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are metalloproteins that catalyse O 2 
•–   dismutation, 

detoxifying cells from superoxide [1–3]. The over-
expression of SOD enzymes has been shown to have 
protective and benefi cial roles, both in cell culture 
and in animal models of oxidative stress [4–7]. How-
ever, the use of native SOD as a therapeutic agent is 
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        Abstract
The present work addresses the role of two  ortho -substituted Mn(III)  N -alkylpyridylporphyrins, alkyl being ethyl in MnTE-
2-PyP 5 � and n-hexyl in MnTnHex-2-PyP 5 �, on the protection against the oxidant  tert -butylhydroperoxide (TBHP). Their 
protective role was studied in V79 cells using endpoints of cell viability (MTT and crystal violet assays), intracellular O 2 

•– 
generation (dihydroethidium assay) and glutathione status (DTNB and monochlorobimane assays). MnPs  per se  did not 
show cytotoxicity (up to 25 µM, 24 h). The exposure to TBHP resulted in a signifi cant decrease in cell viability and in an 
increase in the intracellular O 2 

•– levels. Also, TBHP depleted total and reduced glutathione and increased GSSG. The two 
MnPs counteracted remarkably the effects of TBHP. Even at low concentrations, both MnPs were protective in terms of 
cell viability and abrogated the intracellular O 2 

•– increase in a signifi cant way. Also, they augmented markedly the total and 
reduced glutathione contents in TBHP-treated cells, highlighting the multiple mechanisms of protection of these SOD mim-
ics, which at least in part may be ascribed to their electron-donating ability.  

  Keywords:   MnTE-2-PyP ,  MnTnHex-2-PyP ,  superoxide dismutase mimetic ,  tert-butylhydroperoxide ,  cytotoxicity , 
 glutathione  

  Abbreviations: CV ,  crystal violet; DHE ,  dihydroethidium; DTNB ,  5,5’-dithiobis(2-nitrobenzoic acid); γ-GCS , 
 γ-glutamylcysteine synthetase; GSH ,  reduced glutathione; GSHt ,  total glutathione content (GSH�GSSG); GSSG ,  oxi-
dized glutathione; GST ,  glutathione-S-transferase; mCB ,  monochlorobimane; MnPs ,  manganese (Mn) porphyrins; 
MnTE-2-PyP 5 � ,  Mn(III) 5,10,15,20-tetrakis( N -ethylpyridinium-2-yl)porphyrin; MnTM-4-PyP 5 � ,  Mn (III) 
5,10,15,20-tetrakis( N -methylpyridinium-4-yl)porphyrin; MnTnHex-2-PyP 5 � ,  Mn(III) 5,10,15,20-tetrakis( N -n-hexy-
lpyridinium-2-yl)porphyrin; MTT ,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H -tetrazolium bromide; NHE ,  normal 
hydrogen electrode; PBS ,  phosphate buffered saline; ROS ,  reactive oxygen species; SOD ,  superoxide dismutase; SODm , 
 superoxide dismutase mimetics; TBHP ,  tert-butylhydroperoxide; V79 cells ,  Chinese hamster cells.   

  Introduction

The over-production of superoxide anion (O 2 
•–) is 

associated with infl ammation and tissue injury, being 
thus related to a large number of pathophysiological 
conditions [1]. Superoxide dismutase (SOD) enzymes 
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restricted by its low cell permeability, short circulating 
half-life, antigenicity and expense [8]. To overcome 
these limitations, low molecular-weight SOD mimetics 
(SODm) have been developed [8–15]. 

 Manganese porphyrins (MnPs) are among the most 
effective functional catalytic antioxidants [9,16] and 
have been showing remarkable effects in different mod-
els of oxidative stress [17]. These compounds have the 
ability to scavenge a wide range of ROS, namely O 2 

•–, 
ONOO� and peroxyl radicals [17]. The SOD-like activ-
ity of the MnPs involves the alternate reduction and 
oxidation of the Mn centre, which results in changes 
in valence between Mn(III) and Mn(II), much like 
native SODs [10]. The ability of MnPs to scavenge 
ONOO� is related to the formation of an oxo–Mn(IV) 
complex that is reduced to Mn(III) by endogenous 
antioxidants [18]. The mechanism of lipid peroxida-
tion inhibition by MnPs is thought to be analogous to 
that mentioned for ONOO� scavenging [8,17]. The 
mitigation of oxidative stress injury by MnPs seems to 
involve not only the direct scavenging of ROS/RNS, 
but also the modulation of redox-active transcription 
factors, such as HIF-1α, NF-κB and AP-1 [19–23]. 

