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ABSTRACT

Peroxiredoxins are ubiquitous proteins that recently attracted major interests in view of the strict correlation observed in several cell lines
and/or tissues between different levels of their expression and the increased capacity of cells to survive in different pathophysiological
conditions. They are recently considered as the most important enzymes regulating the concentration of hydroperoxides inside the cells. Most
of neurodisorders such as Parkinson, Huntington, Alzheimer’s diseases, and ischemic injury are characterized by conditions of oxidative stress
inside cells. In these pathophysiological conditions, a strict correlation between cell survival and Prx expression has been found. In CNS all the
Prx isoforms are present though with different expression pattern depending on cell phenotype. Interestingly, neurons treated with amyloid
beta peptide (AB), showed an overexpression of PrxI. In this study, the neuroprotective effect of PrxI after AR exposure and the underlying
mechanisms by which PrxI expression counteracts cell death was investigated in a well established human AD in vitro model. Taking
advantage on cells transfected by a construct where human PrxI is fused with a Green fluorescent protein (GFP) at the C-terminus, we report
some events at the basis of cell survival after AP injury, suggesting possible new signal cascades dealing with the antiapoptotic effect of PrxI.
The results obtained indicated a protective role for PrxI in counteracting AP injury by increasing cell viability, preserving neurites, and
decreasing cell death. J. Cell. Biochem. 114: 708-715, 2013. © 2012 Wiley Periodicals, Inc.
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P eroxiredoxins are ubiquitous proteins that recently attracted
major interests in view of the strict correlation observed in
several cell lines and/or tissues between different levels of their
expression and the increased capacity of cells to survive in different
pathophysiological conditions [Ishii et al., 2012]. In eukaryotic
cells six Prx isoforms are present: four isoforms belong to the
typical 2-cys Peroxiredoxin namely the cytosolic PrxI and PrxIl, the
mitochondrial PrxIll and PrxIV expressed in the endoplasmatic
reticulum, PrxV belongs to the atypical 2-cys Prx and is mainly
localized in the cytosol, mitochondria, nuclei, and peroxisomes and
PrxVI which is a cytoplasmic 1-cys Prx [Nelson et al., 2011; Soito
et al.,, 2011]. The classification is also based on the different
mechanism of action in reducing peroxides involving one or two

cysteines. They are recently considered as the most important
enzymes regulating the concentration of hydroperoxides inside the
cells [Hall et al., 2009]. In particular, 2-cys Peroxiredoxin is the
largest Prx subfamily and from a cell biology point of view probably
the most interesting one due to the peculiar chameleonic behavior
observed for its belonging members [Nelson et al., 2011]. Under mild
oxidative stress, 2-cys Prxs present peroxidase activity and use
reduced thioredoxin as the electron donor to reduce organic
peroxides while at higher H,0, concentration they switch function
acquiring molecular chaperone activity, shifting their structure
toward high molecular weights species [Saccoccia et al., 2012]. This
behavior is dictated by the high sensibility to inactivation by H,0,
due to hyperoxidation (to sulfinic/sulfonic acid, SO,H/SO;H) of a
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crucial cysteine implicated in enzyme turn-over. Considering that at
low concentrations H,0, is a signal molecule known to regulate cell
grown and differentiation, the hampered enzymatic activity under
oxidative conditions of 2-cys Prxs bears several implications in the
stress and non-stress oxidative signaling [Neumann et al., 2009]. As
a matter of fact, hyperoxidized 2-cys Prx has been demonstrated
to play different roles in signaling: (i) As a “triage” agent, making
available reduced thioredoxin to supply reducing equivalents to a
redox-sensitive trascriptional factor PaP1, as recently observed in
yeast [Day et al., 2012] (ii) as a peroxide “dosimeter” able to regulate
cell cycle [Phalen et al., 2006] and (iii) as a “floodgate” where, upon
its inactivation, local increments of H,0, for signal purposes become
available [Hall et al., 2009]. In eukaryotic cells, Prx hyperoxidation
and, consequently, the arising signaling events are reversed by
the action of sulfiredoxin, an enzyme able to restore the normal
condition of Prx reducing sulfinic acid state of its catalytic cysteine
[Lowther and Haynes, 2011].

