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ABSTRACT: Alzheimer’s disease, Familial British dementia,
Familial Danish dementia, Type 2 diabetes mellitus, plus
Creutzfeldt-Jakob disease are associated with amyloid fibril
deposition and oxidative stress. The antioxidant enzyme
catalase is a neuroprotective amyloid binding protein. Herein
the effects of catalase overexpression in SH-SY5Y neuronal
cells on the toxicity of amyloid-β (Aβ), amyloid-Bri (ABri),
amyloid-Dan (ADan), amylin (IAPP), and prion protein (PrP)
peptides were determined. Results showed catalase over-
expression was neuroprotective against Aβ, ABri, ADan, IAPP,
and PrP peptides. The catalase inhibitor 3-amino-1,2,4-triazole
(3-AT) and catalase-amyloid interaction inhibitor benzothia-
zole aniline tetra(ethylene glycol) (BTA-EG4) significantly
enhanced neurotoxicity of amyloid peptides in catalase overexpressing neuronal cells. This suggests catalase neuroprotection
involves breakdown of hydrogen peroxide (H2O2) plus a direct binding interaction between catalase and the Aβ, ABri, ADan,
IAPP, and PrP peptides. Kisspeptin 45−50 had additive neuroprotective actions against the Aβ peptide in catalase overexpressing
cells. The effects of 3-AT had an intracellular site of action, while catalase-amyloid interactions had an extracellular component.
These results suggest that the 3-AT and BTA-EG4 compounds may be able to inhibit endogenous catalase mediated
neuroprotection. Use of BTA-EG4, or compounds that inhibit catalase binding to amyloid peptides, as potential therapeutics for
Neurodegenerative diseases may therefore result in unwanted effects.
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Catalase is a well-characterized antioxidant enzyme and
amyloid binding protein.1,2 Overexpression of the enzyme

has been linked to longevity, reduced processing of the
amyloid-precursor protein plus amyloid-β peptide (Aβ)
generation, and also memory function, suggesting a potential
role for catalase in Alzheimer’s disease (AD).3−5 The blood
levels of catalase protein are unchanged in AD; however, there
is an observed decrease in the activity levels.6,7 In AD patients,
the catalase activity is increased in the hippocampus, suggesting
oxidative stress.8 In mouse models of AD, changes in
antioxidants, including catalase, are seen.9 Specific changes in
catalase mRNA plus enzyme activity are seen in the early stages
before the onset of symptomatic changes in the Tg2576 mouse
model of AD, with increases in the neocortex but decreases in
the hippocampus, suggesting that oxidative stress may be an
early event in the disease progression.10

The original discovery that catalase specifically bound the Aβ
peptide also demonstrated that the interaction resulted in
specific inhibition of the hydrogen peroxide (H2O2) degrading
activity of the enzyme.2 The catalase activity in human
erythrocytes can be inhibited by Aβ, suggesting a possible
mechanism for the decrease in erythrocyte catalase activity in

AD.6,11 Catalase binding to Aβ involves an interaction between
the 25−35 region of Aβ and a specific domain in the wrapping
loop of the catalase protein.2,12,13 The catalase binding is also
seen with fibrillar Aβ forms containing residues 29−32 and can
be inhibited by the Aβ 31−35 fragment suggesting an
important role for the Ile residues at 31 and 32 of the Aβ
peptide.14 The Aβ 31−35 fragment is the smallest fragment
that inhibits the H2O2 degrading activity of catalase.2 The
binding of catalase to Aβ deposits has been observed in AD
brains and oxidative stress involving H2O2 is a component of
the disease.8,15−17 As such it was suggested that compounds
that disrupt catalase-Aβ interactions may be potential
therapeutic agents for AD.2,18−20 Subsequent studies demon-
strated that catalase also specifically bound both the islet
amyloid polypeptide (IAPP) and prion protein (PrP),
suggesting that catalase-amyloid interactions may play a role
in amyloid diseases including AD, Creutzfeldt-Jakob Disease
(CJD), and Type 2 diabetes mellitus (T2DM).21
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A range of compounds have been identified that specifically
disrupt catalase−Aβ interactions, including benzothiazole
aniline tetra(ethylene glycol) (BTA-EG4) and benzothiazole
aniline hexa(ethylene glycol) (BTA-EG6), which are derivatives
of thioflavin-T.18,20 The BTA-EG4 binds to multiple regions of
Aβ and is able to block not only binding of catalase but also
other enzymes including the amyloid-binding alcohol dehydro-
genase (ABAD).20 The BTA-EG4 compound has recently been
shown to be active in vivo in an animal model of AD where it
has beneficial actions and has been suggested as a therapeutic
agent for AD.22,23 Peptides that specifically target the catalase
binding domain of Aβ, including the endogenous kisspeptin
(KP) peptides, have been shown to be neuroprotective;
likewise, peptides targeting the ABAD binding domain of Aβ
are also neuroprotective.13,24−26 Inhibition of catalase with
either 3-amino-1,2,4-triazole (3-AT) or homocysteine signifi-
cantly enhances the neurotoxicity of the Aβ peptide and
suggests a role for the enzyme activity in endogenous
neuroprotection against Aβ.27,28 Catalase overexpression in
combination with glutathione peroxidase is neuroprotective
against the Aβ peptide, which specifically activates H2O2
production in vitro.29−31

Herein we have used stable overexpression of the human
catalase gene in human SH-SY5Y neuronal cultures to
determine the mechanisms of catalase neuroprotection against
the amyloid peptides Aβ, amyloid-Bri (ABri), amyloid-Dan
(ADan), IAPP, and PrP. The catalase overexpression model has
been characterized and the effects of the specific catalase
inhibitor 3-AT plus the BTA-EG4 inhibitor of catalase-amyloid
interactions on catalase neuroprotection have been determined.

