variants (rxYFP and roGFPs) are
mutants in which a redox sensitive molecular switch consisting of a pair of strategically positioned
(surface exposed and in proximity to the chromophore) cysteine residues has been introduced.
These cysteines undergo reversible thiol/disulphide exchange with the medium, which gives rise to
a reversible conformational change that affects the spectroscopic properties of the chromophore.
Redox-sensitive fluorescent proteins allow real-time monitoring of thiol redox dynamics and can be
genetically modified in order to target potentially any specific subcellular compartment.

The use of rXYFP and roGFPs to monitor GSH redox potential (Egsy) in vivo is confined to
subcellular compartments that hold active Grx, which mediates the equilibration between the
fluorescent protein sensor and the glutathione redox couple (GSSG/2GSH), acting as catalysts for
thiol/disulphide exchange between the glutathione pool and the redox-sensitive protein.

The possibility that Grx availability may influence measurements raised concerns about making
comparisons between different subcellular compartments, cell types, and organisms and makes it
impossible to make measurements in compartments lacking Grx activity. These problems were
addressed gradually constructing various “fusion probes” (i.e., hybrid biosensors) based on a fusion
of initially yeast and then human Grxs to rxYFP and, mainly, roGFPs for monitoring, in highly
specific manner, real-time changes in Egsn, possibly with subcellular compartment specificity, in
intact living cells [143,144]. In this regard, the use of Grx-roGFP2 (the most widely used hybrid
redox biosensor) contributed to clarify that the GSH/GSSG ratio in peroxisomes and mitochondrial
intermembrane space, two subcellular compartments with no or limited amounts of Grx, is
comparable with that of the cytosol [145,146].

Subsequently, starting from the observations that, when coupled directly to other redox
enzymes, rxXYFP and roGFPs can respond to other redox species, several different redox species-

specific in vivo redox sensors were generated, mainly with roGFP variants,. This combination of
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specific redox enzymes with selected fluorescent redox 'sensors allows the development of probes
specifically tailored to the redox species, subcellular compartment, and cell type of interest [144].
Most of that work has been carried out in mammalian cell lines, with roGFPs targeted to several
subcellular compartments, including the cytosol, the mitochondrial matrix and intermembrane
space, the plasma membrane, the nucleus, the peroxisomes, endosomes, lysosomes, and the ER
[144]. The use of rxXYFP and roGFP-based sensors allows direct, real-time imaging of subcellular
compartment specific Egsy inside living cells. Novel insights gained through in vivo imaging of
fluorescent redox sensors include the finding of highly reduced cytosolic glutathione pools, i.e.
GSH:GSSG ratio between ~50,000:1 (for a 10 mM total glutathione concentration) and even
~500,000:1 (for a 1 mM total glutathione concentration) [144]. These findings indicate that
cytosolic GSSG levels are much lower than previously assumed [144]. 1t is noteworthy that very
similar cytosolic Egsy values have been reported for all organisms (bacteria, yeast, plants, worms,
flies, zebrafish, multiple mammalian cell lines, and mice) in which roGFP measurements have been
performed [144].

RoGFP2-based probes targeted to the ER clearly confirmed that the glutathione pool in the
ER is considerably more oxidized than in the cytosol [147]. Furthermore, it has been clearly proven
that GSH concentration is considerably higher (> 15 mM) in the ER than in the cytosol [147,148].
As a whole, Egsn differs by about ~100 mV when data from whole cell extracts (~230 mV) and
specific cellular compartments (~320 mV in the cytosol) are compared. Such a difference is
ascribed to the contribution of the GSSG pool present in the ER and related secretory vacuoles that
is released upon membrane lysis by invasive methods [144].

The development of efficient, sensitive, selective methods for detecting GSH in living cells
is of tremendous scientific significance. Although there have been some fluorescent probes
designed for detecting GSH, they exhibit hindrances such as low water solubility, scarce
biocompatibility, time-consuming synthesis. Therefore, the development of fluorescent probes for
GSH, which can distinguish GSH from cysteine and homocysteine, is still necessary and urgent.
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A highly sensitive, selective and water-soluble Rhodamine B-based fluorescent sensor
(RhB-1) for GSH was recently synthesized, which effectively detects GSH in living cells and
selectively accumulates in lysosomes [149]. The fluorescent probe can distinguish GSH from other
natural water-soluble amino acids, amongst which cysteine and homocysteine. In particular,
amongst the various analytes tested, only GSH induces a 16-fold increase in RhB-1 fluorescence
intensity, owing to the mechanism of turn-on fluorescence caused by ring-opening of RhB-1
induced by GSH. The fluorescence increase is very fast, as it reaches its maximum within only 10 s
after addition of GSH to the aqueous solution of RhB-1 at 25°C.