By this scenario is not surprising that 2-Cys Prxs are known to
regulate mitogen-activated protein kinase activity and to modulate
the activity of NF-kB, a crucial transcription factor [Barford, 2004;
Kang et al., 2004; Veal et al., 2004]. More in general their action has
been associated with various cellular phenomena, including cell
proliferation, differentiation, immune responses, tumorigenesis, and
apoptosis. Relatively to the latter process, hyperoxidized human
PrxIl has been demonstrated to be cytoprotective in HeLa cells
subjected to oxidative conditions due its capacity to counteract the
H,0,-induced apoptosis [Moon et al., 2005].

Most of neurodisorders such as Parkinson [Lee et al., 2008],
Huntington [Pitts et al., 2012], Alzheimer’s diseases [Sultana and
Butterfield, 2010; Cai et al., 2011], and ischemic injury [Gan et al.,
2012] are characterized by conditions of oxidative stress inside cells.
In these pathophysiological conditions, a strict correlation between
cell survival and Prx expression has been found [Lee et al., 2008;
Pitts et al., 2012; Cumming et al., 2007; Gan et al., 2012; Zhu et al.,
2012]. In CNS all the Prx isoforms are present though with different
expression pattern depending on cell phenotype. PrxI and IV were
constitutively expressed in glial cells but not in neurons, whereas
PrxII, 11, IV, and V were expressed in neurons [Goemaere and
Knoops, 2012]. Interestingly, neurons treated with amyloid beta
peptide (AB), showed an overexpression of PrxI. In these conditions,
PrxIis only moderately hyperxodized, while PrxII is mainly found in
this form [Cumming et al., 2007]. This finding supports the reported
protective role of PrxI when transfected in PC12 cells or in primary
hippocampal neurons subjected to AR exposure [Cumming et al.,
2007]. Transfection recovers neurons from injury and likely triggers
stress oxidative signaling which maintain cell viability [Cumming
et al., 2007]. Furthermore, it has been recently demonstrated that
treatments with antioxidant substances such as cerium oxide
nanoparticles or flavonoids [D’Angelo et al., 2009; Cimini et al.,
2012; Cimini et al., ms submitted] can induce neuroprotection in
SH-S5SY cell line against amyloid injury; moreover, it has been
shown that compounds as salidroside (a component of an erbal
extract from a chinese plant, Rhodiola rosea L. may be
neuroprotective due, among the various effects, to the upregulation
of the expression of Prx1 gene [Zhang et al., 2010]. Cumming et al.
[2007] also reported an increase of Prx1 expression in AD patient’s

cortical samples and the overexpression of the same protein in PC12
neuronal clones resistant to amyloid treatments.

The antiapoptotic effect of 2-cys Prxs demonstrated in HeLa cells,
but also in pancreatic 3 cells and in cardiomyocytes and their
neuroprotective role observed in neurons exposed to AR injury,
inspires this study which investigates in a well established human
in vitro AD model [D’Angelo et al., 2009; Cimini et al., 2012], the
neuroprotective effect of PrxI after AR exposure and the underlying
mechanisms by which PrxI expression counteracts the induced cell
death. Taking advantage on cells transfected by a construct where
human PrxI is fused with a Green fluorescent protein (GFP) at the
C-terminus we shed light on some events at the basis of cell survival
after AR injury suggesting possible new signal cascades dealing with
the antiapoptotic effect of PrxI. The results obtained indicated a
protective role for Prx1 in counteracting AB injury by increasing
cell viability, preserving neurites, and decreasing cell death.