 Recently, we have reported cell-based studies to 
address the role of the Mn(III)  para  methylpyri-
dylporphyrin, MnTM-4-PyP, on the protection 
against the cytotoxicity induced by three oxidants: 
xanthine/xanthine oxidase,  tert -butylhydroperoxide 
(TBHP) and doxorubicin [24]. In this study, the 
possibility of evaluating  ortho -substituted analogues 
was raised.  Ortho -substituted porphyrins have been 
developed based on structure-activity relationship 
[10,11,16] and possess among the highest catalytic 
rate constants for O 2 

•– dismutation, due to a com-
bined effect of inductive, resonance, steric and elec-
trostatic factors [10]. When the positive charge is 
moved from  para  onto  ortho  position of the pyridyl 
groups, i.e. closer to the porphyrin ring, the redox 
potential at the manganese site shifts to ∼ �300 mV vs 
NHE. This is the midway potential between the oxi-
dation and reduction of O 2 

•– which allows equal facil-
itation for both steps of the dismutation process and 
thus the optimal  k  cat  on thermodynamic basis. All 
SOD enzymes, independently of the type of metal 
centre, dismute O 2 

•– around that potential. Another 
factor that contributes to the antioxidant potency of 
the  ortho  isomers is the presence of positive charges 
close to the porphyrin ring that guide negatively 
charged O 2 

•– to the metal centre [16,25,26]. It has 
been further demonstrated that  k  cat  for the O 2 

•– dis-
mutation parallels the rate constant for ONOO� 
reduction. Same thermodynamic as well as electro-
static facilitation for the approach of negatively-
charged ONOO� to the Mn site is assured [18]. 
Finally, and as stated above, the same mechanism of 
action with peroxyl radical as with ONOO� is pre-
sumably operative. When compared to  para  analogues, 
the  ortho  isomers are further bulkier and thus do not 

interact signifi cantly with nucleic acids, and are in 
turn expected to be less toxic [10]. The present work 
studies two  ortho -substituted MnPs, MnTE-2-PyP 
and MnTnHex-2-PyP. These MnPs are nearly identi-
cal in terms of O 2 

•– dismuting and ONOO� reducing 
abilities [16,18]. However, MnTnHex-2-PyP is 
13 500-fold more lipophilic than MnTE-2-PyP and 
thus more prone to enter the cell [27,28].  Ortho -
substituted MnPs have already shown remarkable 
protective effects in  in   vitro  and  in   vivo  models of 
oxidative stress injuries [9,19,23]. However, a thor-
ough knowledge on the effects at the cellular level is 
still missing. In our previous work [24], MnTM-
4-PyP was shown to be a potent antioxidant against 
the toxic effects of TBHP in V79 cells. In the present 
work we aim to evaluate the protection afforded by 
MnTE-2-PyP and MnTnHex-2-PyP against the same 
oxidative stress inducer. We also aimed to explore if 
enhanced lipophilicity of hexyl analogue makes it a 
more potent compound in this study. Recently, 6 Mn 
porphyrins, 3 Mn salens and 2 Mn cyclic polyamines 
in radioprotection of ataxia telangiectasia cells were 
compared, among them MnTE-2-PyP and MnT-
nHex-2-PyP [29]. While MnTnHex-2-PyP was effi -
cacious, the equally potent antioxidant, but hydrophilic 
MnTE-2-PyP was not. The study indicated the criti-
cal role of compound bioavailability and suggested 
that the accumulation of hexyl analogue within mito-
chondria may be in the origin of its effi cacy. 

  Tert -butylhydroperoxide is a short chain analogue 
of lipid hydroperoxides that has been often used as a 
model to investigate the mechanism of cell injury ini-
tiated by acute oxidative stress in a variety of cells 
[30–35]. Because of the higher stability and presence 
of the hydrophobic butyl moiety which allows easier 
membrane penetration, TBHP provides a convenient 
alternative to the natural oxidants hydrogen peroxide 
and lipid hydroperoxide [35]. TBHP penetrates cell 
membranes [35,36] and can generate free radical 
intermediates, namely alkoxyl and peroxyl radicals 
[33,37] and superoxide anion [24,36]. Cell injury can 
consequently occur by different phenomena, includ-
ing changes in mitochondrial permeability [37], oxi-
dative DNA damage, lipid peroxidation [38] and 
apoptosis [34]. Moreover, inside the cell, TBHP can 
be reduced to  t- butanol by GSH peroxidase [35], pro-
moting the depletion of intracellular GSH as reported 
in hepatocytes and other cell types [33,35,38–42]. 
Glutathione is the main non-enzymatic antioxidant 
defense within the cell; the GSH/GSSG ratio refl ects 
the cellular redox state [30,43]. Since thiol homeo-
stasis determines critical aspects of cell function and 
response [32], an imbalance at this level will further 
contribute to cell injury. 

