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Alzheimer’s disease (AD) is a form of dementia and the most common progressive
neurodegenerative disease (ND). The targeting of amyloid-beta (Aβ) aggregation is
one of the most widely used strategies to manage AD, and efforts are being made
globally to develop peptide-based compounds for the early diagnosis and treatment
of AD. Here, we briefly discuss the use of peptide-based compounds for the early
diagnosis and treatment of AD and the use of peptide-based inhibitors targeting
various Aβ aggregation checkpoints. In addition, we briefly discuss recent applications
of peptide-based inhibitors against various AD targets including amyloid beta, β-site
amyloid precursor protein cleaving enzyme 1 (BACE1), Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), tyrosine phosphatase (TP) and potassium channel KV1.3.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common fatal neurodegenerative disease (ND), and is
characterized by the structural and functional loss of neurons. During the last few decades,
AD and its associated risk factors have become major healthcare concerns in most developed
countries. Furthermore, it has been reported AD is the fifth-leading cause of death among those
aged more than 65 years, and that its incidence exceeds five million cases per year in the United
States (Alzheimer’s Association, 2017). The World Health Organization (WHO) estimated that
the prevalence of AD worldwide will quadruple to reach approximately 114 million by 2050
(Alzheimer’s Association, 2017).

Pathological hallmarks of AD include the progressive accretion of plaque outside neurons
(extracellular amyloid plaque) and of neurofibrillary tangles inside neurons (hyperphosphorylated
tau protein accumulations; VanItallie, 2015). These pathological changes gradually result in
neuronal loss and eventual neuron death. Although the etiology and pathogenesis of AD remain
imprecise, the amyloid cascade theory is widely accepted and supported by several studies
(Drachman, 2014; Herrup, 2015). This hypothesis was further reinforced by the identification of a
protective amyloid precursor protein (APP) mutation near the protein’s beta-cleavage site, which
protects against the development of late onset dementia (Jonsson et al., 2012).

Amyloid-beta (Aβ) is a 39–43 amino acid residue peptide and a key component of extracellular
amyloid plaque, and its expression is considered a key event in AD progression (Li et al., 2017).
Aβ is the peptide product of the sequential proteolytic cleavages (by β- and γ-secretases) of APP
(a type-I transmembrane protein). These proteolytic cleavages result in the generations of two
types of Aβ isoforms (Aβ40 and Aβ42), and though Aβ40 is more abundant than Aβ42 in human
fluids, Aβ42 aggregates faster and is considered to be the more lethal in terms of neuron survival.

Abbreviations: Aβ, Amyloid-beta; AD, Alzheimer’s disease; BACE1, β-site APP cleaving enzyme 1; GAPDH,
Glyceraldehyde-3-phosphate dehydrogenase; ND, Neurodegenerative disease; TP, Tyrosine phosphatase.
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It has been reported oligomers of diffusible Aβ, such as,
protofibrils, prefibrillar aggregates and Aβ-derived diffusible
ligands (ADDLs), are the main toxic players during the
development and progression of AD (Haass and Selkoe, 2007;
Shankar et al., 2008; Funke and Willbold, 2012). Numerous
amyloid reduction therapy (ART) clinical trials have failed to
provide expected clinical improvements in AD patients, and
these failures raise genuine concerns regarding the validity of the
amyloid cascade hypothesis and the merits of further research
on ART (Extance, 2010; Grundman et al., 2013; Cheng et al.,
2017).

Today, due to the extensive efforts of researchers and
pharmaceutical companies, peptide-based drugs have emerged
as a major class of therapeutics, and as a result, the last decade
has witnessed extraordinary scientific and industrial interest in
their therapeutic uses (Vlieghe et al., 2010). Such studies are very
much on-going and currently, a number of natural and synthetic
therapeutic peptides are undergoing clinical trials (Mandal et al.,
2014). Generally, these drugs have several advantages over small
molecule therapeutics, particularly in terms of their efficacies and
fewer side effects (Craik et al., 2013).

Many other fatal NDs, such as, Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), prion diseases and
Huntington’s diseases (HD) share the AD characteristic of
misfolded protein aggregation. Peptides have proven to be vital
tools for ND research, and can be used to study the properties
of misfolded proteins and/or peptides. In this review article, we
discuss some of the available peptide-based therapeutics used
to treat AD, the use of peptide inhibitors to target different
aspects of AD, and the use of peptides for the diagnosis and early
detection of AD.

THE USE OF PEPTIDES AS DIAGNOSTIC
PROBES

Currently, the number of in vivo diagnostic techniques available
for detection of AD is limited, but early detection of the
disease is crucial for effective treatment, because preemptive
treatment might control or eliminate early stage disease.
Investigations on AD patients have shown amyloid plaque
appears several years before cognitive symptoms (Silverman
et al., 1997; Thal et al., 2002; Funke and Willbold, 2012).
Accordingly, early stage detection and the quantification of
amyloid in brain are viewed as important from the prognostic
point of view and for evaluating the effects of therapies,
and several molecular imaging techniques, including, magnetic
resonance imaging (MRI), positron emission tomography (PET)
and single-photon emission computed tomography (SPECT)
provide means of doing so. These molecular imaging techniques
have been reported to be useful for detecting biomarkers of
AD (mainly Aβ) and for monitoring the expression of Aβ

(Frisoni et al., 2017), and thus, have attracted considerable
attention in the AD research field. Furthermore, amyloid ligands
have been used as contrast agents to estimate amyloid plaque
load, and been shown to stain amyloid plaque specifically
in the brain tissues of AD patients, which make these

peptides suitable probes for in vivo imaging (Kang et al.,
2003).

