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 Abstract 
Cells with high proliferation rate have high glutathione levels. This typical feature of cancer cells is viewed usually as a defence 
mechanism against ionizing radiation or chemotherapy. Efforts have been made in order to decrease cellular glutathione levels 
in tumours as a necessary pre-treatment for cancer therapy. However, very few reports have considered cellular glutathione as a 
physiological tool for cells to proliferate and that most of this high glutathione levels were located in the nucleus. The role of nuclear 
glutathione in cell physiology has become more important in the last years. This review summarizes new fi ndings that point to the 
nuclear reduced status as an environment that induces heterochromatin formation. Glutathionylation and oxidation of nuclear 
proteins appear as a reversible physiological mechanism able to regulate DNA compaction, cell cycle and DNA repair.   

  Keywords:   Chromatin  ,   histones  ,   genetic instability  ,   cell cycle  ,   glutathione  
 Introduction 

 The tripeptide gamma-glutamyl-cysteinyl-glycine 
(glutathione) has been considered essential for sur-
vival in eukaryotic, but not in prokaryotic cells [1 – 4]. 
The reasons for this difference between nuclear and 
anucleated cells are unknown. 

 Traditionally the role of glutathione (GSH) in the 
cell nucleus has been related mainly to the protection 
of DNA against oxidative stress [5], the protection of 
DNA binding proteins [6] or against ionizing radia-
tion [7]. The role of glutathione defending the genome 
due to its antioxidant capabilities was an obvious and 
expected function. However, glutathione has also been 
reported to play a seminal role in the synthesis of DNA 
[8] and in the reduction of Cys residues on zinc-fi nger 
DNA binding motifs [9]. However, all these reports 
describe the action of cellular, but not nuclear, gluta-
thione concentration in cells and its relation to DNA 
or DNA binding proteins. These functions and related 
reports do not explain why GSH is so important in nucle-
ated cells but not in prokaryotic cells. It is possible 
that the antioxidant (protective) functions of GSH on 
ISSN 1071-5762 print/ISSN 1029-2470 online © 2010 Informa UK Ltd. (Inf
DOI: 10.3109/10715762.2010.485989
DNA could be one but not the only important func-
tion of nuclear GSH. 

 Although not many, several reports point to GSH as a 
key factor in nuclear homeostasis. Dijkwel and Wenink 
[10] reported almost 15 years ago that GSH was neces-
sary for the organization of the nuclear matrix. It was also 
reported long ago that GSH was important for chromo-
some consolidation [11]. In the 1990s, Atzori et al. [12] 
showed that variations in the amount and redox state of 
cellular thiols, particularly reduced glutathione, regu-
lates growth and squamous differentiation of human 
bronchial epithelial cells. Sometime later it was shown 
that depletion of nuclear GSH to 50 – 60% of initial val-
ues prior to irradiation (400 cGy) resulted in nuclear 
DNA fragmentation and apoptosis [13]. Thalidomide is 
a drug that was used in the 1950s and 1960s as a pain-
killer and antiemetic for pregnant women. Most unfor-
tunately it had devastating effects on the newborns. 

 Reports by Hansen et al. [14] underscore the role 
of nuclear glutathione in the deleterious effects of 
thalidomide. Rat thalidomide-resistant and a rabbit 
thalidomide-sensitive species were used to compare 
orma Healthcare, Taylor & Francis AS)
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potential differences among limb bud cells. Confocal 
microscopy studies revealed that glutathione distribu-
tion was different in these cell types. Thalidomide 
induced cytosolic GSH depletion in both cell lines; 
however, nuclear GSH levels remained high in the rat 
thalidomide resistant cells but not in the rabbit thali-
domide sensitive cells. The authors suggested that a 
redox shift in the nucleus may result in the misregula-
tion of interactions between transcription factors and 
DNA, causing defective growth and development [14]. 
Thalidomide is still used nowadays as an effective drug 
for the treatment of leprosy among other diseases. 

 We also reported that GSH plays an important role 
on telomerase activity. This enzyme, necessary for the 
elongation of telomeres, is over-expressed in cancer. 
High telomerase activity is a marker of malignancy and 
bad prognosis. We found that telomerase activity cor-
relates with cellular GSH, being maximal during cell pro-
liferation. Experiments performed  in vitro  showed that 
the presence of a reduced environment increases telom-
erase activity to values as high as in cancer cells [15]. 

 Despite the reports mentioned above and the impor-
tance of the functions described and its basic role in 
cell function, the role of nuclear glutathione has remained 
elusive. This is due in part to the fact that it is impos-
sible to determine the nuclear concentration of GSH 
using standard cell fractionation and analytical app-
roaches (for a review, see [16]). Opposite to what hap-
pens with glutaredoxin or thioredoxin, where both the 
oxidized and the reduced form of these antioxidants 
can be determined in the cell nucleus. These methods 
have been reviewed by Hansen et al. [17]. Two forms 
of the redox blot have been developed to separate, on 
the basis of different charge or mass, oxidized nuclear 
proteins. Other techniques include antibodies that bind 
only to the oxidized form of the protein [18] and mass 
spectrometry [19]. Another recent approach that could 
be used in the near future to determine the nuclear redox 
state is the use of redox-sensitive green fl uorescent 
proteins (roGFP). Dick and his group have been able 
to determine the glutathione redox status both in the 
cytosol and in mitochondria [20], but as far as we know 
this method has not been used in the cell nucleus. 