A fluorescent probe for the selective detection (over cysteine and homocysteine) of
mitochondrial GSH in living cells was also developed [150]. The probe contains 3,5-dichlorinated
BODIPY as a GSH recognition group and triphenylphosphonium moiety integrated into the
chlorinated BODIPY as a mitochondrial targeting group. Co-localization experiments demonstrated
that the fluorescent probe especially located mitochondrial GSH in living cells. Laser scanning
confocal fluorescence imaging confirmed its applicability to detect GSH in mitochondria of living

cells.

4. Conclusion and future directions

The emerging interest in studying the redox steady-state of GSH and GSSG (i.e., the GSH/
GSSG ratio) and the involvement of protein S-glutathionylation in the regulation of physiological as
well as pathophysiological processes led to the development of several methodologies for the
quantification/detection of glutathione and PSSG in cells, tissues, and body fluids. The analysis of
GSH and its disulphide forms (GSSG and PSSG) in tissues and cells is problematic for several
reasons. Firstly, basal levels of GSSG and PSSG are very low compared to GSH, and GSH easily
undergoes auto-oxidation during sample preparation. Therefore, the auto-oxidation of a small

amount of GSH to GSSG can dramatically alter the GSH/GSSG ratio and, consequently, the level
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of PSSG. This problem is particularly evident when the analysis is carried out in a specific cellular
compartment, since it takes a long time for the cell fractionation. Secondly, GSSG and PSSG can be
reduced back to thiols enzymatically during tissue and cell manipulations [47,49,77]. Thirdly, GSH
and its disulphide forms have not chromophores and derivatization is an indispensable step in most
methodologies. However, derivatization reagents used in such methods may react incompletely and
variably, and may generate by-products. These circumstances may finally generate additional
interfering signals. Fourthly, the quantification of GSSG and PSSG levels may be more complex in
cell cultures than in other biological systems because many different experimental conditions can be
used to treat and collect cultured cells, thus introducing many interfering factors [60]. Moreover,
within cells, GSH concentration is several orders of magnitude higher than that of GSSG and PSSG,
whereas extracellular GSH concentration is conversely rather low. Therefore, uncontrolled lysis of
cells such as erythrocytes or incomplete removal of the extracellular fluid can affect GSH and/or
GSSG and PSSG analysis in extracellular fluids like plasma. Consequently, without particular care
to sample manipulation and derivatization, GSSG and PSSG levels might be overestimated or
underestimated making the interpretation of results misleading. Regarding this issue, we have
developed and validated detailed protocols for the artefact-free and accurate measurement of GSH,
GSSG, and PSSG in human blood, solid tissues, and several cultured cell lines [59,60].

Also the conventional proteomics methods (anti-GSH antibodies-based techniques) show
obvious limits as underestimate low-abundant PSSG. However, the most recent highly sensitive
proteomic methodologies seem to be very promising in remedying this problem, enabling
identification of low-abundance PSSG in tissues and cells. On the other hand, the anti-GSH
antibodies are a very useful tool for locating PSSG in intracellular compartments.

In conclusion, no “one-fits-all” methodology exists, and each methodology exhibits benefits
and potential pitfalls. Recent technical advances in redox proteomics have facilitated enhanced

sensitivity of detection, which will likely lead to the identification of many new (low-abundance)
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PSSG that occur under physiological or pathological conditions. We hope that the methodologies

collected in this article will stimulate further work in this area of research.
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Table 1

Levels of GSH, GSSG and the GSH/GSSG ratio in some biological samples and the corresponding

methods used to detect them. In most cases the same method is used for the detection of both GSH

and GSSG. When two different methods are used, the first one reported refers to GSH and the

second one to GSSG.

