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(57) The present invention provides a method of sta-
bilising a biological sample comprising glutathione (GSH)
and glutathione disulfide (GSSG), comprising a) provid-
ing the biological sample comprising GSH and GSSG,
b) contacting GSH and GSSG of the biological sample
with a maleimide to obtain maleimide-alkylated GSH, c)
separating excess maleimide from maleimide-alkylated
GSH and GSSG, d) contacting maleimide-alkylated GSH
and GSSG with a reducing agent such as TCEP under
conditions which allow reduction of GSSG by the reduc-
ing agent such as TCEP to obtain further GSH, and e)

contacting maleimide-alkylated GSH and GSH with a
heavy isotopologue of the maleimide to obtain a heavy
isotopologue of the maleimide-alkylated GSH. Also pro-
vided is a stabilised biological sample containing male-
imide-alkylated GSH and a heavy isotopologue thereof,
as well as a mass-spectrometric method for quantifying
maleimide-alkylated GSH and a heavy isotopologue
thereof in a biological sample and a kit for stabilising a
biological sample comprising GSH and GSSG for mass
spectrometric analysis.
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Description

[0001] The field of present invention relates to methods of stabilising and isotope-labelling a biological sample com-
prising glutathione (GSH) and glutathione disulfide (GSSG), in particular for subsequent mass spectrometric analysis,
as well as kits for this purpose.
[0002] GSH (also known as γ-L-glutamyl-L-cysteinyl-glycine) is the main endogenous, thiol-based antioxidant in or-
ganisms. GSH can be oxidized to GSSG which in turn can be reduced back to GSH. Typically, more than 98 % of the
total glutathione pool in the cell consists of GSH in the concentration range of 1-10 mmol/L while GSSG accounts for
the residual 1-2 % (Forman et al.). GSH can act as nucleophile adaptor for various different electrophiles (Deponte).
However, its predominant role is the removal of hydrogen peroxides by acting as a cofactor for the selenium-based
enzyme family glutathione peroxidase (GPx), see Lu. As a result, two GSH molecules donate a pair of electrons reducing
hydrogen peroxide to water while being in turn oxidized to GSSG (Giustarini et al.). Glutathione reductase (GR) recycles
GSSG to GSH in an NADPH dependent manner. However more extensive oxidative stress can alter the GSH to GSSG
ratio, either because of insufficient capacity of GR or redox imbalance (Townsend et al.). Therefore, GSH to GSSG ratio
can be used as a readout of tissue redox state (Zitka et al.).
[0003] Disturbed GSH homeostasis has been reported in various different pathological conditions, most prominently
in cancer, diabetes, neurodegenerative and cardiovascular diseases. In heart related conditions, oxidative stress is
correlated to heart failure and development of coronary diseases. It has been proposed that GSH/GSSG ratio can act
as an independent prognostic marker for atherosclerosis and risk of death in patients with coronary disease.
[0004] Due to the importance of GSH homeostasis in health and disease, several assays for quantitating GSH and/or
GSSG in biological samples have been established in the prior art. As the cellular GSH concentration is usually approx-
imately 2 orders of magnitude higher than the GSSG concentration, it was found that post sampling oxidation of even
a small fraction of GSH to GSSG could lead to a severe bias of the concentration measured for the latter. Therefore, in
order to prevent artificially high GSSG levels, biological samples to be analysed for their GSH/GSSG ratio are typically
treated with a thiol-quenching reagent, which blocks free GSH immediately after sampling and prior to further sample
processing.
[0005] Traditional colorimetric assays for determination of GSH in biological samples are based on reaction of the free
thiol group with Ellman’s reagent (5,5’-dithiobis-2-nitrobenzoic acid, DTNB) or a similar dye. A drawback of this approach
is that Ellman’s reagent will react with any soluble thiol and other small polar thiol containing molecules, e.g. cysteine,
which will add to the observed signal.
[0006] For detection of GSSG, GSSG may be reduced either chemically or enzymatically. In the latter approach, the
substrate specificity of the enzyme also confers assay selectivity. An assay allowing detection of GSSG by first blocking
free GSH with N-ethyl-maleimide (NEM) and subsequent enzymatic reduction of GSSG and detection with Ellman’s
reagent was disclosed (see Tietze). A drawback of this assay is the laborious removal of NEM after the initial blocking
step, as NEM inhibits the NADPH dependent enzyme GR employed in this enzyme coupled assay. This drawback was
partly addressed by using 2-vinylpyridine to block GSH instead of NEM (Griffith). However, using 2-vinylpyridine has
other disadvantages such as slower reaction kinetics and limited membrane permeability as well as interfering with the
colorimetric reaction, leading at least to lower sensitivity of the Griffith assay.
[0007] Svardal et al. relate to the determination of reduced, oxidized, and protein-bound glutathione in human plasma
with precolumn derivatisation with monobromobimane and liquid chromatography. Essentially, the assay disclosed
therein is based on liquid chromatography and fluorescence detection.
[0008] Jubiz & Nolan relate to NEM preventing destruction of corticotropin (ACTH) in plasma. While the document
discloses use of NEM with blood samples in general, the document is completely silent on GSH/GSSG determination.
[0009] With the rise of liquid chromatography coupled mass spectrometry (LC-MS), the requirement of enzyme coupling
for selective GSSG detection has diminished. However, the need to protect free GSH from oxidation remains. Numerous
agents for blocking free GSH are employed in the field, such as iodoacetic acid, NEM, phtalimide and dithionitrobenzoate.
In other words, the field has not yet settled on a single GSH blocking agent and advantages and disadvantages of various
blocking agents remain a subject of discussion.
[0010] Sample preparation methods for GSH- and GSSG-containing biological samples with subsequent LC-MS meas-
urement are disclosed e.g. by Reinbold et al., Moore et al., Sutton et al. and Sentellas et al. WO 2016/015060 A1 also
discloses an MS-based method for determining the level of thiol and disulphide containing molecules in a sample, among
them GSH or GSSG. However, all of these methods have drawbacks such as being comparatively complex, requiring
several expensive reagents and/or leading to comparatively low measurement sensitivity.
[0011] It is thus an object of the present invention to provide improved methods and tools for the preparation of GSH-
and GSSG-containing biological samples, in particular to increase the accuracy and/or sensitivity of an LC-MS meas-
urement of GSH and GSSG following the sample preparation.
[0012] The present invention provides a method of stabilising a biological sample comprising glutathione (GSH) and
glutathione disulfide (GSSG), the method comprising the following steps:
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a) providing the biological sample comprising GSH and GSSG,

b) contacting GSH and GSSG of the biological sample with a maleimide under conditions which allow alkylation of
the sulfhydryl group of GSH with the maleimide to obtain maleimide-alkylated GSH,

c) separating excess maleimide from maleimide-alkylated GSH and GSSG,

d) contacting maleimide-alkylated GSH and GSSG with a reducing agent, selected from the group consisting of
phosphine-based reducing agents such as tris(2-carboxyethyl)phosphine (TCEP) or tributylphosphine, and thiol-
based reducing agents such as dithiothreitol (DTT), dithioerythritol (DTE) or β-mercaptoethanol, under conditions
which allow reduction of GSSG by the reducing agent to obtain further GSH, and

e) contacting maleimide-alkylated GSH and GSH with a heavy isotopologue of the maleimide under conditions which
allow alkylation of the sulfhydryl group of GSH with the heavy isotopologue of the maleimide to obtain a heavy
isotopologue of the maleimide-alkylated GSH.

[0013] The present invention also provides a stabilised biological sample containing maleimide-alkylated GSH and a
heavy isotopologue thereof, obtainable by the inventive method. Herein, the term "stabilised" shall mean that the sample
is at least stabilised with respect to the GSH/GSSG redox couple, i.e. that GSH and GSSG are stabilised by alkylation
such that essentially no interconversion between the two occurs any more.
[0014] In another aspect, the present invention provides a biological sample or standard for mass spectrometry con-
taining a maleimide-alkylated GSH of formula I

and a maleimide-alkylated GSH of formula II
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wherein R2 is a heavy isotopologue of R1, wherein R1 is selected from the group consisting of methyl, ethyl, propyl,
butyl, pentyl, and poly-ethylene glycols (PEGs), in particular PEGs with a molecular mass below 5000 Da, preferably
below 4000 Da, even more preferably below 3000 Da, yet even more preferably below 2000 Da, especially below 1500
Da or even below 1000 Da.
[0015] In yet another aspect, the present invention provides a method for quantifying maleimide-alkylated GSH and
a heavy isotopologue thereof in a biological sample, the method comprising the following steps:

- providing the biological sample of the present invention,

- optionally, purifying the biological sample in a liquid chromatography system, and

- analysing at least a fraction of the biological sample, which fraction contains at least a portion of the maleimide-
alkylated GSH and the heavy isotopologue thereof, in a mass spectrometer to measure the abundance of the
maleimide-alkylated GSH and the heavy isotopologue thereof.