MATERIALS

Triton X-100, dimethylsulfoxide (DMSO), sodium dodecylsulfate
(SDS), Tween20, bovine serum albumine (BSA), L-glutamine, 4’,6
diamino-2-phenylindole dilactate (DAPI), Nonidet P40, sodium
deoxycolate, ethylen diamine tetraacetate (EDTA), phenylmetha-
nesulphonylfluoride (PMSF), sodium fluoride, sodium pyrophos-
phate, leupeptin, pepstatin, NaCl,
polyvinylidene difluoride (PVDF) sheets, fluorescein-labeled anti-
rabbit and antimouse IgG antibodies, mouse anti-GAP 43, anti-
heavy neurofilament (NF-H), anti P 75 NTR antibodies, AR (25-35),
and AR (1-42) were all purchased from Sigma Chemical Co
(St. Louis, CO). Trypsin-EDTA solution, N2 supplement, streptomy-
cin-penicillin were from Gibco Invitrogen GmbH (Austria); Mouse
anti p-ERK1/2, rabbit anti-ERK1, rabbit anti-BDNF, rabbit anti-
TrkB, anti-caspase 3 antibodies, horseradish peroxidase (HRP)-
conjugated anti-rabbit, and anti-mouse for were from St. Cruz
Biotechnology (Santa Cruz, CA); mouse anti-B-tubulin III antibody
was from Promega (Mannheim, Germany); rabbit anti-Pospho

orthovanadate, aprotinin,

Ras/extracellular signal-regulated kinase 5 (pERK5) antibodies was
purchased from Upstate, Millipore S.p.A (Milan, Italy). RPMI-1640
medium and fetal bovine serum (FBS) ware from Euroclone Ltd (UK);
Apoptosis assay kit were from Roche Diagnostic (Indianapolis, IN).
Micro BCA protein detection kit from Pierce (Rockford, IL).
Vectashield was purchased from Vector Laboratories (Burlingame,
CA). All other chemicals were of the highest analytical grade.

Cell Cultures. SH-SY5Y cells (ATCC) were seeded at 1 x
10* cells/cm? cultured for 7 DIV in FBS-free RPMI 1640
differentiating medium containing N2 supplement in order to allow
the neuronal differentiation.

AB Fibril Formation. AB (25-35) is frequently used in
investigating AP properties as a less expensive and more easily
handled substitute for the native full-length peptide, AB(1-42).
Indeed, AR (25-35) mimics the toxicological and aggregation
properties of the full-length peptide, though these characteristics are
enhanced; i.e., the shorter peptide is more toxic to cultured neurons,
exhibits earlier toxicity, causes more severe membrane protein
oxidation, and aggregates faster than the native AR (1-42) [Santos
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Fig. 1. Fluorescence microscopy of differentiated transfected cells probed by
GFP. Bar =17 um.

et al., 2005]. The amyloid fibrils were obtained as previously
described [Varadarajan et al., 2001]. Specifically, the AR (25-35)
stock solution (500 wM) was prepared dissolving AR in FBS-free
differentiating medium containing N2 supplement (pH 7.4) and
stored at —20°C. The amyloid fibrils were obtained incubating A
(25-35) stock solution at 37°C for 8 days.

Fluorimetric Assay. The amyloid polymerization status was
checked by the thioflavin T (ThT) fluorescence method before each
treatment [Santos et al., 2005]. ThT binds specifically to amyloid
fibrils, and such binding produces a shift in its emission spectrum
and an increase in the fluorescent signal, which is proportional
to the amount of amyloid formed [Naiki et al., 1991; Muifioz and
Inestrosa, 1999]. Following incubation, AR in 20mM Tris HCI
Buffer, pH 8.0, and 1.5puM ThT in a final volume of 2ml were
analyzed. Fluorescence was monitored at excitation wavelength of
450 nm and emission of 485 nm by spectrofluorimetry, as previously
described [Inestrosa et al., 1996].

Transfection. One day before transfection, 0.5-2 x 10° cells were
plated in 500 pl of growth medium without antibiotics until the
reaching of 90-95% confluence. For each transfection sample,
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Fig. 2. Cell viability, evaluated by MTS assay, in N2 differentiated, AB treated
(AB) cells and AR-PrxI-treated cells. Data are means - SE; **P<0.005;
“P<0.05.

complexes were prepared as follows: 0.2-4 ng DNA were diluted in
250 pl of DMEM containing Glutamine. 0.5-10 .l Lipofectamine™
2000 (Invitrogen) were mixed gently before use and then diluted in
250 w1 of DMEM with Glutamine. After 5 min of incubation at RT
the diluted DNA was combined with diluted Lipofectamine™ 2000
(total volume=500pl) and incubated for 20min at room
temperature. The complex solutions were added to each well
containing cells and incubated at 37°C in a CO, incubator for
18-48h prior to testing for transgene expression. Medium was
changed after 6 h.

