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ARTICLE INFO ABSTRACT

Keywords: Some compounds without apparent chelation sites have been shown to chelate cupric ions using the hematoxylin
Glutathione assay. Since these compounds also have reduction potential (direct antioxidant effect), the aim of this study was
Hematoxylin to determine the possible interference of reducing agents with the hematoxylin assay. Four different known
Copper reducing agents (hydroxylamine, vitamin C, trolox — a water-soluble form of vitamin E and reduced glutathione
Cor,npl_e x /GSH/) were selected for the study together with oxidized glutathione (GSSG) for comparison.

Stoichiometry

All tested compounds behaved as cupric chelators in the spectrophotometric mildly competitive hematoxylin
assay. In-depth analysis however showed that only GSH and GSSG were able to form complexes with both cupric
and cuprous ions and only GSSG partly retained copper in its complexes in the more competitive bathocuproine
assay. Further experiments showed that with the exception of GSSG, all other compounds reduce Cu®* ions.

Conclusion: Compounds reducing copper such as antioxidants can give false positive results in the hema-
toxylin-screening assay. GSSG is a stronger Cu chelator than GSH and does not reduce Cu, in contrast to the latter
and thus may be a protective element after oxidation of GSH.

1. Introduction

In 2013, our group introduced a method for screening of copper
chelation based on two consecutive tests — the hematoxylin and the
bathocuprione assays [1]. The first is mildly competitive since the in-
dicator reacts with cupric ions in a ratio of 1:1. The second is highly
competitive. It uses sodium bathocuproinedisulphonate (BCS), which is
a selective indicator for cuprous ions, and is given in a 20 X times ex-
cess over cuprous ions. Over the 5 years of our use of the former assay,
we have noticed that some antioxidant compounds with no clear che-
lation site were partially active in the hematoxylin assay (unpublished
results). Since these compounds were direct antioxidants, they may
possess metal reducing activity [2]. To confirm the hypothesis that the
hematoxylin assay can give false positive results with antioxidants, we
selected 3 known reducing but not chelating agents with physiological
and/or experimental importance: hydroxylamine, vitamin C and a
water-soluble form of vitamin E - trolox. Reduced (GSH) and oxidized
(GSSG) glutathione were also included. Both GSH and GSSG chelate
copper [3], but GSH is also a strong reducer in contrast to GSSG [4].

Hydroxylamine is a very simple inorganic compound commonly
used as a reducing agent in several organic and inorganic reactions. It
can also act as an antioxidant for fatty acids [5]. Trolox /( = )-6-hy-
droxy-2,5,7,8-tetramethylchromane-2-carboxylic acid/, a synthetic
compound from the family of tocopherols, can prevent DNA fragmen-
tation in cells, caused by H,O, [6]. Vitamin C (r-ascorbic acid) is a
water-soluble micronutrient required for multiple biological functions
[71; it plays a crucial role in neutralising endogenous and exogenous
reactive oxygen species [8].

Glutathione (i-glutathione) is an important endogenous direct an-
tioxidant found in micromolar concentrations in cells (1-10 mM) and in
the blood (1-30 mM) [9]. Less is known about the fact that it also binds
both cuprous and cupric ions. As mentioned, glutathione exists in both
GSH and GSSG states. In the reduced state, the thiol group of cysteine is
able to donate a reducing equivalent (H* + e—) to other molecules,
such as reactive oxygen species to neutralize them, or to maintain cy-
steine in proteins in the reduced forms. By donating an electron, glu-
tathione itself becomes reactive and readily reacts with another glu-
tathione radical to form glutathione disulphide (GSSG). GSH has
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Fig. 1. Chemical structure of the tested compounds. A: hydroxylamine hydrochloride (HA), B: r-ascorbic acid (vitamin C), C: trolox, D: reduced r-glutathione (GSH)
and E: oxidized 1-glutathione (GSSG).

multiple functions. In particular, it is a major endogenous antioxidant
that participates directly in neutralizing reactive oxygen species as well
as maintaining exogenous antioxidants such as vitamins C and E in their
reduced (active) forms. Interestingly, high GSH levels are found in

cancer cells and appear to be an adaptive mechanism for elevated in-
tracellular oxidative stress. Reducing the level by synthesis inhibition or
prooxidation using redox active metal chelators sensitises the cancer
cells leading to their death [10-13]. GSH is also involved in the
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regulation of nitric oxide and has a decisive role in intracellular Cu
kinetics [14,15]. In contrast, GSSG is considered to be a temporary
intermediate with no direct biological function. It is generated via
oxidation of GSH and reduced by glutathione reductase back to GSH
[16].

