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ABSTRACT: Alzheimer’s disease (AD) onset is associated with changes in
hypothalamic-pituitary−gonadal (HPG) function. The 54 amino acid
kisspeptin (KP) peptide regulates the HPG axis and alters antioxidant enzyme
expression. The Alzheimer’s amyloid-β (Aβ) is neurotoxic, and this action can
be prevented by the antioxidant enzyme catalase. Here, we examined the effects
of KP peptides on the neurotoxicity of Aβ, prion protein (PrP), and amylin
(IAPP) peptides. The Aβ, PrP, and IAPP peptides stimulated the release of KP
and KP 45−54. The KP peptides inhibited the neurotoxicity of Aβ, PrP, and
IAPP peptides, via an action that could not be blocked by kisspeptin-receptor (GPR-54) or neuropeptide FF (NPFF) receptor
antagonists. Knockdown of KiSS-1 gene, which encodes the KP peptides, in human neuronal SH-SY5Y cells with siRNA
enhanced the toxicity of amyloid peptides, while KiSS-1 overexpression was neuroprotective. A comparison of the catalase and
KP sequences identified a similarity between KP residues 42−51 and the region of catalase that binds Aβ. The KP peptides
containing residues 45−50 bound Aβ, PrP, and IAPP, inhibited Congo red binding, and were neuroprotective. These results
suggest that KP peptides are neuroprotective against Aβ, IAPP, and PrP peptides via a receptor independent action involving
direct binding to the amyloid peptides.
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Neuroendocrine hormone changes are seen in aging, and
there are disease specific changes associated with

Alzheimer’s disease (AD).1,2 One of the neuroendocrine
systems to show profound changes with aging is the
hypothalamic−pituitary−gonadal (HPG) system, and the
pathology of AD, Creutzfeldt−Jakob disease (CJD), and type
2 diabetes mellitus (T2DM) is also associated with changes in
the hormones of this system.3,4 A major regulator of the HPG-
axis is the 54 amino acid kisspeptin (KP) peptide, which acts on
gonadotrophin-releasing hormone (GnRH) neurons to activate
GnRH release.5

The KP peptide is produced in neurons by processing of the
KiSS-1 preproprotein to yield the 54 amino acid KP peptide,
which corresponds to residues 68−121 of KiSS-1.6 Shorter
derivatives of KP peptide comprising the C-terminal 14 (KP
41−54), 13 (KP 42−54), and 10 (KP 45−54) amino acids have
also been found in tissues and corresponding to residues 108−
121, 109−121, and 112−121 of KiSS-1.6,7 Biological activity of
KP peptides requires the KP 45−54 sequence and is mediated
via a specific KP receptor (GPR-54).6,7 Lack of KP signaling via
the GPR-54 receptor is associated with reproductive system
failure.8 Cleavage of the KP 45−54 peptide between residues 51
and 52 by matrix metalloproteinases abolishes the activation of
GPR-54 by the KP 45−54 peptide.9 The KP 42−54 and KP
45−54 peptides also activate NPFF receptors,10,11 and some of
the actions of KP peptides could be mediated by NPFF
receptor activation.

There are profound changes in KP signaling at menopause12

and notable sex differences in hypothalamic neurodegeneration
in the elderly.13 This correlates with a marked elevation of KP
peptides in the hypothalamus of postmenopausal women that is
not seen in males.12 The onset of AD is normally
postmenopausal, and susceptibility may be increased in
women, raising the possibility that changes in reproductive
function may play a role in the process.14 Changes in estrogen
receptors15 in the hypothalamus are linked to AD neuro-
pathology, and these receptors regulate KP levels.16 This raises
the possibility that endogenous KP could play a role in AD
neurodegeneration. Andropause in males is associated with
reduced memory function suggesting that the changes in HPG-
axis hormones may influence memory and that the associated
hormones may be targets for AD therapy.17 It is possible that
the changes in reproductive hormones contribute to the
pathology since estrogen is protective in AD, but the levels
decline during aging.18

The amyloid-β (Aβ), prion protein (PrP), and amylin
(IAPP) peptides play a key role in the pathology of AD, CJD,
and T2DM, respectively.19−21 The related amyloid-Bri (A-Bri)
and amyloid-Dan (A-Dan) peptides are central to the
pathology Familial British and Familial Danish dementias.22
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One of the shared features of the Aβ, PrP, A-Bri, A-Dan, and
IAPP peptides is their neurotoxicity, which appears to involve
activation of similar pathways.23 The accumulation of fibrillar
deposits of Aβ and PrP is linked to neurodegeneration in AD24

and CJD,25,26 while the accumulation of fibrillar deposits of
IAPP is linked to degeneration of pancreatic islets in T2DM.27

The pathology of T2DM includes neurodegenerative changes,
and this appears to be linked to hyperinsulinemia and insulin
resistance.28 The mechanisms underlying cell death in these
diseases include oxidative stress, apoptosis, impaired mitochon-
drial function, calcium channel formation cell cycle re-entry,
and receptor mediated effects.29 Compounds that specifically
bind Aβ have been shown to be neuroprotective.30

Herein we have explored the effects of the amyloid peptides
Aβ, PrP, A-Bri, A-Dan, and IAPP on the release of KP and KP
45−54 from human SH-SY5Y neuronal cultures31 and studied
the effects of KiSS-1 and KP peptides on the toxicity of amyloid
peptides. The effects of KP peptides on Aβ, PrP, A-Bri, A-Dan,
and IAPP toxicity in human SH-SY5Y neuronal cultures31 and
rat cortical neuron cultures32,33 have been characterized. For
comparison, we have also tested KP peptides in a cell model of
T2DM using IAPP induced cell death in a pancreatic islet cell
line.34 Using both overexpression of KiSS-1 and siRNA
knockout of KiSS-1 expression, we have characterized the
role of endogenous KiSS-1 the toxicity of amyloid peptides in
human SH-SY5Y neuronal cultures.31 The KP receptor
antagonist P23435 and the NPFF antagonist RF936 have been
used to determine the role of these receptors in the observed
responses to KiSS-1 overexpression. The amyloid-binding
domain in KiSS-1 has been characterized using specific peptide
binding assays,37 and the effects of KP peptides on amyloid
peptide interactions with Congo red have also been
determined.38,39