 The present study aims to evaluate and compare 
the role of optimized MnPs, MnTE-2-PyP and Mn
TnHex-2-PyP against the TBHP-induced cell injury, 
using a multilevel approach. In order to achieve this 
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goal two complementary cell viability assays, 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H -tet-
razolium bromide (MTT) reduction and the crystal 
violet (CV) were used. ROS generation was assessed 
using the fl uorescent probe dihydroethidium (DHE). 
The total glutathione (GSHt) and the oxidized gluta-
thione (GSSG) contents were measured by the 5,5’-
dithiobis(2-nitrobenzoic acid) (DTNB) assay. Also, the 
reduced glutathione, expressed as a percentage of the 
GSH content relative to non-treated control cells was 
assessed using the monochlorobimane (mCB) assay.   

 Materials and methods  

 Chemicals 

 Phosphate buffered saline (PBS; 0.01 M phosphate 
buffer, 0.138 M NaCl, 0.0027 M KCl, pH 7.4), 
Ham’s F-10 medium, newborn calf serum, penicillin-
streptomycin solution, trypsin, MTT, crystal violet,  tert -
butylhydroperoxide, 5-sulphosalicylic acid, glutathione 
reductase from baker’s yeast, reduced glutathione, 
DTNB, nicotinamide adenine dinucleotide phosphate 
(NADPH) and glutathione-S-transferase (GST) from 
equine liver were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). A stock solution of GST (10 U/mL) 
was prepared in PBS with 10% glycerol, aliquotized and 
stored at –18°C. Dimethylsulphoxide (DMSO) and 
ethanol were purchased from Merck (Darmstadt, Ger-
many). Oxidized glutathione (GSSG) and monochloro-
bimane were obtained from Fluka (Buchs, Switzerland). 
A stock solution of mCB (10 mM) was prepared in 
ethanol, aliquotized and stored at �18°C. DHE was 
purchased from Molecular Probes (Eugene, OR, USA). 
A 10 mM stock solution of DHE was prepared in 
DMSO, aliquotized and stored under N 2 , at �18°C. Mn 
porphyrins MnTE-2-PyP and MnTnHex-2-PyP (Figure 
1) were synthesized as previously described [12].   

 Cell culture  

 V79 Chinese hamster cells (MZ), kindly provided by 
Professor H. R. Glatt (Germany), were routinely 
maintained in 175 cm 2  culture fl asks (Sarstedt; New-

ton, NC, USA). Ham’s F-10 medium supplemented 
with 10% newborn calf serum, 100 U/mL penicillin 
and 100 µg/mL streptomycin was used as the cell cul-
ture medium. The cells were kept at 37°C, under an 
atmosphere containing 5% CO 2 .   

 MTT reduction assay 

 The MTT reduction assay was performed according 
to previously described procedures [24,44]. Briefl y, 
∼ 6 � 10 3  cells were cultured in 200 µL of culture 
medium per well in 96-well plates and incubated for 
24 h at 37°C under a 5% CO 2  atmosphere. The cul-
ture medium was then replaced by fresh medium and 
cells were treated for 24 h with TBHP (100–300 µM) 
in the presence or absence of MnPs (0.1–25 µM). The 
cytotoxicity induced by the MnPs  per se  was evaluated 
under the same experimental conditions. After the 
treatments, the cells were washed with culture medium 
and MTT (0.5 mg/mL) was added to each well. The 
cells were grown for a further period of 2.5 h and then 
carefully washed with PBS. DMSO (200 µL) was 
added to each well and absorbance was read at 595 nm 
in a Zenyth 3100 microplate reader. Three-to-six 
independent experiments were performed and eight 
replicate cultures were used for each concentration in 
each independent experiment.   

 Crystal violet assay 

 The CV assay was performed as described in Fernandes 
et al. [24]. Approximately 3.5 � 10 3  cells were cul-
tured in 200 µL of culture medium per well in 96-well 
plates and incubated at 37°C under a 5% CO 2  atmo-
sphere. After 24 h, the culture medium was changed 
and cells were treated with TBHP (100 µM) with or 
without the MnPs (1–25 µM) for a 24-h period. The 
cells were then washed with PBS to remove non-ad-
herent cells. The adherent cells were fi xed with 96% 
ethanol for 10 min and then stained with 0.1% crys-
tal violet in 10% ethanol for 5 min at room tempera-
ture. After staining, the extracellular dye was removed 
by rinsing thoroughly the cell monolayers with tap 
water. The remaining cell-attached dye was dissolved 
in 200 µL of 96% ethanol with 1% acetic acid and 
the absorbance was measured at 595 nm in a Zenyth 
3100 microplate reader. Three-to-seven independent 
experiments were performed, each one comprising 
eight replicate cultures.   