GSH is known to be the crucial cellular antioxidant following oxi-
dative stress insult but the involvement of metal chelation and the di-
rect involvement of GSSG in the process are yet to be elucidated.

For these reasons, this short report aims at checking the possible
pitfalls of the hematoxylin method by selection of a relevant mix of
reducing agents together with the crucial physiological player in redox
homeostasis, GSH and its oxidized product GSSG (Fig. 1).

2. Materials and methods
2.1. Reagents

L-ascorbic acid, cupric sulphate pentahydrate (CuSO45 H-50), cu-
prous chloride (CuCl), BCS, DMSO, hydroxylamine hydrochloride (HA),
GSH, GSSG and trolox were purchased from Sigma-Aldrich (Germany).
Methanol was purchased from J.T. Baker (Avantor Performance
Materials, Inc., USA). Ultrapure water (Milli-Q RG, Merck Millipore,
Massachusetts, USA) was used throughout this study. A stock solution
of cuprous ions (5 mM) was prepared by the dissolution of CuCl in an
aqueous solution of 1M NaCl in 0.1 M HCl. Working solutions were
prepared using ultrapure water. Cupric ions 5 mM (CuSO45 H,0) were
dissolved directly in distilled water. Acetate buff ;ers (15 mM sodium
acetate salt, and 27.3 and 2.7 mM acetic acid, respectively) were used
for the two lower pH values (pH 4.5, 5.5) whereas HEPES buff ;ers
(15mM HEPES sodium salt, and 71.7 and 14.3 mM HEPES, respec-
tively) for pH 6.8 and 7.5.

2.2. Methods

2.2.1. Copper competitive chelation assays

Hematoxylin, BCS chelation method and BCS reduction method
were performed in 96-well microplates at room temperature using
Synergy HT Multi-Detection Microplate reader (BioTec Instruments,
Inc., USA) as described in [1]. In all competitive assays, the final con-
centration of cupric or cuprous ions was 50 pM. Hydroxylamine was
added in cases when it was necessary to maintain cuprous ions in the
reduced state or to reduce cupric to cuprous ions. The concentrations
varied according to pH in line with the published methodology [1].

2.2.2. Hematoxylin method

Various concentrations of tested substances were mixed with cupric
ions (50 pL, different concentrations) in a buffer (150 uL, pH 5.5, 6.8,
7.5) for 2 min. The mixture was stirred for the next 3 min after addition
of the indicator hematoxylin (50 L, final concentration 50 pM). The
absorbance was measured immediately and after 4 min. The wave-
lengths were set according to pH: 595 nm (pH 5.5), 590 nm (pH 6.8),
and 610 nm (pH 7.5).

2.2.3. BCS method

Various concentrations of tested substances were mixed with cupric
or cuprous ions (50 pL, different concentrations) in a buffer (100 pL,
4.5, 5.5, 6.8, 7.5) for 2 min. Hydroxylamine (50 puL) was added before
the copper solution in the case of cuprous ions to retain copper in the
reduced state. The final concentration varied according to pH: 1 mM at
pH 6.8 and 7.5 but 10 mM at pH 4.5 and 5.5 according to our metho-
dological paper [1]. For determination of cupric ions, hydroxylamine
(the same volume and concentration as above) was added after mixing
for reduction of non-chelated cupric ions. Finally, the BCS indicator
(50 pL, in a final concentration of 1 mM) was added and the absorbance
was measured immediately and after 5 min.

The BCS method was also used for determination of cupric ion
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reducing potential. Cupric ions were mixed with various concentrations
of tested substances in a buffer without hydroxylamine for 2 min (the
volumes and concentrations as above). The reduced copper ions were
evidenced by BCS (50uL, in a final concentration of 1mM).
Hydroxylamine (the concentrations varied according to pH and were
the same as for competitive chelation assays) was used as a positive
control (100% copper reduction).