D-enantiomeric peptides (also known as derivatives of
ACI-80) are another set of peptides that have been reported
to bind Aβ1–42. In one study, ACI-80 also was found to
bind Aβ1–42 with high affinity (in the submicromolar range;
Funke et al., 2012; Gulyás et al., 2012), and is currently
being used as a molecular probe to monitor Aβ1–42 plaque
load in the living brain. Findings show when ACI-80 is
injected into the brain, it specifically binds to Aβ1–42 and
stains dense amyloid deposits in brain but not diffuse
plaque (van Groen et al., 2009), which makes it a suitable
molecular probe for in vivo imaging in AD. In addition,
recent studies have described a series of D-enantiomeric
peptides that also specifically bind to aggregated Aβ1–42
(Funke et al., 2012), but have greater stabilities and Aβ

binding properties than ACI-80. To confirm binding by these
peptide derivatives, ex vivo immunochemistry was performed
using transgenic mouse models of AD, and the ACI-80
derivatives ACI-87-Kϕ, ACI-88-Kϕ and ACI-89-Kϕ were found
to bind to aggregated Aβ1–42 with greater affinity than parent
ACI-80. These findings suggest these compounds might be
useful probes for specific types of Aβ aggregation and plaque
in vivo.

Larbanoix et al. (2010) used a phage display technique to
search for peptide ligands with carrying ability to vectorize an
AP-targeting contrast agent, and identified 12 peptide ligands
from among 22 sequenced phage clones with high affinity
against Aβ42. Two peptides were selected (C-FRHMTEQ-C
and C-IPLPFYN-C) as both were found to be present in
several copies and to have Kd-values in the picomolar
range. For example, C-IPLPFYN-C was found to have a Kd
value of 2.2 × 10−10 M, and C-FRHMTEQ-C a Kd value
5.45 × 10−10 M against mouse Aβ42. Both peptides were also
tested on human Aβ42, and C-FRHMTEQ-C demonstrated
similar affinity against human Aβ42, whereas C-IPLPFYN-C
demonstrated greater affinity against human than mouse Aβ42.
In addition, a preliminary in vivo MRI study on a transgenic
mouse model of AD, showed both C-FRHMTEQ-C and
C-IPLPFYN-C acted as excellent contrast agents (Larbanoix
et al., 2010).

USE OF PEPTIDES AS INHIBITORS
AGAINST ALZHEIMER’S DISEASE

Peptide Inhibitors of Amyloid β
Amyloid plaque accumulation and Aβ fibrillation are clinical
hallmarks of AD (Hajipour et al., 2017), and thus, the inhibition
of amyloid aggregation has been the subject of much research
over the last two decades, and the use of peptide-based inhibitors
represents a major part of these efforts (Goyal et al., 2017;
Folch et al., 2018; Figure 1). A large number of these studies
have focused on the design of peptide fragments capable
of binding to Aβ regions critical for aggregation (Ladner
et al., 2004). The peptides designed function by binding to
Aβ to either prevent fibril formation or Aβ elongation to
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FIGURE 1 | Amyloidogenic amyloid precursor protein (APP) processing and
the possible applications of peptide inhibitors to prevent amyloid-beta (Aβ)
plaque formation at different disease stages.

prevent the formation of monomers/oligomers. A long list
of peptides that specifically target Aβ have been designed
(Doig, 2007; Eskici and Gur, 2013), but here, we discuss
some of the more recently reported peptides inhibitors of
Aβ. Table 1 shows some of the important peptides described
in the literature as inhibitors of AD. Peptide inhibitors that
share sequence similar with hydrophobic segments of Aβ

are capable of altering Aβ aggregation and reducing the
cytotoxicity of Aβ (Wasmer et al., 2008). Austen et al. (2008)
described two peptide inhibitors of Aβ, that is, RGKLVFFGR
(OR1) and RGKLVFFGR-NH2 (OR2), which were produced
by modifying the KLVFF amino acid sequence of Aβ by
incorporating RG–/–GR residues at its N- and C-terminals.
These inhibitors were both reported to effectively inhibit Aβ fibril
formation.

In another study, Wei et al. (2011), reported some new
peptide inhibitors based on modifications of the hydrophobic
KLVFF amino acid sequence of Aβ, and synthesized a conjugate
of the pentapeptide KLVFF and ferrocenoyl (Fc) to improve
the lipophilicity and proteolytic stability of peptide inhibitors.
In another study, Rangachari et al. (2009) designed two α,
β-dehydroalanine (∆Ala) containing peptides based on KLVFF,
and found two novel ∆Ala-containing peptides (KLVF-∆A-I-
∆A and KF-∆A-∆A-∆A-F) disrupted Aβ aggregation, though
by quite different mechanisms.

Another group of researchers designed and synthesized a
decapeptide inhibitor of Aβ1–40 aggregation. This inhibitor
(RYYAAFFARR) was designated RR, and unlike other inhibitors
was designed to target the extended region of Aβ (Aβ11–23),
which consists of a GAG-binding site, a hydrophobic core, and a
salt bridge region. RR was found to have high binding affinity for
Aβ1–40 (Kd = 1.10 µM), and its binding affinity was markedly
greater than that of the known β-sheet breaker peptide iAβ5
(Kd = 156 µM; Liu et al., 2014).

Chalifour et al. (2003) reported results obtained by replacing
L-amino acids with D-amino acids with the aims of increase
peptide stability and therapeutic potential. The effect of

chiral reversal (D-enantiomers) was assessed for five peptides
(KKLVFFA, KLVFFA, KIVFFA, KFVFFA and KVVFFA), and it
was found they inhibited Aβ aggregation better than L-peptides.
In particular, the D-enantiomer of KKLVFFA was found to
inhibit the neurotoxic effect of Aβ significantly more than its L
counterpart.