 However, to determine the oxidized form of gluta-
thione in the nucleus is at the moment not possible. 
Even determination of total glutathione or its reduced 
form in the cell nucleus offers conflicting results. 
Mercury orange, monochlorobimane (BmCl) and 
5-chloromethylfl uorescein diacetate (CMFDA) were 
the most commonly-used probes for GSH determina-
tion, but the results obtained by these methods have 
been confl icting. Bellomo et al. [21] using monochlo-
robimane-GSH conjugation showed a 3:1 nucleus:
cytoplasm ratio. However, more recent reports by 
 Briviba et al. [22] showed that the high nuclear fl uores-
cence was due to an infl ux of the fl uorescent bimane-
GSH adduct into the nucleus. Thomas et al. [23] used 
fractionation techniques and fl ow cytometry with 
mercury orange, as this probe readily forms fl uores-
cent adducts with GSH and other non-protein sulphy-
dryls, reacting much more slowly with protein 
sulphydryls. Contrary to the previous reports, they 
found lower GSH levels in the nucleus than in the 
cytoplasm. The mean nucleus-cytoplasm ratio they 
found was 0.57  �  0.05. They suggested that there is a 
distinct pool of GSH in the nucleus since it was par-
tially resistant to BSO depletion compared with the 
cytoplasm. More recently, S ö derdahl et al. [16] 
showed the highest GSH staining in a perinuclear 
mitochondrial-rich compartment and low nuclear GSH 
staining using mercury orange and a specifi c GSH anti-
body. Finally, Voehringer et al. [24] using CMFDA 
(which binds in 95% to GSH) [25] showed that GSH 
was mainly distributed in the cytoplasm, although Bcl-2 
over-expression was able to increase nuclear GSH levels. 

 Aside of the methodological problems already men-
tioned, another source of common misleading results 
is the fact that most, if not all, the reports share the 
common view of nuclear GSH distribution in a static 
situation. Cells are usually studied under steady state 
conditions, i.e. when cells are confl uent (G 0 /G 1  phase 
of the cell cycle). There are very few reports showing 
how GSH is distributed within the cell during the dif-
ferent stages of the cell cycle. It is obvious, but prob-
ably not considered fully when investigating GSH 
distribution, that the nucleus as the whole itself passes 
through extremely dramatic changes during the cell cycle 
and its study must be followed during the different 
phases of its cycle. 

 In view of the confl icting results using cell fraction-
ation and analytical techniques we used confocal micros-
copy. Selecting 5-chloromethylfl uorescein diacetate 
(CMFDA) as fl uorescent probe since, as discussed pre-
viously, other probes have shown misleading results. 
CMFDA is a vital fl uorochrome that with a specifi city 
of 95% binds reduced glutathione, while 5% is bonded 
to SH groups of proteins [25]. It permits the visuali-
zation of reduced glutathione in living cells, and the 
distribution of the fl uorescence defi nes the GSH dis-
tribution in the cell compartments. The method that 
we have used to quantify the nuclear compartmenta-
tion of GSH along the cell cycle is a combination of 
confocal microscopy and image analysis and is described 
in detail in our publications [26,27]. 

 We described that glutathione is recruited into the 
nucleus in early phases of cell proliferation when most 
of the cells are in an active division phase and it redistri-
butes uniformly between the nucleus and cytoplasm 
when cells reach confl uence [26]. 

 Our fi ndings are in line with several other studies 
aimed to elucidate the fi ne redox regulatory mechanisms 
that lie behind the correct cell cycle progression. Con-
our et al. [28] suggested that the reduction of the 
intracellular environment as cells progress from qui-
escence to proliferation, as shown in our study, may 
protect genomic DNA from oxidative damage upon 
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breakdown of the nuclear envelope during mitosis 
[28]. Indeed, one of the assertions in support of this 
premise derives from the study of oxidative stress related 
to genotoxicity, recently published by Green [29]; 
oxidative DNA modifi cations displayed a negative lin-
ear correlation with nuclear GSH. This is of special 
importance considering the report of Menon et al. 
[30] on the necessity of the oxidative event in early 
G1 phase to allow G1-S transition. Even more, it has 
recently been postulated that the restriction of DNA 
synthesis to the reductive phase of the cycle in yeast 
may be an evolutionarily important mechanism for redu-
cing oxidative damage to DNA during replication 
[31], which implies the common mechanism of the 
DNA protection during S phase in all eukaryotes.   

 Modifi cations of nuclear proteins along 
the cell cycle 

 One possible way in which nuclear GSH could infl u-
ence cell proliferation is mediating the protein modi-
fi cations dependent on the redox environment, like 
oxi dation or glutathionylation. Glutathionylation is a 
protein modifi cation which consists in the covalent 
union of the tripeptide glutathione to one SH group 
of Cysteine residue. Experimental evidence started to 
accumulate recently, documenting that S-glutathiony-
lation occurs in a number of physiologically relevant 
situations, where it can produce discrete modulatory 
effects on protein function [21]. Besides the modula-
tory effects, glutathionylation may also provide protec-
tion for protein-SH against irreversible modifi cations 
and protein damage in response to higher levels of 
oxi dative stress [22]. Nonetheless, we have observed 
that S-glutathionylation is a post-translational modifi -
cation that occurs not only during oxidative stress, but 
also under basal conditions during the cell cycle. 