2.2.4. Non-competitive copper assays

Determination of the stoichiometry was performed according to a
previously established protocol [17]. First, we checked whether the
metal formed complexes with the substances. The absorption spectra of
the compounds and their mixtures with Cu ions ranging from 220 to
800 nm were scanned in order to check if the complex was formed
under all selected pathophysiologically relevant pH conditions (4.5,
5.5, 6.8 and 7.5). In initial measurements, the blank was composed of
850 pL of buffer, 500 pL of the solvent (methanol for trolox and water
for all other compounds) and 150 uL of water. Since both copper ions
absorb in the 220-300 nm range, additional experiments were per-
formed with a blank which also contained a copper water solution
(150 pL) in a final concentration of 500 uM instead of 150 pL of water. If
a shift or a new absorption maximum(a) was found, stoichiometry was
determined by two methods: Job’s method [18] and a complementary
approach [17].

2.2.4.1. Job’s method. In Job’s method, the concentrations of both
components (metal and glutathione) change while the total
concentration is kept constant (100 uM). An aqueous solution of
metal ion (ranging from 14 to 80uM) was mixed with a water
solution of GSH or GSSG (ranging from 20 to 86 uM) at diff ;erent
molar concentration ratios ranging from 1:4 to 6:1 (substance: copper)
at all tested pH values, and absorption spectra were immediately
measured. The blank was composed of a buff ;er (1000uL) and
ultrapure water (500 pL).

2.2.4.2. Complementary method. For the complementary approach, the
molar concentration of GSH/GSSG was continuously changed, while
the final concentration of copper (10 uM) was maintained constant in
all samples with diff ;erent molar concentration ratios of substance and
copper ranging from 1:3 to 6:1. The composition of the blank was
analogous to Job’s method (1000 L of buff ;er and 500 pL of ultrapure
water).

2.3. Statistical analysis

Data are shown as means = SD. The dose-dependent metal chela-
tion curves corresponding to the equation y = 100 / (1 + 1038 B¢ - %
slorey ‘where y is the percentage of metal chelation and x is the decadic
logarithm of concentration ratio tested substance/Cu™ ", and reduction
lines with a 95% confidence (prediction) interval were constructed in
GraphPad Prism 6 for Windows (GraphPad Software, USA). The re-
duction lines were created from the linear regression of the experi-
mental data (non-significant reduction points vs. DMSO as the solvent
/negative blank/ and complete reduction points vs. hydroxylamine
/positive control/ were excluded from the analysis). All experiments
were performed with at least two fresh solutions and each point was
measured at least twice. When the coefficient of non-linear or linear
regression was below 0.95, a third fresh solution was prepared and
additional experiments were performed.

3. Results

Initially, all compounds were tested in DMSO as the solvent. All
compounds “chelated copper” according to the hematoxylin assay
under all tested pH conditions (Fig. 2). Very similar results were ob-
tained when the selected compounds were dissolved in water (Fig. S1).
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Fig. 2. Cupric chelation according to the hematoxylin assay. Tested compounds were dissolved in DMSO. A: hydroxylamine, B: L-ascorbic acid, C: trolox, D: reduced

L-glutathione and E: oxidized 1-glutathione.

There were no significant differences in “hematoxylin Cu®*-chelation
results” between identical compounds dissolved in DMSO and water,
with the exception of HA at pH 5.5 (Fig. S2). Comparing the potency of
all compounds, the most active were always GSH and GSSG without any
significant difference between them. HA dissolved in water reached
their activity at pH 5.5 but was less active at higher pH. Vitamin C had
the same effect as HA and was more active than trolox at pH 6.8 and
7.5. At pH 5.5, it had a similar effect as trolox but was less effective than
HA (Fig. S3).

In the next step, Cu>* and Cu* chelation was tested by the more
competitive BCS method. Only GSSG was able to chelate copper under
these conditions but in relatively high ratios and the complexes were
unstable (Fig. 3). All other compounds failed to chelate Cu in all ratios
(Fig. S4). Since GSH is a known Cu chelator, we also tested this
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compound with lower concentrations of the indicator BCS to decrease
the competitive environment. The results were similar (not shown).
This confirmed that GSH is unable to retain Cu ions, even under mildly
competitive conditions.