Jagota and Rajadas (2013) synthesized three short D-peptides,
that is, KKLVFFARRRRA, PGKLVYA and KKLVFFA, based
on residues of the central hydrophobic core of Aβ (residues
16–20), and examined their effects on Aβ aggregation.
Observations suggested these D-peptides effectively inhibited
Aβ fibrillogenesis, and two of the three (KKLVFFA and
PGKLVYA) were found to improve survival in transgenic
C. elegans.

β-Site APP Cleaving Enzyme 1 (BACE1)
Beta-site APP cleaving enzyme 1 (BACE1) is a human aspartyl
protease, which is believed to play a prime role in the generation
of beta amyloid peptides (Aβ) in AD. BACE1 has characteristic
bilobal structure and is a membrane-bound aspartyl protease
with an open active site, which is less hydrophobic than those of
other aspartic proteases and allows up to 11 substrate residues
to be accommodated (Hong et al., 2000; Turner et al., 2005).
BACE1 levels are elevated in the brain tissues of AD patients
and its overexpression in cerebrospinal fluid offers a possible
biomarker of early stage disease. When BACE1 is overexpressed
it competes with γ-secretase to initiate the cleavage of APP
at its β-position. Furthermore, BACE1 inhibition halts Aβ

formation at the first step of APP amyloidogenic processing.
BACE1 is composed of two signature peptides, that is, DTGS
at position 93–96 and DSGT at position 289–292, which come
together to form an active site and have the ability to inhibit
APP (Yan et al., 2016). Peptides derived from the sequence
of BACE1 have also been reported to inhibit APP processing.
BACE1 possess a catalytic domain containing a pair of aspartic
acid residues at its active site, and Aβ production is blocked by
BACE1 inhibition, which reduces Aβ production by depleting
C99, acting as a substrate of γ-secretase. The observation that Aβ

production was diminished in BACE1 deficient mice supports
the view that BACE1 inhibitors reduce Aβ levels (Vassar,
2002).

Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
glycolytic enzyme of considerable interest in ND research,
especially in AD. Recently, it was revealed that GAPDH interacts
with APP, which is known to be involved in AD (Sunaga
et al., 1995; Bertram et al., 2007; Butterfield et al., 2010).
GAPDH can undergo diverse oxidative modifications that
control its structure, function, and activity, and in AD, when
exposed to oxidative stress Aβ forms amyloid-like aggregates,
which reduce neuron and synapse numbers. Furthermore,
insoluble aggregates of GAPDH accelerate Aβ amyloidogenesis
and neuronal cell death in vitro and in vivo (Itakura et al.,
2015), and GAPDH aggregation caused by cysteine oxidation
and intermolecular disulfide bonding reduces its catalytic
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TABLE 1 | List of peptide-based inhibitors reported to be effective against Alzheimer’s disease (AD).

Peptides Description Reference

RGKLVFFGR (OR1) RGKLVFFGR-NH2 (OR2) Based on the Aβ (16–20) sequence Austen et al. (2008)
Fc-KLVFF Based on the Aβ (16–20) sequence and conjugated with

ferrocenoyl (Fc)
Wei et al. (2011)

KLVF-∆A-I-∆AKF-∆A-∆A-∆A-F Based on the Aβ (16–20) sequence and ∆Ala Wei et al. (2011)
RYYAAFFARR Based on Aβ (11–23) Liu et al. (2014)
KLVFFA, KKLVFFA, KFVFFA, KIVFFA and KVVFFA Based on the Aβ (16–20) sequence and replacement of

L- with D-amino acids
Chalifour et al. (2003)

PGKLVYA, KKLVFFARRRRA and KKLVFFA d-peptides
of Aβ (16–20)

Jagota and Rajadas (2013)

AuNPs@POMD-pep Aβ peptide conjugates with gold nanoparticles (AuNPs) Gao et al. (2015)
IGLMVG-NH2 Based on Aβ (32–37) Bansal et al. (2016)
HKQLPFFEED A β-sheet blocker peptide based on the stereochemical

structure and characteristic of aggregation of Aβ (1–42)
Lin et al. (2014)

Nonhemolytic 11-residue peptide (NAVRWSLMRPF) Modified analog of NIVNVSLVK from the E-protein sequence
of SARS coronavirus

Ghosh et al. (2017)

AP90 A 23 residue long hairpin peptide (with alternating D- and
L-amino acids) reported to inhibit Aβ aggregation.

Kellock et al. (2016)

activity (Nakajima et al., 2007, 2009). Glycyl-L-histidyl-L-lysine-
Copper (GHK-Cu) is naturally occurring peptide in human
plasma with a stunning array of actions that appear to
counter aging-associated diseases and conditions. In plasma
the concentration of GHK-Cu is about 200 ng/ml (10−7 M−1)
at age 20, but decreases to 80 ng/ml at age 60 (Pickart
et al., 2015), and interestingly, the enzyme primarily involved
in GAPDH gene silencing also belongs to the histone
deacetylase (HDACs) protein family. Selective HDAC inhibitors
have been shown to possess neuroprotective properties in
animal models of brain disease, and have been suggested as
potential therapeutics for AD (Fischer et al., 2010). Gly-Pro-
Glu (GPE) is present in plasma and brain tissues, and it
has been shown to have neuroprotective effects in animal
models of NDs, such as, HD, PD and AD (Alexi et al.,
1999). Basic structural studies suggest that GPE can interact
with single or several Glu receptor types and bind to
N-methyl-D-aspartate (NMDA) receptor (Sara et al., 1989).
Furthermore, the C-terminal (Glu) GPE is required for NMDA
receptor binding and this binding induces the potassium-
evoked release of dopamine from nigrostriatal dopaminergic
terminals and acetylcholine through an unknown mechanism
via NMDA receptor (Sara et al., 1989; Alonso De Diego et al.,
2005).