■ RESULTS AND DISCUSSION
Characterization of Catalase Overexpressing SH-SY5Y

Neuronal Cells. The overexpression of the human catalase
gene in the PCat SH-SY5Y neuronal cells, stably transfected
with the pcDNA4/TO/myc−His expression vector containing
the human catalase gene, was confirmed using immunocy-
tochemistry (Figure 1A), which showed that the CAT 505
monoclonal anti-catalase staining was found within the
cytoplasm. The staining of PVect control cells, stably
transfected with the pcDNA4/TO/myc−His expression vector,
showed considerably less CAT 505 monoclonal anti-catalase
staining (Figure 1B). Western blotting using CAT 505
monoclonal anti-catalase staining showed specific staining of a
60 kDa band and increased levels in the PCat cell extracts
compared to PVect cell extracts. To confirm that the
transfected catalase gene was expressed, cells were analyzed
by RT-PCR. Results showed a high level of catalase mRNA in
the PCat SH-SY5Y neuronal cells compared to that found in
PVect SH-SY5Y neuronal cells (Figure 1C). The activity of
catalase, determined in extracts from PVect SH-SY5Y neuronal
cells and PCat SH-SY5Y neuronal cells, showed a 6-fold higher
activity in the PCat SH-SY5Y neuronal cells compared to the
level of 18.3 ± 1.9 U/mg (mean ± SEM) in PVect SH-SY5Y
neuronal cells (Figure 1D). The activity of PCat SH-SY5Y
neuronal extracts was reduced to below the detection limit of
the activity assay (<2 U/mg) by treatment with the catalase
inhibitor 3-AT.
Effects of Hydrogen Peroxide on Catalase Over-

expressing SH-SY5Y Neuronal Cells. The increase in
catalase activity (Figure 1D) in the PCat SH-SY5Y neuronal
cells suggests that they should be resistant to H2O2 toxicity.
The effects of 2 h treatment with a range of H2O2

concentrations (0−1000 μM) on PVect and PCat SH-SY5Y
neuronal viability were determined. Results showed that the
PCat SH-SY5Y neuronal cells were significantly resistant to
H2O2 toxicity at doses up to 1000 μM (Figure 2A). To confirm
that the resistance to H2O2 toxicity was due to the catalase
activity, and not other endogenous peroxidases, the PVect and
PCat SH-SY5Y neuronal cells were treated with 500 μM H2O2
plus a range of concentrations of 3-AT (0−50 mM).32 Results
showed that 3-AT significantly reduced the H2O2 toxicity
(Figure 2B).
The pcDNA4/TO/myc−His expression vector contains

tetracycline (Tet) operator sequences that allow suppression
of the expression with a Tet repressor (TR) protein. PCat SH-
SY5Y neuronal cells were stably transfected with the pcDNA6/
TR vector containing the TR protein to create an inducible
catalase expression line (PCatIND). Treatment of the
PCatIND SH-SY5Y neuronal cells with 1000 μM H2O2 caused
significant neurotoxicity that was reduced by pretreatment of
the cells with 1 μg/mL Tet (Figure 2C) confirming that the
overexpression of catalase was responsible for the neuro-
protection against H2O2.

Figure 1. Characterization of catalase gene overexpression in SH-SY5Y
neuronal cells. (A) Immunocytochemistry of human SH-SY5Y
neuronal cells stably expressing the catalase gene vector (PCat)
showing localization of catalase in the cytoplasm. (B) Immunocy-
tochemistry of human SH-SY5Y neuronal cells stably expressing the
pcDNA4/TO/myc−His expression vector (PVect) showing low level
localization of catalase above background. Catalase appears red (CAT
505 monoclonal anti-catalase staining), and the nucleus appears blue
(TO-PRO-3 iodide staining). Bars = 10 μm. (C) RT-PCR analysis of
catalase and β-actin mRNA in human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) and stably expressing the
pcDNA4/TO/myc−His expression vector (PVect). (D) Catalase
activity in extracts from Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) and stably expressing the
pcDNA4/TO/myc−His expression vector (PVect), plus the effect of
the catalase inhibitor 50 mM 3-AT on PCat cell extract catalase
activity. Results are expressed as % PVect catalase activity (mean ±
SEM). *P < 0.05 vs PVect extracts; †P < 0.05 vs PCat extracts; one-
way ANOVA.
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Catalase is known to be released from some cell types and
the deposits of catalase in the AD brain are clearly
extracellular.15,16 Overexpression systems often create cell
lines that release excessive levels of the overexpressed proteins
into the medium, raising the possibility that extracellular
catalase could be responsible for the neuroprotection against
H2O2 toxicity in the PCat SH-SY5Y neuronal cells.
Conditioned medium from PVect and PCat SH-SY5Y neuronal
cultures was harvested after 24 h incubation with fresh medium.
The effects of 2 h treatment with a range of H2O2
concentrations (0−1000 μM) on naıv̈e (untransfected) SH-
SY5Y neuronal cells in the presence of conditioned medium
from PVect or PCat SH-SY5Y neuronal cells was determined.
Results showed that the conditioned medium from PCat SH-
SY5Y neuronal cells was significantly protective against H2O2
toxicity (Figure 2D).

These results confirm that the increased catalase expression
in the PCat SH-SY5Y neuronal cells is neuroprotective against
H2O2 toxicity in agreement with previous studies using
neuronal catalase overexpression.33 This suggests that the
PCat SH-SY5Y neuronal model may be suitable for
investigating the role of catalase in neuroprotection.

Effects of Cobalt Chloride on Catalase Overexpress-
ing SH-SY5Y Neuronal Cells. The toxicity of a range of
neurotoxins can be inhibited by catalase overexpression;
however, cobalt chloride induced oxidative stress appears to
be unaffected by catalase.29,34 The effects of 24 h treatment
with a range of cobalt chloride concentrations (0−500 μM) on
PVect and PCat SH-SY5Y neuronal viability were determined.
Results showed that both PCat and PVect SH-SY5Y neuronal
cells were susceptible to cobalt chloride toxicity at doses up to
500 μM (Figure 3). The dose response curves showed a similar

pattern and there were no significant differences between the
toxicity observed in PCat and PVect SH-SY5Y neuronal cells.
This provides a positive control toxin that both PCat and PVect
SH-SY5Y neuronal cells are equally susceptible to and has been
used in subsequent experiments. The results confirm the
suggestion that cobalt chloride neurotoxicity is not mediated via
actions on H2O2 and demonstrate the specificity of the
neuronal catalase overexpression model.34

Effects of Amyloid Peptides on Catalase Overexpress-
ing SH-SY5Y Neuronal Cells. The resistance of PCat SH-
SY5Y neuronal cells to H2O2 toxicity (Figure 2) suggests that
the cell line may be suitable to determine the role of catalase in
amyloid peptide toxicity. The Aβ, ABri, ADan, IAPP, and PrP
peptides play a key role in the pathology of AD, Familial British
dementia, Familial Danish dementia, T2DM, and CJD,
respectively.35−40 With the exception of IAPP, all of the
amyloid peptides are produced in the brain and all are
neurotoxic.35−40 In the case of IAPP, a recent study has
demonstrated IAPP deposits in the brains of T2DM patients,
suggesting a need for neuroprotection in the treatment of
T2DM.41 The diseases associated with amyloid peptides all
have an oxidative stress component.38 Catalase has previously
been shown to bind Aβ, IAPP plus PrP fibrils and is
neuroprotective against Aβ and the rat IAPP in SH-SY5Y
neuronal cells.2,11−14,21,26 The catalase binding region of the Aβ
peptide is found within the 25−35 sequence, which shows
similarity to regions of IAPP, PrP, ABri, and ADan peptides