Since no chelation was observed under competitive conditions with
the exception of GSSG, further analysis was targeted to testing whether
the tested compounds could or could not form copper complexes under
non-competitive conditions. In the case of HA and trolox, no mod-
ifications of the spectra of the tested compounds were observed after
addition of copper ions in either valence state. Hence, it appears they do
not form complexes with either copper ion at any of the tested pH le-
vels. In the case of vitamin C, the absorption band disappeared after
addition of copper ions (Fig. S5). On the other hand, both GSH and
GSSG formed complexes with both Cu* and Cu®* ions as can be seen in
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Fig. 3. Copper chelation by oxidized glutathione measured by BCS method. A, B: cuprous ions; C, D: cupric ions. The data are from experiments where oxidized t-

glutathione was dissolved in water.

Table 1

Summarized stoichiometry of cupric complexes of reduced and oxidized r-glu-
tathione under all tested pH conditions. Arrows refer to change in stoichiometry
at higher ratios of glutathione to copper.

compound The Job’s method complementary method

1-glutathione oxidized Cu®*

PH 4.5 1:1

pH 5.5

pH 6.8

pH7.5

1-glutathione oxidized Cu™

pH 4.5 2:1 2:1

pH 5.5 1:1 1:1—2:1
pH 6.8 1:1 1:1

pH 7.5 1:1 1:1
1-glutathione reduced Cu®*

PH 4.5 1:1 1:1—-31
pH 5.5 1:1 1:1—-3:1
pH 6.8 1:1 1:1
pH7.5 1:1 1:1
L-glutathione reduced Cu*

pH 4.5 2:3 2:1

pH 5.5 2:3 2:3—2:1
PH 6.8 2:3 2:3
pPH7.5 2:3 2:3

Fig. S6. Additional experiments analysed the stoichiometry of the
formed complexes by the two methods (see Fig. S7 for illustrative case).
This is summarised in Table 1.
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To confirm our hypothesis, cupric ion reduction was tested in the
last step. With the exception of GSSG, all compounds dissolved in water
reduced Cu®* ions. In all pH conditions, vitamin C was clearly the least
potent reducer while trolox was the most active. GSH and HA were not
less effective than trolox at pH 4.5 and 5.5 from the statistical point of
view, but were significantly less potent under higher pH conditions.
With the exception of pH 6.8, GSH and HA were equally potent (Fig. 4).
GSSG did not reduce cupric ions at all and even attenuated the spon-
taneous reduction of cupric ions at pH 7.5 and 6.8 (Fig. 5). Again with
the exception of HA, there were no or minor differences between the
results with compounds dissolved in DMSO and water (Fig. S8)

4. Discussion

There is logically a paucity of data on metal chelation by HA, trolox
and vitamin C. In particular, the chemical structures of HA and trolox
do not include any chelation sites. Isolated carboxy and hydroxy groups
are not sufficient functionalities for metal chelation [19,20]. Vitamin C
has a potential chelation site (ortho-dihydroxygroup) but the addition
of copper ions resulted in the disappearance of its UV absorption band
(Fig. S5B) suggesting too the disappearance of a conjugated system
likely due to oxidation of the hydroxyls mentioned. We conclude that
none of these compounds, chelate copper ions and served in our study
as model compounds. Notwithstanding the inability of these com-
pounds to chelate metals, all these compounds showed strong (HA,
vitamin C) or weak (trolox) “chelation” effect using the hematoxylin
method (Fig. 2). Hence, such results are clearly false positives and this
method should be always used in combination with the BCS method to
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obtain a real assessment of copper chelation when testing compounds
with reducing properties (antioxidants). The selection of the solvent
(DMSO or water) generally played no important role (Figs. S2 and S8).

For a more complete overview, we included endogenous and hence
pathophysiologically relevant GSH and GSSG as well. The first is a
strong antioxidant compound with chelation properties while the
second had no direct antioxidant (reducing) properties as can be de-
monstrated at least with cupric ions (Fig. 5). From the literature, it is
apparent that interaction of GSH with the physiological trace metals,
iron and copper, is the subject of lively discussion and interest.