 DHE fl uorimetric assay 

 The DHE assay was performed as described in Fer-
nandes et al. [24]. Approximately 2 � 10 4  cells/well 
were cultured for 24 h in 96-well plates (black-wall/
clear-bottom; Costar 3603). Afterwards, the culture 
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Figure 1.     Chemical structures of the Mn(III) porphyrins MnTE-
2-PyP and MnTnHex-2-PyP (Charges are omitted throughout text 
for clarity).  
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medium was changed and cells were exposed for 3 h 
to TBHP (100 µM) in the presence or absence of the 
MnPs (5 µM). DHE was added at a fi nal concentra-
tion of 10 µM. After the treatments, the cells were 
carefully washed with PBS; 200 µL of PBS were then 
added to each well and the fl uorescence was deter-
mined in a Zenyth 3100 multimode detection 
microplate reader, using λ excitation  � 485 nm and 
λ emission  � 595 nm. The results were expressed as per-
centages of non-treated control cells, after subtracting 
the background fl uorescence. Five independent 
experiments were performed, each comprising six 
replicate cultures for each experimental point.   

 DTNB assay 

 The DTNB assay [45,46] was used to quantify the 
GSHt and GSSG contents. V79 cells were cultured in 
Petri dishes (∼ 3.0 � 10 4  cells/mL of culture medium) 
and incubated for 24 h at 37°C, under a 5% CO 2  
atmosphere. The culture medium was then replaced 
by fresh medium and cells were treated for a further 
24-h period with TBHP (100 µM) in the presence or 
absence of the MnPs (5 µM). After this incubation, 
cells were carefully washed, scrapped with ice-cold 
PBS and centrifuged for 10 min at 200 �  g . The 
obtained pellet was suspended in PBS and submitted 
to two freeze-thaw cycles (�80°C/room temperature). 
An aliquot of this lysate was saved for the analysis of 
protein content by the Bradford assay and for the 
mCB assay. Sulphosalicylic acid was added to the 
remaining volume of lysate at a fi nal concentration of 
3% and this suspension was centrifuged for 10 min at 
12 000 �  g , 4°C. The obtained supernatant was 
divided for the quantifi cation of the GSHt and GSSG. 
GSH and GSSG standard solutions were prepared in 
3% sulphosalicylic acid. For the GSSG quantifi cation, 
both samples and GSSG standards were treated with 
2-vinylpyridine (2.5%) to derivatize GSH. The pH 
was adjusted to ∼ 6 with triethanolamine and the sam-
ples were incubated for 1 h at 4°C before the assay. 

 In a 96-well microplate, the GSHt and GSSG sam-
ples and standards were mixed with a freshly made 
solution containing glutathione reductase and DTNB, 
in phosphate buffer 0.1 M (pH 7.0, containing 1 mM 
EDTA). The reaction was started by the addition of 
NADPH. The fi nal concentrations in the reaction mix-
ture were 0.125 U/mL of glutathione reductase, 0.028 
mg/mL of DTNB and 43 µM of NADPH. The kinet-
ics of the absorbance increase at 405 nm was recorded 
at 4-min intervals over a 20-min period. The glutathi-
one concentration in the samples was calculated by 
comparing the slopes of the sample with those of the 
correspondent standard curve and the result was 
expressed in nmol/mg protein. At least nine independent 
experiments were performed for the GSHt content and 
four were performed for the GSSG determination. 

Each independent experiment comprised the analysis 
of all samples and standards in duplicate.   

 mCB assay 

 The mCB assay was adapted from Kamencic et al. [47]. 
mCB is a probe that reacts with GSH generating the 
adduct mCB–GSH that can be detected by fl uorimetry 
[47,48]. In a black 96-well microplate, PBS was added 
to 20 µL of the cell lysate, 1 U/mL GST and 100 µM 
mCB at a fi nal volume of 100 µL. The reaction 
microplate was incubated for 30 min in the dark, at 
37°C, 100 rpm. The GSH–mCB adduct was then mea-
sured in a Zenyth 3100 multimode detection microplate 
reader, using λ excitation  � 405 nm and λ emission  � 465 nm. 
The results were expressed as %GSH of non-treated 
control cells, after subtracting the background fl uores-
cence and normalizing to the protein content. At least 
fi ve independent experiments were performed, each 
comprising two duplicate measurements.   

 Stability of MnPs  

 The stability of MnPs under the experimental condi-
tions described in the previous assays was evaluated 
by UV/Vis spectroscopy, using the supernatants of the 
cell cultures incubated for 24 h with MnPs (5 µM) 
and/or TBHP (100 µM). The supernatant of non-
treated control cultures was used as reference to adjust 
the baseline. Two independent assays were performed. 
Both for MnTE-2-PyP and for MnTnHex-2-PyP, the 
UV/Vis spectra of the supernatant of cultures treated 
with each MnP alone were identical to those of cul-
tures treated with ‘MnP�TBHP’. Therefore, under 
these experimental conditions, MnPs remain stable 
and no oxidative degradation occurs.   