■ RESULTS AND DISCUSSION

Effects of Amyloid Peptides on KP 1−54 and KP 45−
54 Release from SH-SY5Y Neurons. The KP peptides are
neuroendocrine hormones and are normally released in
response to stimuli. The SH-SY5Y neuroblastoma cells contain
the necessary secretory vesicle machinery for neuroendocrine
hormone release40 and also express the KiSS-1 gene.41 We
therefore measured KP release in response to the amyloid
peptides Aβ, PrP, IAPP, A-Bri, and A-Dan peptides. Cells were
exposed to the amyloid peptides at a subtoxic dose (50 nM) for
2 h and the immunoreactive (ir) KP 1−54 and KP 45−54 levels
in the media determined by EIA. Results showed that all of the
amyloid peptides tested (Aβ 1−42, Aβ 25−35, PrP 106−126,
PrP 118−135, IAPP 1−37, IAPP 20−29, A-Bri, and A-Dan)
caused a significant increase in both irKP 1−54 (Figure 1A)
and irKP 45−54 release (Figure 1B). The irKP 1−54 levels rose
3−5-fold, while the irKP 45−54 levels rose 2−3-fold. The KP
1−54 EIA assay showed no significant cross-reactivity
(<0.00001%) with KP 42−54, KP 45−54, or NPFF, while
the KP 45−54 EIA assay showed significant cross-reactivity
with KP 1−54 (77%), KP 42−54 (98%) and NPFF (54%).
This is in agreement with previous studies for KP antibodies
that have suggested the cross-reactivity of some with NPFF.42

This raises the possibility of a contribution of NPFF to the
levels of irKP 45−54 measured; however, this was not the case
for irKP 1−54 measurements and suggests that the results
represent specific changes in KP peptides in response to
amyloid peptides.

To confirm that irKP peptides released into the media were
products from the endogenous KiSS-1 gene, we used siRNA
knockdown of KiSS-1 expression and measurement of KP levels
by EIA. Measurement of KP released into the media showed
irKP 1−54 levels of 3.5 ± 0.2 pg/mL (n = 8) and irKP 45−54
levels of 8.3 ± 0.7 pg/mL (n = 8) in media from control siRNA
treated cells. In KiSS-1 siRNA treated cells, the irKP 1−54
levels were significantly reduced to 1.3 ± 0.1 pg/mL (n = 8),
and the irKP 45−54 levels were significantly reduced to 3.1 ±
0.2 pg/mL (n = 8). This confirms that the basal levels of irKP
were derived from the KiSS-1 preproprotein. Stimulation of
siRNA treated cells with 50 nM Aβ 25−35 resulted in a
significant increase in irKP 1−54 levels to 8.4 ± 0.6 pg/mL (n

Figure 1. Effects of amyloid peptides on KP 1−54 and KP 45−54
release from SH-SY5Y neurons. Neuronal SHSY-5Y cell cultures were
exposed to Aβ 1−42, Aβ 25−35, PrP 106−126, PrP 118−135, IAPP
1−37, IAPP 20−29, A-Bri 1−34, and A-Dan 1−34 peptides (50 nM
each) for 2 h. The release of ir-KP 1−54 (A) and ir-KP 45−54 (B)
into the cell culture media was determined by EIA. All results are
expressed as the mean ± SEM (n = 8). (* = P < 0.05 vs control (media
alone); one-way ANOVA.)
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= 8) and irKP 45−54 levels to 18.7 ± 1.2 pg/mL (n = 8) in
control siRNA treated cells. However, in KiSS-1 siRNA treated
cells there was no significant change in irKP 1−54 levels, which
were 1.6 ± 0.2 pg/mL (n = 8), or irKP 45−54 levels, which
were 3.7 ± 0.5 pg/mL (n = 8) in response to 50 nM Aβ 25−35.
These results confirm that the stimulation of irKP release by Aβ
was indeed KP from translation and processing of the KiSS-1
gene.
Effects of KP Peptides on Aβ, PrP, A-Bri, A-Dan, and

IAPP Neurotoxicity in SH-SY5Y and Rat Cortical
Neurons. The ability of a range of amyloid peptides to
stimulate irKP 1−54 release led us to test the effects of KP 1−

54 on the toxicity of Aβ 1−42, Aβ 1−40, Aβ 25−35, Aβ 29−40,
Aβ 31−35, PrP 106−126, PrP 118−135, A-Bri 1−34, A-Dan
1−34, IAPP 1−37, IAPP 8−37, and IAPP 20−29 peptides.
Results showed KP 1−54 was significantly protective against
the Aβ 1−42, Aβ 1−40, Aβ 25−35, Aβ 29−40, PrP 106−126,
PrP 118−135, A-Bri 1−34, A-Dan 1−34, IAPP 1−37, IAPP 8−
37, and IAPP 20−29 peptides (Figure 2A). KP 1−54 did not
prevent the toxicity of Aβ 31−35, A-Bri 1−34, and A-Dan 1−
34. The lack of protection against Aβ 31−35 is a feature shared
with the endocannabinoids and corticotrophin releasing
hormone receptor ligands,43 which protect against Aβ 25−35
and the longer Aβ forms.

Figure 2. Effects of KP peptides on Aβ, PrP, A-Bri, A-Dan, and IAPP neurotoxicity in SH-SY5Y neurons. The effects of 10 μM KP 1−54 on the
toxicity of Aβ 1−42, Aβ 1−40, Aβ 25−35, Aβ 29−40, Aβ 31−35, PrP 106−126, PrP 118−135, IAPP 1−37, IAPP 8−37, IAPP 20−29, A-Bri 1−34,
and A-Dan 1−34 peptides (5 μM each) were tested in human SH-SY5Y neuroblastoma cell cultures (A), with cell viability determined by the MTT
assay. The effects of KP 1−54, KP 27−54, KP 42−54, KP 45−54, KP 45−50, KP 45−47, KP 47−50, and NPFF peptides (10 μM each) on the
toxicity of 5 μM Aβ 1−42 (B), 5 μM PrP 106−126 (C), and 5 μM IAPP 1−37 (D) were tested in human SH-SY5Y neuroblastoma cell cultures, with
cell viability determined by the MTT assay. All results are expressed as a % control (SH-SY-5Y cells in media alone) and are expressed as the mean ±
SEM (n = 8). (* = P < 0.05 vs control (media alone); † = P < 0.05 vs amyloid fibrils alone; one-way ANOVA.)
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To determine the region of KP 1−54 required for
neuroprotection against amyloid peptides, we tested the effects
of KP 1−54, KP 27−54, KP 42−54, KP 45−54, KP 45−50, KP
45−47, KP 47−50, and NPFF on the toxicity of Aβ 1−42, PrP
106−126, and IAPP 1−37. Results showed that the toxicity of 5
μM Aβ 1−42 (Figure 2B), 5 μM PrP 106−126 (Figure 2C),
and 5 μM IAPP 1−37 (Figure 2D) was significantly inhibited in
SH-SY5Y cell cultures by addition of 10 μM KP 1−54, 10 μM
KP 27−54, 10 μM KP 42−54, 10 μM KP 45−54, and 10 μM

KP 45−50. The KP 47−50 and NPFF peptides (10 μM)
inhibited 5 μM Aβ 1−42 toxicity but had no effect on 5 μM
PrP or 5 μM IAPP toxicity. The KP 45−47 peptide (10 μM)
had no effect on 5 μM Aβ 1−42, 5 μM PrP, or 5 μM IAPP
toxicity.
Previous studies have questioned the validity of results

obtained from neuronal cultures derived from cell lines due to
the protein expression patterns in tumor cells and suggested a
need for comparison with primary neuronal cultures.32 Since