Tyrosine Phosphatase (TP)
STriatal-Enriched tyrosine phosphatase (STEP) is expressed in
neurons of the striatum, neocortex, hippocampus and related
structures (Pelkey et al., 2002), and targets signaling pathways
in the postsynaptic terminals of excitatory glutamatergic
synapses (Lombroso et al., 1991; Boulanger et al., 1995).
STEP regulates various synaptic actions including glutamate
receptor trafficking, which plays critical functions in learning
and memory (Karasawa and Lombroso, 2014). Interestingly,
it was recently suggested STEP is overactive in AD and
schizophrenia (Carty et al., 2012). Endogenous STEP levels
also influence the susceptibility of neurons to excitotoxicity
and affect the regulation of synaptic proteins by changing

synaptic conductivities via the synchronized dephosphorylations
of multiple substrates that regulate synaptic plasticity. STEP
is an intracellular tyrosine phosphatase (TP) encoded by the
ptpn5 gene, and contains a signature consensus sequence
[I/V]HCxAGXXR[S/T]G at its C-terminus that is required
for its catalytic activity (Bult et al., 1996), and the active
motif (I/V)HCXAGXGR(S/T), also called the P-loop, which
houses catalytic Cys for nucleophilic attack is a hallmark
of the PTP super-family. Furthermore, a neuroprotective,
endogenous tripeptide GPE was reported to protect and rescue
cells from Aβ-induced death, and modified analogs of GPE,
including modifications at Pro and/or Glu residues, have
been synthesized and evaluated (Guan and Gluckman, 2009).
Binding of NNZ-2566 (glycyl-L-2-methylprolyl-L-glutamic acid)
analogs with Aβ was found to have better neuroprotective
effects in infant rats, as compared with GPE (Cacciatore et al.,
2012).

Peptide Based Inhibitors Against
Potassium Channel KV1.3
Potassium channel KV1.3 was recently identified as a potential
target in AD (Rangaraju et al., 2015; Lowinus et al., 2016).
Rangaraju et al. (2015) conducted a study on AD and non-AD
patients and found Kv1.3 overexpression in the frontal cortices
of AD patients, thus suggesting potassium channel KV1.3 to
considered a therapeutic target in AD. BmKTX-R11-T28-H33
(ADWX-1), OsK1-K16-D20 and HsTx1 [R14A] are examples
of peptides subsequently designed to target Kv1.3 (Norton and
Chandy, 2017).

CONCLUSION AND FUTURE
PERSPECTIVES

A large amount of research effort has resulted in advancements
in the diagnosis and treatment of AD, the etiology of
which is considered by most to be explained by the
amyloid cascade hypothesis. Furthermore, it is generally
considered the early detection of AD is likely to facilitate
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its treatment using advanced therapeutic approaches,
and that the use of peptides for the diagnosis of AD
offers an effective means of doing so. Nevertheless, these
peptide-based approaches require further development to
enable early AD to be efficiently diagnosed and properly
treated.

AUTHOR CONTRIBUTIONS

IC and MHB conceived the idea. MHB, KA and GR drafted the
review manuscript. IC, MHB, KA and GR critically reviewed
the article. IC edited the language and corrected the errors within
the manuscript.

REFERENCES

Alexi, T., Hughes, P. E., van Roon-Mom, W. M., Faull, R. L., Williams, C. E.,
Clark, R. G., et al. (1999). The IGF-I amino-terminal tripeptide glycine-
proline-glutamate (GPE) is neuroprotective to striatum in the quinolinic
acid lesion animal model of Huntington’s disease. Exp. Neurol. 159, 84–97.
doi: 10.1006/exnr.1999.7168

Alonso De Diego, S. A., Muñoz, P., González-Muñiz, R., Herranz, R.,
Martín-Martínez, M., Cenarruzabeitia, E., et al. (2005). Analogues of the
neuroprotective tripeptide Gly-Pro-Glu (GPE): synthesis and structure-activity
relationships. Bioorg. Med. Chem. Lett. 15, 2279–2283. doi: 10.1016/j.bmcl.
2005.03.015

Alzheimer’s Association. (2017). Alzheimer’s disease facts and figures. Alzheimers
Dement. 13, 325–373. doi: 10.1016/j.jalz.2017.02.001

Austen, B. M., Paleologou, K. E., Ali, S. A., Qureshi, M. M., Allsop, D., and
El-Agnaf, O. M. (2008). Designing peptide inhibitors for oligomerization
and toxicity of Alzheimer’s β-amyloid peptide. Biochemistry 47, 1984–1992.
doi: 10.1021/bi701415b

Bansal, S., Maurya, I. K., Yadav, N., Thota, C. K., Kumar, V., Tikoo, K., et al. (2016).
C-terminal fragment, Aβ32–37, analogues protect against aβ aggregation-
induced toxicity.ACS Chem. Neurosci. 7, 615–623. doi: 10.1021/acschemneuro.
6b00006

Bertram, L., McQueen, M. B., Mullin, K., Blacker, D., and Tanzi, R. E. (2007).
Systematic meta-analyses of Alzheimer disease genetic association studies: the
AlzGene database. Nat. Genet. 39, 17–23. doi: 10.1038/ng1934

Boulanger, L. M., Lombroso, P. J., Raghunathan, A., During, M. J., Wahle, P.,
and Naegele, J. R. (1995). Cellular and molecular characterization of a brain-
enriched protein tyrosine phosphatase. J. Neurosci. 15, 1532–1544.

Bult, A., Zhao, F., Dirkx, R. Jr., Sharma, E., Lukacsi, E., Solimena, M., et al.
(1996). STEP61: a member of a family of brain-enriched PTPs is localized to
the endoplasmic reticulum. J. Neurosci. 16, 7821–7831.