In yet another aspect, the present invention provides a kit for stabilising a biological sample comprising GSH and GSSG
for mass spectrometric analysis, the kit comprising

- a first container containing a maleimide,

- a second container containing a heavy isotopologue of the maleimide, and

- preferably a heavy isotopologue of a maleimide-alkylated GSH of formula I



EP 3 617 708 A1

5

5

10

15

20

25

30

35

40

45

50

55

wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl, and PEGs, in particular PEGs
with a molecular mass below 5000 Da, preferably below 4000 Da, even more preferably below 3000 Da, yet even more
preferably below 2000 Da, especially below 1500 Da or even below 1000 Da; preferably in the first container or in a third
container. Preferably, the kit comprises a fourth container containing a reducing agent, selected from the group consisting
of phosphine-based reducing agents such as TCEP or tributylphosphine, and thio-based reducing agents such as DTT,
DTE or β-mercaptoethanol.
[0016] In even yet another aspect, the present invention provides a blood collection tube containing (being pre-filled
with) a maleimide, preferably in its solid form (i.e. not dissolved, e.g. present as a powder). Most typically, the blood
collection tube is sterile.
[0017] In the course of the present invention, it was surprisingly found that with the inventive sample preparation
approach sensitivity of subsequent mass-spectrometric GSSG determination was strongly increased. In fact, the sen-
sitivity was improved by a factor of 10 compared to direct measurement of GSSG (see example 5 and in particular Table
2), which was entirely unexpected.
[0018] Beyond that, the greatly simplified sample handling achieved by methods and kits of the present invention is
especially beneficial in a clinical setting, where strictly time-controlled sample preparation is often infeasible.
[0019] The detailed description given below relates to all of the above aspects of the invention unless explicitly excluded.
[0020] Using a sensitive and reliable method for clinical assessment of GSH/GSSG status has a particular relevance
since the redox couple can be used as a biomarker for oxidative stress. Oxidative stress plays a significant role in
development and progression of various pathologies, in particular cardiovascular diseases, where it is reported to be
closely correlated with the risk of heart failure (see Keith et al.). This is of special importance considering a growing need
for development in the field of heart failure prognostics. Currently, one in eight deaths is due to heart failure with a
predicted increase in mortality rate by 46 % over the next 12 years. One of the major physiological conditions leading
to failing heart is cardiomyopathy (especially dilated cardiomyopathy) and it has already been correlated to oxidative
stress and disturbed GSH homeostasis. Using the inventive method, it was confirmed that GSH/GSSG ratio is decreased
in heart tissues of patients with heart failure (see e.g. Fig. 8), which serves as scientific validation of the inventive method.
[0021] Evidently, high sensitivity is vital when the sample is scarce. Typical scarce samples for which sensitivity plays
an important role are biopsies. Commonly, several different tests have to be carried out on a single biopsy and therefore
only a small fraction of tissue is available for each of them. GSH/GSSG mass-spectrometric assays can be performed
with much smaller sample amounts than for instance redox proteomics assays (as disclosed e.g. in Sinha et al., McDonagh
et al. or Leonard et al.). In view of its exceptional sensitivity, the inventive method is especially suitable to test biopsies,
in particular biopsies obtained by minimally invasive techniques such as fine needle aspiration which usually only comprise
about 500,000 cells (as disclosed in Rajer et al.).
[0022] Taken together, the isotopologue-based design of the inventive method compensates for different matrix effects
as analytes co-elute from liquid chromatography and can be ionized in parallel. As mentioned, another major advantage
of the method is the large improvement of sensitivity. Measuring GSSG in form of GSH-d5-NEM boosted the sensitivity
of the method at least 10-fold. Therefore, minimum sample amounts are required, rendering the method compatible with
minimally invasive clinical sampling procedures. The method presented herein therefore represents a sensitive, cost-
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effective and simple alternative for accurate determination of the GSH/GSSG ratio, the major redox readout of mammalian
systems.
[0023] As used herein, "conditions which allow alkylation of the sulfhydryl group of GSH with the maleimide" typically
require that the maleimide (such as NEM) is (initially) present at a concentration of at least 0.0001 mM, preferably at
least 0.001 mM, more preferably at least 0.01 mM, even more preferably at least 0.1 mM, yet even more preferably at
least 1 mM or even at least 2 mM. Typically, such conditions comprise a pH between 6 and 8, preferably between 6.25
and 7.75, in particular between 6.5 and 7.5, and/or incubation temperatures from 5°C to 45°C, preferably from 10°C to
40°C, more preferably from 15°C to 35°C, especially from 20°C to 30°C. Incubation times may range for instance between
5 and 60 minutes.
[0024] As used herein, "conditions which allow alkylation of the sulfhydryl group of GSH with the heavy isotopologue
of the maleimide" typically require that the heavy isotopologue of the maleimide (such as d5-NEM) is (initially) present
at a concentration of at least 0.001 mM, preferably at least 0.01 mM, more preferably at least 0.1 mM, even more
preferably at least 1 mM, yet even more preferably at least 10 mM or even at least 50 mM. Typically, such conditions
comprise a pH between 6 and 8, preferably between 6.25 and 7.75, in particular between 6.5 and 7.5, and/or incubation
temperatures from 5°C to 45°C, preferably from 10°C to 40°C, more preferably from 15°C to 35°C, especially from 20°C
to 30°C. Incubation times may range for instance between 5 and 60 minutes. Most typically, the heavy isotopologue of
the maleimide is added in excess to the reducing agent (such as TCEP) previously added.
[0025] As used herein, "conditions which allow reduction of GSSG by the reducing agent" typically require that the
reducing agent (such as TCEP) is (initially) present at a concentration of at least 0.001 mM, preferably at least 0.01 mM,
more preferably at least 0.1 mM, even more preferably at least 1 mM, yet even more preferably at least 10 mM or even
at least 25 mM. Typically, such conditions comprise a pH between 6 and 8, preferably between 6.25 and 7.75, in particular
between 6.5 and 7.5, and/or incubation temperatures from 5°C to 45°C, preferably from 10°C to 40°C, more preferably
from 15°C to 35°C, especially from 20°C to 30°C. Incubation times may range for instance between 5 and 60 minutes.
Typically, the reducing agent (such as TCEP) is added in excess to residual maleimide (for instance, a small amount of
residual maleimide may have remained after solvent extraction, e.g. with dichloromethane).
[0026] As used herein, the term "biological sample" refers to any sample obtained from a biological source (e.g. a
living organism such as a mammal), said obtaining optionally comprising processing steps such as drying, freezing,
homogenising or fractionating. It is however preferred to avoid such processing steps as much as possible in order to
increase accuracy of the subsequent measurement. Typically, the biological sample further comprises at least one
compound (preferably at least two, more preferably all) selected from cysteine alkylated with the maleimide (such as
NEM) or the heavy isotopologue thereof, glycine-cysteine dipeptide alkylated with the maleimide (such as NEM) or the
heavy isotopologue thereof and insulin alkylated with the maleimide (such as NEM) or the heavy isotopologue thereof.
[0027] Specifically, within the context of the present invention, the biological sample is preferably obtained from an
individual, preferably a mammal, in particular a human (e.g. through biopsy or phlebotomy, in particular if collected into
an (previously evacuated) blood collection tube as defined herein). In particular, the individual has or is suspected of
having a disease or condition, in particular selected from the group of cancers, metabolic conditions or diseases, such
as diabetes, cardiovascular diseases or conditions, such as heart failure, and neurodegenerative diseases.
[0028] The biological sample may be a blood sample (such as a serum sample, a plasma sample or a whole-blood
sample) or a tissue sample, preferably a biopsy sample, in particular a needle aspiration biopsy sample (needle aspiration