Figure 3. Effects of KP peptides on Aβ and PrP neurotoxicity in rat cortical neurons. The effects of 10 μM KP 42−54 (closed blue circles) or 10 μM
KP 45−50 (closed red squares) on the toxicity of Aβ 1−42 (A) and PrP 106−126 (B) were tested in rat cortical neuron cell cultures, with cell
viability determined by the MTT assay. The effects of 10 μM KP receptor antagonist P234 or 10 μM NPFF receptor antagonist RF9 on 2.5 μM KP
42−54 or 2.5 μM KP 45−50 protection against the toxicity of 5 μM Aβ 1−42 (C) and 5 μM PrP 106−126 (D) were tested in rat cortical neuron cell
cultures, with cell viability determined by the MTT assay. All results are expressed as % control (rat cortical neurons in media alone) and are
expressed as the mean ± SEM (n = 8). (* = P < 0.05 vs Aβ or PrP alone; † = P < 0.05 vs Aβ or PrP plus KP 42−54 or KP 45−50; one way
ANOVA.)
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KP peptides are known to modify tumor cell behavior,44,45 we
tested the effects of KP 42−54 and KP 45−50 on the toxicity of
Aβ 1−42 and PrP 106−126 in rat cortical neuron primary cell
cultures.32,33 The results showed that KP 42−54 and KP 45−50
caused a dose-dependent inhibition of 5 μM Aβ 1−42 toxicity,
which was significant at concentrations above 2.5 μM (Figure
3A). To determine the mechanism of neuroprotection by KP
42−54 and KP 45−50, the KP receptor antagonist P23435 and
the NPFF receptor antagonist RF936 were tested. Results
showed that the P234 peptide (10 μM) was neuroprotective
against Aβ 1−42 toxicity, while the RF9 had no effect against
Aβ 1−42 toxicity (Figure 3B). The P234 increased the
protection of KP 42−54 and KP 45−50 against Aβ 1−42
toxicity, while the RF9 had no effect on KP 42−54 and KP 45−
50 neuroprotection.
The KP 42−54 and KP 45−50 also caused a dose-dependent

inhibition of 5 μM PrP 106−126 toxicity, which was significant
at concentrations above 0.63 μM (Figure 3C). The KP receptor
antagonist P234 peptide (10 μM) was neuroprotective against
PrP 106−126 toxicity, while the NPFF antagonist RF9 had no
effect against PrP 106−126 toxicity (Figure 3D). The P234
increased the neuroprotection of KP 42−54 and KP 45−50
against PrP 106−126 toxicity, while the RF9 had no effect on
KP 42−54 and KP 45−50 neuroprotection.
The ability of KP 45−50 to prevent Aβ 1−42, PrP 106−126,

and IAPP 1−37 toxicity suggests that the action is unlikely to
be mediated via the KP receptor since when the KP 45−54 is
cleaved between residues 51 and 52 by MMP enzymes to give a
KP 45−51 sequence it looses its ability to activate the KP
receptor.9 The neuroprotective actions of the KP receptor
antagonist P234 are additive to the protection observed with
KP 42−54 and KP 45−50 and suggest that the neuroprotective
mechanism is more complex. Since the P234 peptide is a
derivative of KP 45−54 with modifications at residues 1, 5, and
8 and binds the KP receptor, it is possible that it has receptor
activity as a partial agonist that is key to the neuroprotection
observed but not to GnRH release.35 It can also not be
excluded that KP 45−50 has partial agonist activity at the KP
receptor that mediates the neuroprotective response. This
protective activity may mask actions to block the KP receptor,
and we therefore used siRNA to inhibit the expression of the
KP receptor (GPR-54) to determine whether loss of the KP
receptor signaling would alter the toxicity of the Aβ 1−42, PrP
106−126, and IAPP 1−37 peptides. Results showed that the
toxicity of Aβ 1−42, PrP 106−126, and IAPP 1−37 peptides
was the same in GPR-54 and control siRNA treated cells
(Figure 4). The treatment with GPR-54 siRNA did not have
any significant effect on the neuroprotection of KP 45−54
against Aβ 1−42, PrP 106−126, or IAPP 1−37 neurotoxicity.
The observation that NPFF protects against Aβ 1−42

toxicity but not PrP 106−126 or IAPP 1−37 toxicity suggests
that actions via NPFF are not responsible for KP neuro-
protection. The results obtained using the NPFF receptor
antagonist RF9 support this conclusion.
KP Peptide Inhibition of IAPP Toxicity in Pancreatic

Islet Cultures. The principle site of action of IAPP in T2DM
is the pancreas, where IAPP deposits are associated with β-islet
degeneration.21 Since IAPP is neurotoxic and KP protects
against this action, we tested the effects of KP 45−50 on IAPP
1−37 toxicity in a human pancreatic islet cell line.34 Results
showed that KP 45−54 caused a dose-dependent inhibition of 5
μM IAPP 1−37 toxicity, which was significant at concentrations
above 0.63 μM (Figure 5A). The KP receptor antagonist P234

peptide (10 μM) was protective against IAPP 1−37 toxicity,
while the NPFF antagonist RF9 had no effect (Figure 5B). The
P234 increased the protection of KP 45−54 against IAPP 1−37
toxicity, while the RF9 had no effect on KP 45−54 protection.
These results indicate that KP peptides can also prevent
amyloid peptide toxicity outside a neuronal setting and that KP
could also have actions in a T2DM setting where IAPP toxicity
in β-islets plays pathological role.21

Effects of Modified KiSS-1 Expression and Anti-KP on
Aβ, PrP, and IAPP Neurotoxicity in SH-SY5Y Neurons.
The neuroprotective actions of KP peptides against Aβ, PrP,
and IAPP toxicity combined with the ability of these peptides
to stimulate the release of irKP peptides suggests that
endogenous KP could be protective. To assess this, we have
used siRNA knockdown of KiSS-1 expression or anti-KP 45−
54 antibody treatments to reduce the endogenous KP levels
both within cells and released into the culture medium. The
expression of KiSS-1 in SH-SY5Y neurons was inhibited using
specific siRNAs targeting the human KiSS-1 gene, and results
were compared to cells treated with a control siRNA. For
siRNA treatments, the cells were incubated for 48 h after
treatment of the cells with siRNAs cells before exposure to
either Aβ 1−42, Aβ 25−35, PrP 106−126, or IAPP 1−37
peptides for a further 24 h prior to the determination of cell
viability by the MTT assay. Results showed that inhibition of
KiSS-1 expression significantly enhanced the toxicity of Aβ 1−
42, Aβ 25−35, PrP 106−126, and IAPP 1−37 when compared
to control siRNA treated neurons (Figure 6A). The ability of
KiSS-1 siRNA treatment to abolish Aβ 1−42 induced irKP