 Consequent with our fi nding that nuclear GSH is high 
during the early phases of cell cycle and low when cells 
are confl uent, nuclear oxidized protein levels are higher 
during cell cycle arrest than before the proliferation. On 
the contrary, the level of glutathionylated proteins was 
higher before the proliferation, remained high during cell 
proliferation and decreased when cell growth stopped 
(see Figure 1). 

 Various studies have demonstrated that the nucleus 
is more reduced than the cytosol (15 mM GSH vs 11 
mM, respectively) [21,32,33]. An important number 
of nuclear proteins, including transcription factors, 
require a reduced environment to bind to DNA. More 
than 62 proteins are involved directly in transcription, 
nucleotide metabolism, (de)phosphorylation or (de)
ubiquitinylation, which are all essential processes for 
cell cycle progression [28]. For instance, it appears 
that, at the onset of cell proliferation in the early G1 
phase, an increase of ROS in the cytoplasm is 
 necessary for the initiation of the phosphorylation 
cascade mediated by epidermal growth factor (EGF) 
that, subsequently, activates DNA replication and the 
cell division [34]. According to Jang and Surh [35] 
nuclear GSH may act as a transcriptional regulator of 
NF-  κ  B, AP-1 and p53 by altering their nuclear redox 
state. The transcription factor NF-  κ  B is an example 
of distinct redox-sensitive activation and DNA bind-
ing [17]; it is activated by various physiological stim-
uli known to produce ROS; on the contrary, to permit 
DNA binding, similar to Fos, Jun and, as suggested 
also to Nrf2 [36,37], cysteine residue within DNA 
binding domain must be reduced. Both processes are 
guaranteed by the adequate redox state of the cyto-
solic and nuclear environment, respectively. 

 In addition, the reduced nuclear environment could 
protect oxidant sensitive proteins from oxidation [28]. 
Indeed, our study showed lower levels of protein oxi-
dation in nuclear extracts at 6 and 48 h of culture, 
when the nuclear GSH was high, than at confl uence, 
when the nuclear GSH level was lower and equal to 
cytoplasmic. 

 Interestingly, the nuclear proteins underwent stron-
ger glutathionylation before and at the onset of cell 
proliferation than at quiescence. It is not surprising if 
we bear in mind that a high level of GSH in the nucleus 
could provide protection to the proteins against the oxi-
dative threat coming from the cytoplasm at the early 
phase of cell proliferation and that glutathionylation, as 
it is a reversible modifi cation, could be just the way. On 
the other hand, based on the simplicity of the redox 
transition from thiol to disulphide and on the fact that 
the reversibility was energetically favourable, Cotgrave 
and Gerdes [38] more than 10 years ago proposed glu-
tathionylation as a post-transcriptional modifi cation 
with the regulatory fi nality. They state that it offers a 
strong possibility for transducing  ‘ oxidative informa-
tion ’  from intracellular oxidants via the GSH redox buf-
fer to individual proteins containing  ‘ regulatory thiols ’ . 
Also, recently, this post-translational modifi cation was 
proposed as a likely molecular mechanism for redox 
dependent signalling mediated by GSH [39]. Thus, a 
high level of GSH in the nucleus, observed before and 
at the onset of cell proliferation, could provide the 
 ‘ GSH redox buffer ’  necessary for the progressing of 
oxidant stimulated mitogenesis.   

 The occurrence of the glutathione in the 
nucleus; active transport, de novo synthesis, 
diffusion or something else 

 How GSH enters the nucleus and how it is regulated 
during the different phases of the cell cycle is still a 
matter of debate. The regulation of such interactions is 
also unclear. According to Smith et al. [40], the pos-
sible biochemical mechanisms responsible for the turn-
over of nuclear GSH are the following: (1) GSH may 
be taken up from the cytoplasm into the nuclei either 
passively or through energy-dependent processes; (2) 
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  Figure 1.     Modifi cations of nuclear proteins along the cell cycle. Nuclear compartimentalization of GSH causes more glutathionylation and less 
oxidation of nuclear proteins. Nuclear:cytoplasm GSH relationship was measured using green 5-choromethyl-fl uorescein diacetate (CMFDA), 
by confocal microscopy and quantifi cation of the fl uorescence emission in the nuclear area. To measure the level of nuclear protein oxidation, 
western blotting was performed. Nuclear lysate cells were derivatized to 2,4-dinitrophenilhydrazone by its reaction with 2,4-dinitrophenilhidrazine. 
The derivatized samples were separated by electrophoresis in a acrilamide gel followed by western blotting and inmunodetection of carbonylated 
proteins, using the Oxy Blot protein Oxidation Detection Kit (Intergen Company, Burlington, MA). To determine glutathionylated proteins 
western blotting of nuclear extract were performed without addition of any reducing agents. Anti-glutathione antibody (Virogen, Grater Boston, 
MA) was used to detect glutathionylated modifi cations in the proteins. One possible way in which nuclear GSH could infl uence cell proliferation 
is mediating the protein modifi cations dependent on the redox environment, like oxidation or glutathionylation. Consequent with the 
fi nding that nuclear GSH is high during the early phases of cell cycle and low when cells are confl uent, nuclear oxidized protein levels are higher 
during cell cycle arrest than during the proliferation. On the contrary, the level of glutathionylated proteins was higher before the proliferation, 
maintained high during the exponential phase and decreased when cell growth stopped.  