Figure 2. Effects of hydrogen peroxide on catalase overexpressing SH-
SY5Y neuronal cells. (A) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat; closed red circles) and
stably expressing the pcDNA4/TO/myc−His expression vector
(PVect; closed blue circles) were exposed to 0−1000 μM H2O2 and
cell viability determined by MTT reduction. Results are mean ± SEM;
*P < 0.05 vs PVect; one-way ANOVA. (B) Human SH-SY5Y neuronal
cells stably expressing the catalase gene vector (PCat; closed red
circles) and stably expressing the pcDNA4/TO/myc−His expression
vector (PVect; closed blue circles) were pretreated with 0−50 mM 3-
AT prior to exposure to 500 μM H2O2 and cell viability determined by
MTT reduction. Results are mean ± SEM; *P < 0.05 vs PVect; one-
way ANOVA. (C) Human SH-SY5Y neuronal cells stably expressing
the catalase gene vector plus the pcDNA6/TR vector (PCatIND) were
exposed to 1 μg/mL tetracycline (Tet; open hatched column), 500
μM H2O2 (closed red column) or 1 μg/mL Tet plus 500 μM H2O2
(hatched red column) and cell viability determined by MTT
reduction. Results are mean ± SEM; *P < 0.05 vs control; †P <
0.05 vs H2O2 alone; one-way ANOVA. (D) Naıv̈e (untransfected) SH-
SY5Y neuronal cells were exposed to 500 μM H2O2 plus conditioned
medium from PVect SH-SY5Y neuronal cells (closed blue circles) or
PCat SH-SY5Y neuronal cells (closed red circles). Results are mean ±
SEM; *P < 0.05 vs PVect; one-way ANOVA.

Figure 3. Effects of cobalt chloride on catalase overexpressing SH-
SY5Y neuronal cells. Human SH-SY5Y neuronal cells stably expressing
the catalase gene vector (PCat; closed red circles) and stably
expressing the pcDNA4/TO/myc−His expression vector (PVect;
closed blue circles) were exposed to 0−500 μM cobalt chloride and
cell viability determined by MTT reduction. Results are mean ± SEM.
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(Figure 4A).2,14 The sequence similarities between the amyloid
peptides and their similar mechanisms of neurotoxicity which
can be counteracted by amyloid binding compounds suggest
that catalase overexpression may be protective against the Aβ,
ABri, ADan, IAPP, and PrP peptides.25,29,42 The effects of 24 h
treatment with 25 μM of the amyloid peptides, Aβ 25−35, ABri
1−34, ADan 1−34, IAPP 20−29, and PrP 106−126, on PVect
and PCat SH-SY5Y neuronal viability were determined. Results

showed that the PCat SH-SY5Y neuronal cells were
significantly resistant to Aβ, ABri, ADan, IAPP, and PrP
toxicity (Figure 4B). This is the first demonstration that
catalase overexpression is neuroprotective against the ABri,
ADan, IAPP, and PrP peptides, suggesting that catalase
neuroprotection is not specific to a given amyloid peptide.
This is in agreement with the observations that Aβ, IAPP, and
PrP share a similar mechanism of toxicity and suggests that

Figure 4. Effects of amyloid peptides on catalase overexpressing SH-SY5Y neuronal cells. (A) Alignment of Aβ 25−35 (shown in red) to similar
regions of IAPP 20−29, PrP 106−126, ABri 1−34, and ADan 1−34. Red amino acids are identical to those in Aβ 25−35, blue amino acids have
similar properties. The purple box highlights the Gly-Ala-Ile-Ile region of Aβ 25−35 that binds catalase. (B) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat; hatched columns) and stably expressing the pcDNA4/TO/myc−His expression vector (PVect; closed
columns) were exposed to 25 μM Aβ 25−35 (clear columns), IAPP 20−29 (red columns), PrP 106−126 (blue columns), ABri 1−34 (green
columns), or ADan 1−34 (yellow columns) and cell viability determined by MTT reduction. Results are mean ± SEM; *P < 0.05 vs PVect; one-way
ANOVA. (C) Human SH-SY5Y neuronal cells stably expressing the catalase gene vector (PCat; closed red circles) and stably expressing the
pcDNA4/TO/myc−His expression vector (PVect; closed blue circles) were exposed to 0−50 μM Aβ 25−35 and cell viability determined by MTT
reduction. Results are mean ± SEM; *P < 0.05 vs PVect; one-way ANOVA. (D) Human SH-SY5Y neuronal cells stably expressing the catalase gene
vector plus the pcDNA6/TR vector (PCatIND) were exposed to 1 μg/mL tetracycline (Tet; open hatched column), 50 μM Aβ 31−35 (closed red
column) or 1 μg/mL Tet plus 50 μM Aβ 31−35 (hatched red column) and cell viability determined by MTT reduction. Results are mean ± SEM;
*P < 0.05 vs control; †P < 0.05 vs Aβ alone; one-way ANOVA. (E) Naıv̈e (untransfected) SH-SY5Y neuronal cells were exposed to conditioned
medium from PVect SH-SY5Y neuronal cells (blue columns) or PCat SH-SY5Y neuronal cells (red columns) plus 25 μM Aβ 25−35 alone (hatched
columns) or 25 μM Aβ 25−35 and 50 mM 3-AT (stippled columns). Results are mean ± SEM; *P < 0.05 vs PVect alone; one-way ANOVA.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn400146a | ACS Chem. Neurosci. XXXX, XXX, XXX−XXXD



ABri plus ADan can be added to this group of amyloid
neurotoxins acting via similar mechanisms.42 The dose−
response curve for Aβ 25−35 neurotoxicity over the range
0−50 μM showed that the PCat SH-SY5Y neuronal cells were
resistant to Aβ 25−35 doses up to 50 μM (Figure 4C) in
agreement with previous studies that suggest a major role for
catalase in neuroprotection against the Aβ peptide.29

The PCatIND SH-SY5Y neuronal cells were susceptible to
H2O2 toxicity and induction of catalase expression by
pretreatment of the cells with Tet was neuroprotective against
H2O2. This system was used to determine whether similar
effects could be observed with neuroprotection against Aβ.
Results showed that 50 μM Aβ 31−35 was toxic to the
PCatIND SH-SY5Y neuronal cells and that the toxicity was
reversed by pretreatment with 1 μg/mL Tet (Figure 4D),
confirming that the overexpression of catalase was responsible
for the neuroprotection against Aβ.
The observation that conditioned medium from PCat SH-