Cell Viability and death. Cells, plated on 24 multiwell
plates, were incubated, after treatments, for 2h with CellTiter
96 AQueous One Solution, a colorimetric method based on 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenil)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS). The quantity of formazan formed, as a
function of viability, was measured at 490 nm using an ELISA plate
reader. All MTS assays were performed in triplicate.

For apoptosis detection, cells were seeded in 24-well plates at a
density of 1 x 10* cells/cm?. Control and treated cells were analyzed
for apoptosis using the Cell death detection ELISA kit for the
nucleosome detection. Absorbances at 405nm with respect to
490 nm were recorded according to manufacturer’s directions.
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Fig. 3. Apoptotic cell death, evaluated as nucleosome concentration, in N2
differentiated, AR treated (AB) cells and AB-Prxl-treated cells. Data are
means + SE; **P< 0.005; “P < 0.05. In the bottom, western blotting analysis
for caspase 3. Data are means + SE; **P< 0.005; “P< 0.05.
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After AP exposure, cells on coverslips were fixed in 4%
paraformaldehyde at room temperature for 10 min, then stained
with DAPI (300ng/ml) for 20min and examined under UV
illumination, using a fluorescence microscope. To quantify the
apoptotic process, nuclei with both fragmented or condensed DNA
and normal DNA were counted. Five fields/coverslips were counted.
Data are expressed as a percentage of the total cells counted.

Morphometry. Control and treated cells, grown on coverslips,
were fixed in 4% paraformaldehyde in PBS for 20 min at RT. After
washings, coverslips were mounted with Vectashield and phase-
contrast observations were performed by an AXIOPHOT Zeiss
microscope, equipped with a micrometric ocular lens. The processes
longer than the cell body mean diameter (@), which should be
regarded as neurites, were counted and the results were expressed as
neurites number versus the total cell number. The neurite length was
determined by comparing the neurite length with the mean diameter
(@) of cell soma and reported as neurite length/soma (@).

Immunofluorescence. Control and treated cells, grown on
coverslips, were fixed with absolute methanol for 10min at

—20°C. After that, cells were rehydrated with PBS for 5min and
incubated with anti-@ tubulin III (1:300) antibody, overnight at 4°C.
After extensive washings with PBS, cells were treated with Tritc-
labeled anti-rabbit IgG secondary antibodies (1:100 in PBS
containing 3% BSA) for 30 min at RT. Nuclei were counterstained
with DAPI (300 ng/ml). After extensive washings, coverslips were
mounted with Vectashield mounting medium and photographed in a
fluorescence microscope (AXIOPHOT, Zeiss).

Western Blot. Cells were washed in ice-cold PBS and homoge-
nized in ice-cold RIPA buffer (10 mM Hepes, pH7.4, 10 mM KCl,
1.5mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol) with a protease
inhibitor mixture (100mg/ml phenylmethylsulfonyl fluoride,
2 mg/ml aprotinin, 2 mM leupeptin, and 1 mg/ml pepstatin). The
lysate was subjected to centrifugation at 600¢g for 30 min at 4°C, and
the supernatant was collected. Samples (25-50 pg/lane) were
analyzed by 10% SDS-PAGE, transferred to PVDF membranes,
and blocked in Tris-buffered saline containing 5% non fat milk, and
0.1% Tween 20. Membranes were incubated with different primary
antibodies, anti-BDNF (1:200), anti TrkB (1:200), anti p-75 NTR
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Fig. 4. Phase-contrast microscopy in N2 differentiated, AR treated (AB) cells and AB-PrxI-treated cells. Bar 17 um; at the bottom the neurite number and length in N2
differentiated, AR treated cells and AR-PrxI-treated cells. Histograms report n°-neurites/n°~cells. The neurite length was determined as neurite lenght/@ soma. Data are

means + SE; **P< 0.005; “P< 0.05.