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
GSH may be synthesized  de novo  in the nucleus by 
the enzymes glutamate cysteine ligase and GSH 
synthetase; and (3) GSH may function to transport 
  γ  -glu-cys-cys. 

 The role of ATP-dependent mechanisms in main-
taining the nuclear:cytoplasmic GSH concentration in 
hepatocytes was demonstrated by Bellomo et al. [21]. 
Despite its high specifi city for glutathione, monochlo-
robimane (BmCl) was found to be of no value in the 
study of cellular GSH distribution; once GSH-BmCl 
conjugate is formed it demonstrates an increased ten-
dency of nuclear compartmentalization [22]. Indeed, 
in our study using CMFDA, we have not found an 
ATP-dependent mechanism of nuclear GSH compart-
mentalization in 3T3 fi broblasts [26]. Ho and Guenth-
ner [41], using nuclear fractions, concluded that GSH 
is taken up by the nucleus by passive diffusion and no 
evidence for an ATP-dependent mechanism for GSH 
concentration was observed. 

 Glutamate cysteine ligase (GCL) and GSH syn-
thetase activities have been reported in nuclei and a 
portion of 4 – 8% of cell GSH synthetic activity is con-
sidered capable of maintaining nuclear GSH levels 
[41]. How ever, we could not fi nd GCL expression in 
nuclei of 3T3 fi broblasts [26]. In addition, as previ-
ously reported, BSO, a specifi c inhibitor of GCL, was 
unable to decrease nuclear glutathione levels. Thus, 
at least under our experi mental conditions, the pos-
sible  ‘  de novo  ’  synthesis of nuclear glutathione seems 
improbable in 3T3 fi broblasts. 

 The nuclear pore complex is the biochemical machi-
nery that controls the molecular traffi c across the nuclear 
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envelope [42,43]. Ions and small hydrophilic mole-
cules, like glutathione, are considered to move by free and 
fast diffusion across the nuclear pore [44]; neverthe-
less ion gradients and transnuclear ATP-dependent 
membrane potential have also been reported [43]. In 
a series of creative experiments published in the early 
1990s, Feldherr and Akin [45,46] showed that per-
meability of nuclear envelope and nuclear transport 
were higher in proliferating than in quiescent cells. 
One pore forming protein that has been brought into 
the connection to nuclear glutathione content is bcl-2. 
Voehringer et al. [24] showed that over-expression of 
Bcl-2 recruits GSH to the nucleus. The presence of 
this protein at the nuclear envelope was demonstrated 
[47] and the association with the nuclear pore com-
plexes was suggested. Moreover, Zimmermann et al. 
[48] demonstrated that GSH binds to Bcl-2 in mito-
chondria, providing a molecular basis for its antioxi-
dant function. Thus, bcl-2 located in the mitochondrial 
membrane introduces GSH in the mitochondrial space. 
We have found that the presence of bcl-2 in the nucleus 
is higher in proliferating than in quiescent 3T3 fi bro-
blasts, i.e. it coincides with the high level of glutathi-
one in the nucleus as well as with the intense nuclear 
transport regulated by the nuclear pores [26]. 

 Thus, we suggested that during the changes in the 
nuclear membrane that precede the cell division, nuclear 
Bcl-2 could facilitate the translocation of glutathione 
to the cell nucleus.   

 The depletion of nuclear GSH severely 
interferes with the cell cycle progression 

 In view of the striking differences between the nucleus 
and the cytosol when 3T3 fi broblasts were proliferat-
ing we decided to deplete GSH levels in order to see 
the effect of nuclear glutathione during cell prolifera-
tion. GSH concentration can be selectively decreased 
 in vivo  by various methods, e.g. by buthionine sulphox-
imine (BSO) which is a transition state inactivator of glu-
tamate cysteine ligase (GCL) that catalyses the fi rst 
limiting step of GSH synthesis. Alternatively, it can 
be inhibited by non-specifi c agents: diamide (a thiol-
oxidizing agent), N-ethylmaleimide (a thiol-alkylating 
compound) and butylhydroperoxide [49]. Diethyl-
maleate (DEM) also decreases intracellular GSH con-
centration through a reaction catalysed by the enzyme 
glutathione-S-transferase [50]. 

 However, to decrease nuclear GSH level is not so 
easy, especially if the cell must remain alive. A great deal 
of work has been done previously to decrease GSH 
levels in the whole cell and decrease cell proliferation. 
However, no information has been provided in order 
to correlate nuclear GSH levels and cell proliferation. 
Early studies showed GSH depletion effects on cell 
proliferation [51]. In the following years a number of 
reports focused on the consequences of the depletion 
of cellular glutathione levels on changes in cellular 
proliferation [52,53]. However, all those reports were 
performed measuring cellular or total glutathione lev-
els. As mentioned before a number of studies have indi-
cated the existence of a nuclear GSH pool that resists 
depletion after exposure of cells to BSO (for a review 
see [54]). However, Thomas et al. [23] showed that 
depletion of GSH with N-ethylmaleimide or DEM 
decreased mercury orange fl uorescence in the nucleus 
and cytoplasm to a similar extent. In contrast, mercury 
orange fl uorescence in the nucleus was much more 
resistant to BSO depletion than that in the cytoplasm. 
Spyrou and Holmgren [55] showed that inhibition of 
glutathione synthesis by 0.1 mM BSO was able to 
decrease GSH synthesis after treatment for 12 h, but 
GSH-depleted cells grew as well as control 3T6 cells 
with no decrease in DNA synthesis. Thus, incubation 
of cells with low concentration of BSO, although it 
decreases glutathione levels, does not change cell pro-
liferation. Esposito et al. [56] showed that DEM treat-
ment induces cell cycle arrest that is accompanied by 
several redox-dependent changes in cell-cycle related 
proteins. Precisely, the p53-independent accumula-
tion of p21 was detected. These authors demonstrated 
that DEM treatment strongly activates p21, showing 
a clear inhibition of cell proliferation. 