biopsy is also called fine needle aspiration biopsy herein). In order to work as closely to the physiological state of the
GSH/GSSG redox pair as possible, it is preferred that the biological sample comprises cells (such as mammalian or
human cells) which comprise GSH and GSSG.
[0029] In the context of the present invention, the biological sample may be provided in a blood collection tube.
[0030] According to a further preferred embodiment, the inventive method further comprises the step of lysing the
cells. Preferably, such lysis is performed concomitantly by the solvent precipitation of protein disclosed herein, in particular
wherein the solvent is ethanol, methanol, acetonitrile or a mixture thereof.
[0031] According to a preferred embodiment, the inventive method further comprises the step of adding a buffer
solution to the biological sample before said contacting step b). Preferably, the buffer solution already contains the
maleimide, in particular at a concentration of at least 0.0001 mM, preferably at least 0.001 mM, more preferably at least
0.01 mM, even more preferably at least 0.1 mM, yet even more preferably at least 1 mM or even at least 2 mM (and
preferably not more than 50 mM or not more than 25 mM or not more than 10 mM). It is especially preferred that the
buffer solution has a pH between 6 and 8, preferably between 6.25 and 7.75, in particular between 6.5 and 7.5. By way
of example, phosphate-buffered saline (PBS) may be used as buffer solution.
[0032] It is particularly preferred when the buffer solution is added directly to the cells (i.e. when they are still intact),
especially when it contains the maleimide. This increases the accuracy of a subsequent MS measurement. Preferably,
before said adding step, the cells are concentrated (e.g. by centrifugation) and/or at least a portion of the liquid fraction
(e.g. cell medium) of a suspension the cells are in is removed.
[0033] Further, in case the biological sample is a blood sample such as a serum sample, a plasma sample or a whole-
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blood sample, or a tissue sample, preferably a biopsy sample, in particular a needle aspiration biopsy sample, it is
particularly preferred as well when the buffer solution (especially when it contains the maleimide) is added directly to
the biological sample.
[0034] In the course of the present invention it was found that avoiding a delay in adding the maleimide to a blood
sample (i.e. adding the maleimide to the blood sample directly after blood collection) reduces error in GSH/GSSG-ratio
measurements (see Fig. 7 and Example 7). Consequently, in a further, especially preferred embodiment of the present
invention, step b) occurs in a blood collection tube pre-filled with the maleimide, in order to allow for immediate alkylation
of GSH in the blood sample (when the blood is freshly drawn from the patient).
[0035] Blood collection tubes in general are well known and widely-used in clinical practice. Blood collection tubes
may be evacuated (prior to blood collection; to allow drawing of a pre-defined volume of blood) or operated by aspiration
(i.e. with a plunger). Typically, these tubes have a volume from 5-15 ml for drawing 2-10 ml of blood ("draw volume").
Blood collection tubes are for instance commercially available from Becton, Dickinson and Company (VACUTAINER®),
Greiner Bio-One (VACUETTE®), Sarstedt (S-MONOVETTE®) and Terumo (VENOSAFE ®). They may be pre-filled
with coagulants, anticoagulants and/or other reagents which react immediately with freshly drawn blood. Within the
context of the present invention, the blood collection tube may be an evacuated blood collection tube or a blood collection
tube operated by aspiration. In particular, the blood collection tube may be a serum separator tube.
[0036] In the context of the present invention (in particular the kit aspect and the blood collection tube aspect), the
blood collection tube is most typically sterile.
[0037] In the context of the present invention, the blood collection tube preferably contains (is pre-filled with) at least
0.01 pmol of the maleimide (e.g. NEM), preferably at least 0.1 pmol of the maleimide, more preferably at least 1 pmol
of the maleimide, especially at least 2.5 pmol or even at least 5 pmol of the maleimide. Typically, the blood collection
tube does not contain more than 500 pmol of the maleimide, preferably does not contain more than 250 mmol of the
maleimide, more preferably does not contain more than 100 mmol of the maleimide, especially not more than 50 mmol
of the maleimide.
[0038] It is highly preferred that the maleimide (such as NEM) is present in the blood collection tube in its solid form
(i.e. not dissolved; e.g. present as a powder).
[0039] According to a preferred embodiment, the blood collection tube further comprises an anticoagulant preferably
selected form the group consisting of heparin, ethylenediaminetetraacetate (EDTA), citrate and fluoride, preferably
heparin or EDTA, or further comprises a coagulant preferably micronized silica particles or thrombin.
[0040] It was found that using another heavy isotopologue of the maleimide-alkylated GSH (i.e. not the one obtained
in step e) of the method) as an internal standard increases the quality of the measurement. Accordingly, in a further
preferred embodiment, the blood collection tube is further pre-filled with (preferably a pre-set molar amount of) another
heavy isotopologue of the maleimide-alkylated GSH, such as 13C2, 15N-GSH-d5-NEM. Independently of the nature of
the biological sample (i.e. also in case it is not a blood sample), such internal standard may be added according to the
method, e.g. before step b), or between step b) and step c), or after step e).
[0041] To increase the quality of a subsequent measurement by ensuring completeness of the alkylation reaction as
much as possible, the inventive method further comprises, in a preferred embodiment, the step of incubating the biological
sample at a temperature from 5°C to 45°C, preferably from 10°C to 40°C, more preferably from 15°C to 35°C, especially
from 20°C to 30°C for a period of time during said contacting step b) and/or e). In addition, or alternatively thereto, the
biological sample may be incubated at a pH between 6 and 8, preferably between 6.25 and 7.75, in particular between
6.5 and 7.5, for a period of time during said contacting step b) and/or e). Said period of time may e.g. be between 0.01
and 24 hours, for instance between 1 and 60 minutes.
[0042] In the course of the present invention, it was found that solvent extraction is suitable for removing sufficient
excess maleimide from the alkylation reaction to allow downstream proceedings steps, while at the same time being
faster and allowing for easier handling than methods conventionally used for removing excess maleimide in sulfhydryl
labelling reactions. Therefore, in a further preferred embodiment of the inventive method, in step c), excess maleimide
is separated from maleimide-alkylated GSH and GSSG by solvent extraction, preferably wherein the solvent is an
(essentially water-immiscible) organic solvent, in particular selected from the group consisting of dichloromethane, chlo-
roform, ethyl acetate, hexane, an ether such as diethyl ether, and mixtures thereof.
[0043] Furthermore, in the course of the present invention it turned out that, if the biological sample comprises protein
(typical biological samples such as cell samples or biopsy samples do, of course), it is beneficial to remove the protein
from species to be measured by MS for increased accuracy and sample stability as well as reduced loss of (typically
very expensive) heavy isotopologue of maleimide in the labelling reaction (which would be partially quenched by sulfhydryl
groups present in protein). Thus, in a further preferred embodiment of the present invention, the method further comprises
separating protein from maleimide-alkylated GSH and GSSG. Preferably, this comprises solvent precipitation of protein,
in particular wherein the solvent is ethanol, methanol, acetonitrile or a mixture thereof. Preferably the separating is
conducted before step c).
[0044] In the context of the present invention, the following maleimide is particularly suitable:
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wherein R is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl, and PEGs (in particular PEGs with
a molecular mass below 5000 Da, preferably below 4000 Da, even more preferably below 3000 Da, yet even more
preferably below 2000 Da, especially below 1500 Da or even below 1000 Da).
[0045] According to an especially preferred embodiment, the maleimide is NEM. Preferably, the heavy isotopologue
of the maleimide is d5-NEM:

[0046] In a further preferred embodiment of the present invention, the method further comprises the step of concen-
trating and/or drying the sample, or a fraction thereof, comprising the maleimide-alkylated GSH and preferably the heavy
isotopologue thereof, preferably between step b) and step c) or between step c) and step d) or after step e) of the method
of the present invention. Any concentrating or drying method known in the art may be used, for instance vacuum
centrifugation or lyophilisation.
[0047] The biological sample of the present invention is preferably dry (after the inventive stabilisation method has
been applied), as this further increases stability. It is evident that the presence of a certain level of residual moisture in
the biological sample of the present invention is not excluded by the expression "dry", for the presence of a detectable
low level of residual moisture can typically not be avoided completely. Preferably, the residual moisture of the inventive
biological sample does not exceed 10% (w/w), in particular it does not exceed 5% (w/w), or even does not exceed 1% (w/w).
[0048] Typically, the maleimide-alkylated GSH and/or the heavy isotopologue thereof is present in the biological sample
(after the inventive stabilisation method has been applied) at a concentration of at least 0.0001 ppm, preferably at least
0.001 ppm, more preferably at least 0.01 ppm, even more preferably at least 0.1 ppm, in particular at least 1 ppm or
even at least 10 ppm. Herein, unless specified otherwise, "ppm" is to be understood as "ppmw" (i.e. parts-per-million
by weight).
[0049] For optional LC-MS analysis of the biological sample of the present invention, any suitable LC-MS known in
the art may be used.
[0050] In respect to the MS step, analysis by multiple-reaction monitoring (MRM) turned out to be very suitable.
Accordingly, in a preferred embodiment of the inventive method of quantifying maleimide-alkylated GSH and a heavy
isotopologue thereof in a biological sample, the mass spectrometer is preferably operated in an MRM mode.
[0051] Turning to the inventive kit for stabilising a biological sample, the kit’s maleimide and heavy isotopologue thereof
are preferably as defined hereinabove.
[0052] In a preferred embodiment, the kit comprises a heavy isotopologue of a maleimide-alkylated GSH of formula I
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wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl, and PEGs (in particular PEGs
with a molecular mass below 5000 Da, preferably below 4000 Da, even more preferably below 3000 Da, yet even more
preferably below 2000 Da, especially below 1500 Da or even below 1000 Da). This heavy isotopologue may be used
as internal standard and e.g. spiked in during sampling handling. It may be present in the first container (especially if
the first container is a blood collection tube, see below), in particular in a pre-set molar amount, or in a third container.
This heavy isotopologue of the maleimide-alkylated GSH is preferably 13C2,15N-GSH-d5-NEM.
[0053] In a preferred embodiment of the present invention, the first container of the kit is a blood collection tube as
defined hereinabove. Especially in this case, the kit comprises a plurality of said first container, in particular at least two,
preferably at least five, even more preferably at least ten.
[0054] According to a further preference, the maleimide and/or the heavy isotopologue of the maleimide-alkylated
GSH is present in its solid form in said first container, the latter preferably in a pre-set molar amount.
[0055] The kit may further comprise usage instructions, e.g. instructions to use the kit according to the inventive
method. The kit may further comprise another container with a, preferably dry, biological sample of the present invention
as a reference sample.
[0056] Furthermore, the kit may comprise additional containers with other components, such as a container with an
organic solvent selected from the group consisting of dichloromethane, chloroform, ethyl acetate, hexane, an ether such
as diethyl ether, and mixtures thereof and/or a container with ethanol, methanol, acetonitrile or a mixture thereof.
[0057] Now turning to the inventive blood collection tube aspect, blood collection tubes may be evacuated (prior to
blood collection; to allow drawing of a pre-defined volume of blood) or operated by aspiration (i.e. with a plunger).
Typically, these tubes have a volume from 5-15 ml for drawing 2-10 ml of blood ("draw volume"). Blood collection tubes
are for instance commercially available from Becton, Dickinson and Company (VACUTAINER®), Greiner Bio-One (VAC-
UETTE®), Sarstedt (S-MONOVETTE®) and Terumo (VENOSAFE®). They may be pre-filled with coagulants, antico-
agulants and/or other reagents which react immediately with freshly drawn blood. Within the context of the present
invention, the blood collection tube may be an evacuated blood collection tube or a blood collection tube operated by
aspiration. In particular, the blood collection tube may be a serum separator tube.
[0058] Preferably, the maleimide present in the blood collection tube is the maleimide as defined hereinabove, in
particular NEM.
[0059] In a preferred embodiment, the blood collection tube comprises an anticoagulant preferably selected form the
group consisting of heparin, ethylenediaminetetraacetate (EDTA), citrate and fluoride, preferably heparin or EDTA, or
further comprising a coagulant preferably micronized silica particles or thrombin.
[0060] Furthermore, it is preferred that the blood collection tube further comprises a heavy isotopologue of a maleimide-
alkylated GSH of formula I
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wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs. The heavy isotopologue
may for instance be 13C2,15N-GSH-d5-NEM. This may be used as internal standard.
[0061] In particular, the heavy isotopologue of the maleimide-alkylated GSH is present in its solid form in the blood
collection tube (i.e. not dissolved, e.g. present as a powder). In addition, or alternatively thereto, this heavy isotopologue
is present in (pre-filled into) the blood collection tube in a pre-set molar amount.
[0062] In embodiments, the kit of the present invention or the blood collection tube of the present invention (in particular
a plurality thereof, such as at least two or at least five) may be present in a closed, preferably sealed, package, especially
wherein the kit or the blood collection tube(s) is/are sterile or sterilized.
[0063] Herein, the term "pre-set molar amount" means that the molar amount is known to a high degree of accuracy
beforehand (as given e.g. in the usage instructions), preferably with an error of less than 10%, more preferably less than
5%, even more preferably less than 1%, especially less than 0.1%. This is useful for absolute quantification in LC-MS.
[0064] As used herein, the term "heavy isotopologue of compound X" (e.g. heavy isotopologue of the maleimide) shall
refer to heavy stable isotopologues of compound X, i.e. isotopologues which are non-radioactive. In such isotopologues,
one or more atoms forming compound X and usually present in the form of a light isotope (e.g. 1H, 12C or 14N) are
present in the form of a heavier isotope (e.g. D (2H), 13C or 15N) instead. It is evident that the term does not relate to a
naturally-occurring mixture of isotopologues (e.g. with a relative abundance of 14N of 99.6% and of 15N with 0.4%) .
[0065] The present invention further relates to the following embodiments:

Embodiment 1. A method of stabilising a biological sample comprising glutathione (GSH) and glutathione disulfide
(GSSG), the method comprising the following steps:

a) providing the biological sample comprising GSH and GSSG,

b) contacting GSH and GSSG of the biological sample with a maleimide under conditions which allow alkylation
of the sulfhydryl group of GSH with the maleimide to obtain maleimide-alkylated GSH,

c) separating excess maleimide from maleimide-alkylated GSH and GSSG,

d) contacting maleimide-alkylated GSH and GSSG with a reducing agent, selected from the group consisting
of phosphine-based reducing agents such as tris(2-carboxyethyl)phosphine (TCEP) or tributylphosphine, and
thiol-based reducing agents such as dithiothreitol (DTT), dithioerythritol (DTE) or β-mercaptoethanol, under
conditions which allow reduction of GSSG by the reducing agent to obtain further GSH, and

e) contacting maleimide-alkylated GSH and GSH with a heavy isotopologue of the maleimide under conditions
which allow alkylation of the sulfhydryl group of GSH with the heavy isotopologue of the maleimide to obtain a
heavy isotopologue of the maleimide-alkylated GSH;

whereby a stabilised biological sample, comprising the maleimide-alkylated GSH and the heavy isotopologue thereof,
is obtained.
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Embodiment 2. The method of embodiment 1, wherein the biological sample is a blood sample, wherein step b)
occurs in a blood collection tube pre-filled with the maleimide.

Embodiment 3. The method of embodiment 2, wherein the blood collection tube is further pre-filled with another
heavy isotopologue of the maleimide-alkylated GSH for use as an internal standard, preferably in a pre-set molar
amount.

Embodiment 4. The method of embodiment 2 or 3, wherein the blood collection tube further comprises an antico-
agulant preferably selected form the group consisting of heparin, ethylenediaminetetraacetate (EDTA), citrate and
fluoride, preferably heparin or EDTA, or further comprises a coagulant preferably micronized silica particles or
thrombin.

Embodiment 5. The method of any one of embodiments 2 to 4, wherein the blood collection tube is a serum separator
tube.

Embodiment 6. The method of any one of embodiments 1 to 5, wherein the reducing agent is TCEP.

Embodiment 7. The method of any one of embodiments 1 to 6, wherein, in step c), excess maleimide is separated
from maleimide-alkylated GSH and GSSG by solvent extraction, preferably wherein the solvent is an organic solvent,
in particular selected from the group consisting of dichloromethane, chloroform, ethyl acetate, hexane, an ether
such as diethyl ether, and mixtures thereof.

Embodiment 8. The method of any one of embodiments 1 to 7, wherein the biological sample further comprises
protein, the method further comprising separating protein from maleimide-alkylated GSH and GSSG, preferably
comprising solvent precipitation of protein, in particular wherein the solvent is ethanol, methanol, acetonitrile or a
mixture thereof; preferably wherein the separating is conducted before step c).