 Statistical analysis 

 The Kolmogorov-Smirnov test was used to assess the 
normality of continuous variables. For the variables 
with a normal distribution the homogeneity of the 
variances was evaluated using the Levene test and the 
differences in mean values of the results observed in 
cultures with different treatments were evaluated by 
the Student’s  t -test. For non-normal variables the 
Mann-Whitney test was used. All analyses were per-
formed with the SPSS statistical package (version 15, 
SPSS Inc., Chicago, IL).    

 Results 

 We fi rst evaluated the effects induced by MnTE-2-
PyP and MnTnHex-2-PyP  per se  in V79 cells, at 
concentrations up to 25 µM. After a 24 h-incubation 
period, no cytotoxicity was observed for MnPs, either 
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using the MTT (Figure 2) or the CV assay (data not 
shown). 

 Figures 3 and 4 show the effect of MnTE-2-PyP 
against the cytotoxicity induced by TBHP. The exposure 
of V79 cells to TBHP (100 µM) resulted in a consid-
erable decrease in the MTT reduction ( p  � 0.01), as 
well as in the CV staining ( p  � 0.001). The simultane-
ous treatment with MnTE-2-PyP led to a signifi cant 
increase in the MTT reduction when compared with 
TBHP-treated cells, even for the 0.1 µM concentra-
tion (Figure 3A). At 5 µM, MnTE-2-PyP was highly 
protective, reverting the decrease in MTT reduction 
induced by TBHP ( p  � 0.05). The CV assay con-
fi rmed the signifi cant protective effects of MnTE-2-
PyP (1, 5 and 25 µM) against the TBHP-induced 
cytotoxicity (Figure 3B). To assess the effect of 
MnTE-2-PyP in more severe conditions, experiments 
using higher concentrations of TBHP were performed. 
As depicted in Figure 4, cultures treated for 24 h with 
200 and 300 µM of TBHP showed a drastic cell death. 
The co-incubation with MnTE-2-PyP (1, 5 and 25 
µM) showed signifi cant protective effects ( p  � 
0.05). 

 The effect of MnTnHex-2-PyP against the TBHP-
induced cytotoxicity is shown in Figures 5 and 6. In 
the MTT assay (Figure 5A) this MnP also exerted a 
considerable protective effect, which was statistically 
signifi cant ( p  � 0.05) for concentrations � 1 µM. Like 

MnTE-2-PyP, 5 µM of MnTnHex-2-PyP was the 
lowest concentration that exhibited a maximum rever-
sal of cell viability. The two MnPs have shown compa-
rable cytoprotection profi les with both CV (Figures 3B 
and 5B) and MTT assays (Figures 3A, 4, 5A and 6). 
However, with MnTE-2-PyP the signifi cant protective 
effects were seen at lower concentrations (0.1 µM). 
Furthermore, MnTE-2-PyP led to slightly higher cell 
viabilities in the CV assay, as well as in cultures treated 
with 200 µM of TBHP. 

 The data obtained in the DHE assay are depicted 
in Figure 7. The exposure of V79 cells to TBHP 
(100 µM, 3 h) led to a signifi cant increase in the 
fl uorescence intensity ( p  � 0.01). When cells were 
exposed to TBHP and MnTE-2-PyP or MnTnHex-
2-PyP (5 µM), the fl uorescence intensities returned 
to values lower than those presented by control cells 
( p  � 0.01). The two MnPs showed a similar effi ciency 
in reducing the intracellular ROS. It is also important 
to mention that cells treated only with the MnPs, 
either MnTE-2-PyP or MnTnHex-2-PyP, exhibited 
a considerable reduction in the hydroxyethidium fl u-
orescence ( p  � 0.01), which could be ascribed to the 
abrogation of some level of oxidative stress that cells 
experience while growing in the medium or of the 
basal cellular ROS content. 

 The results of the glutathione status, as evaluated 
by the DTNB assay, are shown in Table I. V79 cells, 
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  Figure 2.     Cytotoxicity evaluation of MnTE-2-PyP (A) and MnTnHex-2-PyP (B). V79 cells were treated with the MnPs for 24 h and then 
submitted to the MTT assay.  
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upon treatment with 100 µM TBHP, exhibited a 
marked depletion in the total glutathione content, that 
decreased from 7.69 to 2.50 nmol/mg prot ( p �  0.001). 
When cells were concomitantly exposed to TBHP 
and MnTE-2-PyP or MnTnHex-2-PyP, the GSHt 
increased to 16.54 and 19.71 nmol/mg prot, respec-
tively. These increases were statistically signifi cant 
( p  � 0.001), when compared to the GSHt content of 
cells exposed only to TBHP. These cells also exhibited 
GSHt levels signifi cantly above those of non-treated 
control cells ( p  � 0.001). The MnPs  per se  did not 
considerably change the GSHt content of V79 cells. 