Butterfield, D. A., Hardas, S. S., and Lange, M. L. (2010). Oxidatively modified
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Alzheimer’s
disease: many pathways to neurodegeneration. J. Alzheimers Dis. 20, 369–393.
doi: 10.3233/JAD-2010-1375

Cacciatore, I., Cornacchia, C., Baldassarre, L., Fornasari, E., Mollica, A.,
Stefanucci, A., et al. (2012). GPE and GPE analogues as promising
neuroprotective agents. Mini Rev. Med. Chem. 12, 13–23.
doi: 10.2174/138955712798868995

Carty, N. C., Xu, J., Kurup, P., Brouillette, J., Goebel-Goody, S. M., Austin, D. R.,
et al. (2012). The tyrosine phosphatase STEP: implications in schizophrenia
and the molecular mechanism underlying antipsychotic medications. Transl.
Psychiatry 2:e137. doi: 10.1038/tp.2012.63

Chalifour, R. J., McLaughlin, R. W., Lavoie, L., Morissette, C., Tremblay, N.,
Boule, M., et al. (2003). Stereoselective interactions of peptide inhibitors with
the β-amyloid peptide. J. Biol. Chem. 278, 34874–34881. doi: 10.1074/jbc.
M212694200

Cheng, Y. S., Chen, Z. T., Liao, T. Y., Lin, C., Shen, H. C., Wang, Y. H.,
et al. (2017). An intranasally delivered peptide drug ameliorates cognitive
decline in Alzheimer transgenic mice. EMBO Mol. Med. 9, 703–715.
doi: 10.15252/emmm.201606666

Craik, D. J., Fairlie, D. P., Liras, S., and Price, D. (2013). The future of peptide-
based drugs. Chem. Biol. Drug Des. 81, 136–147. doi: 10.1111/cbdd.12055

Doig, A. J. (2007). Peptide inhibitors of β-amyloid aggregation. Curr. Opin. Drug
Discov. Devel. 10, 533–539.

Drachman, D. A. (2014). The amyloid hypothesis, time to move on: amyloid is the
downstream result, not cause, of Alzheimer’s disease. Alzheimers Dement. 10,
372–380. doi: 10.1016/j.jalz.2013.11.003

Eskici, G., and Gur, M. (2013). Computational design of new Peptide
inhibitors for amyloid β (Aβ) aggregation in Alzheimer’s disease: application
of a novel methodology. PLoS One 8:e66178. doi: 10.1371/journal.pone.
0066178

Extance, A. (2010). Alzheimer’s failure raises questions about disease-modifying
strategies. Nat. Rev. Drug Discov. 9, 749–751. doi: 10.1038/nrd3288

Fischer, A., Sananbenesi, F., Mungenast, A., and Tsai, L. H. (2010). Targeting
the correct HDAC(s) to treat cognitive disorders. Trends Pharmacol. Sci. 31,
605–617. doi: 10.1016/j.tips.2010.09.003

Folch, J., Ettcheto, M., Petrov, D., Abad, S., Pedrós, I., Marin, M., et al. (2018).
Review of the advances in treatment for Alzheimer disease: strategies for
combating β-amyloid protein. Neurologia 33, 47–58. doi: 10.1016/j.nrl.2015.
03.012

Frisoni, G. B., Boccardi, M., Barkhof, F., Blennow, K., Cappa, S., Chiotis, K.,
et al. (2017). Strategic roadmap for an early diagnosis of Alzheimer’s
disease based on biomarkers. Lancet Neurol. 16, 661–676. doi: 10.1016/S1474-
4422(17)30159-X

Funke, S. A., Bartnik, D., Glück, J. M., Piorkowska, K., Wiesehan, K., Weber, U.,
et al. (2012). Development of a small D-enantiomeric Alzheimer’s amyloid-β
binding peptide ligand for future in vivo imaging applications. PLoS One
7:e41457. doi: 10.1371/journal.pone.0041457

Funke, S. A., and Willbold, D. (2012). Peptides for therapy and
diagnosis of Alzheimer’s disease. Curr. Pharm. Des. 18, 755–767.
doi: 10.2174/138161212799277752

Gao, N., Sun, H., Dong, K., Ren, J., and Qu, X. (2015). Gold-nanoparticle-based
multifunctional amyloid-β inhibitor against Alzheimer’s disease. Chemistry 21,
829–835. doi: 10.1002/chem.201404562

Ghosh, A., Pradhan, N., Bera, S., Datta, A., Krishnamoorthy, J., Jana, N. R.,
et al. (2017). Inhibition and degradation of amyloid β (Aβ40) fibrillation
by designed small peptide: a combined spectroscopy, microscopy, and cell
toxicity study. ACS Chem. Neurosci. 8, 718–722. doi: 10.1021/acschemneuro.
6b00349

Goyal, D., Shuaib, S., Mann, S., and Goyal, B. (2017). Rationally designed
peptides and peptidomimetics as inhibitors of amyloid-β (Aβ) aggregation:
potential therapeutics of Alzheimer’s disease. ACS Comb. Sci. 19, 55–80.
doi: 10.1021/acscombsci.6b00116

Grundman, M., Dibernardo, A., Raghavan, N., Krams, M., and Yuen, E. (2013).
2012: a watershed year for Alzheimer’s disease research. J. Nutr. Health Aging
17, 51–53. doi: 10.1007/s12603-013-0002-2

Guan, J., and Gluckman, P. D. (2009). IGF-1 derived small neuropeptides
and analogues: a novel strategy for the development of pharmaceuticals for
neurological conditions. Br. J. Pharmacol. 157, 881–891. doi: 10.1111/j.1476-
5381.2009.00256.x