Embodiment 9. The method of any one of embodiments 1 to 8, wherein the maleimide is:

wherein R is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl, and poly-ethylene glycols
(PEGs).

Embodiment 10. The method of any one of embodiments 1 to 9, wherein the maleimide is N-ethyl-maleimide (NEM).

Embodiment 11. The method of any one of embodiments 1 to 10, wherein the heavy isotopologue of the maleimide
is d5-NEM.

Embodiment 12. The method of any one of embodiments 1 to 11, wherein, for step d), the reducing agent is added
in excess to residual maleimide.

Embodiment 13. The method of any one of embodiments 1 to 12, wherein, for step e), the heavy isotopologue of
the maleimide is added in excess to the reducing agent previously added for step d) .

Embodiment 14. The method of any one of embodiments 1 to 13, wherein the biological sample is a blood sample,
such as a plasma sample, a serum sample or a whole-blood sample, or a tissue sample, preferably a biopsy sample,
in particular a needle aspiration biopsy sample.

Embodiment 15. The method of any one of embodiments 1 to 14, wherein the biological sample comprises cells
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which comprise GSH and GSSG.

Embodiment 16. The method of embodiment 15, further comprising the step of lysing the cells.

Embodiment 17. The method of any one of embodiments 1 to 16, further comprising the step of adding a buffer
solution to the biological sample before said contacting step b), preferably wherein the buffer solution contains the
maleimide.

Embodiment 18. The method of embodiment 17, wherein the buffer solution has a pH between 6 and 8, preferably
between 6.25 and 7.75, in particular between 6.5 and 7.5.

Embodiment 19. The method of embodiment 17 or 18, wherein the buffer solution is added directly to said blood
sample, such as said plasma sample, said serum sample or said whole-blood sample, or said tissue sample,
preferably wherein the tissue sample is a biopsy sample, in particular a needle aspiration biopsy sample.

Embodiment 20. The method of any one of embodiments 17 to 19, wherein the buffer solution is added directly to
said cells which comprise GSH and GSSG.

Embodiment 21. The method of any one of embodiments 1 to 20, further comprising the step of concentrating and/or
drying the sample, or a fraction thereof, comprising the maleimide-alkylated GSH and preferably the heavy isotopo-
logue thereof.

Embodiment 22. The method of any one of embodiments 1 to 21, further comprising incubating the biological sample
at a temperature of from 5°C to 45°C, preferably from 10°C to 40°C, more preferably from 15°C to 35°C, especially
from 20°C to 30°C for a period of time during said contacting step b) and/or e).

Embodiment 23. The method of any one of embodiments 1 to 22, further comprising incubating the biological sample
at a pH between 6 and 8, preferably between 6.25 and 7.75, in particular between 6.5 and 7.5, for a period of time
during said contacting step b) and/or e).

Embodiment 24. A stabilised biological sample containing maleimide-alkylated GSH and a heavy isotopologue
thereof, obtainable by the method of any one of embodiments 1 to 23.

Embodiment 25. A biological sample or standard for mass spectrometry containing a maleimide-alkylated GSH of
formula I

and a maleimide-alkylated GSH of formula II



EP 3 617 708 A1

13

5

10

15

20

25

30

35

40

45

50

55

wherein R2 is a heavy isotopologue of R1, wherein R1 is selected from the group consisting of methyl, ethyl, propyl,
butyl, pentyl and PEGs.

Embodiment 26. The biological sample of embodiment 24 or 25, wherein the sample is dry.

Embodiment 27. The biological sample of any one of embodiments 24 to 26, wherein the maleimide-alkylated GSH
and/or the heavy isotopologue thereof is present in the sample at a concentration of at least 0.0001 ppm, preferably
at least 0.001 ppm, more preferably at least 0.01 ppm, even more preferably at least 0.1 ppm, in particular at least
1 ppm or even at least 10 ppm.

Embodiment 28. A method for quantifying maleimide-alkylated GSH and a heavy isotopologue thereof in a biological
sample, the method comprising the following steps:

- providing a biological sample as defined in any one of embodiments 24 to 27,

- optionally, purifying the biological sample in a liquid chromatography system, and

- analysing at least a fraction of the biological sample, which fraction contains at least a portion of the maleimide-
alkylated GSH and the heavy isotopologue thereof, in a mass spectrometer to measure the abundance of the
maleimide-alkylated GSH and the heavy isotopologue thereof.

Embodiment 29. A kit for stabilising a biological sample comprising GSH and GSSG for mass spectrometric analysis,
the kit comprising

- a first container containing a maleimide,

- a second container containing a heavy isotopologue of the maleimide,

- preferably a heavy isotopologue of a maleimide-alkylated GSH of formula I
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wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs, for use as an
internal standard, preferably present in the first container or in a third container; and

- preferably a fourth container containing a reducing agent, selected from the group consisting of phosphine-
based reducing agents such as TCEP or tributylphosphine, and thiol-based reducing agents such as DTT, DTE
or β-mercaptoethanol.

Embodiment 30. The kit of embodiment 29, wherein said first container is a blood collection tube; preferably wherein
the kit comprises a plurality of said first container, in particular at least two, preferably at least five, even more
preferably at least ten.

Embodiment 31. The kit of embodiment 30, wherein the blood collection tube is an evacuated blood collection tube.

Embodiment 32. The kit of embodiment 29 or 30, wherein the blood collection tube further comprises an anticoagulant
preferably selected from the group consisting of heparin, ethylenediaminetetraacetate (EDTA), citrate and fluoride,
preferably heparin or EDTA, or further comprising a coagulant preferably micronized silica particles or thrombin.

Embodiment 33. The kit of any one of embodiments 30 to 32, wherein the blood collection tube is a serum separator
tube.

Embodiment 34. The kit of any one of embodiments 29 to 33, wherein the maleimide is present in its solid form in
said first container.

Embodiment 35. The kit of any one of embodiments 29 to 34, wherein said heavy isotopologue of the maleimide-
alkylated GSH is present in its solid form in said first container, preferably in a pre-set molar amount.

Embodiment 36. The kit of any one of embodiments 29 to 34, wherein said third container is present and contains
said heavy isotopologue of the maleimide-alkylated GSH.

Embodiment 37. The kit of any one of embodiments 29 to 36, wherein the maleimide is:
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wherein R is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs.

Embodiment 38. The kit of any one of embodiments 29 to 37, wherein the maleimide is NEM.

Embodiment 39. The kit of any one of embodiments 29 to 38, wherein the heavy isotopologue of the maleimide is
d5-NEM.

Embodiment 40. The kit of any one of embodiments 29 to 39, wherein the heavy isotopologue of the maleimide-
alkylated GSH is 13C2,15N-GSH-d5-NEM.

Embodiment 41. The kit of any one of embodiments 29 to 40, further comprising usage instructions.

Embodiment 42. A blood collection tube, containing a maleimide.

Embodiment 43. The blood collection tube of embodiment 42, wherein the maleimide is present in its solid form.

Embodiment 44. The blood collection tube of embodiment 42 or 43, wherein the blood collection tube is an evacuated
blood collection tube.

Embodiment 45. The blood collection tube of any one of embodiments 42 to 44, wherein the maleimide is:

wherein R is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs.

Embodiment 46. The blood collection tube of embodiment any one of embodiments 42 to 45, wherein the maleimide
is NEM.

Embodiment 47. The blood collection tube of any one of embodiments 42 to 46, further comprising an anticoagulant
preferably selected form the group consisting of heparin, ethylenediaminetetraacetate (EDTA), citrate and fluoride,
preferably heparin or EDTA, or further comprising a coagulant preferably micronized silica particles or thrombin.

Embodiment 48. The blood collection tube of any one of embodiments 42 to 47, wherein the blood collection tube
is a serum separator tube.

Embodiment 49. The blood collection tube of any one of embodiments 42 to 48, further comprising a heavy isotopo-
logue of a maleimide-alkylated GSH of formula I
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wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs; preferably wherein
the heavy isotopologue is 13C2,15N-GSH-d5-NEM.

Embodiment 50. The blood collection tube of embodiment 49, wherein the heavy isotopologue of the maleimide-
alkylated GSH is present in its solid form.