 In control cells, as well as in cells treated only with 
MnTE-2-PyP or MnTnHex-2-PyP (5 µM), the levels 
of GSSG were low, having a small contribution for 
the total glutathione content. When V79 cells were 
treated with 100 µM TBHP, the GSSG level increased 
signifi cantly ( p  � 0.01), accounting considerably for 
the GSHt observed in this case (Table I). Cells co-
treated with TBHP and MnTE-2-PyP or MnTnHex-

2-PyP, although having very high GSHt contents, did 
not show remarkable GSSG concentrations. 

 Besides the DTNB assay, a second approach to 
study the glutathione levels was followed—the mCB 
assay, that detects the reduced form of glutathione 
(GSH). The results obtained using this technique are 
depicted in Figure 8 and are expressed as a percent-
age of the GSH content of non-treated control cells, 
that presented an average fl uorescence value of 3.1 � 
10 4  RFU/µg prot. The treatment of V79 cells with the 
MnPs (5 µM) did not alter the GSH content. Cells 
treated with 100 µM TBHP showed a dramatic GSH 
depletion, having only ∼ 22% of the GSH of control 
cells ( p  � 0.001). When cells were incubated simul-
taneously with TBHP and MnTE-2-PyP or MnT-
nHex-2-PyP, their GSH level increased markedly, not 
only restoring the depletion induced by TBHP ( p  � 
0.01), but also reaching GSH values  ∼ 1.5-fold higher 
than those of control cells ( p  � 0.001).   

 Discussion 

 The implication of ROS, namely O 2 
•–, in numerous 

pathological phenomena supports the development of 
catalytic antioxidants. The most active SOD mimetics 
described so far are among the  ortho -substituted 
MnPs [10,16,26,49]. However, a thorough knowl-
edge on the effects at the cellular level is still lacking. 
In this context, we have studied the effects of two 
 ortho -substituted MnPs, MnTE-2-PyP and MnT-
nHex-2-PyP, against the cytotoxic effects induced by 
TBHP. The studies were performed in V79 cells, a 
well-characterized fi broblast cell line widely used for 
cytotoxicity and cytogenetic studies. 

 Albeit TBHP is commonly used as an oxidant 
model, few studies to assess the effect of catalytic 
antioxidants towards this agent are available. The 
effects of the above-mentioned  ortho -substituted 
MnPs were studied at three different levels: cytotox-
icity, intracellular ROS level and glutathione status. 
Cytotoxicity was evaluated using a 24 h incubation 

  Figure 4.     Effect of MnTE-2-PyP on the cytotoxicity induced by 
TBHP in V79 cells, as evaluated by the MTT assay. Cells were 
incubated with increasing concentrations of MnTE-2-PyP (1–25 
μM) in the presence of different concentrations of TBHP (100–300 
μM) for 24 h (∗ p  � 0.05 and ∗∗ p  � 0.01, when compared with cells 
treated with the same concentration of TBHP in the absence of 
MnTE-2-PyP).  
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  Figure 5.     Effect of MnTnHex-2-PyP on the cytotoxicity induced by TBHP (100 μM) in V79 cells. Cells were incubated with increasing 
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period by the MTT assay and the CV staining 
method. Due to the limitations inherent to each 
method and since the assessment of an effect on 
cellular viability may depend on the assay chosen, 
the use of mechanistically different endpoints for 
cytotoxicity evaluation is usually recommended 
[50]. Therefore, we have primarily used the MTT 
assay, which is a measure of mitochondrial function 
[48,51] and, as a confi rmatory assay, the CV method 
which is a colourimetric determination of adherent 
cells [24,50,52]. Using these assays, the MnPs 
 per se  did not show cytotoxicity up to 25 	M. Inter-
estingly, with  Escherichia coli , toxicity of MnTnHex-
2-PyP was observed already at � 3 	M levels 
[27,49]. 

 Both MnPs have shown remarkable protective 
effects against the cytotoxicity induced by TBHP. The 
protection afforded by MnPs was lower in the CV 
assay than observed with the MTT assay, what may 
be attributed to the aforementioned mechanistic dif-
ferences of the methods and also to the experimental 
protocols. 