However, the definite composition including the stoichiometry of
these complexes remains unclear, as there are a number of factors im-
plicated, including pH, environment and ratio of GSH to metal [3,21].
Moreover, at least in the case of iron, mixed complexes with oxidized
and reduced metals have been documented, likely due to partial re-
duction of ferric ions [22]. Indeed, in this study, the stoichiometry was
largely dependent on the valence of copper, pH and excess glutathione
(Table 1). The changing stoichiometry of GSH-metal complexes has also
been indirectly suggested, since GSH progressively promotes DNA da-
mage in GSH:Cu®* ratios up to 1:1 while the effect is reversed from a
ratio of 3:1 [21,23]. This is relevant to tumour cells which often
overexpress GSH to protect themselves from oxidative stress. When
GSH levels are reduced, tumour cells are more susceptible to anticancer
drugs [12,13].

There are also articles describing metal chelation by GSSG [3,22].
These data are quite surprising since GSSG was considered simply the
oxidized form of GSH with no direct positive biological effect. There is
also discussion about which atoms chelate the metals. Hamed and
Silver concluded that sulphurs of GSSG were not involved in iron che-
lation and suggested that the metal binding was mediated by carboxyl
and amide groups [22]. Similarly, sulphur does not seem to be involved
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in copper chelation [3]. The present study was not targeted to ascertain
the functional groups involved. At least, the reduction of GSSG to GSH
with subsequent chelation of copper ions by GSH can be excluded based
on our data (e.g. if GSH for example chelated one Cu®** atom, GSSH
would chelate two copper atoms but this was not observed, Table 1).
Similarly, the iron complexes for GSH and GSSG are different [22]. In
the present study, we clearly showed that GSSG chelates both cupric
and cuprous ions but has no potential to reduce cupric ions. This is also
apparent from reduction experiments where GSSG decreased the degree
of cupric reduction apparently due to its chelation potential (Fig. 5). In
contrast, GSH forms unstable complexes with cuprous and cupric ions
which is likely the base for its physiological role in the intracellular
copper shuttle. In brief, GSH is a strong reducing agent with in-
tracellular concentration in units of mM and hence it seems to form
intracellular complexes predominantly with Cu*. Such complexes are
instable and hence can transfer the copper for further intracellular
utilisation [14]. The dominant reducing effect was clearly shown in this
study too, where its cupric reducing effect (Fig. 4) prevailed over the
chelation effect. For this reason, only the GSSG chelation effect ob-
served in this study in the hematoxylin method was a true outcome. If
there is no copper reduction, e.g. the tested compound is not a direct
antioxidant, the combination of positive hematoxylin assay with ne-
gative BCS reduction assay might be sufficient to confirm the cupric
chelation but a BCS chelation assay is recommended.

The secondary outcome showing that GSSG is a copper chelator,
which does not enable copper reduction in contrast to GSH, may have
important biological impact in trace element pathophysiology. Hence,
oxidation of GSH to GSSG seems to be another important step in cell
protection since GSSG can chelate free metals. Its importance can be
documented by the fact, that although GSH is a potent Cu®** reductant,
it’s behaviour toward oxidative damage is complicated. Although not
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observed in all studies [24], it seems that low ratios (GSH to Cu ions)
enable metal based oxidative damage, while in greater excess of GSH
over Cu ions, protective antioxidant effects are observed [21,23,25].
This appears to correspond to our data suggesting that copper chelation
is not involved and copper reduction may be responsible for the phe-
nomenon in low ratios. In higher ratios, direct ROS, in particular OH-
scavenging can mediate the antioxidant effects. Interestingly, based on
our data, GSSG, which is formed by oxidation of GSH, can chelate both
Cu™ and Cu®" ions and might therefore contribute the final antioxidant
effect.

This “by-product” of the study will need a further study, in parti-
cular analysis of the behaviour of GSH/GSSH toward the Fe/Cu-based
Fenton reaction. It would also be of interest in the future to test N-
acetylcysteine, which is used pharmacologically in the place of GSH due
to the low bioavailability of the latter.
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