SY5Y neuronal cultures was protective against H2O2 toxicity
(Figure 2D) suggests that the catalase overexpressing cells
release catalase into the medium. Catalase is well-known to be
neuroprotective against Aβ when added to culture me-
dium.12,43−46 Conditioned medium from PVect and PCat
SH-SY5Y neuronal cultures was harvested after 24 h incubation
with fresh medium. The effect of 24 h treatment with 25 μM
Aβ 25−35 on naıv̈e (untransfected) SH-SY5Y neuronal cells in
the presence of conditioned medium from PVect or PCat SH-
SY5Y neuronal cells was determined. The naıv̈e (untransfected)
SH-SY5Y neuronal cells treated with PVect conditioned
medium were susceptible to Aβ 25−35 toxicity, and this effect
was not blocked by 50 mM of the catalase inhibitor 3-AT
(Figure 4E). The conditioned medium from PCat SH-SY5Y
neuronal cells was significantly protective against 25 μM Aβ
25−35 toxicity compared to conditioned medium from PVect
SH-SY5Y neuronal cells (Figure 4E) and 50 mM of the catalase
inhibitor 3-AT did not alter this effect.
These results confirm that the increased catalase expression

in the PCat SH-SY5Y neuronal cells is neuroprotective against
amyloid peptide toxicity in agreement with previous studies
using catalase overexpression.29 This suggests that the PCat
SH-SY5Y neuronal model may be suitable for investigating the
mechanism of catalase in neuroprotection against Aβ.
Effects of the Catalase Inhibitor 3-AT on Amyloid

Peptide Toxicity in Catalase Overexpressing SH-SY5Y
Neuronal Cells. A possible mechanism for catalase neuro-
protection against amyloid peptides is via catalase breakdown of
H2O2 and blockade of the oxidative stress induced by the
amyloid peptides.27,28 The observation that 3-AT reverses the
catalase overexpression neuroprotection against H2O2 toxicity
(Figure 2B) suggests that 3-AT could be used to determine if
catalase activity is an essential component of the neuro-
protection against amyloid peptides. The observations of
catalase immunoreactivity in the cells when 3-AT enhanced
Aβ toxicity, led to the suggestion that the enhancement of Aβ
toxicity was due to inhibition of endogenous catalase.27 The
PVect cells contain catalase (Figure 1B) that is active (Figure
1D). The previous reports that catalase inhibition by 3-AT
enhance Aβ toxicity complicate the interpretation of results,
however by comparing the effects of 3-AT on PVect and PCat
SH-SY5Y neuronal cells this effect can be accounted for in
viability determinations.27,28

PVect and PCat SH-SY5Y neuronal cells were pretreated
with 3-AT at a range of concentrations up to 50 mM. The Aβ

1−42 peptide (10 μM) was then added to the cells and
incubated for a further 24 h prior to determination of cell
viability. Results showed that doses above 10 mM the 3-AT
significantly increased the neurotoxicity of Aβ 1−42 in PVect
SH-SY5Y neuronal cells (Figure 5A). In the PCat SH-SY5Y

neuronal cells the 3-AT significantly increased the neurotoxicity
of Aβ 1−42 at doses of 40 mM and 50 mM. The increased
neurotoxicity of Aβ 1−42 in the presence of 3-AT suggests that
the compound is allowing Aβ to exert its toxic actions by
inhibiting H2O2 breakdown. These results are in agreement
with the observations that 3-AT enhances Aβ toxicity.27,28

The effects of the 50 mM 3-AT pretreatment prior to
addition of 25 μM of the amyloid peptides, Aβ 25−35, ABri 1−
34, ADan 1−34, IAPP 20−29, and PrP 106−126, was tested on
PCat SH-SY5Y neuronal cells. Results showed that for all the
amyloid peptides the 3-AT significantly increased the neuro-
toxicity (Figure 5B). This suggests that for all of the amyloid
peptides the catalase overexpression is neuroprotective via an

Figure 5. Effects of the catalase inhibitor 3-AT on amyloid peptide
toxicity in catalase overexpressing SH-SY5Y neuronal cells. (A)
Human SH-SY5Y neuronal cells stably expressing the catalase gene
vector (PCat; closed red circles) and stably expressing the pcDNA4/
TO/myc−His expression vector (PVect; closed blue circles) were
pretreated with 0−50 mM 3-AT prior to exposure to 10 μM Aβ and
cell viability determined by MTT reduction. Results are mean ± SEM;
*P < 0.05 vs PCat plus Aβ alone; †P < 0.05 vs PVect plus Aβ alone;
one-way ANOVA. (B) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) were pretreated with 50
mM 3-AT (hatched columns) or medium alone (closed columns) and
exposed to 25 μM Aβ 25−35 (clear columns), IAPP 20−29 (red
columns), PrP 106−126 (blue columns), ABri 1−34 (green columns),
or ADan 1−34 (yellow columns) and cell viability determined by
MTT reduction. Results are mean ± SEM; * = P < 0.05 vs amyloid
peptide alone; one-way ANOVA.
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antioxidant mechanism and breakdown of H2O2. However, the
3-AT was not able to increase the toxicity of Aβ 1−42 in the
PCat SH-SY5Y neuronal cells to the levels seen in PVect SH-
SY5Y neuronal cells (Figure 5A), suggesting that there is some
remaining catalase neuroprotection. The highest dose of 3-AT
(50 mM) reduces catalase activity in extracts of PCat SH-SY5Y
neuronal cells to undetectable (Figure 1D) raising the
possibility that the catalase is also working via another
mechanism. The failure of 50 mM 3-AT to abolish the
neuroprotective effect of conditioned medium from PCat SH-
SY5Y neuronal cells (Figure 4E) contrasts with its ability to
reduce the neuroprotection in the PCat SH-SY5Y neuronal
cells and suggests that the activity dependent component may
involve intracellular catalase.
Effects of the BTA-EG4 Inhibitor of Catalase-Amyloid