 In a previous report [24], we have evaluated the 
performance of MnTM-4-PyP, a  para -substituted 
MnP, in the same oxidative stress model. In the pres-
ent work, both MnTE-2-PyP and MnTnHex-2-PyP 
were more effective than the  para -analogue, showing 
better protectiveness at lower concentrations. This 
higher performance may be attributed to the greater 
antioxidant potency, since the  ortho  analogues have 
higher catalytic rate constants for O 2 

•– dismutation 
and ONOO�; reduction and, presumably, a higher 
rate constant for the reaction with peroxyl radicals 
than  para  isomers as well [53,54]. The reaction with 
peroxyl radical involves formation of O�Mn IV P, which 
is also involved in the reaction with ONOO�; the reac-
tivity is related to the electron-defi ciency of MnP that 
is similar with all  ortho  substituted alkylpyridylporphy-
rins; therefore the ability of MnPs to remove both 
ONOO� and peroxyl radical is likely similar also. 

 It has been reported that MnTE-2-PyP and MnT-
nHex-2-PyP possess identical antioxidant potency 
with respect to O 2 

•–, ONOO– and CO 3 
•– [12,18]. 

Since MnTnHex-2-PyP is more prone to enter the 
cell due to its four orders of magnitude higher lipo-
philicity [27,28] one could expect this MnP to be 
more effi cient than the ethyl analogue at lower doses. 
However, our results showed a slightly higher potency 
for MnTE-2-PyP. It has been reported that V79 cells 
have endocytic activity [55]. In view of this, it is pos-
sible that, despite the higher lipophilicity of MnT-
nHex-2-PyP, both MnPs have been uptaken by 
V79 cells in a similar way. It is also possible that the 

  Figure 6.     Effect of MnTnHex-2-PyP on the cytotoxicity induced 
by TBHP in V79 cells, as evaluated by the MTT assay. Cells were 
incubated with increasing concentrations of MnTnHex-2-PyP 
(1–25 μM) in the presence of different concentrations of TBHP 
(100–300 μM) for 24 h (∗ p  � 0.05, ∗∗ p  � 0.01 and ∗∗∗ p  � 0.001, 
when compared with cells treated with the same concentration of 
TBHP in the absence of MnTnHex-2-PyP).  
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  Figure 7.     Effect of MnTE-2-PyP (A) and MnTnHex-2-PyP (B) on the DHE oxidation in V79 cells treated with TBHP (100 µM). Values 
(mean 
 SD) represent relative fl uorescence units (RFU), which approximately refl ect the levels of superoxide anion, expressed as 
percentages of the control cells ( ##  p  � 0.01, when compared with non-treated control cells; ∗∗ p  � 0.01, when compared with cells treated 
with TBHP in the absence of MnP).  
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protective effects occurred in extracellular millieu, 
plasma membrane and cytosolic space, rather than in 
 mitochondria. As stated in the Introduction, were 
the effects expected on the mitochondrial level we 
would anticipate enhanced protectiveness of MnT-
nHex-2-PyP. 

 In this work we have also assessed the intracellular 
generation of superoxide anion, using the DHE assay. 
DHE is a cell permeable probe that reacts with O 2 

•– to 
form the fl uorescent product hydroxyethidium. 
Although its reaction with other ROS may interfere 
with the fl uorescence peak, the oxidation of DHE is 
mostly superoxide dependent [56,57]. A 3-h incuba-
tion period was chosen due to the instability of ROS 
and also to avoid a pronounced cell death. Otherwise, 
changes in fl uorescence intensity could result from 
differences in the number of cells and not necessarily 
in the level of ROS. Furthermore, the intracellular 
ROS production has been reported as an early event 
in TBHP-induced cytotoxicity [58]. In the present 

study TBHP led to a signifi cant increase in the fl uo-
rescence intensity, indicating the intracellular produc-
tion of O 2 

•– by TBHP, which was abolished by both 
MnPs. This effect suggests that the scavenging of 
superoxide anion should be involved in the protection 
of the MnPs observed in the cytotoxicity assays. Along 
with the SOD-like activity, the ability of MnPs to 
decompose peroxyl radicals should also be a relevant 
mechanism for the abrogation of TBHP effects. 

 Glutathione is the main non-enzymatic antioxidant 
defense within the cell and its content, as well as the 
GSH/GSSG ratio, refl ects the cellular redox state 
[35,43,59]. Under normal conditions, reduced GSH is 
largely predominant over GSSG, while with oxidative 
stress the percentage of GSSG can increase considerably 
[60]. To evaluate the glutathione status of cells submit-
ted to different treatments, we have used two comple-
mentary approaches. The classical DTNB assay [45,46] 
was used to determine the total glutathione content and 
the GSSG concentration, and the fl uorimetric mCB 
assay to assess the reduced form of glutathione. 

 Glutathione can reduce different hydroperoxides 
and radicals, and it has been reported to be depleted 
after an exposure to TBHP [32,33,40,42]. In addi-
tion, TBHP was previously shown to increase the 
GSSG level [30,61–63]. Our results concur with 
these previous reports either in terms of GSH deple-
tion or GSSG increase. 