Figure 4. Effects of KP receptor knockdown on KP protection against
Aβ, PrP, and IAPP neurotoxicity in SH-SY5Y neurons. Neuronal
SHSY-5Y cell cultures were treated with control siRNA or GPR-54
siRNA and allowed to recover for 48 h prior to exposure to Aβ 1−42,
PrP 106−126, or IAPP 1−37 (5 μM each) with or without 10 μM KP
45−54. Cell viability was determined by the MTT assay. All results are
expressed as % control (siRNA treated SH-SY-5Y cells in media alone)
and are expressed as the mean ± SEM (n = 8).
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release suggests that the enhanced toxicity seen could be due to
the reduction in KP production.
To confirm the role of endogenous KP as the neuro-

protective component, we treated naiv̈e SH-SY5Y cells with a
KP receptor antagonist (P234),35 an NPFF receptor antagonist
(RF9),36 or an anti-KP 45−54 antibody to knockout the effects
of endogenous KP-like peptides. The antagonists or antibody
were added simultaneously with the Aβ 1−42 peptide and
incubated for 24 h prior to measurement of cell viability using
the MTT assay. Results showed that the KP receptor antagonist
and the NPFF receptor antagonist had no effect on the toxicity

of Aβ 1−42, while the anti-KP 45−54 antibody significantly
enhanced the toxicity of Aβ 1−42 (Figure 6B).
These results suggest that endogenous KP is neuroprotective

against Aβ, PrP, and IAPP. As such elevation of endogenous KP
may provide a mechanism for protecting against these toxins,
we created a stable SHSY-5Y line overexpressing KiSS-1 to
determine if KiSS-1 overexpression was neuroprotective. When
compared with a stable SHSY-5Y line containing the expression
vector, the KiSS-1 overexpressing cell line was significantly
resistant to Aβ 1−42, PrP 106−126, and IAPP 1−37 toxicity
(Figure 6C). Incubation of these cells in the presence of the KP
receptor antagonist (P234), NPFF receptor antagonist (RF9),
and an anti-KP 45−54 antibody was used to determine the
mechanism of this neuroprotection. Results showed that the KP
receptor antagonist and the NPFF receptor antagonist had no
effect on the toxicity of Aβ 1−42 in the KiSS-1 overexpressing
cells, while the anti-KP 45−54 antibody significantly enhanced
the toxicity of Aβ 1−42 (Figure 6D), confirming that the
observed neuroprotection against Aβ was due to an increased
presence of KP.

Binding of KP to Aβ, PrP, and IAPP Peptides. The
observations with modulation of KiSS-1 expression and anti-KP
45−54 antibodies suggest that endogenous KP peptides are
neuroprotective. The ability of amyloid peptides to stimulate
the release of irKP peptides (Figure 1) combined with the
effects of anti-KP 45−54 antibodies (Figure 6B) suggests that
protection against Aβ, PrP, and IAPP peptides involves
extracellular KP. However, the failure of the KP receptor
antagonist, KP receptor knockdown with siRNA, and the NPFF
antagonist to block these responses raises questions about the
mechanism of action. The receptor antagonists used in this
study target the receptors that KP is known to act on;46

however, it is possible that there are other receptors that can be
activated by KP. An alternative mechanism of action could be a
direct binding interaction between KP and the Aβ, PrP, or
IAPP peptides, and we therefore sought to determine if KP
does indeed bind these amyloid peptides.
In previous studies, we have shown that human catalase

specifically binds Aβ, IAPP, and PrP.38,39,47 The interactions
between Aβ and catalase have been used to identify antiamyloid
drugs48 and can also be used to identify proteins with amyloid-
binding domains based on sequence similarity.49 We have
demonstrated that residues 400−409 of human catalase contain
the catalase Aβ binding domain (CAβBD), which is neuro-
protective,49 and that a peptide containing these residues can
also inhibit interactions between catalase and Aβ fibrils.38

A comparison between the human catalase and human
metastasis-suppressor KiSS-1 preproprotein sequences was
undertaken using the NCBI BLAST program.50 Alignment of
the human metastasis-suppressor KiSS-1 preproprotein se-
quence (NP_002247.3) with the human catalase sequence
(NP_001743.1) reveals that KiSS-1 residues 110−118 show
78% identity with catalase residues 402−410. Similar results
were obtained using the UniProt database51 with comparison of
human KiSS-1 (Q15726) and human catalase (P04040)
sequences, which suggested alignment between KiSS-1 residues
109−118 with catalase 401−410 (Figure 7A). Scheme A
(Figure 7A) shows the proposed binding of Aβ, PrP, and IAPP
peptides to the CAβBD based on experimental eveidence
obtained with both catalase and CAβBD binding to the Aβ
peptides.38,39,47,49 The observation that the reverse Aβ 40−1
sequence also binds catalase37 and the palindromic nature of
the Aβ and CAβBD sequences raises the possibility of an

Figure 5. Effects of KP peptides on IAPP toxicity in pancreatic islet
cultures. The effects of 10 μM KP 45−54 (closed red circles) on the
toxicity of 5 μM IAPP 1−37 was tested in human pancreatic islet cell
cultures (A), with cell viability determined by the MTT assay. The
effects of 10 μM KP receptor antagonist P234 or 10 μM NPFF
receptor antagonist RF9 on 2.5 μM KP 45−54 protection against the
toxicity of 5 μM IAPP 1−37 (B) was tested in human pancreatic islet
cell cultures, with cell viability determined by the MTT assay. All
results are expressed as % control (pancreatic islet cells in media
alone) and are expressed as the mean ± SEM (n = 8). (* = P < 0.05 vs
IAPP alone; † = P < 0.05 vs IAPP and KP 45−54; one-way ANOVA.)
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alternative binding arrangement that is illustrated in scheme B
(Figure 7A), which was based on the original experimental
results obtained with Aβ and the CAβBD.49 The complete
CAβBD-like sequence in KiSS-1 corresponds to residues 42−
51 of KP and would be found in KP, KP 41−54, and KP 42−54
forms.
The demonstration that KiSS-1 and KP are neuroprotective

and the identification of CAβBD-like sequence in the region of

the KiSS-1 preproprotein that contains the KP peptides suggest
that it is possible that neuroprotection is mediated via a direct
binding action. We therefore used EIA assays to characterize
interactions between KP and amyloid peptides.37 Biotinylated
KP 45−54 (Figure 7B) bound plates coated with Aβ 1−40, Aβ
29−40, Aβ 25−35, PrP 106−126, PrP 118−135, IAPP 1−37,
and IAPP 20−29 fibrils. No binding to Aβ 1−28, Aβ 31−35, A-
Bri 1−34, or A-Dan 1−34 fibrils was observed. Incubation of