Embodiment 51. The blood collection tube of embodiments 49 or 50, wherein the heavy isotopologue of the male-
imide-alkylated GSH is present in the blood collection tube in a pre-set molar amount.

[0066] The present invention is further illustrated by the following figures and examples, without being restricted thereto.
[0067] If not stated otherwise, error bars shown in the figures represent mean values 6 standard error of mean (SEM).
For significance testing unpaired Student’s t-test was performed with a p-value of 0.05 as significance threshold.

Fig. 1: Method workflow. In the first step (1) NEM was used to derivatize free GSH in a sample type specific manner.
In the following step (2) proteins and excess NEM were removed by methanol precipitation and dichloromethane
extraction. Next (3) GSSG in the samples was reduced to GSH which is then derivatized to GSH-d5-NEM. Finally,
analytes are measured simultaneously by MRM-based LC-MS/MS (cf. Giustarini et al.).

Fig. 2: Completeness of derivatization step. A standard solution of GSH (100 mmol/L) was completely derivatized
at a NEM final concentration of 2.5 mmol/L after 20 min incubation at room temperature. A: GSH standard without
the addition of NEM, B: Same GSH amount after incubation with 2.5 mmol/L NEM - no residual GSH was left and
GSH was converted quantitatively to GSH-NEM. Note the factor 100 difference of the units in the scale of the y axis.
Transitions of both GSH and GSH-NEM showed comparable signal responses as were also seen from the standard
calibration curves, cps counts per second.

Fig. 3: Step by step completeness and selectivity of derivatization. Four technical replicates of 100 mmol/L of GSH
and 10 mmol/L of GSSG standard were mixed and processed as indicated by plus icons in the table below the panel
(steps A-D). At each step an equal aliquot of sample was used for measurement. Non-derivatized samples resulted
in a massive standard deviation (S.D.) for both GSH and GSSG due to oxidation, thus they are not shown in this
figure. Bars represent means of MRM signal areas normalized on the mean of MRM signal area of the corresponding
analyte 6 S.D. at its first appearance in the panel.

Fig. 4: GSH-NEM turned out to be a superior analyte over GSSG in terms of sensitivity. A: Calibration curves of
GSH-NEM and GSSG. B: Comparison of signal area responses in low concentration range (5-1000 fmol on column)
when GSSG was measured directly as GSSG as compared to being reduced, alkylated and measured as GSH-
NEM. C: Example - 25 fmol on column of GSSG was not directly detectable (left) but resulted in a readily quantifiable
GSH-NEM peak (right).

Fig. 5: Cellular oxidative stress reflected by reduced GSH/GSSG ratio. A549 cells treated with 100 mmol/L H2O2
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for 15 min showed depletion of GSH and a rise in GSSG levels resulting in a vast reduction of the GSH/GSSG ratio
(data from 2 independent experiments, n = 6-8 replicates per condition, Student’s t-test, * p-value < 0.05, *** p-value
< 0.001).

Fig. 6: Detection of GSSG in minimal amounts of whole blood. In 1 ml of whole blood no quantifiable GSSG peak
was directly detectable (left), while reduction of GSSG with TCEP to GSH and alkylation with d5-NEM resulted in
clearly detectable GSH-d5-NEM (right).

Fig. 7: Delay in NEM addition resulted in reduced GSH/GSSG ratios in serum and plasma samples. A: GSH/GSSG
ratio is reduced in serum if NEM is added after preparation (50 min at RT) instead of immediately. B: Effect of plasma
preparation time (10 min at RT) prior to NEM addition on GSH/GSSG ratio of plasma. C: 30 min incubation of whole
blood at 4 °C did not alter the GSH/GSSG ratio. Bars represent mean ratio 6 error propagation calculated from
S.E.M. (n=5, Student t-test, *** p-value < 0.001) .

Fig. 8: ICM and DCM resulted in significant reduction of GSH/GSSG ratio as compared to non-failing heart tissue.
Bar plot representing GSH/GSSG ratios 6 error propagated SEM (n=5 per group, Student’s t-test, * p-value < 0.05,
** p-value < 0.01), non-failing hearts (NF), dilative idiopathic cardiomyopathy (DCM), ischemic cardiomyopathy (ICM).

Examples

Example 1 - Sample preparation

[0068] Cell culture: A549 human lung carcinoma cells were obtained from CLS Cell Lines Service, Eppelheim, Ger-
many, and were cultured in RPMI medium supplemented with 10 % fetal bovine serum and 2 mmol/L glutamine in a 5
% CO2, 37 °C incubator. For H2O2 treatment, cells were seeded in 12-well plates (300000 cells/well) and after a day
in culture treated with 500 ml of control (Ca2+, Mg2+-PBS) or 100 mmol/L H2O2 in Ca2+, Mg2+-PBS for 15 min followed
by two PBS washing steps and the NEM (2.5 mmol/L) incubation step. The detailed stabilisation workflow is illustrated
in Fig. 1 and example 2.
[0069] Blood samples: Blood samples were collected in VACUETTE® 3.5 ml tubes with Z Serum Separator Clot
Activator 13x75 red cap-yellow ring, non-ridged (Greiner bio-one, Vienna, Austria). All blood collection tubes were
customized prior to blood sampling in the following way: To each tube for direct NEMylation 100 mL of 87.5 mmol/L NEM
in PBS was added to reach a final concentration of 2.5 mmol/L NEM after blood would fill the tube (NEM 0 min samples).
To each tube of control samples (delayed NEM addition samples), 100 mL of PBS was added instead. For serum
collection, all blood samples were coagulated for 30 min at room temperature (RT). After coagulation, samples were
centrifuged at 1,300 x g at RT for 20 min. All plasma samples were immediately centrifuged for 10 min at RT at 1,300
x g. Whole blood samples were kept at 4 °C for 30 min. After these dedicated processing times and temperatures (50
min at RT for serum, 10 min at RT for plasma and 30 min at 4 °C for whole blood), 5 ml of each sample was pipetted
out of the VACUETTE® tubes into 1.5 ml microcentrifuge tubes containing either 45 ml PBS (NEM 0 samples) or 45 ml
of 2.5 mmol/L NEM in PBS (delayed NEM addition samples). The detailed stabilisation workflow is illustrated in Fig. 1
and example 2.
[0070] Tissue samples: For heart tissue lysis 4 x 10 s sonication steps at 70 % amplitude were performed (Bandelin,
Berlin, Germany). 4-7 mg of heart tissue was then processed according to the workflow shown in Fig. 1.

Example 2 - Inventive sample stabilisation method

[0071] Standards and reagents: Standards for GSH and GSSG were prepared as 10 mmol/L stock solutions in ultrapure
water. For calibration curves, stock solutions were diluted in 50 mmol/L ammonium acetate buffer (AA, pH = 7.0). NEM
and d5-NEM were prepared as 100 mmol/L stock solutions in water. Tris(2-carboxyethyl)phosphine (TCEP) was used
as 50 mmol/L stock solution prepared in 50 mmol/L AA buffered to pH=7.0. The stock solution of the internal standard
(IS, 13C2,5N-GSH-d5-NEM) was prepared by reacting 2 mmol/L glutathione-(glycine-13C2,15N) (Cambridge Isotope lab-
oratories, MA, USA) with 50 mmol/L d5-NEM in 50 mmol/L AA, with subsequent extraction of residual d5-NEM with
dichloromethane. Final IS concentration was determined by analyzing a 1:100 dilution in 50 mmol/L AA by LC-MS/MS
and matching signal intensity to the calibration curve of unlabeled GSH-NEM.
[0072] Method overview: The method was tested and fully optimized for three different sample types: cells, blood and
tissue. In clinical measurements available sample amount is often a limiting factor. The high sensitivity of the presented
method enables analysis of scarce samples as minimal sample amounts are required. Typically, 5 mL of blood, 3-5 mg
of tissue sample or 300.000 cells were used as starting material. Therefore, the method is also suitable for samples
acquired using minimally invasive techniques such as fine needle aspiration biopsies (FNAB)(∼500.000 cells per FNAB).
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At the first step (Fig. 1, step 1) free glutathione was quenched with 2.5 mmol/L NEM solution for 20 min at room temperature
(RT). Then cold 80 % methanol (MeOH) was used to precipitate proteins from the sample (Fig. 1, step 2). At this step
the internal standard (IS) can be introduced. Upon centrifugation the supernatant was transferred to a new reaction tube
and dried under a stream of nitrogen. In order to maintain optimal pH dried samples were re-suspended in f100 ml of 50
mmol/L AA and excess NEM was removed by extraction with dichloromethane. The aqueous phase was transferred to
a new tube and subjected to reduction with TCEP followed by d5-NEM derivatization of GSSG derived GSH (Fig 1, step
3). All three analytes GSH-NEM, GSH-d5-NEM and 13C, 15N-GSH-d5-NEM (IS) were then simultaneously measured
by LC-MS/MS using an MRM-based approach (Fig 1, step 4), see also example 4.