 Thus, after reviewing literature we decided to com-
pare the effects of BSO (10  μ M) and DEM (100  μ M) 
on cell proliferation. These agents decrease GSH lev-
els by two different means; BSO decreases GSH syn-
thesis and DEM, a weak electrophile, forms DEM-GSH 
adducts, although DEM may not be absolutely spe-
cifi c to GSH [57]. We found that DEM was able to 
decrease both nuclear and cytoplasmic GSH. However, 
BSO at the concentration used only decreased cyto-
plasmic GSH and, although total GSH levels were 
lower in the BSO-treated 3T3 fi broblasts, only DEM 
was able to impair cell growth. When cells were simul-
taneously treated with DEM and glutathione ethyl 
ester, cell growth was similar to the control group. We 
showed for the fi rst time that cellular proliferation spe-
cifi cally relates with nuclear, but not with total cellular 
GSH levels. The results underscored the importance 
of maintaining a reduced nuclear environment in order 
to maintain normal cell cycle progression. 

 Hansen et al. [17] suggested that a redox shift in 
the nucleus may result in the misregulation of interac-
tions between transcription factors and DNA, causing 
defective growth and development. We reported that 
GSH level increases in 3T3 fi broblasts before expo-
nential cell growth. Chen et al. [58] reported the spe-
cifi c role of nuclear GSH preventing apoptosis and its 
importance in oestrogen action. 

 Thus, as a preliminary conclusion nuclear glutathi-
one plays an important role in cells proliferation, how-
ever how GSH exerts its action is not clear. Interaction 
of GSH with chromatin structure can explain, at least 
in part, the reported actions.   
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 Role of glutathione in chromatin structure 

 Studies developed during the last two decades have 
shown the importance of GSH during the process of 
mammalian chromatin sperm decondensation [59 – 61]. 

 The chromatin and nuclear architecture differences 
between embryonic stem (ES) cells and differentiated 
or somatic cells have been explained [62 – 64]. In this 
way, in undifferentiated mouse ES cells, which have 
high levels of GSH, the chromatin structure itself is 
more homogeneous and has less frequent condensed 
chromatin foci [65]. However, when differentiation of 
ES cells is induced by retinoic acid, a strong conden-
sation of heterochromatin can be observed by elec-
tron microscopy [66]. 

 As a general rule, poorly differentiated cells have 
high levels of GSH, while well differentiated cells have 
a lower concentration of GSH [67,68]. 

 The alteration of nuclear redox conditions modu-
lates chromatin conformation and stability. The use 
of oxidants such as hydrogen peroxide produce the 
degradation of higher ordered chromatin structures 
[69]. Oxidation of chromatin affects interaction 
between nucleosomes and the addition of reducing 
agents increases the susceptibility of chromatin to 
digestion by nucleases. This suggests that changes in 
the levels of reducing agents in the nucleus modify 
the packing of the chromatin [70]. The overall redox 
mechanisms that may regulate all these events remain 
unknown, although it has been speculated that ROS 
generation induced by a shift in the redox status of 
cells could affect gene expression by altering chro-
matin conformation [71]. Furthermore, in this review 
we summarize some redox-related post-translational 
modifi cations that may be implied in chromatin 
structure changes. 

 Elegant studies developed by Torres et al. [72] show 
some chromatin remodelling events occur after GSH 
depletion. First, the repressor complex Id2/Sin3A is 
released from c-myc promoter. After that, the transcri-
ption factor STAT3 associates with its coactivator CBP/
p300, which contains intrinsic histone acetyltransferase 
activity. Then, STAT3 and histone H3 are acetylated, 
producing the aperture of chromatin needed for tran-
scription of c-myc. 

 Torres et al. [72] show how they can modulate the 
expression of c-myc by altering GSH levels in BSO-
treated mice and they propose a physiological role for 
GSH depletion in human chromatin remodelling 
events. 

 Glutathione is closely connected with epigenetic 
mechanisms. Indeed, synthesis of S-Adenosylmethio-
nine (SAM) by SAM synthetases is a redox regulated 
process that depends on the GSH/GSSG ratio. When 
cells are depleted of glutathione by chemical means, 
methyl donors become defi cient, leading to genome-
wide DNA hypomethylation [73,74]. This could occur 
because the pro-oxidant cellular state requires resto-
ration of GSH levels and this is at the expense of deplet-
ing SAM via the transulphuration pathway [75]. 

 These previous observations led us to suggest that 
chromatin structure and glutathione levels seem to be 
strongly related.   

 Connecting histones and redox-related 
post-translational modifi cations 

 Alterations in chromatin structure affect the accessi-
bility of the DNA by proteins and can generate specifi c 
domains of chromatin with a particular function. Recently 
it has been published that peroxynitrite can mediated 
oxidation and nitration of histone H3 [76]. These  in vitro  
studies show that histone H3 is highly sensitive to per-
oxynitrite oxidation, producing carbonylation and nitra-
tion of this histone. These modifi cations induce changes 
in H3 tertiary structure and in turn alter the package 
of the DNA around the nucleo some [76]. 