Figure 6. Effects of modified KiSS-1 expression and anti-KP on Aβ, PrP, and IAPP neurotoxicity in SH-SY5Y neurons. Neuronal SHSY-5Y cell
cultures (A) were treated with control siRNA or KiSS-1 siRNA and allowed to recover for 48 h prior to exposure to Aβ 1−42, Aβ 25−35, PrP 106−
126, or IAPP 1−37 (5 μM each). Cell viability was determined by the MTT assay. The effects of 10 μg/mL anti-KP 45−54 antibody, 10 μM KP
receptor antagonist P234, or 10 μM NPFF receptor antagonist RF9 on the toxicity of 5 μM Aβ 1−42 (B) were tested in human SH-SY5Y
neuroblastoma cell cultures, with cell viability determined by the MTT assay. Neuronal SHSY-5Y cells transfected and stably overexpressing (C)
either control expression vector (PCont) or expression vector containing the KiSS-1 gene (PKiSS) were treated with Aβ 1−42, Aβ 25−35, PrP 106−
126, or IAPP 1−37 (5 μM each) and cell viability determined by the MTT assay after 24 h. The effects of 10 μg/mL anti-KP 45−54 antibody, 10 μM
KP receptor antagonist P234, or 10 μM NPFF receptor antagonist RF9 on the toxicity of 5 μM Aβ 1−42 (D) were tested in KiSS-1 overexpressing
SH-SY5Y neuroblastoma cell cultures, with cell viability determined by the MTT assay. All results are expressed as % control (SHSY-5Y neurons,
siRNA treated SHSY-5Y neurons, or transfected SHSY-5Y neurons in media alone) and are expressed as the mean ± SEM (n = 8). (* = P < 0.05 vs
control (media alone); † = P < 0.05 vs control siRNA (A), Aβ alone (B and D), and PCont vector (C); one-way ANOVA.)
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amyloid peptide coated plates with unlabeled KP 45−54
inhibited the binding of both biotinylated KP 1−54 and KP
45−54 to Aβ 1−42, Aβ 29−40, Aβ 25−35, PrP 106−126, PrP
118−135, IAPP 1−37, and IAPP 20−29 fibrils.
Previously we have shown that Aβ, PrP, and IAPP fibrils bind

catalase and that the binding involves recognition of a region
with similarity to the Aβ 29−32 Gly-Ala-Ile-Ile sequence.38,39

The alignment of the CAβBD domain with KP 45−54 suggests
that the Aβ 29−32 region aligns with KiSS-1 residues 114−117
(Figure 7A), which correspond to KP 47−50. We therefore
obtained KP peptides corresponding to residues 45−50, 47−
50, and 45−47 to see if they bound labeled amyloid peptides.
The biotinylated Aβ 1−42, biotinylated PrP 106−126, and

biotinylated IAPP 1−37 showed significant binding to KP 1−
54, KP 27−54, KP 42−54, KP 45−54, and KP 45−50 coated
plates, while only biotinylated Aβ 1−42 showed significant
binding to KP 47−50 coated plates (Figure 7C). The
biotinylated Aβ 1−42 (Figure S1, Supporting Information),
biotinylated PrP 106−126 (Figure S3, Supporting Informa-
tion), and biotinylated IAPP 1−37 (Figure S5, Supporting
Information) also bound P234 coated plates. The binding to
labeled amyloid peptides to KP 1−54, KP 27−54, KP 42−54,
KP 45−54, and KP 45−50 coated plates could be inhibited by
the corresponding unlabeled amyloid peptide confirming
specificity of binding (Figures S1, S3, and S5, Supporting
Information).

Figure 7. Binding of KP to Aβ, PrP and IAPP peptides. Alignment of the human metastasis-suppressor KiSS-1 preproprotein sequence
(NP_002247.3) with the human catalase sequence (NP_001743.1) is shown in A. The red box highlights the region of KP that prevents Aβ, PrP,
and IAPP toxicity; blue and green boxes highlights the Gly-Ala-Ile-Ile region that binds catalase in schemes A and B respectively; the black box
highlights Aβ 31−35, which inhibits Aβ 1−42 binding to catalase. Immunoplates were coated with Aβ 1−40, Aβ 1−28, Aβ 29−40, Aβ 25−35, PrP
106−126, PrP 118−135, IAPP 1−37, IAPP 20−29, A-Bri 1−34, or A-Dan 1−34 fibrils. Coated plates were incubated with either biotinylated KP
45−54 (B) alone (open columns) or in the presence of unlabeled KP 45−54 (closed blue columns) and bound material determined by EIA. Plates
coated with KP 1−54, KP 27−54, KP 42−54, KP 45−54, KP 45−50, KP 45−47, KP 47−50, or NPFF (C) were incubated with biotinylated Aβ 1−
42 (open columns), biotinylated PrP 106−126 (red columns), or biotinylated IAPP 1−37 (black columns) and bound material determined by EIA.
All results are expressed as the mean ± SEM (n = 8). (* = P < 0.05 vs control (buffer alone); † = P < 0.05 vs biotinylated KP 45−54; one-way
ANOVA.)
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Binding of biotinylated Aβ 1−42 to the KP 45−50 peptide
was inhibited by 10 μM unlabeled amyloid peptides (Aβ 1−40,
Aβ 25−35, Aβ 29−40, IAPP 1−37, IAPP 20−29, PrP 106−126,
and PrP 118−135), 10 μM of the antiamyloid nonapeptide
R9,38 10 μg/mL of an anti-Aβ 21−32 monoclonal antibody, 10
μg/mL of an anti-KP 45−54 polyclonal antibody, and 10 μg/
mL of human catalase47 (Figure S2, Supporting Information).
Binding of biotinylated PrP 106−126 to the KP 45−50 was
inhibited by 10 μM unlabeled amyloid peptides (PrP 106−126,
PrP 118−135, IAPP 1−37, IAPP 20−29, Aβ 1−40, Aβ 25−35,
Aβ 29−40, PrP 106−126, and PrP 118−135), 10 μg/mL of an
anti-KP 45−54 polyclonal antibody and 10 μg/mL of human
catalase (Figure S4, Supporting Information). The anti-Aβ 21−
32 monoclonal antibody (10 μg/mL) and 10 μM antiamyloid
nonapeptide R9 had no effect on PrP binding to KP 45−50.
Binding of biotinylated IAPP 1−37 to the KP 45−50 peptide
was inhibited by 10 μM unlabeled amyloid peptides (IAPP 1−
37, IAPP 20−29, Aβ 1−40, Aβ 25−35, Aβ 29−40, PrP 106−
126, and PrP 118−135), 10 μg/mL of an anti-KP 45−54
polyclonal antibody, and 10 μg/mL of human catalase (Figure
S6, Supporting Information). The anti-Aβ monoclonal anti-
body (10 μg/mL) and 10 μM antiamyloid nonapeptide R9 had
no effect of IAPP binding to KP 45−50.
Addition of 10 μM Aβ fragments Aβ 1−28 and Aβ 31−35

had no effect on the binding of biotinylated Aβ 1−42, IAPP 1−
37, and PrP 106−126 peptides to KP 45−50 (Figures S2, S4,
and S6, Supporting Information), while 10 μM Aβ 25−35 and
Aβ 29−40 both strongly inhibited binding suggesting that
residues 29 and 30 of Aβ and some of the surrounding residues
may be key. The 29−32 region of Aβ comprises a Gly-Ala-Ile-
Ile sequence and is known to play a role in catalase binding.38