Gulyás, B., Spenger, C., Beliczai, Z., Gulya, K., Kása, P., Jahan, M., et al. (2012).
Distribution and binding of 18F-labeled and 125I-labeled analogues of ACI-80,
a prospectivemolecular imaging biomarker of disease: a whole hemisphere post
mortem autoradiography study in human brains obtained from Alzheimer’s
disease patients. Neurochem. Int. 60, 153–162. doi: 10.1016/j.neuint.2011.
10.010

Haass, C., and Selkoe, D. J. (2007). Soluble protein oligomers in
neurodegeneration: lessons from the Alzheimer’s amyloid β-peptide. Nat.
Rev. Mol. Cell Biol. 8, 101–112. doi: 10.1038/nrm2101

Hajipour, M. J., Santoso, M. R., Rezaee, F., Aghaverdi, H., Mahmoudi, M.,
and Perry, G. (2017). Advances in Alzheimer’s diagnosis and therapy: the
implications of nanotechnology. Trends Biotechnol. 35, 937–953. doi: 10.1016/j.
tibtech.2017.06.002

Herrup, K. (2015). The case for rejecting the amyloid cascade hypothesis. Nat.
Neurosci. 18, 794–799. doi: 10.1038/nn.4017

Frontiers in Aging Neuroscience | www.frontiersin.org 5 February 2018 | Volume 10 | Article 21

https://doi.org/10.1006/exnr.1999.7168
https://doi.org/10.1016/j.bmcl.2005.03.015
https://doi.org/10.1016/j.bmcl.2005.03.015
https://doi.org/10.1016/j.jalz.2017.02.001
https://doi.org/10.1021/bi701415b
https://doi.org/10.1021/acschemneuro.6b00006
https://doi.org/10.1021/acschemneuro.6b00006
https://doi.org/10.1038/ng1934
https://doi.org/10.3233/JAD-2010-1375
https://doi.org/10.2174/138955712798868995
https://doi.org/10.1038/tp.2012.63
https://doi.org/10.1074/jbc.M212694200
https://doi.org/10.1074/jbc.M212694200
https://doi.org/10.15252/emmm.201606666
https://doi.org/10.1111/cbdd.12055
https://doi.org/10.1016/j.jalz.2013.11.003
https://doi.org/10.1371/journal.pone.0066178
https://doi.org/10.1371/journal.pone.0066178
https://doi.org/10.1038/nrd3288
https://doi.org/10.1016/j.tips.2010.09.003
https://doi.org/10.1016/j.nrl.2015.03.012
https://doi.org/10.1016/j.nrl.2015.03.012
https://doi.org/10.1016/S1474-4422(17)30159-X
https://doi.org/10.1016/S1474-4422(17)30159-X
https://doi.org/10.1371/journal.pone.0041457
https://doi.org/10.2174/138161212799277752
https://doi.org/10.1002/chem.201404562
https://doi.org/10.1021/acschemneuro.6b00349
https://doi.org/10.1021/acschemneuro.6b00349
https://doi.org/10.1021/acscombsci.6b00116
https://doi.org/10.1007/s12603-013-0002-2
https://doi.org/10.1111/j.1476-5381.2009.00256.x
https://doi.org/10.1111/j.1476-5381.2009.00256.x
https://doi.org/10.1016/j.neuint.2011.10.010
https://doi.org/10.1016/j.neuint.2011.10.010
https://doi.org/10.1038/nrm2101
https://doi.org/10.1016/j.tibtech.2017.06.002
https://doi.org/10.1016/j.tibtech.2017.06.002
https://doi.org/10.1038/nn.4017
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Baig et al. Peptides in Management of Alzheimer’s Disease

Hong, L., Koelsch, G., Lin, X., Wu, S., Terzyan, S., Ghosh, A. K., et al.
(2000). Structure of the protease domain of memapsin 2 (β-secretase)
complexed with inhibitor. Science 290, 150–153. doi: 10.1126/science.290.
5489.150

Itakura, M., Nakajima, H., Kubo, T., Semi, Y., Kume, S., Higashida, S., et al. (2015).
Glyceraldehyde-3-phosphate dehydrogenase aggregates accelerate amyloid-β
amyloidogenesis in Alzheimer disease. J. Biol. Chem. 290, 26072–26087.
doi: 10.1074/jbc.M115.669291

Jagota, S., and Rajadas, J. (2013). Synthesis of D-amino acid peptides and their
effect on β-amyloid aggregation and toxicity in transgenic Caenorhabditis
elegans.Med. Chem. Res. 22, 3991–4000. doi: 10.1007/s00044-012-0386-2

Jonsson, T., Atwal, J. K., Steinberg, S., Snaedal, J., Jonsson, P. V., Bjornsson, S., et al.
(2012). Amutation in APP protects against Alzheimer’s disease and age-related
cognitive decline. Nature 488, 96–99. doi: 10.1038/nature11283

Kang, C. K., Jayasinha, V., and Martin, P. T. (2003). Identification of peptides
that specifically bind Aβ1–40 amyloid in vitro and amyloid plaques in
Alzheimer’s disease brain using phage display. Neurobiol. Dis. 14, 146–156.
doi: 10.1016/s0969-9961(03)00105-0

Karasawa, T., and Lombroso, P. J. (2014). Disruption of striatal-enriched protein
tyrosine phosphatase (STEP) function in neuropsychiatric disorders. Neurosci.
Res. 89, 1–9. doi: 10.1016/j.neures.2014.08.018

Kellock, J., Hopping, G., Caughey, B., and Daggett, V. (2016). Peptides composed
of alternating L- and D-amino acids inhibit amyloidogenesis in three distinct
amyloid systems independent of sequence. J. Mol. Biol. 428, 2317–2328.
doi: 10.1016/j.jmb.2016.03.013

Ladner, R. C., Sato, A. K., Gorzelany, J., and de Souza, M. (2004). Phage display-
derived peptides as therapeutic alternatives to antibodies. Drug Discov. Today
9, 525–529. doi: 10.1016/s1359-6446(04)03104-6