 Although carbonyl modification of total proteins 
increases during ageing and several age-related dis-
eases as a result of high oxidative stress, Sharma et al. 
[77] observe the apparent paradoxical fi nding of reduced 
carbonylation of histones in the liver of old animals. 
Surprisingly, higher levels of this modifi cation in his-
tones obtained from young and dietary restricted ani-
mals are detected [77]. 

 What could be the physiological function of carbo-
nylation of histones? It is known that histone protein 
protects DNA from insults [78]. Nuclear polyamines 
like spermine or spermidine are effective antioxidants 
protecting DNA from attack by reactive oxygen spe-
cies [79,80] and a spermine-carbonyl adduct has been 
identifi ed as a result of this protection mechanism [81]. 
In a similar manner, histone carbonylation can be 
regarded as a  ‘ sacrifi ce ’  in order to protect the integ-
rity of the DNA. 

 However, other theories are plausible. Since carbo-
nylation of histones can mask positive charges at Lys 
and Arg residues, it may act as acetylation of histones, 
affecting DNA and core histones interaction and 
relaxing chromatin compaction. This theory would be 
defendable, due to younger chromatin being known 
to be more relaxed than older one [82]. 

 There is the possibility that proteins are oxidized to 
generate carbonyl groups, directly or indirectly, as a con-
sequence of glycation reaction of poly-(ADP)-ribose, as 
discussed by Wondrak et al. [83]. These authors studied 
the carbonylation of histones in PC12 cells following 
alkylating stress and showed a mechanism for histone 
modifi cation by ADP-ribose, indicating that carbonyla-
tion involves formation of a stable acyclic ketoamine, 
after a reaction of glycation of ADP-ribose. 

 This modifi cation of histones has been related with 
the NAD  �  /NADH levels into the cell. The constitutive 
levels of poly-(ADP)ribose are usually low in unstim-
ulated cells. However, in response to mitogenic  stimuli 
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or genotoxic stress, the PARP activity and the levels of 
poly-(ADP)ribose increases, while cellular NAD  �   lev-
els are correspondingly decreased due to the require-
ment of NAD  �   as precursor for the poly-(ADP)ribose 
synthesis [84]. 

 Poly ADP-ribosylation occurs during DNA replica-
tion [85,86] and during DNA damage and oxidative 
stress [87 – 89]. After DNA damage, poly-(ADP)ribose 
synthesized by PARP-1 and to a lesser extent by PARP-2 
could dissociate histones/nucleosomes from DNA, thus 
granting the DNA repair machinery accessibility to 
damaged DNA [90]. In this way, poly-ADP-ribosyla-
tion of histones appears to have an interesting mis-
sion. Theoretically, poly-(ADP) ribosylation produces 
the increases of the negative charge in the histones and 
probably produces unsettling effects on nucleosome 
structure. Like histone acetyltransferases (HATs) and 
ATP-dependent chromatin remodellers, PARP-1 can 
affect multiple genomic DNA-dependent processes 
including transcription, replication, repair and recom-
bination [91] and it can participate directly in the 
assembly of transcription complexes at enhancers and 
promoters [92]. 

 Poly-(ADP) ribosylation has been described to occur 
through NH in Lys, Arg and through SH group in Cys 
[93], offering the Cys residue as a target for post-
translational modifi cation (PTM). 

 These previous reports prompted us to hypothesize 
other possible redox-related modifi cations of histone 
H3 through Cys residues. 

 Histone H3 is the only nucleosomal protein with 
a cysteine residue in their sequence. In mammalian, 
four variants of H3 have been described (H3.1, H3.2, 
H3.3 and H3.1t). These four variants have cysteine 
residue in position 110. In addition, H3.1 and H3.1t 
have a second cysteine in position 96. This sulphy-
dryl-containing residue may play a specialized role in 
the function of proteins that contain it and the redox 
behaviour (disulphide bond, sulphenic acid formation, 
etc … ) can be modulated by the environment [94]. For 
this reason, redox mechanisms appear to play important 
roles in the nucleus [75]. Hake and Allis [95] suggest 
that it is necessary to determine the extension of H3 
oxidation/reduction  in vivo  to understand the role of the 
Cys110 and Cys96, during the process of  chromatin 
compaction. In that case, cysteines in H3 variants might 
be important for nucleosome and chromatin higher-
order structures, but this challenging point remains to 
be determined. At the moment, H3.3 histone variant 
has been associated with transcriptionally active gene 
loci and is enriched in covalent modifi cations associ-
ated with gene activation [96,97]. 

 Cysteine appears as an important component in the 
regulation of protein ’ s function [98,99]. Although 
Cysteines, in the histone core, are apparently buried, 
Cys110 has been shown to be accessible [100]. On the 
other hand, Bode and Standt [101] showed that it is 
possible to induce conformational heterogeneity 
changes, causing a partial exposure of both Cys side 
chains. Furthermore, core particles prepared in oxidiz-
ing conditions have the H3-C110 side chains linked 
through a disulphide bond, and these particles have 
somewhat different properties from those kept in fully 
reducing conditions [102], suggesting that redox bal-
ance could modulate the accessibility of Cys in order 
to induce disulphide bonds formation. 