Interactions on Amyloid Peptide Toxicity in Catalase
Overexpressing SH-SY5Y Neuronal Cells. Another possible
mechanism for catalase neuroprotection against amyloid
peptides is via a direct binding interaction that effectively
blocks the amyloid actions leading to cell death.2,12 The BTA-
EG4 compound is a well characterized amyloid binding
compound that is known to disrupt catalase-amyloid
interactions.18,20,22,23 The BTA-EG4 is a low molecular weight
(416.18 Da) compound that has been demonstrated to be
taken up by SH-SY5Y neuronal cells and to disrupt intracellular
catalase-Aβ interactions.18 These results suggest that this
compound may be effective for determining if catalase-amyloid
interactions are involved in the neuronal catalase over-
expression model. PCat SH-SY5Y neuronal cells were pre-
treated with BTA-EG4 at a range of concentrations up to 20
μM. The Aβ 25−35 peptide (50 μM) was then added to the
cells and incubated for a further 24 h prior to determination of
cell viability. Results showed that BTA-EG4 was not toxic over
the 2.5−20 μM range (Figure 6A). At a dose of 20 μM the
BTA-EG4 significantly increased the neurotoxicity of 50 μM Aβ
25−35 (Figure 6A). The increased neurotoxicity of Aβ 25−35
in the presence of BTA-EG4 suggests that the compound is
disrupting catalase-Aβ interactions to allow Aβ to exert its toxic
actions. This result contrasts with the observations that BTA-
EG4 was significantly neuroprotective against the Aβ peptide at
concentrations of 20 μM.18 The previous study preincubated
the BTA-EG4 and Aβ for 12 h to allow the binding interaction
to take place prior to addition to cells.18 In this study, cells were
pretreated with BTA-EG4 to allow uptake into the cells prior to
addition of Aβ. As such during the incubation with Aβ the
cellular catalase and BTA-EG4 are competing for binding to Aβ,
and this may explain the different effects observed on Aβ
toxicity between the two studies.18 When PVect SH-SY5Y
neuronal cells were pretreated with 20 μM BTA-EG4 prior to
50 μM Aβ 25−35 treatment, there was no significant difference
in the toxicity compared to PVect SH-SY5Y neuronal cells
treated with 50 μM Aβ 25−35 alone (Aβ alone 36.5 ± 5.7;
BTA-EG4 plus Aβ 37.2 ± 11.7; MTT reduction (% control)
mean ± SEM).
The effects of the 20 μM BTA-EG4 pretreatment prior to

addition of 25 μM of the amyloid peptides; Aβ 25−35, ABri 1−
34, ADan 1−34, IAPP 20−29, and PrP 106−126 was tested on
PCat SH-SY5Y neuronal cells. Results showed that for all the
amyloid peptides the BTA-EG4 significantly increased the
neurotoxicity (Figure 6B). This suggests that for all of the
amyloid peptides the catalase overexpression is neuroprotective
via a direct binding interaction. However, the 20 μM BTA-EG4
was not able to increase the toxicity of 25 μM Aβ 25−35 in the

PCat SH-SY5Y neuronal cells (BTA-EG4 plus Aβ 65.2 ± 4.9;
MTT reduction (% control) mean ± SEM) to the levels seen in
PVect SH-SY5Y neuronal cells (20 μM BTA-EG4 plus 25 μM
Aβ 37.2 ± 11.7; MTT reduction (% control) mean ± SEM)
suggesting that there is some remaining catalase neuro-
protection. This could be due to the doses of BTA-EG4 used,
higher doses were avoided in this study due to the increased
neuroprotective actions of higher doses plus the reports that
BTA-EG4 is toxic to SH-SY5Y neuronal cells at higher
concentrations with an IC50 of 60 μM.18,47 The observation
that 3-AT enhances the toxicity of the amyloid peptides is
another mechanism for the catalase neuroprotection and the
binding interaction is a component of the neuroprotection
rather than the sole mechanism.

Effects of the Amyloid Binding Peptide KP 45−50 on
Amyloid Peptide Toxicity in Catalase Overexpressing
SH-SY5Y Neuronal Cells. The observation that Aβ binding
compounds and inhibitors of Aβ generation can be neurotoxic
in SH-SY5Y neuronal cells, an effect that can be reversed by
addition of Aβ, suggests that the effects seen with BTA-EG4 in

Figure 6. Effects of the BTA-EG4 inhibitor of catalase-amyloid
interactions on amyloid peptide toxicity in catalase overexpressing SH-
SY5Y neuronal cells. (A) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) were pretreated with 0−20
μM BTA-EG4 prior to exposure to medium alone (closed blue circles)
or 50 μM Aβ (closed red circles) and cell viability determined by MTT
reduction. Results are mean ± SEM; *P < 0.05 vs Aβ alone; one-way
ANOVA. (B) Human SH-SY5Y neuronal cells stably expressing the
catalase gene vector (PCat) were pretreated with 20 μM BTA-EG4
(hatched columns) or medium alone (closed columns) and exposed to
25 μM Aβ 25−35 (clear columns), IAPP 20−29 (red columns), PrP
106−126 (blue columns), ABri 1−34 (green columns), or ADan 1−34
(yellow columns) and cell viability determined by MTT reduction.
Results are mean ± SEM; *P < 0.05 vs amyloid peptide alone; one-
way ANOVA.
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PCat SH-SY5Y neuronal cells could be due to effects on
endogenous Aβ.48 The KP 45−50 peptide has recently been
identified as an amyloid binding peptide that inhibits the
toxicity of Aβ, IAPP, and PrP.24,25 The KP 45−50 peptide
binds to the same region of Aβ, IAPP plus PrP as catalase, and
this binding can be inhibited by catalase.24,25,49 The KP 45−50
plus BTA-EG4 compounds have similar molecular weights, KP
45−54 (828.88 Da) and BTA-EG4 (416.18 Da), and have
similar actions in SH-SY5Y neuronal cells.18,24,25 The effects of
pretreatment of naıv̈e SH-SY5Y neuronal cells with 1 μM KP
45−50 or 10 μM KP 45−50 for 24 h prior to addition of 25 μM
of the amyloid peptides were tested. Results showed that the 1
μM KP 45−50 had no significant effect on the toxicity of Aβ
25−35, IAPP 20−29, PrP 106−126, ABri 1−34, or ADan 1−34
(Figure 7A). However, the 10 μM KP 45−50 significantly
reduced the toxicity of the Aβ 25−35, IAPP 20−29, and PrP
106−126, but had no effect on the toxicity of ABri 1−34 or
ADan 1−34 (Figure 7B), in agreement with previous
studies.24,25

The effects of pretreatment of catalase overexpressing PCat
SH-SY5Y neuronal cells with KP 45−50 (0−20 μM) for 24 h
prior to addition of medium or 50 μM of Aβ 25−35 were
tested. Results showed that KP 45−50 was not toxic over the
1.25−20 μM range (Figure 7C). When the PCat SH-SY5Y
neuronal cells were pretreated with KP 45−50 (1.25−20 μM)
for 24 h there was no significant enhancement of 50 μM Aβ
25−35 toxicity (Figure 7C). At doses of 10 and 20 μM the KP
45−50 significantly increased the neuroprotection against 50
μM Aβ 25−35 (Figure 7C). The pretreatment with 20 μM KP
45−50 for 24 h prior to addition of 25 μM of the amyloid
peptides had no significant effect on the catalase neuro-
protection against the amyloid peptides (Figure 7D). These
results suggest that for all of the amyloid peptides the catalase
overexpression is neuroprotective and that the KP 45−50
peptide is unable to block the neuroprotection. It is possible
that the KP 45−50 inhibits catalase binding to amyloid
peptides, however, this is not apparent in the neuroprotection
studies, possibly due to the neuroprotective actions of KP 45−
50 at higher doses. The results suggest that the enhancement of
amyloid neurotoxicity in catalase overexpressing cells by BTA-
EG4 is specific and not caused by the compound having a toxic
effect as an endogenous Aβ binding compound.48