Example 3 - Further methodical considerations

[0073] In preferred embodiments, NEM was added to the sample immediately after sampling. NEM turned out to be
a particularly suitable derivatization reagent as it is cell permeable, reacts quickly and to completion (see Fig. 2 and Fig.
3A) and also inactivates GR (Giustarini et al., 2013). As a way to ensure complete derivatization of even more challenging
samples such as tissue pieces, such samples were incubated for 20 min at room temperature. The latter results (Fig.
8) were obtained by simply vortexing 3-7 mg of cardiac muscle tissue cut into small pieces in NEM-containing PBS,
without the need for additional lysis steps which greatly simplifies sample handling.
[0074] After GSH derivatization in cells or tissues, samples are preferably lysed to release polar metabolites and
proteins, while lipids and other cell debris are preferably removed. This can either be achieved by acidic precipitation
or by addition of polar organic solvents. As NEM alkylation is preferably performed at near neutral pH for high selectivity
and reactivity, and one of the subsequent steps is labeling GSSG derived GSH with isotopically labeled NEM, the
presented method employs 80 % cold methanol for this purpose. The internal standard is ideally also spiked into this
extraction solution to monitor extraction efficiency and analyte recovery of the following extraction steps. Precipitated
proteins and cell debris were pelleted by centrifugation and the liquid phase was transferred to a new microcentrifuge
tube. The solvent may be removed under a stream of nitrogen or by rotary evaporation.
[0075] Dried samples were then re-suspended in 50 mmol/L AA (pH = 7.0). Here, pH control is important as at pH >
7.5 NEM reacts also with amino groups, which could lead to over-alkylation of GSH at the free α-amino group of the γ-
coupled glutamine.
[0076] Excess non-isotopically labeled NEM from the first alkylation step was then removed by a single dichloromethane
liquid-liquid extraction step (sample: dichloromethane vol:vol 1:3). This single extraction resulted in removal of NEM
beyond limit of detection (Fig. 3, B) and potential residual NEM was additionally quenched in the next step.
[0077] Initially, a quenching step to remove residual NEM with cysteine prior to reduction as described in literature
(Danielson et al.) was tested. However, it surprisingly turned out that excess cysteine also partially reduced GSSG to
GSH. It was therefore decided to simultaneously quench potentially residual NEM and reduce GSSG employing TCEP,
which unexpectedly worked. TCEP (added to 2.5 mmol/L final concentration) therefore fulfilled a double role, scavenging
residual non-isotopically labeled NEM and quantitatively reducing GSSG (Fig. 3, C). Because of the requirement of a
controlled reaction pH, TCEP stock solution was adjusted to pH = 7.0 with sodium hydroxide. To rule out labeling of
GSSG derived GSH with non-isotopically labeled NEM, a control experiment using a mixture of GSH and GSSG standards
in concentration ratio 10:1 (100 mmol/L GSH, 10 mmol/L GSSG) was performed, which is far below native ratios. Even
under these extreme conditions of high GSSG favoring off-target labeling of GSSG derived GSH no significant contribution
of GSSG derived GSH to the non-isotopically labeled GSH-NEM pools was observed (Fig. 3, B and C). Finally, an excess
of d5-NEM (5 mmol/L) was added to quantitatively label GSSG derived GSH (Fig. 3, D).

Example 4 - LC-MS/MS method and parameters

[0078] The following method was used in all MS experiments unless stated otherwise:
Chromatography was carried out on a Dionex UltiMate 3000 system equipped with a Zorbax SB-C18 column (50 mm x
4.6 mm, 1.8 mm, Agilent, USA). The following gradient employing solvent A (0.1 % formic acid in water) and solvent B
(0.1 % formic acid in acetonitrile) at a flow rate of 0.3 ml/min was applied: 0 - 10 min 1 - 30 % B, 10 - 15 min 30 - 70 %
B, 15 - 20 min 1 % B. Injection volume was 10 ml. The ABSciex 4000 QTRAP mass spectrometer used for detection
was operated in positive MRM mode. A list of transitions with retention times and collision energies (CE) of analytes is
shown in Table 1. Global instrument parameters: Curtain gas 20 (arbitrary units), collision gas high, ion spray voltage
(IS) 4500 V, temperature 450 °C, ion source gas 1 and 2: 25 (arbitrary units) and 40 (arbitrary units), declustering potential
50 V and entrance potential 10 V. As GSH-NEM is a diastereomer, all three GSH-NEM analytes (GSH-NEM, GSH-d5-
NEM and 13C2, 15N-GSH-d5-NEM) elute as twin peaks. The sum of areas under both peaks was used for integration
and quantification.
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Example 5 - Sensitivity of the inventive method

[0079] The signal response of GSH-NEM was about five-fold higher than that of GSSG while noise levels were com-
parable throughout the whole dynamic range (Fig. 4, A). As GSSG reduction results in two molecules of GSH, overall
sensitivity of the method for GSSG detection as GSH-d5-NEM was roughly 10-fold better than direct GSSG detection
(see Table 2 below), which was entirely unexpected.

[0080] The boost in sensitivity was also reflected by the lower detection limits for GSSG. For example, 25 fmol of
GSSG on column without previous reduction was below the limit of detection (LOD, monitored as MRM trace of GSSG,
RT= 3.71 min) while the same GSSG concentration which was reduced and alkylated with NEM resulted in a reliably
quantifiable GSH-NEM peak with a signal to noise ratio (S/N) of more than 10 (MRM GSH-NEM) (Fig. 4, C). 10-fold
greater sensitivity (presented for low concentration range in Fig. 4, B) yields a lower LOD and limit of quantification
(LOQ) for GSH-NEM. LOD for GSSG was 50 fmol on column, while for GSSG measured as GSH-NEM that value was
5 fmol on column (with S/N ratios of 7.5 and 7, respectively). LOQ was 100 fmol on column for GSSG (S/N = 11.5) and
10 fmol on column for GSSG measured as GSH-NEM (S/N = 13), respectively.

Example 6 - Applying the inventive sample stabilisation method to cell culture samples

[0081] The inventive approach was applied to cell culture samples (see example 1 for sample preparation). A single
well of a 12-well cell culture plate (around 300.000 cells) proved to be sufficient for analysis. It should be noted that the
sample could even be further diluted (A 1:5 dilution still provided high quality signals for all analytes). To functionally

Table 1. MRM transitions and parameters per analyte. For each compound transition 1 (marked in bold) was used 
for quantification (CE - collision energy, CXP - collision cell exit potential).

Analyte name Q1 Mass (amu) Q3 Mass (amu) Dwell time (ms) CE (V) CXP (V)

GSSG (Transition 1) 613.2 355.3 35 33 14
GSSG (Transition 2) 613.2 484.2 35 25 12
GSH (Transition 1) 308 179 35 19 15
GSH (Transition 2) 308 76.23 35 47 15

GSHNEM (Transition 1) 433 201 35 35 15
GSHNEM (Transition 2) 433 84.2 35 59 15
GSHd5NEM (Transition 

1)
438 206 35 35 15

GSHd5NEM (Transition 
2)

438 84.2 35 59 15

NEM (Transition 1) 126 80 35 25 12
NEM (Transition 2) 126 98 35 19 16

d5-NEM (Transition 1) 131 80 35 25 12
d5-NEM (Transition 2) 131 98 35 19 16

13C2,15N GSH-d5-NEM 
(IS)

441 206 35 35 15

Table 2. Area under peak ratio of MRM signals of GSH-NEM to GSSG in the low concentration range. Reduction of 
GSSG with consequent d5-NEM derivatization of released GSH results in 9 to 10-fold higher sensitivity compared to 

direct measurement of GSSG.

c(GSSG) [nmol/L] MRM signal area ratio GSH-NEM/GSSG

5 8,48
10 9,02
25 9,93
50 9,26

100 9,77

Mean 9,29
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validate the procedure, oxidative stress was induced in A549 lung carcinoma cells by treatment with 100 mmol/L H2O2
for 15 min in two individual experiments. Incubation with H2O2 depleted intracellular GSH values yielding GSSG (meas-
ured as GSH d5 NEM) and hence a drastically reduced GSH/GSSG ratio (Fig. 5).