 Hypothesis about the implication of Cys present in 
histone H3 variants in chromatin conformation events 
are a matter of debate. For example, H3 variants H3.1 
and H3.3 are incorporated into the chromatin by 
separate chaperones (CAF-1 and HIRA, respectively) 
[103]. In the particular case of chaperone CAF-1, it 
may specifi cally recognize the region containing Cys96 
in H3.1 because CAF-1 can incorporate H3.1 in the 
correct loci, but not H3.2. Histone variant H3.1 has 
the same sequence of H3.2, with the exception of posi-
tion 96, occupied by a Cys in the former and a Ser 
in the last one, suggesting a direct implication of the 
Cys96 in the recognition process. Glutathionylation 
of H3 ’  Cys, during the entrance of GSH into the nucleus, 
could affect the recognition of H3 variants by specifi c 
chaperones acting as a selective step for histone H3 
deposition into the chromatin. 

 On the other hand, it has been proposed that H3.1 
variant might bind to other H3.1 from a different 
nucleo some, forming a disulphide bond between both 
Cys96, bringing two contiguous nucleosomes and 
producing heterochromatin by chromatin condensa-
tion [95]. 

 Nuclear proteins such as lamin B receptor (LBR), 
a protein located in the inner nuclear envelope, can 
interact with histone H3 variants through disulphide 
bond. It has been suggested that, in an oxidizing envi-
ronment, the Cys226 at the end of the transmembrane 
segment of LBR could potentially form a disulphide 
bond with a second LBR [104]. Makatsori et al. [105] 
found silencing PTM associated to histone H3 co-
purifi ed with LBR. Disulphide bond between Cys from 
H3.1 and one of the seven Cys present in the LBR could 
be formed, producing chromatin condensation in the 
inner nuclear membrane [105], adding more evidence 
for the importance of Cys in histones in the regulation 
of chromatin compaction and the possibility that 
modifi cation of these critical Cys by glutathionylation 
could have some consequences. 

 Another interesting protein is HP-1 (heterochro-
matin protein 1), also called Chromobox protein 
homologue 5, involved in the mechanism of chroma-
tin silencing. This protein has three Cys residues and 
the high level of Lys residues provides the ability of 
the SH groups to form an ionizable sulphydryl group. 
A study by Polioudaki et al. [106] suggests the forma-
tion of higher order complex structures including H3, 
LBR and HP-1 in order to produce compacted chro-
matin, but it is unresolved whether LBR located in 
the inner nuclear envelope contains only the H3.1 
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Figure 2. Redox related post-translational modifi cations in histones. Changes in the redox environment and cellular signals induce histone 
post-translational modifi cations that in turn, produce the alteration of nucleosome structure and for extension changes in chromatin 
compaction. Poly-(ADP)ribosylation, catalysed by PARP, has shown the ability to open the chromatin. In the same way, carbonylation of 
histones, a direct consequence of glycation reaction from ADP molecules or oxidative process from peroxynitrite, produces relaxation of 
chromatin due to can mask Lys and Arg positive charges. As these modifi cations, in vitro experiments have shown the ability of peroxynitrite 
to produce histone nitration. The consequence of this modifi cation is the alteration of nucleosome tertiary structure and relaxation of the 
DNA around the histone core particle. Finally, histone H3 glutathionylation can alter nucleosome compaction affecting histone H3-H3 
interaction or (H3-H4)2 tetramer accommodation into the histone core.
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variant and, if so, whether the cysteine 96 is implied 
in the binding between the nuclear envelope and 
heterochromatin. 

 Although scarce literature appears mentioning the 
importance of Cys in histone H3 in chromatin 
remodelling events, there are other classical studies 
that point to the ability of Cys to react with chemical 
agents pro ducing chromatin structure modifi cations 
and changes in nucleosomal DNA stability. Early 
studies developed by Prior et al. [107] and Lewis 
and Chiu [108] using calf and chicken histones 
showed the distinct reactivity of H3 cysteines against 
sulphydryl reagents in oxidative conditions. Cysteines 
were exposed in euchromatin regions and could 
form disulphide bonds with these reagents. In het-
erochromatin, cysteine residues did not react with the 
reagents, suggesting that these cysteines are deeply 
buried in the macromolecule [107]. Other studies 
developed by Lewis [109,110] showed that sulphy-
dryl oxidation and modifi cation in both Cys96 and 
Cys110 destabilized the calf thymus histone H3-H4 
dimer, indicating the importance of sulphydryl 
groups in H3 for maintaining the tri-dimensional 
structure of the nucleosome. 
 Other classical studies based in electrophoretic 
mobility in TAU gels (Triton X-100, acetic acid and 
urea) have shown the ability to identify histone H3, 
with their sulphydryl groups modifi ed, forming sul-
phoxides,  sulphones or disulphide bonds. The author 
explains the differences in the histone mobility in 
terms of the decrease of the helical contents of the 
histones by the oxidation of methionine and cysteine 
residues [111]. 

 These antecedents show the importance of cysteines 
present in H3 variants to establish interaction with 
other histone H3 and other nuclear proteins and offer 
to nuclear Cys an important role in chromatin pack-
age and organization. That this points to the variation 
of glutathionylation levels of nuclear proteins, during 
cell proliferation, could have a relevant mission in this 
aspect.   