Larbanoix, L., Burtea, C., Laurent, S., Van Leuven, F., Toubeau, G., Vander Elst, L.,
et al. (2010). Potential amyloid plaque-specific peptides for the diagnosis
of Alzheimer’s disease. Neurobiol. Aging 31, 1679–1689. doi: 10.1016/j.
neurobiolaging.2008.09.021

Li, C.-z., Grajales, S., Shuang, S., Dong, C., and Nair, M. (2017). β-amyloid
biomarker detection for Alzheimer’s disease. Zhonghua Yi Xue Za
Zhi 1:15. doi: 10.1007/s41664-017-0014-8

Lin, L. X., Bo, X. Y., Tan, Y. Z., Sun, F. X., Song,M., Zhao, J., et al. (2014). Feasibility
of β-sheet breaker peptide-H102 treatment for Alzheimer’s disease based on β-
amyloid hypothesis. PLoS One 9:e112052. doi: 10.1371/journal.pone.0112052

Liu, J., Wang, W., Zhang, Q., Zhang, S., and Yuan, Z. (2014). Study on the
efficiency and interaction mechanism of a decapeptide inhibitor of β-amyloid
aggregation. Biomacromolecules 15, 931–939. doi: 10.1021/bm401795e

Lombroso, P. J., Murdoch, G., and Lerner, M. (1991). Molecular characterization
of a protein-tyrosine-phosphatase enriched in striatum. Proc. Natl. Acad. Sci.
U S A 88, 7242–7246. doi: 10.1073/pnas.88.16.7242

Lowinus, T., Bose, T., Busse, S., Busse, M., Reinhold, D., Schraven, B., et al.
(2016). Immunomodulation by memantine in therapy of Alzheimer’s disease
is mediated through inhibition of Kv1.3 channels and T cell responsiveness.
Oncotarget 7, 53797–53807. doi: 10.18632/oncotarget.10777

Mandal, S. M., Roy, A., Ghosh, A. K., Hazra, T. K., Basak, A., and Franco, O. L.
(2014). Challenges and future prospects of antibiotic therapy: from peptides
to phages utilization. Front. Pharmacol. 5:105. doi: 10.3389/fphar.2014.
00105

Nakajima, H., Amano, W., Fujita, A., Fukuhara, A., Azuma, Y. T., Hata, F., et al.
(2007). The active site cysteine of the proapoptotic protein glyceraldehyde-3-
phosphate dehydrogenase is essential in oxidative stress-induced aggregation
and cell death. J. Biol. Chem. 282, 26562–26574. doi: 10.1074/jbc.M7
04199200

Nakajima, H., Amano, W., Kubo, T., Fukuhara, A., Ihara, H., Azuma, Y. T.,
et al. (2009). Glyceraldehyde-3-phosphate dehydrogenase aggregate formation
participates in oxidative stress-induced cell death. J. Biol. Chem. 284,
34331–34341. doi: 10.1074/jbc.M109.027698

Norton, R. S., and Chandy, K. G. (2017). Venom-derived peptide inhibitors
of voltage-gated potassium channels. Neuropharmacology 127, 124–138.
doi: 10.1016/j.neuropharm.2017.07.002

Pelkey, K. A., Askalan, R., Paul, S., Kalia, L. V., Nguyen, T. H., Pitcher, G. M.,
et al. (2002). Tyrosine phosphatase STEP is a tonic brake on induction
of long-term potentiation. Neuron 34, 127–138. doi: 10.1016/s0896-6273(02)
00633-5

Pickart, L., Vasquez-Soltero, J. M., and Margolina, A. (2015). GHK peptide as a
natural modulator of multiple cellular pathways in skin regeneration. Biomed.
Res. Int. 2015:648108. doi: 10.1155/2015/648108

Rangachari, V., Davey, Z. S., Healy, B., Moore, B. D., Sonoda, L. K.,
Cusack, B., et al. (2009). Rationally designed dehydroalanine (∆Ala)-containing
peptides inhibit amyloid-β (Aβ) peptide aggregation. Biopolymers 91, 456–465.
doi: 10.1002/bip.21151

Rangaraju, S., Gearing, M., Jin, L. W., and Levey, A. (2015). Potassium channel
Kv1.3 is highly expressed by microglia in human Alzheimer’s disease.
J. Alzheimers Dis. 44, 797–808. doi: 10.3233/JAD-141704

Sara, V. R., Carlsson-Skwirut, C., Bergman, T., Jornvall, H., Roberts, P. J.,
Crawford, M., et al. (1989). Identification of Gly-Pro-Glu (GPE), the
aminoterminal tripeptide of insulin-like growth factor 1 which is truncated in
brain, as a novel neuroactive peptide. Biochem. Biophys. Res. Commun. 165,
766–771. doi: 10.1016/s0006-291x(89)80032-4

Shankar, G. M., Li, S., Mehta, T. H., Garcia-Munoz, A., Shepardson, N. E.,
Smith, I., et al. (2008). Amyloid-β protein dimers isolated directly from
Alzheimer’s brains impair synaptic plasticity and memory. Nat. Med. 14,
837–842. doi: 10.1038/nm1782

Silverman, W., Wisniewski, H. M., Bobinski, M., and Wegiel, J. (1997). Frequency
of stages of Alzheimer-related lesions in different age categories. Neurobiol.
Aging 18, 377–379; discussion 389–392. doi: 10.1016/s0197-4580(97)00051-1

Sunaga, K., Takahashi, H., Chuang, D.M., and Ishitani, R. (1995). Glyceraldehyde-
3-phosphate dehydrogenase is over-expressed during apoptotic death of
neuronal cultures and is recognized by a monoclonal antibody against
amyloid plaques from Alzheimer’s brain. Neurosci. Lett. 200, 133–136.
doi: 10.1016/0304-3940(95)12098-o