Example 7 - Applying the inventive sample stabilisation method to blood samples

[0082] The inventive approach was applied to blood samples (see example 1 for sample preparation). The increased
sensitivity of the inventive approach turned out to be particular beneficial when sample size is limited and/or if the sample
has a very low GSSG concentration as in the case of blood samples where the GSH/GSSG ratio is 3-20 fold larger
compared to solid tissues and cultured cells. Therefore, when blood GSH and GSSG levels are assessed even the
slightest artificial oxidation of GSH during sample preparation can lead to overestimation of GSSG even as high as 7-50
fold. The most prominent GSSG artefact effect results from delayed NEM addition after blood collection leading to rapid
depletion of GSH.
[0083] To illustrate this effect, we investigated how delayed NEM addition affects GSH and GSSG levels. Blood vacuum
containers for full blood, plasma and serum where customized by adding either NEM or PBS (control tubes) prior to
being employed for collecting blood from 5 healthy volunteers. EDTA plasma was centrifuged at room temperature
immediately after collection for 10 min. Serum was allowed to clot at room temperature for 30 min in an upright position
before being centrifuged for 20 min. NEM was added to both plasma and serum control tubes (which had been customized
with PBS only) immediately after centrifugation. Whole blood samples were stored at 4 °C for 30 min prior to addition
of NEM to the control tubes.
[0084] Delays between sample collection and NEM addition resulted in reduction of measured GSH/GSSG ratios in
serum and plasma but not in whole blood (Fig. 7). As serum preparation was the lengthiest procedure (50 min at RT)
the effect was more pronounced (Fig 7A) than for plasma (10 min at RT) (Fig. 7B). It should be noted that in serum and
plasma absolute GSH concentrations represented only 0.1-3 % of those measured in full blood.
[0085] Delayed addition of NEM is especially of concern when a strictly time controlled processing cannot be guaranteed
as is often the case in a clinical setup. Immediate derivatization of GSH is therefore highly preferred for accurate deter-
mination of the redox state. In case instantaneous NEM addition is not possible whole blood samples can be kept
refrigerated at 4 °C for up to 30 min without having an effect on the GSH/GSSG ratio (Fig. 7C).
[0086] The improved sensitivity for GSSG quantification becomes apparent when analyzing GSSG from 1 mL of whole
blood (Fig. 6). While direct measurement of GSSG did not yield a quantifiable MRM peak, reduction of GSSG with TCEP
and subsequent alkylation with d5-NEM yielded prominent GSH d5 NEM peaks.

Example 8 - Applying the inventive sample stabilisation method to heart tissue samples

[0087] To demonstrate its applicability on biopsy material, heart tissue samples (see example 1 for sample preparation)
were subjected to the inventive method. Two patient groups suffering from dilated cardiomyopathies, idiopathic (DCM)
and ischemic types (ICM) were compared to healthy controls. As little as 4-7 mg of flash-frozen heart tissue was used
as starting material. Nevertheless, it was surprisingly possible to dilute the processed sample 1:5 for measurement and
still reliably quantify both GSH and GSSG.
[0088] Samples from patients suffering from dilated cardiomyopathies showed significantly reduced GSH/GSSG ratios
compared to healthy donors’ non-failing heart tissue (NF) (Fig. 8) supporting that low GSH/GSSG ratio is a biomarker
of the failing heart.
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Claims

1. A method of stabilising a biological sample comprising glutathione (GSH) and glutathione disulfide (GSSG), the
method comprising the following steps:

a) providing the biological sample comprising GSH and GSSG,
b) contacting GSH and GSSG of the biological sample with a maleimide under conditions which allow alkylation
of the sulfhydryl group of GSH with the maleimide to obtain maleimide-alkylated GSH,
c) separating excess maleimide from maleimide-alkylated GSH and GSSG,
d) contacting maleimide-alkylated GSH and GSSG with a reducing agent, selected from the group consisting
of phosphine-based reducing agents such as tris(2-carboxyethyl)phosphine (TCEP) or tributylphosphine, and
thiol-based reducing agents such as dithiothreitol (DTT), dithioerythritol (DTE) or β-mercaptoethanol, under
conditions which allow reduction of GSSG by the reducing agent to obtain further GSH, and
e) contacting maleimide-alkylated GSH and GSH with a heavy isotopologue of the maleimide under conditions
which allow alkylation of the sulfhydryl group of GSH with the heavy isotopologue of the maleimide to obtain a
heavy isotopologue of the maleimide-alkylated GSH;

whereby a stabilised biological sample, comprising the maleimide-alkylated GSH and the heavy isotopologue thereof,
is obtained.

2. The method of claim 1, wherein the biological sample is a blood sample, wherein step b) occurs in a blood collection
tube pre-filled with the maleimide.

3. The method of claim 2, wherein the blood collection tube is further pre-filled with another heavy isotopologue of the
maleimide-alkylated GSH for use as an internal standard, preferably in a pre-set molar amount.

4. The method of any one of claims 1 to 3, wherein the reducing agent is TCEP.

5. The method of any one of claims 1 to 4, wherein, in step c), excess maleimide is separated from maleimide-alkylated
GSH and GSSG by solvent extraction, preferably wherein the solvent is an organic solvent, in particular selected
from the group consisting of dichloromethane, chloroform, ethyl acetate, hexane, an ether such as diethyl ether,
and mixtures thereof.

6. The method of any one of claims 1 to 5, wherein the biological sample further comprises protein, the method further
comprising separating protein from maleimide-alkylated GSH and GSSG, preferably comprising solvent precipitation
of protein, in particular wherein the solvent is ethanol, methanol, acetonitrile or a mixture thereof; preferably wherein
the separating is conducted before step c).

7. The method of any one of claims 1 to 6, wherein the maleimide is N-ethyl-maleimide (NEM) and the heavy isotopo-
logue of the maleimide is d5-NEM.

8. The method of any one of claims 1 to 7, further comprising the step of concentrating and/or drying the sample, or
a fraction thereof, comprising the maleimide-alkylated GSH and preferably the heavy isotopologue thereof.

9. A stabilised biological sample containing maleimide-alkylated GSH and a heavy isotopologue thereof, obtainable
by the method of any one of claims 1 to 8.

10. A biological sample or standard for mass spectrometry containing a maleimide-alkylated GSH of formula I
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and a maleimide-alkylated GSH of formula II

wherein R2 is a heavy isotopologue of R1, wherein R1 is selected from the group consisting of methyl, ethyl, propyl,
butyl, pentyl and PEGs.

11. A method for quantifying maleimide-alkylated GSH and a heavy isotopologue thereof in a biological sample, the
method comprising the following steps:

- providing a biological sample as defined in claim 9 or 10,
- optionally, purifying the biological sample in a liquid chromatography system, and
- analysing at least a fraction of the biological sample, which fraction contains at least a portion of the maleimide-
alkylated GSH and the heavy isotopologue thereof, in a mass spectrometer to measure the abundance of the
maleimide-alkylated GSH and the heavy isotopologue thereof.

12. A kit for stabilising a biological sample comprising GSH and GSSG for mass spectrometric analysis, the kit comprising

- a first container containing a maleimide,
- a second container containing a heavy isotopologue of the maleimide,
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- preferably a heavy isotopologue of a maleimide-alkylated GSH of formula I

wherein R1 is selected from the group consisting of methyl, ethyl, propyl, butyl, pentyl and PEGs, for use as an
internal standard, preferably present in the first container or in a third container; and
- preferably a fourth container containing a reducing agent, selected from the group consisting of phosphine-
based reducing agents such as TCEP or tributylphosphine, and thiol-based reducing agents such as DTT, DTE
or β-mercaptoethanol.

13. The kit of claim 12, wherein said first container is a blood collection tube; preferably wherein the kit comprises a
plurality of said first container, in particular at least two, preferably at least five, even more preferably at least ten.

14. A blood collection tube, containing a maleimide.

15. The blood collection tube of claim 14, wherein the maleimide is present in its solid form.
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