This region is similar to the Gly-Ala-Val-Val sequence of PrP
and the Gly-Ala-Ile-Leu sequence of IAPP, which are thought
to play a role in catalase binding to these peptides.39 The
binding of Aβ, PrP, and IAPP peptides to KP residues 45−50
and the failure of Aβ 31−35 to inhibit the binding suggest the
proposed binding alignment in scheme A (Figure 7A) in which
the 29−32 region of Aβ binds to residues 45−48 on KP in an
antiparallel alignment.
Affinity constants (KD) for binding to KP 45−50 were 0.62 ±

0.07 nM (n = 5) for biotinylated Aβ 1−42; 0.47 ± 0.04 nM (n
= 5) for biotinylated Aβ 1−40; 11.6 ± 1.2 nM (n = 5) for
biotinylated IAPP 1−37; and 34.2 ± 3.7 nM (n = 5) for
biotinylated PrP 106−126. These constants are similar to those
previously determined for biotinylated Aβ 1−42 and
biotinylated IAPP 1−37 binding to human catalase and a
peptide containing residues 400−409 of catalase.39,47,49

Effects of KP Peptides on Cellular Aβ Phosphorylation
and Aβ Inhibition of Catalase Activity. In previous studies,
we have shown that amyloid binding compounds prevent the
uptake the Aβ peptide and generation of the serine 26
phosphorylated derivative of Aβ (pSAβ).52,53 The KP 45−54
peptide (10 μM) prevented the increase in intracellular ir-Aβ
caused by the addition of 10 μM Aβ 17−35 and also prevented
the increase in the ir-pSAβ. The changes in the levels
(expressed as % level in untreated cells) of ir-Aβ and ir-pSAβ
were 315 ± 22% (ir-Aβ; mean ± SEM; n = 8) and 429 ± 34%
(ir-pSAβ; mean ± SEM; n = 8) in Aβ 17−35 treated cells. In
Aβ 17−35 and KP 45−54 treated cells, the levels were
significantly lower with ir-Aβ levels of 181 ± 17% (mean ±
SEM; n = 8) and ir-pSAβ levels of 212 ± 15% (mean ± SEM; n
= 8). These results suggest that the KP 45−54 is blocking the
uptake and subsequent phosphorylation of exogenously added

Aβ in a manner similar to that of other Aβ binding molecules
rather than by blocking just the intracellular phosphorylation as
observed with the cannabinoids, which act via cannabinoid
receptors to inhibit phosphorylation.53

Another biological activity of Aβ that can be blocked by
amyloid binding molecules is the inhibition of catalase
breakdown of hydrogen peroxide.47 Preincubation of 2 μM
Aβ 25−35 either alone or with 10 μM KP 45−54 for 2 h prior
to the addition to catalase was tested to determine if KP altered
Aβ inhibition of catalase activity. The catalase inhibition by Aβ
25−35 alone was 27 ± 2.1% (mean ± SEM; n = 8), and the
catalase inhibition in the presence of KP 45−54 was
significantly reduced to 2.3 ± 0.1% (mean ± SEM; n = 8).
These results confirm that KP 45−54 can block the Aβ
inhibition of catalase activity and support the suggestion from
the binding studies that KP 45−54 binds to the same region of
Aβ as catalase.

Effects of KP on Congo Red Binding to Aβ, PrP, and
IAPP. Compounds that bind to amyloid peptides have the
potential to modify the formation of aggregates.54 The ability of
Congo red to identify amyloid aggregates is well documented,
and indeed, the definition of amyloid peptides includes an
interaction with Congo red as a specific requirement for a
protein being termed an amyloid protein.19 We therefore used
an assay of Congo red binding38,39 to determine whether the
KP 45−54 peptide would alter Congo red binding to the
amyloid peptides.
Results showed that the Aβ 1−42, IAPP 1−37, PrP 106−

126, PrP 118−135, Amyloid-Bri, and Amyloid-Dan peptides all
showed significant Congo red binding amyloid aggregate
formation. The concentrations of Congo red binding amyloid
aggregates formed by Aβ 1−42, IAPP 1−37, PrP 106−126, and
PrP 118−135 were significantly reduced by treatment with KP
45−54 (Figure 8A). The KP 45−54 peptide had no significant
effect on the Congo red binding amyloid aggregate formation
by either A-Bri 1−34 or A-Dan 1−34 peptides. Previous studies
have shown that rat KP 45−54 can form aggregates but that
this requires the addition of enhancers such as heparin;55 in the
system used here, KP 45−54 showed no detectable Congo red
binding aggregate formation.
The binding of biotinylated Aβ 1−42 to KP 45−54 was dose

dependently inhibited by Congo red (Figure 8B). The
concentration of Congo red required to inhibit Aβ binding to
KP is 100× higher than that used in the detection of aggregates,
raising the possibility that the effects of KP peptides on Congo
red binding aggregates could be due to the inhibition of Congo
red binding by KP rather than the inhibition of aggregate
formation. However, Congo red binding to Aβ has been shown
to occur with a range of nonoverlapping regions,38 some of
which are not involved in KP binding, suggesting that in the
case of Aβ Congo red binding may not be prevented by KP
binding and therefore that the reduction in Congo red binding
in the presence of KP reflects a reduction in aggregate
formation.

■ CONCLUSIONS
The results from this study demonstrate that both endogenous
KP and exogenously added KP peptides are neuroprotective.
The minimal region of KP to provide protection against Aβ,
PrP, and IAPP peptides is the KP 45−50 sequence (Tyr-Asn-
Trp-Asn-Ser-Phe), and this is also the minimal region to which
these amyloid peptides bind. Catalase binds to Aβ, PrP, and
IAPP,38,39,47,48 and this interaction involves a CAβBD49 that
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shows sequence similarity to KP (Figure 7A). Both catalase and
a CAβBD peptide are neuroprotective,38,39,47,48 and the
mechanism of neuroprotection involves a direct binding
interaction for these compounds. This suggests that the
mechanism of neuroprotection involves direct binding of KP
to the amyloid peptide and subsequent prevention of toxicity.
The ability of KP to reduce the uptake and subsequent
phosphorylation of Aβ further supports this mechanism of
action. The failure of KP to protect against A-Bri and A-Dan
neurotoxicity is matched by the failure of these peptides to bind
KP peptides. The A-Bri and A-Dan peptides do not contain a
Gly-Ala-Ile-Ile like motif that is found in Aβ, PrP, and IAPP
sequences. The ability of an anti-KP 45−54 antibody to block
neuroprotection and also KP binding to amyloid peptides

further supports this mechanism. The actions of the KP
peptides in the neuronal cell systems do not appear to be
mediated via activation of either the GPR-54 or NPFF receptor
systems that are known targets of KP.6,7,10,11