Effects of 3-AT, BTA-EG4, and KP 45−50 on Amyloid-β
Binding to Catalase and Protection against H2O2
Toxicity. The results for 3-AT and BTA-EG4 pretreatment
suggest that these two compounds enhance amyloid peptide
toxicity in catalase overexpressing neuronal cells. In contrast,
the KP 45−50 peptide had no significant effect on catalase
overexpression neuroprotection against amyloid peptides. The
proposed mechanisms of action are via 3-AT inhibition of
catalase breakdown of H2O2 and BTA-EG4 inhibition of
catalase-amyloid interactions. Both Aβ and 3-AT bind catalase
and inhibit H2O2 breakdown, raising the possibility that the
actions of 3-AT in the catalase overexpression system could be
due to inhibition of the catalase-Aβ interactions.2,50 The effects
of 3-AT, BTA-EG4 and KP 45−50 on the binding of
biotinylated-Aβ to immobilized catalase were therefore
determined. Results showed that both BTA-EG4 and KP 45−
50 significantly inhibited Aβ binding to catalase while 3-AT had
no effect (Figure 8A). The KP 45−50 peptide was more
effective than the BTA-EG4 at inhibiting the binding with
significantly greater inhibition of the interaction at concen-
trations between 1.25 and 10 μM compared to the mM

concentrations of BTA-EG4 required to inhibit catalase-Aβ
interactions (Figure 8A). The effect of BTA-EG4 at mM
concentrations is in agreement with previous studies and the
effects of 3-AT confirm that this compound is not acting to
inhibit catalase-amyloid interactions.18,20,49 The results for KP
45−50 suggest that the failure to enhance amyloid peptide
toxicity (Figure 7C and D) in catalase overexpressing cells is
not due to an inability to displace catalase. It is therefore more
likely that the neuroprotective effects of KP 45−50 are additive
to those of catalase, as shown in Figure 7C.
The observation that BTA-EG4 is toxic at higher

concentrations than those used in the current study suggest

Figure 7. Effects of the amyloid binding peptide KP 45−50 on
amyloid peptide toxicity in catalase overexpressing SH-SY5Y neuronal
cells. (A) Naıv̈e human SH-SY5Y neuronal cells were pretreated with
medium alone (closed columns) or 1 μM KP 45−50 (hatched
columns) prior to exposure to 25 μM Aβ 25−35 (clear columns),
IAPP 20−29 (red columns), PrP 106−126 (blue columns), ABri 1−34
(green columns), or ADan 1−34 (yellow columns) and cell viability
determined by MTT reduction. Results are mean ± SEM; †P < 0.05 vs
control; one-way ANOVA. (B) Naıv̈e human SH-SY5Y neuronal cells
were pretreated with medium alone (closed columns) or 10 μM KP
45−50 (hatched columns) prior to exposure to 25 μM Aβ 25−35
(clear columns), IAPP 20−29 (red columns), PrP 106−126 (blue
columns), ABri 1−34 (green columns), or ADan 1−34 (yellow
columns) and cell viability determined by MTT reduction. Results are
mean ± SEM; *P < 0.05 vs amyloid peptide alone ; †P < 0.05 vs
control; one-way ANOVA. (C) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) were pretreated with 0−20
μM KP 45−50 prior to exposure to medium alone (closed blue
circles) or 50 μM Aβ (closed red circles) and cell viability determined
by MTT reduction. Results are mean ± SEM; *P < 0.05 vs Aβ alone;
one-way ANOVA. (D) Human SH-SY5Y neuronal cells stably
expressing the catalase gene vector (PCat) were pretreated with 20
μM KP 45−50 (hatched columns) or medium alone (closed columns)
and exposed to 25 μM Aβ 25−35 (clear columns), IAPP 20−29 (red
columns), PrP 106−126 (blue columns), ABri 1−34 (green columns),
or ADan 1−34 (yellow columns) and cell viability determined by
MTT reduction. Results are mean ± SEM.
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that the compound could be acting generally to enhance
toxicity rather than as an inhibitor of catalase-amyloid actions.47

The BTA-EG4 does not enhance the toxicity of Aβ in the PVect
SH-SY5Y neuronal cells and a previous study has show that it
does not enhance Aβ toxicity in a cell-line overexpressing the
KiSS-1 metastasis-suppressor gene.25,51 To exclude BTA-EG4
acting as a general toxicity enhancer in the catalase over-
expressing neuronal cells, and also to confirm that the
mechanism of BTA-EG4 enhancement of amyloid peptide
toxicity is not via inhibition of H2O2 breakdown, the effects of
BTA-EG4 pretreatment on H2O2 toxicity were determined. The
effects of KP 45−50 pretreatment were also determined.
Results showed that 20 μM BTA-EG4 and 20 μM KP 45−50
had no significant effect on H2O2 toxicity (Figure 8B),
pretreatment with 50 mM 3-AT significantly enhanced H2O2
toxicity. These results suggest that the enhancement of amyloid
peptide toxicity in catalase overexpressing neuronal cells by
BTA-EG4 is specific for amyloid peptides and likely to be due
to inhibition of the catalase-amyloid binding interactions.