Thal, D. R., Rub, U., Orantes, M., and Braak, H. (2002). Phases of A β-deposition
in the human brain and its relevance for the development of AD. Neurology 58,
1791–1800. doi: 10.1212/WNL.58.12.1791

Turner, R. T. III., Hong, L., Koelsch, G., Ghosh, A. K., and Tang, J. (2005).
Structural locations and functional roles of new subsites S5, S6, and S7 in
memapsin 2 (β-secretase). Biochemistry 44, 105–112. doi: 10.1021/bi048106k

van Groen, T., Kadish, I., Wiesehan, K., Funke, S. A., and Willbold, D. (2009).
In vitro and in vivo staining characteristics of small, fluorescent, Aβ42-binding
D-enantiomeric peptides in transgenic AD mouse models. ChemMedChem 4,
276–282. doi: 10.1002/cmdc.200800289

VanItallie, T. B. (2015). Biomarkers, ketone bodies and the prevention of
Alzheimer’s disease. Metabolism 64, S51–S57. doi: 10.1016/j.metabol.2014.
10.033

Vassar, R. (2002). β-secretase (BACE) as a drug target for Alzheimer’s disease.Adv.
Drug Deliv. Rev. 54, 1589–1602. doi: 10.1016/S0169-409X(02)00157-6

Vlieghe, P., Lisowski, V., Martinez, J., and Khrestchatisky, M. (2010). Synthetic
therapeutic peptides: science and market. Drug Discov. Today 15, 40–56.
doi: 10.1016/j.drudis.2009.10.009

Wasmer, C., Lange, A., Van Melckebeke, H., Siemer, A. B., Riek, R., and
Meier, B. H. (2008). Amyloid fibrils of the HET-s(218–289) prion form
a β solenoid with a triangular hydrophobic core. Science 319, 1523–1526.
doi: 10.1126/science.1151839

Wei, C. W., Peng, Y., Zhang, L., Huang, Q., Cheng, M., Liu, Y. N., et al.
(2011). Synthesis and evaluation of ferrocenoyl pentapeptide (Fc-KLVFF) as an
inhibitor of Alzheimer’s Aβ1−42 fibril formation in vitro. Bioorg. Med. Chem.
Lett. 21, 5818–5821. doi: 10.1016/j.bmcl.2011.07.111

Yan, R., Fan, Q., Zhou, J., and Vassar, R. (2016). Inhibiting BACE1 to reverse
synaptic dysfunctions in Alzheimer’s disease. Neurosci. Biobehav. Rev. 65,
326–340. doi: 10.1016/j.neubiorev.2016.03.025

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Baig, Ahmad, Rabbani and Choi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 6 February 2018 | Volume 10 | Article 21

https://doi.org/10.1126/science.290.5489.150
https://doi.org/10.1126/science.290.5489.150
https://doi.org/10.1074/jbc.M115.669291
https://doi.org/10.1007/s00044-012-0386-2
https://doi.org/10.1038/nature11283
https://doi.org/10.1016/s0969-9961(03)00105-0
https://doi.org/10.1016/j.neures.2014.08.018
https://doi.org/10.1016/j.jmb.2016.03.013
https://doi.org/10.1016/s1359-6446(04)03104-6
https://doi.org/10.1016/j.neurobiolaging.2008.09.021
https://doi.org/10.1016/j.neurobiolaging.2008.09.021
https://doi.org/10.1007/s41664-017-0014-8
https://doi.org/10.1371/journal.pone.0112052
https://doi.org/10.1021/bm401795e
https://doi.org/10.1073/pnas.88.16.7242
https://doi.org/10.18632/oncotarget.10777
https://doi.org/10.3389/fphar.2014.00105
https://doi.org/10.3389/fphar.2014.00105
https://doi.org/10.1074/jbc.M704199200
https://doi.org/10.1074/jbc.M704199200
https://doi.org/10.1074/jbc.M109.027698
https://doi.org/10.1016/j.neuropharm.2017.07.002
https://doi.org/10.1016/s0896-6273(02)00633-5
https://doi.org/10.1016/s0896-6273(02)00633-5
https://doi.org/10.1155/2015/648108
https://doi.org/10.1002/bip.21151
https://doi.org/10.3233/JAD-141704
https://doi.org/10.1016/s0006-291x(89)80032-4
https://doi.org/10.1038/nm1782
https://doi.org/10.1016/s0197-4580(97)00051-1
https://doi.org/10.1016/0304-3940(95)12098-o
https://doi.org/10.1212/WNL.58.12.1791
https://doi.org/10.1021/bi048106k
https://doi.org/10.1002/cmdc.200800289
https://doi.org/10.1016/j.metabol.2014.10.033
https://doi.org/10.1016/j.metabol.2014.10.033
https://doi.org/10.1016/S0169-409X(02)00157-6
https://doi.org/10.1016/j.drudis.2009.10.009
https://doi.org/10.1126/science.1151839
https://doi.org/10.1016/j.bmcl.2011.07.111
https://doi.org/10.1016/j.neubiorev.2016.03.025
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Use of Peptides for the Management of Alzheimer's Disease: Diagnosis and Inhibition
	INTRODUCTION
	THE USE OF PEPTIDES AS DIAGNOSTIC PROBES
	USE OF PEPTIDES AS INHIBITORS AGAINST ALZHEIMER'S DISEASE
	Peptide Inhibitors of Amyloid 
	-Site APP Cleaving Enzyme 1 (BACE1)
	Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH)
	Tyrosine Phosphatase (TP)
	Peptide Based Inhibitors Against Potassium Channel KV1.3

	CONCLUSION AND FUTURE PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	REFERENCES