 Histone H3 glutathionylation. Is it a possible 
event for chromatin regulation? 
 As we have mentioned, some histone variants can be 
incorporated in a dependent or independent DNA rep-
lication manner using different machineries (chaperones 
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Figure 3. Schematic representation of the possible role of nuclear GSH. Our hypothesis points to the fact that GSH may modify different 
nuclear proteins affecting chromatin compaction and distinct nuclear events. (A) When nuclear GSH is low (quiescent cells), chromatin is 
compacted because disulphide bonds could be formed through Cys96 between two different nucleosomes. Furthermore, chaperone CAF-1 
may recognize Cys96 of histone variant H3.1 (heterochromatin constitutive histone) and locate this histone into the specifi c position. Moreover, 
a disulphide bond could be formed between HP-1 (heterochromatin protein 1) and histone H3, locating the heterochromating along the inner 
nuclear membrane. (B) When GSH is high (proliferating cells) some events may occur: glutathionylation of histone H3 may relax the chromatin 
compaction by affecting the formation of disulphide bonds between two H3. On the other hand, histone variant H3.1 glutathionylation 
may affect the recognition process by CAF-1, immobilizing this histone variant almost through the CAF-1 catalysed process. In the same 
way, heterochromatin around the inner nuclear membrane may be free from HP1 and LBR. The consequences of all these events are that 
chromatin is more accessible to replication machineries and chaperones. Furthermore, the high nuclear GSH may protect the DNA and 
other nuclear proteins during these processes take place.
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CAF-1 and HIRA and probably other chaperones that 
recognize histone variants) that recognize Cys posi-
tions in histone H3. These machineries are responsible 
for the deposition of histones in specifi c chromatin loci 
(active or silent genes, centromeres and telomeres). 
As we have shown in studies developed by Tagami 
et al. [112], Cys96 were important in the chaperone-
H3.1 recognition process. This chaperone has shown 
the ability to locate the H3.1 in heterochromatin foci 
through a replication dependent mechanism. The 
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changes in nuclear GSH during cell cycle and our 
observation that glutathionylated protein levels increase 
during the cellular replication phase (Figure 1) may 
make us think about the possibility of H3 glutathio-
nylation and their implication in the chaperone reco-
gnition phenomena. For this reason, we suggest that 
Cys glutathionylation of histone H3 variants during 
cell cycle or during different cellular events, such as 
oxidative stress, would have consequences on the rec-
ognition of proteins that recognize specifi cally H3-cys 
loci. Glutathionylation of Cys can modulate the rec-
ognition process and help the chaperones to locate the 
histone H3 variants in the specifi c place of the chro-
matin (euchromatin or heterochromatin). The changes 
in nuclear glutathione concentration and glutathiony-
lation of nuclear proteins, during cell cycle, appears 
then as a regulatory event. One of these proteins may 
be the histone H3 that in turn may regulate nucleosome 
and chromatin conformation. 

 It was suggested by Camerini-Otero and Felsen-
feld [113] that the formation of disulphide bond 
between chicken histone H3 molecules permits the 
nucleosome reconstitution. As we have mentioned 
above, chemical modifi cations on sulphydryl residues 
of H3 produce a decrease of the yield of reconstituted 
nucleosome and its thermal stability [108]. In the 
same way, histone H3 glutathionylation might regu-
late nucleosome stability and control the precise 
higher order folding of chromatin by changing the 
tridimensional structure and the total volume of the 
nucleosome. Moreover, H3 glutathionylation may affect 
the intermolecular interactions between H3 variants 
and HP-1 and/or LBR protein by mask Cys residues. 
The direct consequences would be chromatin decon-
densation around the inner nuclear membrane or in 
specifi c loci (see Figure 2), facilitating the interaction 
of the DNA with the replicative or transcriptional 
machineries. 

 Our observations concerning the entry of GSH in 
the nucleus suggest that the glutathionylation of his-
tone H3 during the entrance of GSH into the nucleus 
during proliferation phase could be an important event 
to control the recognition of the histone H3 variants 
by the chaperones, in order to introduce it in the spe-
cifi c place at the concrete time. Moreover, glutathio-
nylation of H3 can modulate the chromatin availability 
to replicative or transcriptional machineries by affect-
ing interactions between H3 and proteins such as LBR 
and HP-1. Moreover, histone H3 glutathionylation 
may affect the H3.1 recognition process by chaperone 
CAF-1, a possible consequence is that this constitu-
tive heterochromatin H3 variant could be immobi-
lized during the replication process and reincorporated 
into the chromatin just when GSH levels return to 
being low (see Figure 3). 

 Furthermore, the glutathionylation would convert 
the H3 variants in suitable substrates for the appro-
priate post-translational histone modifying enzymes, 
contributing to the histone code and activating or 
silencing transcriptional mechanisms. 

 Nowadays, it is known that disruption of the balance 
of epigenetic networks can cause several major pathol-
ogies, including cancer, syndromes involving chromo-
somal instabilities and mental retardation [114]. Clearly, 
many questions remain unanswered. What is the driv-
ing force that moves GSH to the nucleus only when 
cells are ready to proliferate? What is the role of nuclear 
GSH during apoptosis? Is it the regulation of the epi-
genetic process and its association with the gene 
expression during cell cycle related to GSH? Could 
glutathionylation of nuclear proteins play a role in the 
physiopathology of epigenetic-related diseases? Probably 
in the near future we will be able to answer these and 
other intriguing questions.   

 Declaration of interest: The authors report no 
 confl icts of interest. The authors alone are responsible 
for the content and writing of the paper. 
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