■ CONCLUSIONS

The results from this study demonstrate that catalase
overexpression is neuroprotective against the Aβ, ABri, ADan,
IAPP, and PrP amyloid peptides. The catalase neuroprotection
against the Aβ, ABri, ADan, IAPP, and PrP amyloid peptides
can be inhibited by either the catalase inhibitor 3-AT (Figure 5)
or the catalase-amyloid interaction inhibitor BTA-EG4 (Figure
6). The mechanism of protection involves both catalase
breakdown of H2O2 and also a direct binding catalase-amyloid
interaction (Figure 9A). The catalase inhibitor 3-AT reduces
the catalase overexpression neuroprotection by inhibiting H2O2
breakdown without altering the catalase-amyloid binding
interaction (Figure 9B). The catalase-amyloid interaction
inhibitor BTA-EG4 reduces the catalase overexpression neuro-
protection by inhibiting catalase-amyloid binding interactions
without altering the catalase breakdown of H2O2 (Figure 9C).
The catalase activity dependent component may be intracellular
since 3-AT failed to block neuroprotection of conditioned
medium from catalase overexpressing cells (Figure 4E).
Previous studies have shown that addition of inactive catalase
to culture medium is neuroprotective, and it is unlikely that this
catalase is taken up by cells.46 This suggests that the amyloid-
binding dependent catalase neuroprotection may be mediated
via an extra-cellular action to prevent amyloid peptide activating
receptors or entering the cells.35,52−55 The ability of BTA-EG4
to enhance Aβ toxicity contrasts with previous reports that the
BTA-EG4 compound is neuroprotective against Aβ and may be
specific to the catalase overexpression model since the
compound had no effects on Aβ toxicity in control neuronal
cells or KiSS-1 overexpressing neuronal cells.18,20,22,23,25,51 The
enhancement of Aβ toxicity is not seen with the KP 45−50
peptide, which has similar Aβ binding actions to the BTA-EG4
compound.18,20,22−25 The KP 45−50 has a similar affinity for
amyloid peptides to catalase and has also been suggested to act
via activation of a neuroprotective pathway involving activation
of oxytocin/vasopressin and cyclo-oxygenase.24,25,51 The KP
45−50 neuroprotection in the naıv̈e SH-SY5Y neuronal cells
and enhancement of neuroprotection against Aβ in PCat SH-
SY5Y neuronal cells confirms that additive effects were
involved, that are not seen with the BTA-EG4 compound.
The specificity of the BTA-EG4 enhancement of amyloid
peptide toxicity may be due to targeting different sites on the
amyloid peptides when compared to KP 45−50, which unlike
the BTA-EG4 does not bind ABri or ADan.
Neuronal cells that survive Aβ toxicity in cell culture models

have been shown to have elevated catalase levels.27 In mouse
models of AD, the levels of catalase change, with region specific
increases at different time points within the disease
progression.9,10 The study by Lovell et al. showed a 2−4 fold
elevation of catalase activity in temporal regions of the AD
brain including the hippocampus.8 As such, the catalase
overexpression model with a 6-fold elevation of catalase activity
may be closer to the situation observed in some regions of the
AD brain than the control SH-SY5Y neuronal cells. This also
suggests that the unwanted enhancement of Aβ toxicity by
BTA-EG4 seen in the catalase overexpression model could be
relevant to it is use in AD and other conditions where the levels
of catalase are significantly elevated.22,23

Compounds that inhibit catalase−amyloid interactions have
been suggested as having potential for development as
therapeutics for AD, and possibly other amyloid associated
diseases.2,11−14,18−26 The results from this study suggest that

Figure 8. Effects of BTA-EG4, KP 45−50, and 3-AT on amyloid-β
binding to catalase and protection against H2O2 toxicity. (A) Catalase
coated plates were incubated with 1 μM biotinylated Aβ 1−42 in the
presence of 0−80 mM 3-AT (closed blue circles), 0−80 mM BTA-
EG4 (closed red circles), or 0−80 μM KP 45−50 (closed yellow
circles) and bound material determined by EIA. *P < 0.05 vs biotinyl-
Aβ 1−42 alone; one-way ANOVA. (B) Human SH-SY5Y neuronal
cells stably expressing the catalase gene vector (PCat) were pretreated
with medium alone (clear hatched column), 20 μM BTA-EG4 (red
hatched column), 20 μM KP 45−50 (yellow hatched column), or 50
mM 3-AT (blue hatched column) prior to exposure to 500 μM H2O2
and cell viability determined by MTT reduction. Control was medium
alone (clear column). Results are mean ± SEM; *P < 0.05 vs control;
†P < 0.05 vs H2O2 alone; one-way ANOVA.
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such compounds may have unwanted neurotoxic effects and
that screening for catalase−amyloid interaction inhibitors may
not therefore always yield beneficial compounds. Catalase
interactions with amyloid peptides and its endogenous
neuroprotection need to be considered in the search for
effective therapeutic agents for the treatment of diseases such as
AD, Familial British dementia, Familial Danish dementia,
T2DM, and CJD which involve amyloid peptide induced
neurodegeneration.35−41 The results from the present study
also suggest that treatments which increase catalase expression,
such as catalase gene therapy or the catalase gene activating
peroxisome proliferator-activated receptor-γ agonists, may be
beneficial in these neurodegenerative diseases.56−58

■ METHODS
Test Compounds. Amyloid peptides (Aβ 1−42, Aβ 25−35, Aβ

31−35, ABri 1−34, ADan 1−34, IAPP 20−29, and PrP 106−126)
were purchased from American Peptides, Bachem, and Sigma-Aldrich.
N-Terminally biotinylated Aβ 1−42 was purchased from Bachem.
Human erythrocyte catalase, H2O2, 3-AT, and BTA-EG4 were
purchased from Sigma-Aldrich.
Cell Cultures. Human SH-SY5Y neuroblastoma cells were

routinely grown in a 5% CO2 humidified incubator at 37 °C in a
1:1 mixture of Dulbecco’s modified Eagle’s medium and HAM’s F12
with Glutamax (Invitrogen) supplemented with 10% fetal calf serum
(FCS), 1% nonessential amino acids, penicillin (100 units/mL), and
streptomycin (100 mg/mL).28

Human Catalase Overexpression. The human catalase cDNA
clone (NM_001752.3) was obtained from Origene and PCR cloned
into the pcDNA4/TO/myc−His expression vector using forward (5′-
AAGCTTATGGCTGACAGCCGGGAT-3′) and reverse (5′-GCG-
GCCGCCAGATTTGCCTTCTCCCTTGC-3′) oligonucleotides to
create the PCat expression vector. SH-SY5Y cells were transfected with
PCat or control pcDNA4/TO/myc−His expression vector (PVect)
using lipofectamine (Invitrogen), and stably expressing clones were
selected by culturing in 100 μg/mL Zeocin (Invitrogen). Immunocy-
tochemistry, Western blot analysis, and RT-PCR were used to confirm
catalase overexpression.