JOURNAL OF CELLULAR BIOCHEMISTRY

711

PRXI NEUROPROTECTIVE EFFECTS



(1: 100), anti p-ERK1,2 (1:200), anti-p-ERK5 (1:200), anti-Caspase3
(1:500) overnight at 4°C and then probed with horseradish
peroxidase-conjugated mouse or rabbit secondary antibodies
(1:1,000). Immunoreactive bands were visualized by chemilumi-
nescence. Band relative densities, against most evident band of
PVDF membrane Comassie Blu stained, were determined using
TotalLab software (ABEL Science-Ware srl, Italy) and values were
given as relative units.

Statistics. Experiments were performed at least in triplicates.
Data were represented as means + Standard Errors. Where appro-
priate, one-way ANOVA test followed by Scheffe’s “post hoc test”
analysis was performed using SPSS software. P-values less than 0.05
were considered statistically significant.

Figure 1 reports PrxI transfection evaluated by fluorescence
microscopy, looking at the GFP emission. On the basis of GFP-
positive cells, we estimate a high degree of transfection (about 30%),
as already reported by Dalby et al. [2004].

In Figure 2 cell viability, evaluated by MTT assay, in N2
differentiated, Ap-treated, and AR-PRX1 cells is shown. In
agreement with previous experiments AP induced a decrease of
cell viability [D’Angelo et al., 2009; Cimini et al., 2009; Cimini et al.,
2012], while PrxI transfection was able to significantly protect

cells from AR injury, as previously observed by Cumming et al.
[2007].

In Figure 3 cell death, evaluated as nucleosome concentration, in
N2 differentiated, AB-treated, and AB-PrxI cells is reported. AR
treatment induced a significant increase of apoptosis while the
concomitant presence of PrxI counteracted apoptosis promotion by
APB. In the same picture caspase 3 activation, evaluated in western
blotting, is also shown. In agreement with the pro-apoptotic effect
observed by cytoplasmic nucleosome concentration, AR treatment
induced caspase 3 activation, while PrxI presence maintained
caspase levels to those of control cells.

Figure 4 shows contrast phase microscopy, the graphic
representation of neurite length and the number of neurites in
N2 differentiated, AB-treated, and AR-PrxI cells. Control cells (N2)
show an evident neuronal clustering and neuronal aggregation,
while AB treatment induced an evident neurite loss (AB). PrxI
transfection protects cells from AR-induced neurite atrophy. The
graphical representation of neurite number, and neurite length
shows that AR treatment significantly decreases neurite number
and also the neurite length, while PrxI protects the neurites from
AB-mediated neuronal damage.

Since neuronal loss and neuritic/cytoskeletal lesions (synaptic
disconnection and proliferation of dystrophic neurites) represent the
major dementia-associated abnormalities in AD, early neuronal
differentiation marker localization, such as B-tubulin III was
investigated in control and treated cells (Fig. 5). In control cells

AB

Fig. 5. B-tubulin Ill immunolocalization in N2 differentiated, AR treated (AB) cells, and AB-PrxI-treated cells. Bar 17 um.
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B-tubulin III localization shows an organized cytoskeletal structure
that is lost after AR treatment, where a significant decrease of
neurite branching is observed. PrxI preserved cytoskeletal organi-
zation, thus confirming its neuroprotective effects in counteracting
neuronal dystrophy.

The signal transduction pathways involved in neuronal survival,
neurotrophines modulation, and neuronal death were investigated
in control and treated cells (Fig. 6). Brain Derived Neurotrophic
Factor (BDNF) is a neurotrophin involved in neuronal survival and
differentiation, affecting neuronal morphology and plasticity. Its
activity is mediated by the high affinity receptor TrkB and by the low
affinity receptor p75NTR.