Compounds that bind to amyloid peptides are also likely to
modify Congo red binding,54 and the KP peptides shared this
property. Congo red binding is suggestive of fibril formation,19

and the ability of KP peptides to inhibit this suggests that there
is potential inhibition of amyloid aggregation. However, the
assay we used shows cross-reactivity with Aβ fragments that do
not form fibrils visible by transmission electron microscopy
(TEM) analysis.38 The ability of Congo red to displace KP
binding suggests that there is a shared binding domain;
however, in the case of Aβ we have identified multiple Congo
red binding domains.38 Further studies using, for example,
TEM will be required to determine whether KP peptides can
actually disrupt amyloid peptide fibril formation.
The ability of Aβ, PrP, and IAPP peptides to activate irKP

release from neuronal cells and the enhancement of Aβ toxicity
by an anti-KP 45−54 antibody suggest that the endogenous
system plays a role in observed toxicity of these amyloid
peptides. The relatively low levels of irKP release combined
with the relatively high concentrations of amyloid peptides
required to kill cells in culture suggests that under these
experimental conditions the endogenous system is insufficient
to prevent amyloid peptide toxicity. Contributions of the
activated KP release to other effects cannot be excluded. For
example, KP inhibits corticotrophin releasing hormone
release,56 an effect that would remove the protective actions
of endogenous corticotrophin releasing hormone.43 The KP
peptide also activates neuropeptide Y expression,57 and
neuropeptide Y is neuroprotective against Aβ toxicity.32 The
actions of KP inducers may also provide a neuroprotective
strategy and could be mediated via KP, for example, leptin
activates KP57 and is known to reduce Aβ levels both in vitro
and in vivo.58,59 Further in vivo studies will determine whether
KP neuroprotection has potential for development as a
neuroprotective strategy against Aβ, PrP, and IAPP. Such
studies will also help to determine the role of KP neuro-
protection in the effects of other protective endogenous
neuromodulators.
The observations that KP levels are elevated in the

hypothalamus of women postmenopause12 and that in the
hypothalamus there is significantly less neurodegeneration in
women compared to men13 suggests that the endogenous KP
system may play a role in vivo. Menopause is associated with a
loss of estrogen production and hence feedback in the
regulation of KP,16 a mechanism that would suggest that
women should be protected postmenopause rather than more
susceptible to AD.14 However, KiSS-1 expression is both
positively and negatively regulated by estrogens.60,61 There are
roles for the α and β forms of the estrogen receptor in the
regulation of KiSS-1 expression,60,61 and the levels of these
receptor types are altered in AD.15 Thus, it may be that a loss of
this protection in brain regions where neurodegeneration is
seen in AD is associated with menopause.
In conclusion, we have identified a neuroprotective action of

KP peptides against Aβ, PrP, and IAPP toxicity that is mediated
via a KP receptor independent direct binding interaction
between the amyloid and KP peptides.

Figure 8. Effects of KP on Congo red binding to Aβ, PrP, and IAPP.
The Aβ 1−40, Aβ 1−28, Aβ 25−35, Aβ 29−40, PrP 106−126, PrP
118−135, IAPP 1−37, IAPP 20−29, A-Bri 1−34, and A-Dan 1−34
peptides were dissolved in PBS and incubated at 37 °C for 24 h, with
constant oscillation, with or without KP 45−50. Congo red binding
assays (A) were performed with amyloid peptides alone (open
columns) or in the presence of KP 45−50 (closed blue columns). The
effect of Congo red (0−100 mM) on biotinylated Aβ 1−42 binding to
KP 45−54 (B) was determined by EIA. All results are expressed as the
mean ± SEM (n = 8). (* = P < 0.05 vs amyloid fibrils alone; one-way
ANOVA.)
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■ METHODS
Test Peptides. N-Terminally biotinylated KP 1−54, KP 45−54,

Aβ 1−42, Aβ 1−40, PrP 106−126, and IAPP 1−37 were purchased
from Bachem or Alpha Diagnostics. KP peptides (KP 1−54, KP 27−
54, KP 42−54, KP 45−54, KP 45−50, KP 45−47, and KP 47−50),
NPFF peptides (NPFF and SQA-NPFF), Aβ peptides (Aβ 1−43, Aβ
1−42, Aβ 1−40, Aβ 1−38, Aβ 1−28, Aβ 1−20, Aβ 10−35, Aβ 10−20,
Aβ 12−28, Aβ 17−40, Aβ 17−35, Aβ 17−28, Aβ 20−29, Aβ 22−35,
Aβ 25−35, Aβ 29−40, Aβ 31−35, and Aβ 33−42), IAPP peptides
(IAPP 1−37 and IAPP 20−29), and PrP peptides (PrP 106−126 and
PrP 118−135) were purchased from American Peptides, Bachem, and
Sigma-Aldrich.
Cell Cultures. Human SH-SY5Y neuroblastoma 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).31 Human pancreatic islet cell line 1.1B4 were
maintained in RPMI 1640 medium (Sigma) supplemented with 10%
FCS and antibiotics.34

Primary cultures of rat cortical neurons were prepared from
cryopreserved rat cortex neurons isolated from day-18 Fisher 344 rat
embryos (Invitrogen) and cultured according to the supplier
instructions in Neurobasal/B27 medium.33

KiSS-1 Overexpression. The human KiSS-1 cDNA clone
(NM_002256) was obtained from Origene and PCR cloned into
the pcDNA4/TO/myc−His expression vector using forward (5′-
TTAGGATCCATGAACTCACTGGTTTCTTGGCA-3′) and reverse
(5′-ATACTCGAGGCCCCGCCCAGCGCTTCT-3′) oligonucleoti-
des to create the PKiSS-1 expression vector. SH-SY5Y cells were
transfected with PKiSS-1 or control vector using lipofectamine
(Invitrogen), and stably expressing clones were selected by culturing
in 100 μg/mL Zeocin (Invitrogen). The presence of KiSS-1
overexpression was confirmed by Western blot analysis.
siRNA Transfection. Using 24 well plates, 5 × 104 SH-SY5Y cells/