Immunocytochemistry of Catalase Expression. PVect and
PCat SH-SY5Y neuronal cells were washed with PBS, fixed with 4%
paraformaldehyde for 15 min, and permeabilized in ice cold methanol
for 30 min. Cells were incubated in block solution (10% bovine serum
albumin in PBS) for 15 min, followed by a 1 h incubation with primary
CAT-505 mouse anti-catalase antibody (1:1000; 1 μg/mL final
concentration) in block solution.59 Primary antibody was removed
followed by 3 × 5 min washes in PBS, prior to incubation with goat
anti-mouse IgG-Alexa-fluor 568 secondary (Abcam PLC, Cambridge;
1:500) in block solution for 45 min. Secondary antibody was removed,
and cells were washed three times in PBS. Cells were incubated with
100 μg/mL RNase A for 20 min at 37 °C, followed by 3 × 5 min
washes and incubation with 1 μM TO-PRO-3 iodide (642/661;
Invitrogen) for 20 min. Cells were washed three times in PBS, and
fluorescence was visualized by sequential scanning using a Leica TCS
SP2 confocal system (Leica Microsystems, Milton Keynes, U.K.).60

Western Blot Analysis of Catalase. PVect and PCat SH-SY5Y
neuronal cells were lysed on ice in 20 mM HEPES buffer
supplemented with 1% Nonindet P-40, 1 mM EDTA, 150 mM
sodium chloride (NaCl), 0.25% sodium deoxycholate, and protease
inhibitors. Cell lysates were incubated for 1 h in lysis buffer and
centrifuged at 12 000g for 10 min at 4 C. Total protein was measured
by using the BCA assay. Supernatants were diluted to 1 mg/mL and
resuspended in sample buffer before boiling for 5 min and separation
of samples using a 15% SDS-PAGE gel. Proteins were then transferred
to a nitrocellulose membrane and membranes blocked with 3% nonfat
dried milk powder in PBS containing 0.1% Tween 20 (1 h at room
temperature). Membranes were incubated overnight at 4 °C with
CAT-505 mouse anti-catalase antibody.59 Unbound antibody was
rinsed from the membranes before incubation with horseradish
peroxidase-conjugated goat anti-mouse secondary antibody. Immunor-
eactivity was detected using an enhanced chemiluminescence substrate
and UVP Bio Imaging system.

Reverse Transcription Polymerase Chain Reaction (RT-PCR).
To determine the steady-state levels of catalase mRNA, total RNA was
isolated from PCat catalase overexpressing, and PVect control cells
using a Qiagen RNeasy extraction kit (Cat No: 74104) according to
the manufacturer’s instructions. RT-PCR was performed using the
Qiagen one-step RT-PCR reagent kit (Cat No: 210210) with catalase
forward (5′-AAGCTTATGGCTGACAGCCGGGAT-3′) and reverse

Figure 9. Diagram of proposed model for catalase neuroprotection against amyloid peptides. Panels represent (A) catalase neuroprotection, (B)
reduced catalase in the presence of 3-AT, and (C) reduced catalase in the presence of BTA-EG4.
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(5′-GCGGCCGCCAGATTTGCCTTCTCCCTTGC-3′) primers.
The level of β-actin was used to normalize loadings of total RNA.
Catalase Activity. PVect and PCat SH-SY5Y neuronal cells were

lysed on ice in 20 mM HEPES buffer supplemented with 1% Nonindet
P-40, 1 mM EDTA, 150 mM sodium chloride (NaCl), 0.25% sodium
deoxycholate, and protease inhibitors. Cell lysates were incubated for 1
h in lysis buffer and centrifuged at 12 000g for 10 min at 4 °C. Total
protein was measured by using the BCA assay. Lysates were diluted in
phosphate buffer and catalase activity determined by mixing 50 μL
sample with 50 μL of substrate (6.5 μmol H2O2 in phosphate buffer)
for 60 s, adding 100 μL of 32.4 mM ammonium molybdate and
measurement of absorbance change at 405 nm. Activity was calculated
from a standard curve (0−100 kU/L) using purified human catalase
(EC 1.11.1.6) from human erythrocytes of known activity. Activity was
expressed as U/mg protein.27,61

Binding Studies. Immunoplates (96-well) were coated with
catalase (1 μg/mL) in carbonate buffer, pH 9.6, and unoccupied
sites blocked with 0.2% (w/v) marvel. Biotinylated Aβ peptides (200
pM) were added to plates alone or with test compounds (3-AT or
BTA-EG4) in 50 mM TRIS (containing 0.1% BSA and 0.1% Triton X-
100) and incubated at 4 °C for 16 h. After washing to remove
unbound material an alkaline phosphatase polymer-streptavidin
conjugate was added and incubated at 24 °C for 2 h. After washing
to remove unbound material p-nitrophenylphosphate substrate was
added and absorbance at 405 nm determined.58

Cell Viability. A 30% (w/v) H2O2 in H2O stock solution was
diluted to the required concentration in culture medium immediately
prior to addition to cells. Batches of synthetic Aβ 1−42, Aβ 25−35, Aβ
31−35, ABri 1−34, ADan 1−34, IAPP 20−29, and PrP 106−126 were
dissolved in ddH2O at a concentration of 1.0 mg/mL and incubated at
37 °C for 24h, with constant oscillation. Following incubation, the
formation of fibrils was confirmed by TEM or Congo red assay as
previously described.14,21,25 The amyloid peptides were diluted to the
required concentration in culture medium prior to addition to cells.
Stock solutions of 3-AT, BTA-EG4, cobalt chloride, and KP 45−50 at
least 100× the maximum required concentration for testing were
prepared in ddH2O (3-AT and cobalt chloride) or DMSO (BTA-EG4

and KP 45−50) prior to dilution to the required concentration in
culture medium. None of the vehicles used (ddH2O or DMSO) had a
statistically significant effect on cell viability of PCat or PVect SH-
SY5Y neuronal cells and vehicle controls were included in experi-
ments.
For experiments involving testing the effects of 3-AT, BTA-EG4, or

KP 45−50, the cells were pretreated with test compounds for 24 h
prior to treatment with amyloid peptides or H2O2 as described. For
experiments testing the effects of H2O2 toxicity, cells were incubated
for 2 h prior to determination of cell viability. For experiments testing
amyloid peptides or cobalt chloride, these were added directly to
culture medium prior to incubation for 24 h. Cell viability was
determined either by trypan blue dye exclusion with at least 100 cells
counted per well or by MTT reduction.28 For MTT reduction
determination, after incubation with test substances MTT (10 μL: 12
mM stock) was added and cells incubated for a further 4 h. Cell lysis
buffer [100 μL/well; 20% (v/v) SDS, 50% (v/v) N,N-dimethylforma-
mide, pH 4.7] was added and after repeated pipetting to lyse cells the
MTT formazan product formation was determined by measurement of
absorbance change at 570 nm. Control levels in the absence of test
substances were taken as 100% and the absorbance in the presence of
cells lysed with Triton X-100 at the start of the incubation period with
test substances taken as 0%.
Data Analysis. All data are expressed as means ± SEM. For

cytotoxicity experiments, data are expressed as % dead (trypan blue
stained) cells or % control cells MTT reduction. Statistical analysis was
performed by one-way analysis of variance (ANOVA) using GraphPad
Prism software (version 6). Posthoc analysis was carried with Tukey or
Dunnett multiple comparison based on the recommendations of
GraphPad Prism software for the data sets concerned, with a P value of
<0.05 considered statistically significant.
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