Therefore we assayed the BDNF, its receptors such as TrkB and
p75, and the extracellular signal regulated kinases such as ERK1,2
and ERK5. Upon AR challenge, the cytoplasmatic levels of BDNF
immature form (pro-BDNF) appear upregulated (Fig. 6). This strong
increase of pro-BDNF may be responsible for the promotion of the
neuronal death and atrophy, as it is known that the immature form
of BDNF induces neuronal apoptosis via activation of a receptor
complex of p75NTR and sortilin [Teng et al., 2005]. This notion is
supported by the results obtained for p75NTR protein in our
experimental condition (Fig. 6). In fact, as for pro-BDNF, AR
increases p75NTR protein levels while concomitantly triggers a
decrease of the specific receptor TrkB (Fig. 6) involved in the action
of mature and cleaved form of BDNF. Moreover AP induces the
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Fig. 6. Western blotting and densitometric analyses for TrkB, P75NTR, and
cytoplasmatic pro-BDNF, in N2 differentiated, AR treated (AB) cells and AB-
Prxl-treated cells. Band relative densities, were determined against most
evident band of PVDF membrane Comassie Blu stained. Data are means + SE,
**P<0.005; *, P<0.05.
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upregulation of the active form of ERK1,2 (p-ERK1,2) and of JNK
(Fig. 7), both known to be involved in apoptosis promotion, and a
downregulation of ERK5 (Fig. 7), involved in neuronal survival.
In AB-treated cells transfected with PrxI a complete reversion of
pro-BDNF levels is observed (Fig. 6). In the same time, the
overespression of Prxl, significantly increase TrkB as well as p-ERK5
(Figs. 6 and 7, respectively), involved in neuronal survival, with
concomitant decrease of p-ERK1,2 and p-JNK (Fig. 7), suggesting an
activation of the neuronal survival pathway BDNF/TrkB/ERKS5 in the
presence of PrxI.

Oxidative stress is considered as a risk factor in the incidence and
progression of cognitive declines that occur during normal cerebral
aging and dementia and plays a critical role in many neurodegen-
erative processes, such as AD and Parkinson’s disease [Selkoe, 2002;
Selkoe, 2004]. Recently, a role for Prxs has been proposed in
neurodegenerative diseases such as Alzheimer’s and Parkinson
diseases [Zhu et al., 2012]. Specifically, it has been demonstrated
that both in aging and in neurodegeneration, the neuronal isoform
PrxIl, is significantly downregulated in hippocampus and substantia
nigra, the brain areas involved in pathologies such as AD and PD,
which are endowed by very low basal levels of Prxs [Zhu et al.,
2012].

PrxI transfection has been previously demonstrated to protect
PC12 cell viability against AR injury [Cumming et al., 2007]. In this
work we demonstrated, for the first time, in an in vitro human AD
model, that PrxI transfection in differentiated neurons challenged
with AB25-35, protects cells from the hallmarks of AD such as
neurite dystrophy and cell death. While increasing survival, PrxI
promotes the maintenance of neuronal network as evaluated by
neurites length and number and by the expression and localization
of the cytoskeleton protein B-tubulin III.

Upon AR challenge, pro-BDNF, p-ERK1,2, and p-JNK appear all
increased and this effect may be related to the known “‘dark side”
effect of pro-BDNF under oxidative stress conditions [D’Angelo
et al., 2009]: Pro-BDNF may activate, through p-75 and sortilin,
ERK1,2, and JNK which, in AD, has been involved in apoptotic
neuronal death [Teng et al., 2005]. Moreover, AR slightly decreased
also the active form of ERKS5, involved in neuronal survival. On
the other hand, BDNF is known to be effective in the promotion
of neuronal survival in the presence of anti-oxidants. In this view,
PrxI, by decreasing pro-BDNF and p75NTR and increasing TrkB and
ERKS5 levels, tries to counteract neuronal death and to promote cell
survival, since AP plaques are, however, present in PrxI transfected
cells.

The results obtained appear original since demonstrate that PrxI
is not per se a simple anti-oxidant agent, but it affects, directly or
indirectly, likely by modulating oxidative stress, signal transduction
pathways involved in neuronal death and neuroprotection. Indeed,
it has been already demonstrated that PrxI can act along the
response to oxidative pathways modulating the response to
hydrogen peroxide, as a function of the concentration of this
molecule and in response to growth factors [Kang et al., 1998].
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Fig. 7.

Western blotting and densitometric analyses for p-ERK1,2 p-ERK5, and p-JNK in N2 differentiated, AB treated (AB) cells and AB-PrxI-treated cells. Band relative

densities, were determined against most evident band of PVDF membrane Comassie Blu stained. Data are means & SE; “**P< 0.005; *P< 0.05.

Prxl is deeply involved in a fine tuning of the cellular responses to
oxidative stress, thus supporting our results and indicating the
possibility of its use as treatment for cell-based therapy for
neurodegenerative diseases characterized by oxidative stress.
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