Tissue GSH GSSG GSH/ Method Ref.
GSSG
Human blood 8.40+£0.56 - - RP-HPLC UV/Vis [61]
nmol/mg Hb (NEM-GSH
conjugate)
Human blood 1310£118 uM 0.64 +£0.22 2047 HPLC-ESI-MS [63]
uM
Human blood 900+140 pyM  1.17+£0.63 uM 769 LC-MS/MS [64]
Human blood 1356+105 uM 2.86 £0.55 474  RP-HPLC (FDNB) [73]
uM
Human RBCs 8720+£2500 13.244.2 661  RP-HPLC UV/Vis; [43]
pmol/mg Hb pmol/mg Hb GSH recycling
Human RBCs - 3.6+1.4mM - GSH recycling [46]
Human blood 7200 pmol/mg 12 pmol/mg 600 GSH recycling [75]
Hb Hb
Human blood 7500 pmol/mg 13 pmol/mg 577 GSH recycling [76]
Hb Hb
Rat blood 1199+142 uM 0.93+0.44 1289 GSH recycling [45]
mM
Rat RBCs 2270+120 yM ~ 5.60+0.32 uM 405  RP-HPLC (mBrB) [67]
Rat Liver 82214528 uM  43.3+29uM 190  RP-HPLC (mBrB) [67]
Rat Kidney 22214302 UM 134+3.42 uM 166  RP-HPLC (mBrB) [67]
Rat Lung 2314+182 uM  17.240.8uM 134  RP-HPLC (mBrB) [67]
Rat brain 1801459 uM~ 18.1+1.47uM 995  RP-HPLC (mBrB) [67]
C57BL/6J blood  11200+237 uM 20.3+12.1 uM 560 RP-HPLC (mBrB) [74]
BAEC 33.945.5 217+16 156  RP-HPLC UV/Vis; [60]
nmol/mg prot  pmol/mg prot RP-HPLC (mBrB)
HUVEC 50.8+8.4 13711 372  RP-HPLC UV/Vis; [60]

nmol/mg prot

pmol/mg prot

RP-HPLC (mBrB)
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Table 2

Levels of PSSG in some biological samples.

Sample PSSG References

Platelets from healthy  0.046+0.07% [73]
humans (n=5)

Human plasma (n=5) 2.61+0.12°  [47]
Rat Liver (n=5) 4.71+0.85"  [67]
Rat Kidney (n=5)  2.25+0.32°  [67]
Rat Lung (n=5) 2.18+0.33°  [67]
Rat brain (n=5) 6.04+0.44°  [67]
BAEC 110£17° [60]
HUVEC 24.3+1.2°  [60]

“Data are expressed as nmol/10° plt
PData are expressed as uM

“Data are expressed as pmol/mg prot
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Table 3

Methods to detect PSSG.

Method Ref.
Quantification

RP-HPLC (mBrB) [78]
Quantification/ldentification

Ad hoc modified biotin-switch technique, affinity purification of biotin- [87]
maleimide-tagged proteins and proteomic analysis

Biotinylated GSSG and Western blotting [88]
Biotinylated GSSG, affinity purification and MS [104,106]
Biotinylated GSSG and fluorescence microscopy [103]
Radio labelling with [**S]-cysteine, autoradiography [88]
SDS-PAGE and Western blotting with anti-GSH antibodies [93]
2D-PAGE, anti-GSH antibodies and MALDI-TOF MS [88]
“Redox arrays” methodology based on incorporation of biotinylated [111]
GSH into proteins

Grx-mediated selective reduction of PSSG in combination with isobaric  [113]
tags

lodoacetamide conjugated to desthiobiotin labelling and HPLC-ESI- [114]
MS/MS

Top-down LC-MS approach followed by Informed-Proteomics data [119]
analysis

Conjugation of azide-containing glutathione derivative (“clickable” [107,108]
glutathione) to proteins undergoing S-glutathionylation in cells,

detection of PSSG by Western blotting or fluorescence after click

reaction with biotin-alkyne or rhodamine-alkyne

Conjugation of alkene-containing GSH analogues (“clickable” [109]
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glutathione) to proteins undergoing S-glutathtonylation in cells;
detection of PSSG with tetrazine-fluorophore or tetrazine-biotin
Enrichment od glutathionylated peptides with alkynyl-containing GSH
analogue, reaction of the alkynyl-containing peptides with an azido-

biotin reagent and detection with LC-MS/MS

Localization

Immunohistochemistry with anti-GSH antibody

Indirect immunofluorescence with anti-GSH antibody
Biotinylated GSH ethyl ester and direct immunofluorescence with
fluorophore-conjugated streptavidin

Sections treated with Grx1, GSH, NADPH, and GR, labelling with

bitinylated NEM and confocal miscroscopy or anti-biotin antibodies

[110]

[94,121]
[122,123]

[105]

[125,128]

Highlights

e The GSH/GSSG ratio provides a reliable estimation of cellular redox status

e GSH also plays a prominent role in protein redox regulation via S-glutathionylation

e We discuss recent methods to detect GSH, GSSG and S-glutathionylated proteins

e We also discuss limits of the main analytical, morphological, and proteomic methods
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