 The intracellular level of GSH is regulated by the 
γ-glutamylcysteine synthetase (γ-GCS) activity and by 
the availability of the precursor cysteine [64]. γ-GCS 
activity is rate limiting in the synthesis of GSH and 
this enzyme is subject to feedback regulation by the 
concentrations of glutathione [60]. Previous studies 
have shown that organic peroxides, and specifi cally 
TBHP, can stimulate the  de novo  biosynthesis of GSH 
[61,64], by up-regulating the expression of γ-GCS 
mRNA [63] and by increasing the activity of this 
enzyme [64]. In fact, Ochi [64] reported an increase 
in γ-GCS activity in V79 cells after a 1-h exposure to 
100 µM TBHP. It is therefore expectable that TBHP 
is stimulating this enzyme under our experimental 
conditions. However, due to the ROS and lipid 
peroxides that TBHP generates and also due to the 
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  Figure 8.     Effect of MnTE-2-PyP and MnTnHex-2-PyP (5 µM) on 
the glutathione depletion induced by TBHP (100 µM) in V79 cells, 
as evaluated by the mCB assay. Values (mean 
 SD) represent 
relative fl uorescence units (RFU) expressed as percentages of the 
control cells, after normalizing to the protein content of the lysate. 
Control cells exhibited an average fl uorescence value of 3.1 � 10 4  
RFU/µg prot ( ###  p  � 0.001, when compared with non-treated 
control cells; ∗∗ p  � 0.01, when compared with cells treated with 
TBHP in the absence of MnP).  

  Table I. Effect of MnTE-2-PyP and MnTnHex-2-PyP on the changes in glutathione status induced by TBHP in V79 cells, as evaluated 
by the DTNB assay.  

Total GSH a  (nmol/mg prot) GSSG b  (nmol/mg prot)

Non-treated control cells 7.69 
 3.07 0.20 
 0.10
MnTE-2-PyP 5 µM 8.20 
 2.20 0.22 
 0.19
MnTnHex-2-PyP 5 µM 7.34 
 3.77 0.18 
 0.11
TBHP 100 µM 2.50 
 2.90 ### 1.07 
 0.30 ## 
TBHP 100 µM � MnTE-2-PyP 5 µM 16.54 
 4.92 ###, ∗∗∗ 0.46 
 0.11 #, ∗

TBHP 100 µM � MnTnHex-2-PyP 5 µM 19.71 
 5.53 ###, ∗∗∗ 1.58 
 0.36 # 

    a  Values represent mean 
 SD of at least nine independent experiments.      b  Values represent mean 
 SD of four independent experiments.     
#  p  � 0.05,  ##  p  � 0.01 and  ###  p  � 0.001, when compared with non-treated control cells.     ∗ p  � 0.05 and ∗∗∗ p  � 0.001, when compared 
with cells treated with TBHP alone.   
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glutathione peroxidase activity with this peroxide, the 
GSH formed is extensively consumed, oxidized to 
GSSG and extruded from cells [65–67], resulting in 
the depletion of GSHt and GSH and in the increase 
of GSSG. Conversely, in the presence of MnPs, an 
effective increase in the GSHt and GSH contents was 
observed. Along with the possible increase in γ-GCS-
related activity, MnPs themselves seem to scavenge 
ROS, including lipid peroxides that are produced by 
TBHP insult, reducing the consumption of GSH. Our 
results provided herein add to other evidences that 
MnPs, due to their several  in vivo  easily accessible 
oxidation states (�2, �3, �4, �5), are both potent 
ROS/RNS scavengers, and powerful modulators of 
cellular redox-based metabolic pathways [19–21,23]. 
In addition, a MnP was previously shown to counter-
act the oxidative inactivation of isocitrate dehydroge-
nase [68], increasing the cellular supply of NADPH, 
which levels are known to be suppressed in TBHP-
treated cells [69,70]. This may be also contributing to 
the increase in the GSH contents observed in cells 
treated with TBHP and MnPs. 

 In summary, this work shows that  ortho -substituted 
MnPs are extremely potent antioxidants, with the 
ability to cope with the cellular damage induced by 
TBHP, even at low micromolar concentrations. Their 
clear protective effect in V79 cells was observed in 
terms of cytotoxicity and intracellular superoxide 
level. Also, for the fi rst time, the results presented here 
reveal that these MnPs have an important role in 
enhancing reducing environment, which in turn favors 
reduced glutathione, thus assuring normal cellular 
redox status. Multiple mechanisms of cellular redox 
status protection by these antioxidants may be involved; 
the possible effect on the  de novo  GSH synthesis will 
be explored in our future studies.   
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