mL were incubated, after differentiation for 7 days with 10 mM
retinoic acid, in normal media without antibiotics for 18 h. Cells were
washed with 1 mL oftransfection medium (Santa Cruz; sc-36868). The
human KiSS-1 siRNA (Santa Cruz; sc-37443) or GPR-54 siRNA
(Santa Cruz; sc-60747), each containing a pool of 3 target-specific 20−
25 nucleotide siRNAs designed to knock down gene expression or
control siRNA (Santa Cruz; sc-37007), was diluted in transfection
medium (Santa Cruz; sc-36868) and added 0.1 mL/well prior to
incubation with cells for 6 h at 37 °C in a CO2 incubator. A further 1
mL of normal media containing 20% fetal calf serum, 2% penicillin,
and 2% streptomycin was added directly to the cells, which were
incubated for a further 18 h. Medium was replaced with normal media
for 24 h prior to exposure to test substances and viability assays. For
KiSS-1 siRNA transfections, the ir-KP levels were determined by EIA
to confirm gene expression knockdown. For GPR-54, Western blots of
cell membrane extracts were prepared to confirm reduction in GPR-54
expression.
Cell Viability. Test peptides or drugs 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.31 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 and 50% (v/v) N,N-
dimethylformamide, 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%.
Western-Blot Analysis of KiSS-1 and GPR-54. Cells were lysed

on ice in 20 mM HEPES buffer supplemented with 1% Nonindet P-40,
1 mM EDTA (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 rabbit anti-GPR-54
or rabbit anti-KP 45−54 antibody. Unbound antibody was rinsed from
the membranes before incubation with horseradish peroxidase-
conjugated goat antirabbit secondary antibody. Immunoreactivity
was detected using an enhanced chemiluminescence substrate and
UVP BioImaging system.

Kisspeptin EIA. Tissue culture media concentrations of KP 1−54
and KP 45−54 were determined using EIA kits (Bachem) according to
the manufacturer's instructions. Samples or standards were mixed with
biotinyl-kisspeptin and rabbit anti-KP antiserum in antirabbit IgG
coated plates. Binding of biotinyl-KP was detected using a streptavidin-
conjugated horseradish peroxidase conjugate and TMB substrate.
Absorbance readings were measured at 450 nm after the addition of 2
M HCl to samples to stop the reaction.

Cellular Aβ and pAβ Measurement. Human SH-SY-5Y neurons
were incubated either alone or with Aβ 17−35 with or without KP
45−54 for 24 h. Extracts from SH-SY-5Y neurons were prepared in
DEA buffer supplemented with 0.1 mM sodium vanadate. Using a
polyclonal anti-Aβ 15−30 antiserum plus protein-A agarose, the Aβ
was immunoprecipitated. The resultant extracts were further purified
using a Sep-Pak C18 extraction step. Columns were prewetted with
methanol and 0.5 M acetic acid, samples applied in 20% acetonitrile in
0.1% TFA, and columns washed with 20% acetonitrile in 0.1% TFA
prior to elution of bound peptide with 70% acetonitrile. After drying
under a stream of nitrogen, samples were resuspended in PBS.62

ELISA plates were coated with either anti-Aβ 15−30 antiserum, for
ir-Aβ measurement, or antiphosphoserine antibody, for ir-pSAβ
measurement, and blocked with 5% marvel. Samples or synthetic Aβ
standards (Aβ 1−40 or pAβ 1−40) were applied in PBS containing
0.1% BSA and 0.05% Tween 20. Monoclonal antibody ALI-01 was
added and incubated for 2 h. After washing to remove unbound
material, ir-Aβ or ir-pSAβ was detected using an antimouse IgG-HRP
conjugate and TMB substrate.62

Aβ Inhibition of Catalase Activity. Catalase (EC 1.11.1.6) from
human erythrocytes (Sigma, Dorset, UK) was used for all incubation
experiments. Activity of catalase (50 kU/L) incubated with Aβ (2 μM)
preincubated for 2 h either alone or with KP 45−54 (10 μM) was
determined by spectrophotometric measurement of H2O2 breakdown
as previously described.37

Binding Studies. Ninety-six-well immunoplates were coated either
with KP peptides (1 μg/mL), NPFF peptides (1 μg/mL), Aβ peptides
(1 μg/mL), IAPP peptides (1 μg/mL), PrP peptides (1 μg/mL),
Amyloid-Bri (1 μg/mL), Amyloid-Dan (1 μg/mL), or catalase (1 μg/
mL) in carbonate buffer, pH 9.6, and unoccupied sites blocked with
0.2% (w/v) marvel. Biotinylated peptides (200 pM) were incubated
alone, with control peptides, with KP peptides, or with unlabeled
forms of the respective amyloid peptides in 50 mM TRIS (containing
0.1% BSA and 0.1% Triton X-100) 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. Affinity
constants were determined by incubating KP 45−50 coated plates with
biotinylated peptides (200 pM) and unlabeled peptides over a range of
concentrations (0−100 nM) and detection of bound peptides by
EIA.37

Scatchard analysis was performed using the following equation: A0/
(A0 − A) = 1 + KD/a0 and plotting v [(A0 − A)/A0] against v/a, where
A0 = absorbance in the absence of unlabeled peptide, A = absorbance
in the presence of unlabeled peptide, a0 = total concentration of
unlabeled peptide, and a = concentration of unlabeled peptide added.
The KD was equal to −1/slope of v against v/a.47

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn300045d | ACS Chem. Neurosci. 2012, 3, 706−719716



Spectrophotometric Analysis Congo Red Binding to
Amyloid Peptides. Freshly prepared 50 μM solutions of amyloid
peptides (Aβ 1−42, IAPP 1−37, PrP 106−126, PrP 118−135, A-Bri,
and A-Dan) were incubated either alone or in the presence of either
KP 45−54 or KP 45−50, after dissolving in distilled water, at 37 °C for
24 h with constant oscillation. Following in vitro fibrillogenesis of
peptides, an aliquot of each test sample was prepared to give a 50 μM
concentration of amyloid peptide in phosphate buffered saline (PBS).
Congo red, prepared as a 200 μM stock in PBS containing 10%
ethanol, was then added to give final concentration 10 μM Congo red
to 9.09 μM amyloid peptide, and 100 μL aliquots were added to 96
well microtiter plates. After 15 min of incubation, the absorbance levels
at 405 and 540 nm were determined. The concentration of amyloid
aggregates ([Amyloidagg]) was then calculated, with correction for the
path length of the reader used, as follows: [Amyloidagg] = 10((540At/
4780) − (405At/6830) − (405ACR/8620)), where 540At = absorbance of
amyloid peptide + Congo red solution at 540 nm, 405At = absorbance
of amyloid peptide + Congo red solution at 405 nm, and 405ACR =
absorbance of Congo red solution at 405 nm. Absorbance readings at
405 and 540 nm were taken for each amyloid peptide, and the ratio of
540AAmyloid /405AAmyloid was checked, where 405AAmyloid =
absorbance of amyloid peptide solution at 405 nm and 540AAmyloid
= absorbance of amyloid peptide solution at 540 nm.38,39

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. The significance of
differences between data was evaluated by one-way analysis of variance
(ANOVA). A P value of <0.05 was considered statistically significant.
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